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Abstract: Gastrointestinal stromal tumor (GIST) is the most common mesenchymal tumor of the gastrointestinal tract, with its 
pathogenesis primarily linked to activating mutations in the KIT or platelet derived growth factor receptor alpha (PDGFRA) genes. 
Surgical resection remains the standard curative treatment for localized GIST; however, ~50% of patients eventually develop 
recurrence or metastasis. Since the introduction of imatinib in the early 21st century, the management of metastatic GIST has shifted 
from solely surgical intervention to a systemic, chronic disease management model centered on tyrosine kinase inhibitors (TKIs). 
However, during the course of treatment, most patients develop drug resistance. Despite the transformative impact of TKIs, some 
critical clinical challenges remain unresolved. Intratumoral heterogeneity, in particular, poses a significant obstacle, as tumors often 
comprise diverse populations of cells with varying genetic and molecular profiles. This diversity means that while some subclones may 
initially respond well to TKI therapy, others harboring inherent or acquired resistance mutations can continue to proliferate, ultimately 
leading to treatment failure. Additionally, the limited durability of TKIs responses, even in tumors initially sensitive to treatment, 
remains a pressing concern. Moreover, the lack of curative systemic options for advanced GIST, along with adverse drug reactions, 
underscores the unmet needs within this patient population. These challenges underscore the necessity of this review, which discusses 
current standard drug treatment strategies for advanced GIST, including sequential TKIs therapy and investigations into mechanisms of 
drug resistance. Finally, the review explores precise and actionable future directions for GIST drug development and clinical 
management, including mutation-stratified therapeutic sequencing, rational TKI-based combination regimens, and circulating tumor 
DNA (ctDNA)-guided real-time treatment monitoring and resistance surveillance. 

Plain Language Summary: For patients with advanced GIST, targeted drug therapy is the mainstay of treatment, guided by the 
specific genetic changes in each patient’s tumor. While current standard treatments can control the disease for many patients, drug 
resistance remains the biggest challenge, most often caused by new genetic mutations in the tumor that make the drugs stop working. 
In this review, we explain how current treatments work, why resistance develops, and what new treatment approaches are being 
studied to help patients live longer and better lives with this disease. 
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Introduction
Gastrointestinal stromal tumor (GIST) is the most common subtype of soft tissue sarcoma. The incidence of GIST ranges 
from 10 to 15 cases per million people worldwide.1,2 GISTs do not originate from the epithelial cells of the gastro
intestinal mucosa but rather arise from a specialized type of cell in the gastrointestinal wall known as the interstitial cells 
of Cajal, or from primitive mesenchymal stem cells with the potential to differentiate into Cajal cells. The origin of 
GISTs is closely linked to their unique molecular characteristics, immunohistochemical labeling demonstrates that tumor 
cells typically express CD117 and DOG-1, which are critical targets for diagnosis and treatment. Before GISTs were 
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accurately identified, they were often misdiagnosed as leiomyoma, leiomyosarcoma, or other soft tissue sarcomas. 
Although most GISTs can be cured by surgical resection during initial treatment, some patients present with metastasis 
at diagnosis or experience recurrence and metastasis after surgery. These tumors typically respond poorly to traditional 
radiotherapy and chemotherapy, resulting in a poor prognosis.3–6 It was not until 1983 that GISTs were truly recognized 
as a distinct entity.7 In 1998, Japanese researchers discovered that GIST cells generally express high levels of the KIT 
protein (CD117). Subsequently, American scientists confirmed that the vast majority of GISTs harbor mutations in the 
KIT gene. This discovery revealed the “cancer engine” driving GIST and identified an ideal drug target.8–10 In 2001, 
imatinib was approved, ushering in a new era of targeted oncological therapy, which significantly improved median 
overall survival (OS) for patients with advanced GIST from 20 to 57 months.11–13 Although imatinib represents 
a significant breakthrough in the treatment of GISTs, ~50% of patients develop drug resistance after 2–3 years of 
therapy.14–16 Current clinical management of advanced GIST still faces several critical challenges. Firstly, the emergence 
of primary and secondary resistance to tyrosine kinase inhibitors (TKIs) remains a major hurdle. Secondly, the sequential 
TKIs strategy, which involves switching to second-line or third-line agents upon disease progression, has shown only 
modest efficacy. These subsequent TKIs often have limited response rates and are associated with significant toxicities, 
compromising patients’ quality of life. Additionally, there is a lack of reliable biomarkers to predict treatment response 
and resistance, making it difficult to tailor therapy for individual patients. Furthermore, for patients with refractory 
disease after multiple TKIs failures, there are currently no standard-of-care treatments, highlighting an unmet medical 
need. With an in-depth understanding of the molecular mechanisms underlying GIST and the development of TKIs, the 
treatment strategy for advanced GIST has evolved from relying solely on surgery to a comprehensive approach centered 
on targeted therapy. In this review, we first outline the genetic landscape of GIST, which serve as the molecular basis for 
targeted therapy selection and resistance development. Next, we will discuss the current standard therapeutic approaches, 
with a particular focus on the application of TKIs and their clinical efficacy. Following that, we will delve into the 
intricate mechanisms underlying drug resistance, including primary resistance related to specific genetic alterations and 
secondary resistance involving bypass signaling pathways. Finally, we will synthesize ongoing new treatment strategies, 
such as novel TKIs, combination therapies, and immunotherapeutic approaches, aiming to provide a structured and 
valuable reference for clinical practice.

Types of Gene Mutations in Gist
GIST can occur in any part of the digestive tract. GIST in the stomach (60–70%) and small intestine (25–30%) are the 
most common, while those in rectum, colon, esophagus, and other sites are rare.13,17–21 The pathogenesis of GIST 
primarily arises from activating mutations in receptor tyrosine kinases (RTKs), which result in the continuous activation 
of downstream signaling pathways, such as PI3K/AKT/mTOR (mammalian target of rapamycin) and RAS/MAPK.22–25 

This persistent signaling promotes tumor cell proliferation and survival. The main driver mutations occur in the KIT and 
PDGFRA genes.21,26–28 These genetic alterations directly determine the response to TKIs, the cornerstone of advanced 
GIST treatment, as discussed in subsequent sections.

KIT gene mutation (approximately 80% of cases) is the most common cause. The KIT gene encodes a transmembrane 
receptor protein, also known as CD117. KIT is a transmembrane RTK whose ligand is stem cell factor, mutations in KIT 
gene lead to its dimerization and activation independent of ligand binding. Exon 11 of KIT gene, which encodes the 
juxtamembrane domain, is the most commonly mutated region (65–70%), with mutations including deletions, point 
mutations, insertions or duplications. Notably, most GISTs harboring exon 11 mutations are highly sensitive to first-line 
imatinib, with a significantly higher objective response rate (ORR) and longer progression-free survival (PFS) than other 
mutation subtypes; this sensitivity also supports imatinib as the preferred first-line therapy for this subgroup. For patients 
with acquired resistance to imatinib in this subtype, second-line sunitinib and third-line regorafenib have shown moderate 
efficacy, while fourth-line ripretinib can cover most secondary resistance mutations in exon 11.29–32 Exon 9, encoding the 
extracellular dimerization domain, accounts for 10–15% of mutations, predominantly involving the A502_Y503 duplica
tion. In contrast to exon 11 mutations, GISTs with KIT exon 9 mutations exhibit relative resistance to standard-dose 
imatinib.19,31,33 Mutations in exon 13 (ATP-binding pocket) and exon 17 (activation loop) are primarily secondary 
mutations associated with drug resistance and are typically observed in advanced patients following imatinib treatment; 
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these mutations often confer cross-resistance to second-line sunitinib, making third-line broad-spectrum TKIs (eg, 
ripretinib) the preferred therapeutic option.34–36

Mutations in PDGFRA (5–10% of cases) have a mechanism similar to that of KIT mutations, resulting in continuous 
activation of downstream signaling pathways.37–39 GISTs harboring mutations in PDGFRA exhibit structural character
istics and mutation mechanisms analogous to those observed in KIT. Exon 18, encoding the activation loop, is the most 
frequently mutated region in PDGFRA, with the D842V mutation being the most common. Critically, PDGFRA exon 18 
D842V mutations are associated with primary resistance to both imatinib and sunitinib.36,40,41 Mutations in exon 12 
(juxtamembrane domain) and exon 14 (ATP-binding pocket) of PDGFRA are relatively rare.42–44

Additionally, 10–15% of GISTs lack mutations in KIT or PDGFRA and are classified as wild-type GISTs, which 
encompass multiple molecular subtypes. Their origin may be associated with other genes, such as succinate dehydro
genase (SDH), BRAF, neurofibromatosis 1(NF1), KRAS or neurotrophic receptor tyrosine kinase 3 (NTRK3).26,45–49 

Among these, succinate dehydrogenase-deficient (SDH-deficient) GISTs represent a distinct subgroup, accounting for 
a significant proportion of wild-type GISTs, particularly in younger patients and those with gastric localization. SDH is 
a mitochondrial enzyme complex composed of four subunits (SDHA, SDHB, SDHC, SDHD), and mutations in any of 
these subunits can lead to loss of SDH function, resulting in the accumulation of succinate and subsequent epigenetic 
dysregulation.50 Clinically, SDH-deficient GISTs often exhibit unique features such as multifocality, lymph node 
metastases, and a predilection for children and young adults, and they typically lack KIT and PDGFRA 
expression.50,51 Notably, SDH-deficient GISTs exhibit poor responses to all currently available TKIs, including imatinib, 
sunitinib, and regorafenib. There are no standardized systemic treatment guidelines or approved targeted therapies for 
this patient population. These tumors also have a high rate of lymph node metastasis and multifocality, which contribute 
to poor surgical resectability, and clinical trials have reported a low ORR. All of these factors present a major therapeutic 
challenges.50–53 These diverse genetic alterations in GISTs not only drive their pathogenesis but also have significant 
implications for diagnosis, prognosis, and treatment strategies (Figure 1).

Figure 1 Distribution of driver gene mutation types in GIST. KIT mutations account for approximately 80% of GIST cases, PDGFRA mutations for 5–10%, and wild-type 
GIST for 10–15%. Among KIT-mutant GISTs, exon 11 mutations are the most frequent (approximately 65–70%), followed by exon 9 mutations (10–15%). Exon 13 and exon 
17 mutations are less common and are primarily associated with secondary resistance to tyrosine kinase inhibitors. Exon 18 is the most frequently mutated region in 
PDGFRA-mutant GIST, accounting for approximately 80% of cases, while mutations in exons 12 and 14 are relatively rare. The D842V mutation in exon 18 is linked to 
primary resistance to imatinib. Wild-type GIST lacks KIT and PDGFRA mutations and includes multiple molecular subgroups, such as SDH-deficient GIST, BRAF-mutant, 
NF1-mutant, KRAS-mutant, and NTRK3-rearranged subtypes. Among these, SDH-deficient GIST represents a distinct clinicopathological entity associated with primary 
resistance to currently available tyrosine kinase inhibitors. These genetic alterations determine the response to tyrosine kinase inhibitor therapy.
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Current Standard Target Treatment: Sequential Treatment Mode of TKIs
The current standard target treatment for GISTs is based on a sequential TKIs approach, which is primarily guided by the 
type of gene mutation. TKIs, such as imatinib mesylate (Gleevec), have demonstrated remarkable efficacy in treating 
GIST. As a result, GIST has become a model for targeted therapy in solid tumors during the era of precision medicine. 
Accurate and standardized pathological diagnosis is crucial for guiding clinical treatment and predicting prognosis in 
GIST patients. Although some studies have demonstrated that surgical treatment can be beneficial for late-stage GIST, 
drug therapy remains the primary approach for advanced GIST at present.54,55

Imatinib is widely used as the first-line treatment for metastatic and recurrent/unresectable GIST, primarily targeting 
KIT and PDGFRA. Imatinib is effective against most KIT and PDGFRA gene mutations, including GIST with KIT exon 
11 mutations and those with PDGFRA exon 18 mutations, except for the D842V mutation. The generally recommended 
initial dose is 400 mg/day. If imatinib is effective, treatment should continue until disease progression or intolerable 
toxicity occurs. For patients who do not respond to imatinib, alternative drug therapies are recommended according to 
subsequent treatment guidelines.56 For patients with KIT exon 9 mutations, the optimal treatment remains controversial 
and presents a significant challenge in managing GIST with KIT gene mutations. The exon 9 mutation is located in the 
extracellular dimerization domain of the KIT protein. This mutation causes receptor dimerization and continuous 
activation; however, its sensitivity to imatinib is lower than that of the exon 11 mutation. Clinical studies have 
demonstrated that the PFS and OS of patients with exon 9 mutation GIST treated with the standard dose of imatinib 
(400 mg/day) are significantly worse than those of patients with exon 11 mutations.57,58 To investigate whether 
increasing the drug dose may improve the prognosis of patients with exon 9-mutant GIST, some studies recommend 
an initial dose of 600 mg/day or 800 mg/day.20,21,59–62 However, Judson et al showed that patients with mutations in exon 
9 of KIT should be considered for treatment with imatinib 800 mg daily, but their data do not indicate whether there is 
a survival advantage for immediate treatment at 800 mg. Doubling the dose from 400 mg to 800 mg also significantly 
increased the incidence and severity of adverse drug reactions.63 For GIST with KIT exon 9 mutations, the appropriate 
dosage remains controversial, and further clinical research is needed to establish optimal treatment guidelines.

Avapritinib is currently the first-line treatment for patients with PDGFRA exon 18 D842V mutations. Avapritinib is 
a type I TKIs that primarily targets the activation loops of KIT and PDGFRA, demonstrating particularly strong inhibitory 
effects against the PDGFRA D842V mutation. In a Phase 1 study, avapritinib was used to treat metastatic GIST with the 
PDGFRA D842V mutation, achieving an ORR of 84% and a tumor control rate >90%.56,64–67 For GISTs harboring NTRK 
gene fusions, NTRK inhibitors larotrectinib and entrectinib have demonstrated good efficacy and safety and are recom
mended as first-line treatments for NTRK fusion-positive GIST.68–71 Currently, there are no approved targeted drugs that 
can directly reverse SDH deficiency. However, olverembatinib, a third-generation BCR-ABL inhibitor with potent activity 
against various kinase targets, appears to exert its anti-tumor effects through mechanisms that circumvent the metabolic 
dependencies created by SDH loss. The preclinical data suggest that this compound may target alternative signaling nodes 
that become essential for survival in SDH-deficient cells, potentially exploiting the metabolic vulnerabilities associated with 
succinate accumulation and pseudohypoxia72 This finding represents a significant breakthrough in addressing one of the 
most challenging subtypes of GIST, as SDH-deficient tumors have historically been refractory to conventional tyrosine 
kinase inhibitors. These results have prompted further investigation into the precise molecular mechanisms underlying 
olverembatinib’s efficacy in this context, with particular interest in whether its effects are mediated through direct kinase 
inhibition or through modulation of the altered metabolic state characteristic of SDH-deficient GIST.

Sunitinib is widely accepted as a second-line treatment for advanced GIST. Regarding sunitinib treatment, both 
continuous administration at 37.5 mg/day and 50 mg/day (4 weeks on, 2 weeks off) are options.73 The 37.5 mg continuous 
daily dosing schedule may be a more suitable regimen for Chinese patients with advanced GIST following imatinib failure. 
For instance, recent research by Zhang et al showed that the sunitinib 375 mg continuous daily dosing schedule was 
associated with improved adherence and prognosis compared to the 50 mg 4/2 schedule. This study included 107 patients 
and found that those receiving a continuous daily dosage of 37.5 mg had significantly longer PFS and OS compared to 
patients on the “50 mg off” schedule (50 mg 4/2 schedule) (P = 0.044 and 0.016, respectively). Additionally, 64.1% of 
patients on the 50 mg 4/2 schedule experienced severe treatment toxicity of Grade 2/3; a significantly higher rate than that 
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observed in patients receiving the 37.5 mg continuous daily dosage schedule.73 Notably, the sunitinib dosing data in 
Zhang’s study were obtained from Chinese patient cohorts, and clearly state that these findings may not be generalizable to 
other populations. Further research aims to expand the range of conditions for which sunitinib is adaptable A Phase 1/2 
clinical study demonstrated that, among imatinib-resistant patients, those with primary KIT exon 9 mutations or wild-type 
GIST exhibited longer PFS compared to patients with primary KIT exon 11 mutations.74

Regorafenib is recommended as a third-line treatment for advanced GISTs. In 2013, the FDA approved regorafenib 
for use in the management of patients with advanced GIST refractory to imatinib and sunitinib. The recommended dose 
is 160 mg/day, administered for 3 weeks followed by a 1-week break.65,75–77 The results of a multicenter Phase 2 clinical 
study indicate that the clinical benefit rate of regorafenib treatment may reach 79% following the failure of first- 
and second-line therapies. Among the 34 participants, four achieved partial remission, and 22 patients maintained stable 
tumors for > 16 weeks. The average PFS was 10.0 months, with a high safety profile observed concurrently.75 A Phase 3 
clinical study involving 240 participants randomized 199 to receive regorafenib (n = 133) or a matched placebo (n = 66). 
Median PFS was 4.8 months in the regorafenib group and 0.9 months in the control group (P < 0.0001).65 Regorafenib is 
a multi-target TKIs with a broader range of targets than the previous two drugs. Its primary targets include KIT and 
PDGFRA, which directly inhibit the key driver genes of GIST, as well as vascular endothelial growth factor receptor 1/2/ 
3 (VEGFR 1/2/3), strongly inhibit angiogenesis. Additionally, it targets other kinases such as fibroblast growth factor 
receptor (FGFR) and BRAF.78 This multitarget mechanism, particularly its potent anti-angiogenic effect, helps overcome 
multiple drug resistance pathways that arise from first- and second-line TKIs treatments.

Ripretinib is recommended as a fourth-line treatment for advanced GISTs. The approval of ripretinib is based on 
INVICTUS, a global, randomized, double-blind, placebo-controlled Phase 3 clinical trial.66 Traditional TKIs, such as 
imatinib and sunitinib, primarily target the ATP-binding pocket of KIT and PDGFRA receptors, blocking signal 
transduction by competitively inhibiting ATP binding. However, tumor cells can develop secondary mutations – most 
commonly in the ATP-binding pockets (exons 13 and 14) and activation loops (exons 17 and 18) – which alter the 
conformation of drug-binding sites and lead to drug resistance. Ripretinib is a broad-spectrum KIT and PDGFRA 
inhibitor with a unique structure that allows it to bind simultaneously to both the ATP-binding pocket and the switching 
pocket of the kinase. This dual binding mechanism enables ripretinib to effectively inhibit various common primary and 
secondary KIT/PDGFRA mutations (including exons 9, 11, 13, 14, 17, and 18), as well as PDGFRA D842V 
mutations.79,80 Recently, some studies suggested that repritinib could be used as a second-line treatment for GIST. All 
453 patients included in this Phase 3 clinical trial (INTRIGUE, ClinicalTrials.gov identifier: NCT03673501) were 
imatinib-resistant and were divided into ripretinib and sunitinib treatment groups. The overall PFS was 8.0 months in 
the ripretinib group and 8.3 months in the sunitinib group (P = 0.72). For patients with KIT exon 11 mutations, PFS was 
8.3 months in the ripretinib group and 7.0 months in the sunitinib group (P = 0.36). Although there was little difference 
in OS, patients in the ripretinib group experienced fewer grade 3/4 treatment-emergent adverse events (41.3% vs. 65.6%, 
nominal P < 0.0001) and demonstrated a better ORR in the KIT exon 11 mutation subgroup (23.9% vs. 14.6%, nominal 
P = 0.03).81 Ripretinib demonstrates a higher ORR and may provide an opportunity for reoperation following tumor 
shrinkage in the second-line treatment of GIST. However, the indication of ripretinib as a second-line treatment has not 
yet been approved, and further research and clinical data are still needed for support.

This sequential use of TKIs, tailored to the patient’s mutation profile and treatment history, aims to maximize disease 
control and quality of life by targeting the evolving molecular landscape of GISTs during treatment. However, the 
molecular heterogeneity of GISTs presents significant challenges (Figure 2 and Table 1).

Exploration of Imatinib Resistance Mechanisms in GIST
GISTs are notorious for their variable biological behavior, which complicates the assessment of malignant potential and 
the prevention of drug resistance. Recent studies on circulating tumor DNA (ctDNA) have demonstrated that secondary 
mutations in the KIT gene are the primary drivers of drug resistance in GIST patients following imatinib treatment.82–84 

However, most of this knowledge has been derived from tumor samples collected after imatinib treatment failure, and the 
evolutionary dynamics of this heterogeneity remain unclear. In this context, it is crucial to further investigate the 
mechanisms underlying GIST drug resistance and to identify new therapeutic targets to halt disease progression.
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Primary Imatinib Resistance
Primary imatinib resistance refers to disease progression or lack of response at the start of therapy, and is driven by genetic or 
biological features present before drug exposure. This form of resistance is typically associated with specific gene mutations in 
GIST. These include KIT exon 9 mutations, PDGFRA D842V mutations, KIT exon 17 mutations, and wild-type GISTs, all of 
which may contribute to primary, intrinsic resistance to imatinib.36,85,86 These mutations can cause intrinsic resistance of cells 

Figure 2 Schematic representation of KIT and PDGFRA receptor structures and their functional domains in GIST. KIT and PDGFRA are receptor tyrosine kinases with 
similar domain architectures, including an extracellular domain, a juxtamembrane domain, and an intracellular tyrosine kinase domain containing the ATP-binding pocket and 
activation loop. In GIST, the most common mutations occur in KIT exon 11 (juxtamembrane domain), KIT exon 9 (extracellular domain), KIT exon 13 (ATP-binding pocket), 
and KIT exon 17 (activation loop). For PDGFRA, the majority of mutations occur in exon 18 (activation loop, e.g, D842V), which confers primary resistance to imatinib. 
These mutation sites determine sensitivity to different tyrosine kinase inhibitors (imatinib, sunitinib, regorafenib, avapritinib, ripretinib) and guide the sequential targeted 
therapy of GIST.

Table 1 Summary of Sequential Treatment with TKIs for GIST Targeted Therapy

Treatment Line Drug Name Primary Target/ 
Mechanism of Action

Key Indications/Mutation Types Mechanism of Action

First-Line Imatinib Targets KIT and PDGFRA KIT exon 11 mutation  
KIT exon 9 mutation (lower 
sensitivity) 
PDGFRA exon 18 mutation (non- 
D842V)

Competes for the ATP-binding 
pocket, inhibiting KIT/PDGFRA 
phosphorylation and 
downstream signaling

First-Line (Special Mutation) Avapritinib Targets the KIT/PDGFRA 
activation loop

PDGFRA exon 18 D842V mutation Specifically binds to the 
activation loop

First-Line (Rare Fusion) LarotrectinibgEntrectinib NTRK inhibitors NTRK gene fusion-positive GIST Inhibits NTRK fusion-mediated 
downstream signaling

Second-Line Sunitinib A multi-targeted TKI 
(targets KIT, PDGFRA, 
VEGFR, etc.)

Secondary mutation in KIT/PDGFRA 
exon 13, exon 14

Inhibits KIT/PDGFRA kinase 
activity and exerts anti- 
angiogenic effects by blocking 
VEGFR

Third-Line Regorafenib Multi-kinase 
Inhibitor (targets KIT, 
PDGFRA, VEGFR1/2/3, 
FGFR, BRAF, etc.)

Secondary mutation in KIT/PDGFRA 
exon 17, exon 18

Multi-target kinase inhibition 
with potent anti-angiogenic 
activity; blocks resistance bypass 
pathways.

Fourth-Line Ripretinib Broad-spectrum KIT 
/PDGFRA Inhibitor.

Primary and secondary KIT/ 
PDGFRA mutations (exon 9, 11, 13, 
14, 17, 18) and PDGFRA D842V.

Simultaneously binds to both 
the ATP-binding pocket and 
the switch pocket.

Abbreviations: PDGFRA, platelet-derived growth factor receptor-α; TKI, tyrosine kinase inhibitor; NTRK, neurotrophic receptor tyrosine kinase; VEGFR, vascular 
endothelial growth factor receptor; FGFR, fibroblast growth factor receptor.
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or tumors to imatinib and most TKIs due to structural changes in the activation loop, which prevent the drug from effectively 
binding to the ATP binding pocket of the receptor.74,87,88 As an intrinsic resistance mechanism, the imatinib resistance 
mechanism in wild-type GIST primarily involves the absence of drug targets within the mutations themselves, as well as the 
influence of other mutant genes.89–92 For SDH-deficient GIST, SDH inactivation leads to the accumulation of succinate, which 
activates pathways including hypoxia-inducible factor (HIF) and angiogenesis.93–97 In addition to these well-characterized 
intrinsic genetic alterations, emerging studies have suggested that the presence of rare or compound mutations may also 
contribute to primary imatinib resistance. For instance, some GIST cases harbor concurrent mutations in KIT exons 9 and 11, 
which can lead to a more intrinsic complex resistance phenotype compared to single exon mutations.98 The interaction 
between these mutations may alter the receptor’s conformation in a way that further reduces imatinib binding affinity or 
enhances downstream signaling activation, thereby diminishing the therapeutic response. Another mechanism that contributes 
specifically to primary resistance is intratumoral genetic heterogeneity. In this scenario, distinct subclones with different 
mutations exist before treatment initiation, leading to inherently imatinib-resistant subpopulations from the outset. These 
resistant subclones may then proliferate preferentially under imatinib treatment, leading to early treatment failure.99 

Additional primary, non-genetic mechanisms have also been identified. There is evidence that certain polymorphisms in 
drug transporters or metabolizing enzymes could influence the pharmacokinetics of imatinib, affecting its intracellular 
concentration and thus contributing to intrinsic resistance. For example, variations in the ATP binding cassette subfamily 
B member 1 gene, which encodes the P-glycoprotein (P-gp) efflux pump, might result in increased drug efflux, reducing the 
amount of imatinib available to interact with its target in tumor cells.100

Overexpression of KIT or PDGFRA has been recognized as another crucial mechanism contributing to primary 
imatinib resistance. In such cases, even in the absence of activating mutations within the kinase domain, the elevated 
protein levels of these receptors can overwhelm the inhibitory capacity of standard imatinib doses. The increased 
abundance of KIT/PDGFRA molecules leads to a higher baseline level of receptor dimerization and autophosphorylation. 
Debiec-Rychter et al investigated 26 cases of KIT/PDGFRA-mutated drug-resistant GIST The results suggested that, in 
some treatment-naïve, resistant samples, genomic amplification of KIT/PDGFRA serves as an intrinsic mechanism of 
resistance to imatinib.101 In this study, two patients with imatinib resistance were found to have KIT or KIT/PDGFRA 
gene amplification. These patients experienced rapid tumor progression just 5 weeks after starting oral imatinib. 
Therefore, this amplification likely existed in the tumor cells prior to imatinib treatment. This results in a residual 
pool of active receptors that continue to transduce mitogenic signals, rendering the tumor cells less responsive or 
completely unresponsive to imatinib-mediated growth suppression. Studies have demonstrated that GIST cell lines and 
clinical specimens with KIT overexpression, independent of mutation status, exhibit significantly higher IC50 values for 
imatinib compared to those with normal receptor levels. Immunohistochemical analysis of primary GIST tumors has 
revealed a positive correlation between high KIT expression levels and poorer initial responses to imatinib therapy, 
highlighting the clinical relevance of this primary resistance mechanism. The underlying causes of KIT/PDGFRA 
overexpression in GIST without kinase domain mutations can be multifactorial, including gene amplification events, 
transcriptional upregulation driven by aberrant transcription factors, or enhanced protein stability due to altered 
ubiquitination and degradation pathways.102,103 Furthermore, the level of mutant allele burden has been proposed as 
a potential contributing factor. Higher mutant allele frequencies might result in a greater number of active kinase 
molecules, overwhelming the inhibitory capacity of standard imatinib doses and leading to insufficient target 
suppression.104 Although the exact mechanisms by which these factors contribute to primary resistance are still being 
elucidated, their identification highlights the complexity of primary imatinib resistance in GIST and underscores the need 
for comprehensive genetic profiling and consideration of multiple biological factors when evaluating treatment response 
in patients with GIST (Figure 3A).

Secondary Mutations in the KIT/PDGFRA Gene Lead to Drug Resistance in GIST
In contrast to primary resistance, secondary (acquired) resistance develops during therapy, driven by clonal evolution 
under the selective pressure of imatinib treatment. Secondary mutations is currently considered the most significant cause 
of acquired imatinib resistance in GISTs. Among patients with metastatic GIST treated with imatinib, up to 80% achieve 
partial remission or stable disease.56 However, imatinib rarely results in a cure, and tumors initially sensitive to the drug 
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typically develop acquired resistance within 2 years.105,106 Approximately half of all cases of acquired resistance to 
imatinib are due to secondary mutations in the KIT/PDGFRA gene.107 Such secondary mutations are typically located in 
the following regions: the ATP binding pocket (exons 13/14) or the activation loop (exons 17/18) of the KIT gene, or the 
ATP binding pocket (exons 13–15) of the PDGFRA gene.108,109 These mutations arise during treatment and directly 
mediate acquired resistance. They lead to structural changes in the KIT/PDGFRA proteins, which can directly interfere 
with the binding of imatinib to its target. For instance, mutations in the ATP binding pocket may alter the conformation 
of the binding site, reducing the affinity of imatinib for the kinase domain.110 Similarly, activation loop mutations can 
stabilize the active conformation of the kinase, rendering imatinib ineffective as it preferentially binds to the inactive 
conformation.111 The specific location and type of secondary mutation often correlate with the degree of resistance and 
may influence the response to subsequent TKIs. For example, KIT exon 17 mutations generally confer high-level 
resistance to imatinib, whereas some exon 13 mutations may still respond to increased doses of imatinib or alternative 
TKIs.112,113 Notably, the emergence of these secondary mutations is a direct consequence of clonal evolution under 
therapeutic pressure. Resistant subclones expand and dominate the tumor population during imatinib treatment.88 This 
clonal heterogeneity poses a significant challenge for the management of acquired resistance, as different subclones may 
require distinct therapeutic approaches (Figure 3B).

Continuous Activation of the Downstream Signaling Pathways of KIT and PDGFRA
GISTs are characterized by a set of homologous transcription factors, reflecting the continuous reliance of the tumor on 
a highly conserved regulatory program driven by KIT/PDGFRA throughout all stages of the disease.114 Substantial 
evidence indicates that the RAS/MAPK and PI3K/mTOR pathways are the primary mediators of the KIT/PDGFRA 
oncogenic program. However, the specific biological roles of these pathways within the GIST cellular environment 
require further investigation. The KIT-activated RAS/MAPK signaling pathway is essential for the oncogenic function of 
the ETS family transcription factor ETV1.115 Similarly, the KIT-dependent PI3K/mTOR signaling pathway is critical for 

Figure 3 Exploration of drug resistance mechanisms in GIST. (A) Primary imatinib resistance is driven by primary KIT/PDGFRA mutations, wild-type mutations, intratumor 
heterogeneity, drug efflux, and receptor overexpression. (B) Secondary mutations in KIT/PDGFRA contribute to drug resistance in GIST. (C) Sustained activation of KIT/ 
PDGFRA downstream signaling pathways represents a major mechanism of drug resistance in GIST. (D) Bypass pathway activation enables GIST cells to evade KIT/PDGFRA 
inhibition through alternative receptor tyrosine kinases and signaling axes. (E) Epigenetic dysregulation, including DNA methylation, non-coding RNA networks, and histone 
modifications, remodels gene expression profiles to facilitate resistance. (F) The tumor microenvironment, comprising cancer-associated fibroblasts, immune cells, hypoxic 
conditions, and extracellular vesicles, creates a supportive niche that promotes imatinib resistance via paracrine signaling and intercellular communication.
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GIST initiation and early tumor development, and it also plays a significant role in regulating tumor cell proliferation and 
evasion of apoptosis.116,117 Wild-type GISTs with SDH deficiency exhibit core epigenetic dysregulation, leading to 
functional activation of KIT and FGF signaling, which results in pronounced MAPK pathway activation.49 Early studies 
have demonstrated that by detecting protein activation through Western blotting and combining this with cell prolifera
tion and apoptosis assays in various GIST cell lines, the biological effects resulting from the biochemical inhibition of 
KIT, PI3K, PLC, MAPK/ERK kinase/MAPK (MEK/MAPK), mammalian target of rapamycin (mTOR), and JAK were 
characterized.116,118 These findings underscore the dependence of GIST tumor cells on KIT and its downstream signaling 
pathways.

MAPK activation is largely KIT dependent in GISTs and the MAPK pathway is the most prominent target for 
common inhibition of PDGFRA and KIT oncogenic signaling.118–120 Raf kinase inhibitor protein (RKIP), a suppressor of 
the MAPK signaling pathway, may potentially inhibit metastasis and, consequently, improve prognosis in GIST.121 

Extracellular signal-regulated kinase (ERK)1/2, a member of the MAPK family, is a key component of this signaling 
pathway. The expression levels of RKIP, phosphorylated ERK (p-ERK), and phosphorylated MEK (p-MEK) proteins in 
GIST can serve as risk factors for predicting patient prognosis and may play a crucial role in drug resistance in GIST.122 

PLX9486, a new broad-spectrum TKIs may target both primary KIT exon 9 and 11 mutations as well as secondary exon 
17 and 18 mutations in GIST. Its mechanism of action may involve modulating the activity of specific proteins in the 
MAPK pathway rather than affecting the phosphorylation of KIT at tyrosine residues Y703 and Y719.123 Some research 
has also shown that the activation of the FGF/FGFR pathway, which in turn reactivates the MAPK pathway, is one of the 
possible reasons for imatinib resistance in GISTs.124,125

In addition to the MAPK pathway, the PI3K/Akt/mTOR signaling cascade also plays a vital role in mediating primary 
imatinib resistance in GIST. The inhibition of PI3K induced significant apoptosis in imatinib-resistant GIST.126,127 

Daniels et al suggested that in wild-type GIST, mutations in BRAF and excessive activation of the PI3K pathway were 
closely associated with drug resistance in GISTs.128 The phosphorylation of PI3K and the activation of its downstream 
pathways play crucial roles in various aspects of tumor cell behavior, including proliferation, apoptosis, and 
autophagy.129–132

Studies have demonstrated that activation of this pathway can occur independently of KIT in some GIST cases, 
leading to the survival and proliferation of tumor cells even in the presence of imatinib. For instance, loss of phosphatase 
and tensin homolog (PTEN), a negative regulator of PI3K, has been observed in a subset of GISTs, resulting in 
constitutive activation of Akt and downstream mTOR signaling. This activation promotes cell growth, inhibits apoptosis, 
and reduces the sensitivity of GIST cells to imatinib-induced cytotoxicity.132,133 Preclinical studies using dual inhibitors 
targeting both KIT and mTOR have shown promising results in overcoming this form of resistance, as they can 
simultaneously block the primary oncogenic driver and the alternative survival pathway, leading to enhanced tumor 
cell death compared to imatinib alone.129,134

The JAK/STAT pathways play an important role in the proliferation and survival of GIST cells.116,135 The continuous 
activation of the JAK/STAT pathways is associated with drug resistance in GIST. Targeting JAK2/STAT3 reduces cell 
proliferation, induces apoptosis, decreases cell migration and invasion, and demonstrates antitumor effects in vivo and 
in vitro.135–137 The secondary KIT V654A mutation is associated with imatinib resistance in GIST, and activation of the 
KIT-related JAK/STAT pathway may also contribute to drug resistance.138 These findings highlight the complex interplay 
between different signaling pathways in GIST and emphasize the need for combinatorial therapeutic strategies to 
effectively combat primary imatinib resistance (Figure 3C).

Activation of Bypass Metabolic Pathways
Bypass pathway activation is an evolutionary escape mechanism in which GIST, under the selective pressure of targeted 
drug therapy, activate alternative receptor tyrosine kinases. This process bypasses the inhibited primary KIT pathway and 
reactivates downstream core signaling pathways, leading to drug resistance. Activation of the FGF/FGFR and FGF/ 
VEGFR pathways may be involved in the resistance of GIST to imatinib. Studies have shown that in imatinib-resistant 
GIST cell lines and clinical specimens, the expression levels of FGF ligands (such as FGF2, FGF7) and their 
corresponding receptors (FGFR1, FGFR2, VEGFR2) are significantly upregulated compared to sensitive counterparts. 
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For example, activation of FGFR1 can phosphorylate and activate MEK and Akt, resulting in increased cell cycle 
progression from G1 to S phase and inhibition of apoptosis through upregulating anti-apoptotic proteins like Bcl-2. 
Additionally, the cross-talk between FGF/FGFR and FGF/VEGFR pathways further amplifies these pro-tumorigenic 
signals. VEGFR2, upon activation by FGF, not only enhances angiogenesis to provide sufficient nutrients for tumor 
growth but also directly interacts with KIT to modulate its phosphorylation status, potentially reducing the sensitivity of 
KIT to imatinib. These findings suggest that the FGF/FGFR and FGF/VEGFR pathways play crucial roles in mediating 
imatinib resistance in GIST by activating alternative signaling axes.124,139–141 Furthermore, overexpression of insulin- 
like growth factor 1 receptor (IGF-1R) can form heterodimers with KIT or activate downstream signaling molecules such 
as PI3K directly, bypassing the inhibited KIT kinase domain and thus contributing to resistance.142,143

Research has found that in some GISTs resistant to imatinib, there is amplification of the MET gene or overexpression 
of the protein. This overexpression or amplification can lead to the activation of MET signaling pathways independently 
of KIT, thereby promoting cell proliferation and survival. For example, activation of MET can phosphorylate downstream 
molecules like AKT and ERK, which are crucial for cell growth and anti-apoptotic processes, thus bypassing the 
inhibited KIT signaling and contributing to imatinib resistance in GISTs.142 Additionally, some studies have indicated 
that there may be crosstalk between MET and other receptor tyrosine kinases, further complicating the resistance 
mechanism by providing alternative routes for signal transduction.144,145 In imatinib-resistant GIST models, ETV1 
expression is often sustained or even upregulated, which can partially offset the growth inhibitory effects of imatinib 
despite KIT pathway inhibition. ETV1 acts as a critical transcriptional regulator that maintains the survival and 
proliferation of GIST cells by controlling the expression of genes involved in cell cycle progression, anti-apoptosis, 
and stemness. Mechanistically, ETV1 may transcriptionally activate alternative pro-survival genes, such as those 
encoding for certain cyclins (eg, cyclin D1) and anti-apoptotic proteins, thereby promoting cell cycle entry and inhibiting 
programmed cell death. Additionally, ETV1 might interact with other signaling pathways activated in resistant GIST, 
such as the FGF/FGFR or IGF-1R pathways, to amplify their downstream oncogenic signals. For instance, ETV1 could 
potentially bind to the promoters of FGFR1 or IGF-1R and enhance their expression, creating a feed-forward loop that 
further strengthens bypass pathway activation. This sustained or increased ETV1 activity thus represents another layer of 
adaptive resistance, allowing GIST cells to maintain their malignant phenotype even when the primary KIT/PDGFRA 
pathway is effectively blocked by imatinib. In GIST cells, MAPK downstream of KIT activates a positive feedback loop 
that stabilizes the ETV1 protein, while ETV1, in turn, positively regulates KIT expression.146 In addition to the above, 
activation of AXL not only promotes proliferation through pathways such as MAPK but, more importantly, induces 
epithelial–mesenchymal transition. AXL is a member of the TYRO3/AXL/MER receptor family, and its overexpression 
is associated with increased drug resistance and invasiveness in various cancers. This process renders the tumor both 
drug-resistant and more aggressive.144,147,148 Gasparotto et al found that the Hedgehog and WNT/β-catenin signaling 
pathways were activated in GISTs149 Iruzubieta et al have also suggested that the activation of Hedgehog signaling is 
closely related to the homeostasis of the tumor microenvironment in GIST and the survival of tumor cells150 Collectively, 
the activation of these diverse bypass metabolic pathways highlights the complex and multifactorial nature of drug 
resistance in GIST, underscoring the need for combinatorial therapeutic strategies that target both the primary KIT 
pathway and these alternative signaling axes to overcome resistance. Mastering the mechanisms of bypass activation in 
GISTs is crucial for understanding the disease progression of GIST and developing future treatment strategies 
(Figure 3D).

Epigenetic Modification Changes Lead to Drug Resistance in GIST
Epigenetic modifications, which involve heritable changes in gene expression without altering the DNA sequence itself, 
have emerged as critical regulators of imatinib resistance in GIST. The key molecular mechanisms of DNA and 
chromatin epigenetic modifications can be classified into four major categories: DNA and RNA methylation, regulation 
of noncoding RNA (ncRNA), covalent post-translational modifications of histones, and noncovalent interaction mechan
isms. Among these, DNA methylation, histone modifications, and non-coding RNA (ncRNA)-mediated gene silencing or 
activation play pivotal roles in rewiring the tumor cell’s signaling landscape to evade the inhibitory effects of imatinib.
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DNA methylation, the most extensively studied epigenetic modification, often occurs at CpG dinucleotides in gene 
promoter regions, typically leading to transcriptional repression. In GIST, aberrant hypermethylation of tumor suppressor 
genes or genes encoding negative regulators of oncogenic pathways has been linked to imatinib resistance. For instance, 
hypermethylation of the PTEN gene promoter results in decreased PTEN expression.151 This loss of PTEN function leads 
to unchecked activation of the PI3K/AKT/mTOR cascade, which may independently drive cell proliferation and survival 
even when KIT is inhibited by imatinib. A genome-wide DNA methylation analysis also revealed that hypermethylation 
of REC8, p16, PAX3, SDH is closely associated with the poor prognosis of GIST.152,153 Similarly, methylation- 
dependent silencing of genes involved in drug influx (eg, organic cation transporters) or efflux (eg, ATP-binding cassette 
transporters) can alter imatinib’s intracellular concentration, reducing its efficacy. Conversely, hypomethylation of proto- 
oncogenes or genes encoding positive regulators of alternative signaling pathways can lead to their upregulation, further 
contributing to resistance. Furthermore, post-transcriptional modifications also play a significant role in drug resistance 
mechanisms. For example, N6-methyladenosine (m6A) is a frequently occurring mRNA modification, which regulates 
mRNA stability, splicing, and translation. Methyltransferase METTL3 can enhance the expression of MRP1 by facil
itating the m6A modification of the 5’ untranslated region of MRP1 mRNA, thereby further promoting drug resistance in 
GIST.154 While these preclinical observations suggest that DNA and RNA methylation could be potential targets for 
overcoming imatinib resistance, their clinical applicability remains to be fully validated, and these findings should be 
interpreted as observational hypotheses rather than clinically actionable strategies at this stage.

Non-coding RNAs (ncRNAs), particularly microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), have 
emerged as key epigenetic modulators in GIST imatinib resistance. These molecules form a complex regulatory network 
that influences drug response by modulating gene expression at the post-transcriptional and epigenetic levels. MiRNAs 
are small (~22 nucleotide) ncRNAs that post-transcriptionally regulate gene expression by binding to the 3’-untranslated 
region (3’UTR) of target mRNAs, leading to mRNA degradation or translational repression. In GIST cells, miR-409-5p 
may promote imatinib resistance by targeting the expression of lysine-specific demethylase 4D (KDM4D).155 

Overexpression of miR-218 can reduce the resistance of GIST cells to imatinib.156 MiR-125a-5p can promote drug 
resistance in GISTs by regulating the phosphorylation of focal adhesion kinase.157 Conversely, downregulation of tumor- 
suppressive miRNAs (eg, miR-34a, miR-143/145 clusters) can result in the overexpression of their oncogenic targets.158– 

160 LncRNAs, which are longer than 200 nucleotides, exert their regulatory functions through diverse mechanisms, 
including acting as sponges for miRNAs (competing endogenous RNAs), guiding chromatin-modifying complexes to 
specific genomic loci, or interacting with proteins to modulate their activity. For example, the lncRNA OIP5-AS1 
modulates SOX9 expression through miR-145, influencing drug resistance in GIST.161 LncRNA HOTAIR and lncRNA 
MSC-AS1 also confer imatinib resistance in GIST.162,163 Additionally, Recent studies on circular RNAs (circRNA) have 
also demonstrated dysregulated circRNAs, such as circRNA_06551, circRNA_14668, circRNA_04497, circRNA_08683, 
circRNA_09923, circRNA_23636, and circRNA_15734, exhibit differences in drug-resistant GIST cells; however, their 
functions require further investigation.164 A study showed that circ-CCS promotes autophagy-related drug resistance in 
GIST.165 Collectively, ncRNAs form a delicate and adaptable regulatory network that precisely controls the core 
mutation pathway and numerous bypass pathways at post-transcriptional and epigenetic levels, collectively determining 
the ultimate fate of tumor cells. NcRNAs have opened a novel and promising research frontier for understanding and 
ultimately overcoming drug resistance in GIST. It is important to emphasize that these findings are primarily preclinical, 
and distinguishing between these observational hypotheses and clinically actionable strategies remains critical. Currently, 
no ncRNA - based therapies for GIST drug resistance have been validated for routine clinical use (Table 2).

Histone modifications, including acetylation, methylation, phosphorylation, and ubiquitination, dynamically regulate 
chromatin structure and accessibility, thereby influencing gene transcription. In imatinib-resistant GIST cells, alterations 
in the activity of histone-modifying enzymes, such as histone deacetylases (HDACs) and histone methyltransferases 
(HMTs), have been observed. Increased HDAC activity, for example, leads to deacetylation of histone tails, resulting in 
a condensed chromatin structure that restricts the access of transcriptional machinery to tumor suppressor gene 
promoters. This can silence genes that are crucial for inducing apoptosis or cell cycle arrest in response to 
imatinib.166,167 On the other hand, specific histone methylation marks, such as trimethylation of histone H3 at lysine 4 
(H3K4me3, associated with active transcription) or lysine 27 (H3K27me3, associated with transcriptional repression), 
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can be dysregulated. For instance, upregulation of certain HMTs might lead to increased H3K4me3 at the promoters of 
genes involved in bypass pathways like the MAPK/ERK or JAK/STAT pathways, enhancing their expression and 
promoting resistance.168 KDM4D, as a histone demethylase, is overexpressed in GIST and promotes the progression 
of GIST via HIF1-β/VEGFA signaling.169 In GIST, EZH2 may be overexpressed, resulting in excess addition of 
H3K27me3 inhibitory marks to differentiation genes. This locks cells in a differentiated state and promotes imatinib 
resistance.170,171 BET family proteins act as readers of acetylated lysine residues by noncovalently binding to acetylated 
histones through their bromodomains, subsequently recruiting transcriptional machinery to robustly drive gene 
transcription.172 While HDAC inhibitors, BET inhibitors, and other epigenetic-targeting agents have shown promise in 
preclinical GIST models, their efficacy and safety in clinical settings for treating imatinib-resistant GIST remain under 
investigation, and these agents should not be considered clinically actionable strategies until further clinical validation is 
completed.

Furthermore, the interplay between epigenetic modifications and genetic mutations in GIST is increasingly recog
nized. For example, primary KIT mutations themselves may influence the epigenetic landscape of the tumor cell. Mutant 
KIT can interact with and activate epigenetic modifiers, leading to changes in DNA methylation or histone modification 
patterns that favor resistance. Additionally, epigenetic modifications can create a permissive environment for the 
acquisition of secondary mutations in KIT or other genes, accelerating the development of resistance.173

Collectively, these epigenetic modifications contribute to imatinib resistance in GIST by altering the expression of 
a broad spectrum of genes involved in cell survival, proliferation, drug metabolism, and alternative signaling pathway 
activation. Understanding the specific epigenetic changes and their functional consequences in resistant GIST not only 
enhances our comprehension of the molecular basis of resistance in preclinical systems but also highlights potential 
therapeutic targets that merit further clinical investigation to bridge this translational gap (Figure 3E).

Tumor Microenvironment Contribute to Imatinib Resistance
The heterogeneous nature of tumors poses a significant challenge in overcoming imatinib resistance in advanced GIST. 
Within the complex tumor microenvironment (TME) of GIST, various cellular and non-cellular components interact 
dynamically to foster a niche that promotes imatinib resistance. Cancer-associated fibroblasts (CAFs), a prominent 
stromal cell type, play a crucial role. They can secrete a plethora of growth factors, such as hepatocyte growth factor 
(HGF), FGF, and PDGF, which bind to their respective receptors on GIST cells.174,175 Yoon et al indicates that CAFs 
highly express PDGFC, which can promote the progression of GIST by activating the PDGFC/PDGFRA signaling 
pathway176 CAFs may secrete transforming growth factor-β2, activate the PI3K/AKT signaling pathway, and thereby 
promote drug resistance in GIST cells.177 This ligand-receptor interaction activates downstream signaling cascades, most 
notably the PI3K/AKT/mTOR and RAS/RAF/MEK/ERK pathways, which are known to drive cell survival and 
proliferation independently of KIT or PDGFRA, thereby bypassing the inhibitory effect of imatinib.176 For instance, 

Table 2 Summary of ncRNAs Involved in Imatinib Resistance in GIST

ncRNA Type ncRNA Name Expression in Resistant Cells Proposed Mechanism/Target Reference

miRNA miR-409-5p Upregulated Targets KDM4D [153]
miR-218 Downregulated Regulates PI3K/AKT pathway [154]

miR-125a-5p Upregulated Regulates FAK phosphorylation [155]

miR-34a Downregulated Loss of tumor-suppressive function [156]
miR-143/145 cluster Downregulated Targets peroxiredoxin 5 [157,158]

lncRNA OIP5-AS1 Upregulated Sponges miR-145 to modulate SOX9 [159]

HOTAIR Upregulated Regulates miR-130a/ATG2B pathway (autophagy) [160]
MSC-AS1 Upregulated Activates FNDC1/ANLN-mediated PI3K/AKT pathway [161]

circRNA Multiple circRNAs* Dysregulated Functions require further investigation [162]
circ-CCS Upregulated Regulates miR-197-3p/ATG10 axis (autophagy) [163]

Abbreviations: ncRNA, non-coding RNA; miRNA, microRNA; lncRNA, long non-coding RNA; KDM4D, lysine-specific demethylase 4D; circRNA, circular RNA; SOX9, SRY- 
box transcription factor 9; ATG2B, autophagy-related protein 2 homolog B; FNDC1, fibronectin type III domain containing 1; ANLN, anillin; ATG10, autophagy-related 10.
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HGF binding to MET receptor tyrosine kinase on GIST cells leads to the activation of PI3K, resulting in AKT 
phosphorylation and subsequent inhibition of apoptotic pathways, allowing the tumor cells to survive even in the 
presence of imatinib.178 Additionally, CAFs can remodel the extracellular matrix by producing excessive collagen and 
matrix metalloproteinases.179 This remodeling not only provides structural support for tumor growth but also creates 
a physical barrier that may limit the penetration of imatinib into the core of the tumor, reducing its effective concentration 
at the target site.

Immune cells within the TME also contribute to imatinib resistance. Immune infiltration in patients with GIST is 
associated with tumor-stem-cell-like characteristics, and this relationship depends on tumor purity.180 Single-cell analysis 
revealed a substantial presence of immune cells in the GIST microenvironment, including T cells, macrophages, tumor 
cells, and natural killer cells.181 Liu et al revealed the single-cell characteristics within the tumor microenvironment of 
imatinib-resistant GISTs through single-cell analysis Their findings suggest that imatinib resistance in GISTs is closely 
associated with regulatory T cells, which may influence tumor imatinib resistance via the TIGIT/NECTIN2 axis. 
Myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages, often of the M2 polarization phenotype, 
can exert immunosuppressive effects, preventing an effective anti-tumor immune response. Xiao et al explored the 
function of macrophages GIST cells can regulate the differentiation of macrophages into M2-type macrophages through 
the MIF/CXCR4 axis, thereby facilitating immune escape.182 However, beyond immune suppression, these cells can also 
directly influence therapeutic resistance. MDSCs, for example, have been shown to release reactive oxygen species and 
nitric oxide, which can induce oxidative stress in GIST cells. This stress may lead to the upregulation of drug efflux 
transporters, such as P-gp, which actively pump imatinib out of the cells, decreasing intracellular drug 
accumulation.183,184 Additionally, IDO-positive dendritic cells are highly expressed in the microenvironment of imatinib- 
resistant GISTs, although their mechanisms of action require further investigation.185

The hypoxic microenvironment, a common feature of solid tumors including GIST due to rapid growth outpacing 
angiogenesis, is another key contributor. Hypoxia-inducible factor-1 alpha (HIF-1α), a master regulator of the cellular 
response to hypoxia, is stabilized under low oxygen conditions. HIF-1α can transcriptionally activate the expression of 
various genes involved in angiogenesis (eg, VEGF), glycolysis (eg, glucose transporter 1, GLUT1; hexokinase 2, 
HK2), and cell survival.186–188 The shift towards glycolytic metabolism, known as the Warburg effect, allows GIST 
cells to generate ATP even in hypoxic conditions, ensuring their energy supply for proliferation and survival. 
Furthermore, the extracellular vesicles (EVs) released by both tumor cells and stromal cells in the TME have emerged 
as important mediators of intercellular communication and drug resistance. These EVs can carry bioactive molecules 
such as proteins, lipids, and nucleic acids (including miRNAs and mRNAs) that can be transferred to recipient GIST 
cells.189,190 EVs from imatinib-resistant GIST cells can transfer resistance-related proteins or miRNAs to sensitive 
cells, thereby propagating the resistant phenotype.191,192 This horizontal transfer of resistance mechanisms within the 
TME exacerbates the problem of heterogeneity and makes the development of effective therapies more challenging. 
Notably, these TME components may function as an integrated network to collectively drive imatinib resistance in 
GISTs. CAFs initiate resistance by activating bypass signaling and remodeling the extracellular matrix. Transforming 
growth factor beta 1 (TGFβ1), secreted by CAFs, amplifies the cellular communication network factor 2 (CCN2) 
signaling axis, which subsequently activates the PI3K/AKT pathway, ultimately driving metabolic reprogramming in 
tumor cells. Conversely, CCN2 secreted by GIST cells promotes TGFβ1 production in CAFs, thereby further 
enhancing the drug resistance-promoting effect.174,176,193 Immune cells such as MDSCs and regulatory T cells 
reinforce resistance by inducing oxidative stress and suppressing anti-tumor immunity, while EVs serve as 
a universal mediator to transfer resistance traits between all TME components, propagating resistance across the 
tumor.194–197 This synergistic crosstalk creates a self-sustaining, resistance-promoting niche that amplifies the indivi
dual effects of each component, making the TME a robust driver of imatinib insensitivity. Collectively, the intricate 
interplay between GIST cells and their microenvironment creates multiple layers of bypass signaling activation, 
significantly contributing to the development and maintenance of imatinib resistance. Expanding the research perspec
tive on GIST drug resistance from focusing solely on tumor cells to encompassing the entire tumor microenvironment 
offers a broader range of promising therapeutic targets and combination strategies to overcome this clinical challenge 
(Figure 3F).
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Ongoing New Treatment Strategy
To address imatinib resistance in GIST and improve outcomes for advanced patients, numerous emerging therapeutic 
strategies are under development. These strategies aim to overcome resistance mechanisms through diverse 
approaches, including novel tyrosine kinase inhibitors (TKIs) with broader specificity or ability to target mutant 
kinases, combination therapies that simultaneously inhibit multiple signaling pathways, and targeted delivery systems 
to enhance drug efficacy and reduce off-target effects. Furthermore, preclinical studies are investigating the potential of 
epigenetic modulators, which can reverse aberrant gene expression patterns associated with drug resistance, as well as 
proteolysis-targeting chimeras (PROTACs) that selectively degrade oncogenic proteins, offering a novel mechanism to 
overcome resistance.

Next-Generation TKIs and Downstream Pathway Inhibitors
The development of next-generation TKIs targeting KIT and PDGFRA remains the most clinically validated strategy for 
overcoming imatinib resistance, as these agents address core resistance mechanisms including secondary KIT mutations 
and primary PDGFRA alterations. Currently, clinical trials are underway to develop new TKIs or inhibitors targeting 
downstream signaling pathways. By 2024, a total of 57 targets had been involved in drug clinical trials for GIST.198 The 
top six targets with the highest frequency of occurrence are KIT, PDGFRA, KDR (VEGFR2), FMS-like tyrosine kinase 
(FLT)3, FLT1 (VEGFR1), and FLT4 (VEGFR3).198 Drug development involves not only multipathway inhibitors such as 
crenolanib (a TKI targeted to PDGFR-β, PDGFRA and FLT3, more selective for PDGFR),199,200 famitinib [a TKI 
targeted to KDR (VEGFR2), FLT4 (VEGFR3), KIT and FLT3], and nilotinib (a TKI targeting the BCR activator of 
RhoGEF and GTPase, ABL1, KIT and PDGFRA),201–203 but also some non-TKIs, such as pimitespib (heat shock protein 
90 inhibitor).204,205 TKIs and downstream pathway inhibitors, such as the MEK inhibitor binimetinib, can enhance the 
induction of apoptosis in GIST cells.206

Combination Therapy Strategies
Rationally designed combination therapies, targeting multiple resistance pathways simultaneously, represent another 
high-priority approach with strong emerging clinical evidence. A key strategy involves combining TKIs with inhibitors 
of downstream signaling pathways to block bypass mechanisms. For example, a Phase 2 clinical study investigated the 
role of imatinib combined with binimetinib in primary progressive stromal tumors. The results indicate that the best ORR 
was 69.0%, and the median PFS was 29.9 months.207 In addition to the favorable efficacy of imatinib combined with 
bimethimib in treating primary progressive tumors observed in the aforementioned Phase II clinical study, basic research 
has demonstrated that MEK, a key kinase in the RAS-RAF-MEK-ERK signaling pathway, plays a significant role in the 
pathogenesis of certain GISTs through its aberrant activation.208 This is particularly evident in GISTs with wild-type 
KIT/PDGFRA or secondary drug-resistant mutations, where this pathway may serve as a critical driver. The combined 
use of MEK inhibitors can effectively block this alternative activation pathway, thereby enhancing the cytotoxic effect of 
imatinib on tumor cells and delaying the development of drug resistance. Furthermore, strategies involving inhibitors 
targeting other signaling pathways are actively under investigation. Multiple preclinical studies have shown that PI3K 
inhibitors can synergistically enhance the antitumor effects of imatinib by inhibiting various aspects of tumor cell 
proliferation, survival, and angiogenesis.117

Immunotherapy
Immunotherapy, though historically challenging in GIST due to its low mutational burden and immunosuppressive 
microenvironment, is gaining attention with the development of novel agents. Seifert et al demonstrated that PD-1/PD-L1 
blockade alone had no therapeutic effect on stromal tumors However, when combined with imatinib, it can enhance the 
function of effector T cells and improve the therapeutic efficacy of imatinib.209,210 Similarly, comparable conclusions 
were drawn in the relevant clinical trials of CTLA-4.211,212 Furthermore, adoptive cell therapy, including chimeric 
antigen receptor (CAR)-T cells engineered to target GIST-specific antigens like KIT or PDGFRA, is in the early stages of 
development. Preclinical models have shown that CAR-T cells targeting KIT can specifically recognize and eliminate 
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GIST cells, with some studies reporting tumor regression in xenograft models.210,213 Immunotherapy has emerged as 
a transformative approach in multiple solid tumors, but it is critical to explicitly acknowledge that results to date in GIST 
have been largely disappointing. These findings highlight the significant challenges in applying conventional immu
notherapeutic strategies to GIST and underscore the need for more refined approaches that address the unique immuno
logical features of this disease.

Other Emerging Approaches (Limited Clinical Evidence)
Antibody-drug conjugates (ADCs) represent a promising approach, which can specifically deliver cytotoxic payloads to 
GIST cells by targeting antigens highly expressed on the tumor surface. For example, preclinical studies have evaluated 
ADCs targeting KIT, a key driver in GIST, showing potent antitumor activity in imatinib-resistant models by effectively 
internalizing and releasing cytotoxic agents within the tumor cells.214,215

Epigenetic modifiers, such as HDAC inhibitors, DNA methyltransferase inhibitors, and miRNA mimics or 
antagomiRs, are therefore being explored as promising agents to reverse epigenetic silencing of tumor suppressors or 
to downregulate oncogenic pathways, potentially resensitizing resistant GIST cells to imatinib.216 The combination of 
exosomes, nanomaterials, and targeted therapy for treating GIST may represent a future trend in cancer treatment. 
Exosomes are natural nanomedicine carriers, loaded with TKIs like imatinib and sunitinib, or with siRNA/ncRNA 
targeting drug resistance genes, may be used to treat drug-resistant progressive GISTs. A few studies have confirmed that 
exosomes are associated with prognosis of GIST. As early as 2014, Atay et al proposed that GIST could affect the 
function of surrounding muscle cells through KIT proteins in exosomes, thereby promoting tumor metastasis190 

Subsequent studies have also demonstrated that GIST exhibits a distinct secretome signature, exosome transmission 
between tumor cells may be a mechanism contributing to drug resistance.217,218 It was also mentioned in the previous 
text that the enriched exosomal lncRNA OIP5-AS1 mediates imatinib resistance in GIST by regulating miR-145 and 
SOX9.161 Nanotechnology-based drug delivery systems have significantly improved the therapeutic efficacy and 
specificity of targeted drugs in cancer treatment. It is often used to facilitate the combined administration of other 
anticancer drugs that face significant challenges in cancer treatment.219 At present, although many challenges remain, 
such as large-scale isolation, purification, and drug loading of exosomes, technical difficulties persist, and batch-to-batch 
variability is hard to control. Efficient and stable drug loading, as well as achieving specific and controllable release at 
tumor sites, still require optimization. Nevertheless, the potential demonstrated by exosomes will undoubtedly secure 
their important role in the future treatment of GIST and the broader field of oncology. The development of such 
epigenetic-based combinatorial therapies holds significant promise for improving outcomes in patients with imatinib- 
resistant GIST. These ongoing efforts in drug development, combination strategies, and novel therapeutic modalities hold 
great promise for improving the outcomes of GIST patients, especially those with advanced or refractory disease.

Another area of focus is personalized medicine based on molecular profiling. With the advancement of next- 
generation sequencing, it is now possible to identify rare or unique genetic alterations in individual GIST patients, 
which can guide the selection of tailored therapies. For instance, patients harboring PDGFRA D842V mutations, which 
are highly resistant to imatinib, may benefit from specific inhibitors like avapritinib. Moreover, liquid biopsies, such as 
ctDNA analysis, are being utilized to monitor treatment response and detect early resistance mechanisms, allowing for 
timely adjustment of therapeutic regimens.220,221 The integration of liquid biopsy technologies into clinical practice holds 
great promise for real-time monitoring of clonal evolution and early detection of emerging resistance mutations, enabling 
timely adjustments to treatment regimens. Collaborative efforts between basic researchers, clinicians, and pharmaceutical 
companies are crucial to accelerate the translation of preclinical discoveries into novel therapeutic agents and optimize 
combination strategies. Additionally, addressing the challenges of intratumoral heterogeneity and ensuring equitable 
access to these advanced treatments across diverse patient populations will be essential to fully realize the potential of 
precision oncology in metastatic GIST.

Conclusion
In summary, drug resistance in GIST is a complex, multifactorial phenomenon driven by diverse molecular mechanisms, 
including secondary mutations in KIT and PDGFRA, aberrant epigenetic modifications, dysregulation of the TME, and 
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activation of bypass signaling pathways. This review synthesizes the current understanding of these resistance mechan
isms while prioritizing evidence-based emerging treatment strategies—most notably next-generation tyrosine kinase 
inhibitors (TKIs) and rationally designed combination therapies—that hold the greatest potential for improving clinical 
outcomes in patients with advanced GIST. It is important to explicitly acknowledge the inherent limitations of this 
review. As a narrative review, it relies on a non-systematic selection of literature, which may introduce potential selection 
bias. The evidence discussed encompasses heterogeneous study designs, including preclinical models and clinical trials 
of varying phases with differing levels of methodological rigor. This consideration should be taken into account when 
interpreting the collective findings. Given the rapidly evolving therapeutic landscape of GIST, some of the emerging 
strategies highlighted herein may be updated or refined as new clinical and preclinical data emerge. Despite these 
limitations, this review provides a comprehensive overview of the current state of knowledge regarding imatinib 
resistance mechanisms and ongoing treatment strategies in GIST. Future research should focus on bridging the transla
tional gap between preclinical findings and clinical application, optimizing combination therapies to target multiple 
resistance pathways, and addressing the challenges posed by intratumoral heterogeneity. Additionally, continued 
advancements in molecular profiling and liquid biopsy technologies will facilitate the development of more personalized 
therapeutic approaches, ultimately improving the prognosis of patients with advanced or refractory GIST.

Abbreviations
GIST, Gastrointestinal stromal tumors; PDGFRA, platelet-derived growth factor receptor-α; TKI, tyrosine kinase 
inhibitor; OS, overall survival; RTKs, receptor tyrosine kinases; SDH, succinate dehydrogenase; NF1, neurofibromatosis 
1; NTRK3, neurotrophic receptor tyrosine kinase 3; ORR, objective response rate; PFS, progression-free survival; PTEN, 
phosphatase and tensin homolog; FGFR, fibroblast growth factor receptor; VEGFR, vascular endothelial growth factor 
receptor; mTOR, mammalian target of rapamycin; IGF-1R, insulin-like growth factor 1 receptor; ncRNA, non-coding 
RNA; miRNA, microRNA; lncRNA, long non-coding RNA; KDM4D, lysine-specific demethylase 4D; circRNA, 
circular RNA; HDAC, histone deacetylases; TME, tumor microenvironment; CAFs, cancer-associated fibroblasts; 
HGF, hepatocyte growth factor; HIF-1α, hypoxia-inducible factor-1 alpha; EV, extracellular vesicle; FLT, FMS-like 
tyrosine kinase; MDSC, Myeloid-derived suppressor cells; ADC, Antibody-drug conjugate; ctDNA, circulating DNA.

Funding
The authors disclosed receipt of the following financial support for the research, authorship, and/or publication of this 
article: This work was supported by the National Natural Science Foundation of China Programs [grant number 
82001695]; Beijing Xisike Clinical Oncology Research Foundation [grant number Y-zai2021/ms-0133].

Disclosure
The Authors declare that there are no conflicts of interest in this work.

References
1. Soreide K, Sandvik OM, Soreide JA, Giljaca V, Jureckova A, Bulusu VR. Global epidemiology of gastrointestinal stromal tumours (GIST): 

a systematic review of population-based cohort studies. Cancer Epidemiol. 2016;40:39–46. doi:10.1016/j.canep.2015.10.031
2. Demetri GD, von Mehren M, Antonescu CR, et al. NCCN Task Force report: update on the management of patients with gastrointestinal stromal 

tumors. J Nat Comprehensive Cancer Network. 2010;8 Suppl 2(0 2):S1–41;quizS42–44. doi:10.6004/jnccn.2010.0116
3. DeMatteo RP. The GIST of targeted cancer therapy: a tumor (gastrointestinal stromal tumor), a mutated gene (c-kit), and a molecular inhibitor 

(STI571). Annals Surg Oncol. 2002;9(9):831–839. doi:10.1007/BF02557518
4. Dematteo RP, Heinrich MC, El-Rifai WM, Demetri G. Clinical management of gastrointestinal stromal tumors: before and after STI-571. Human 

Pathol. 2002;33(5):466–477. doi:10.1053/hupa.2002.124122
5. Zalupski M, Metch B, Balcerzak S, et al. Phase III comparison of doxorubicin and dacarbazine given by bolus versus infusion in patients with 

soft-tissue sarcomas: a Southwest Oncology Group study. J Nat Cancer Inst. 1991;83(13):926–932. doi:10.1093/jnci/83.13.926
6. Edmonson JH, Marks RS, Buckner JC, Mahoney MR. Contrast of response to dacarbazine, mitomycin, doxorubicin, and cisplatin (DMAP) plus 

GM-CSF between patients with advanced malignant gastrointestinal stromal tumors and patients with other advanced leiomyosarcomas. Cancer 
Investig. 2002;20(5–6):605–612. doi:10.1081/CNV-120002485

7. Mazur MT, Clark HB. Gastric stromal tumors. Reappraisal of histogenesis. Am J Surg Pathol. 1983;7(6):507–519. doi:10.1097/00000478- 
198309000-00001

8. Somerhausen Nde S, Fletcher CD. Gastrointestinal stromal tumours: an update. Sarcoma. 1998;2(3–4):133–141. doi:10.1080/13577149877885

https://doi.org/10.2147/DDDT.S594043                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 16

Wang et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.canep.2015.10.031
https://doi.org/10.6004/jnccn.2010.0116
https://doi.org/10.1007/BF02557518
https://doi.org/10.1053/hupa.2002.124122
https://doi.org/10.1093/jnci/83.13.926
https://doi.org/10.1081/CNV-120002485
https://doi.org/10.1097/00000478-198309000-00001
https://doi.org/10.1097/00000478-198309000-00001
https://doi.org/10.1080/13577149877885


9. Sarlomo-Rikala M, Kovatich AJ, Barusevicius A, Miettinen M. CD117: a sensitive marker for gastrointestinal stromal tumors that is more 
specific than CD34. Mod Pathol. 1998;11(8):728–734.

10. Nakahara M, Isozaki K, Hirota S, et al. A novel gain-of-function mutation of c-kit gene in gastrointestinal stromal tumors. Gastroenterology. 
1998;115(5):1090–1095. doi:10.1016/S0016-5085(98)70079-4

11. Clary BM, DeMatteo RP, Lewis JJ, Leung D, Brennan MF. Gastrointestinal stromal tumors and leiomyosarcoma of the abdomen and 
retroperitoneum: a clinical comparison. Annals Surg Oncol. 2001;8(4):290–299. doi:10.1007/s10434-001-0290-3

12. Blanke CD, Rankin C, Demetri GD, et al. Phase III randomized, intergroup trial assessing imatinib mesylate at two dose levels in patients with 
unresectable or metastatic gastrointestinal stromal tumors expressing the kit receptor tyrosine kinase: S0033. J Clin Oncol. 2008;26(4):626–632. 
doi:10.1200/JCO.2007.13.4452

13. Heinrich MC, Owzar K, Corless CL, et al. Correlation of kinase genotype and clinical outcome in the North American Intergroup Phase III Trial 
of imatinib mesylate for treatment of advanced gastrointestinal stromal tumor: CALGB 150105 Study by Cancer and Leukemia Group B and 
Southwest Oncology Group. J Clin Oncol. 2008;26(33):5360–5367. doi:10.1200/JCO.2008.17.4284

14. Poveda A, Garcia Del Muro X, Lopez-Guerrero JA, et al. GEIS guidelines for gastrointestinal sarcomas (GIST). Cancer Treatment Rev. 
2017;55:107–119. doi:10.1016/j.ctrv.2016.11.011

15. Mei L, Du W, Idowu M, von Mehren M, Boikos SA. Advances and challenges on management of gastrointestinal stromal tumors. Front Oncol. 
2018;8:135. doi:10.3389/fonc.2018.00135

16. Reichardt P, Joensuu H, Blay JY. New fronts in the adjuvant treatment of GIST. Cancer Chemother Pharmacol. 2013;72(4):715–723. 
doi:10.1007/s00280-013-2248-0

17. Casali PG, Abecassis N, Aro HT, et al. Gastrointestinal stromal tumours: ESMO-EURACAN Clinical Practice Guidelines for diagnosis, 
treatment and follow-up. Annals Oncol. 2018;29(Suppl 4):iv267. doi:10.1093/annonc/mdy320

18. von Mehren M, Randall RL, Benjamin RS, et al. Gastrointestinal stromal tumors, version 2.2014. J Nat Comprehensive Cancer Network. 
2014;12(6):853–862. doi:10.6004/jnccn.2014.0080

19. Wozniak A, Rutkowski P, Piskorz A, et al. Prognostic value of KIT/PDGFRA mutations in gastrointestinal stromal tumours (GIST): Polish 
clinical GIST registry experience. Annals Oncol Off J Eur Soc Med Oncol. 2012;23(2):353–360. doi:10.1093/annonc/mdr127

20. Debiec-Rychter M, Sciot R, Le Cesne A, et al. KIT mutations and dose selection for imatinib in patients with advanced gastrointestinal stromal 
tumours. Eur J Cancer. 2006;42(8):1093–1103. doi:10.1016/j.ejca.2006.01.030

21. G GSTM-A. Comparison of two doses of imatinib for the treatment of unresectable or metastatic gastrointestinal stromal tumors: a 
meta-analysis of 1640 patients. J Clin Oncol. 2010;28(7):1247–1253.

22. Roskoski R Jr. Structure and regulation of Kit protein-tyrosine kinase--the stem cell factor receptor. Biochem Biophys Res Commun. 2005;338 
(3):1307–1315. doi:10.1016/j.bbrc.2005.09.150

23. Mol CD, Dougan DR, Schneider TR, et al. Structural basis for the autoinhibition and STI-571 inhibition of c-Kit tyrosine kinase. J Biol Chem. 
2004;279(30):31655–31663. doi:10.1074/jbc.M403319200

24. Yuzawa S, Opatowsky Y, Zhang Z, Mandiyan V, Lax I, Schlessinger J. Structural basis for activation of the receptor tyrosine kinase KIT by 
stem cell factor. Cell. 2007;130(2):323–334. doi:10.1016/j.cell.2007.05.055

25. Liu H, Chen X, Focia PJ, He X. Structural basis for stem cell factor-KIT signaling and activation of class III receptor tyrosine kinases. EMBO J. 
2007;26(3):891–901. doi:10.1038/sj.emboj.7601545

26. Blay JY, Kang YK, Nishida T, von Mehren M. Gastrointestinal stromal tumours. Nat Rev Dis Primers. 2021;7(1):22. doi:10.1038/s41572-021- 
00254-5

27. Corless CL, Barnett CM, Heinrich MC. Gastrointestinal stromal tumours: origin and molecular oncology. Nat Rev Cancer. 2011;11 
(12):865–878. doi:10.1038/nrc3143

28. Serrano C, George S. Gastrointestinal stromal tumor: challenges and opportunities for a new decade. Clin Cancer Res. 2020;26(19):5078–5085. 
doi:10.1158/1078-0432.CCR-20-1706

29. Mol CD, Lim KB, Sridhar V, et al. Structure of a c-kit product complex reveals the basis for kinase transactivation. J Biol Chem. 2003;278 
(34):31461–31464. doi:10.1074/jbc.C300186200

30. Wardelmann E, Neidt I, Bierhoff E, et al. c-kit mutations in gastrointestinal stromal tumors occur preferentially in the spindle rather than in the 
epithelioid cell variant. Mod Pathol. 2002;15(2):125–136. doi:10.1038/modpathol.3880504

31. Hirota S, Isozaki K, Moriyama Y, et al. Gain-of-function mutations of c-kit in human gastrointestinal stromal tumors. Science. 1998;279 
(5350):577–580. doi:10.1126/science.279.5350.577

32. Tay CM, Ong CW, Lee VK, Pang B. KIT gene mutation analysis in solid tumours: biology, clincial applications and trends in diagnostic 
reporting. Pathology. 2013;45(2):127–137. doi:10.1097/PAT.0b013e32835c7645

33. Hirota S, Isozaki K, Nishida T, Kitamura Y. Effects of loss-of-function and gain-of-function mutations of c-kit on the gastrointestinal tract. 
J Gastroenterol. 2000;35 Suppl 12:75–79.

34. Lasota J, Wozniak A, Sarlomo-Rikala M, et al. Mutations in exons 9 and 13 of KIT gene are rare events in gastrointestinal stromal tumors. 
A study of 200 cases. Am J Pathol. 2000;157(4):1091–1095. doi:10.1016/S0002-9440(10)64623-8

35. Kinoshita K, Isozaki K, Hirota S, et al. c-kit gene mutation at exon 17 or 13 is very rare in sporadic gastrointestinal stromal tumors. 
J Gastroenterol Hepatol. 2003;18(2):147–151. doi:10.1046/j.1440-1746.2003.02911.x

36. He HY, Xiang YN, Li Y, Zhong HH, Wu BQ, Zheng J. [c-kit and PDGFRA mutations in 60 cases of gastrointestinal stromal tumors (GISTs)]. 
Beijing da xue Xue Bao Yi Xue Ban. 2005;37(3):320–324.

37. Corless CL, Fletcher JA, Heinrich MC. Biology of gastrointestinal stromal tumors. J Clin Oncol. 2004;22(18):3813–3825. doi:10.1200/ 
JCO.2004.05.140

38. Antonescu CR, Viale A, Sarran L, et al. Gene expression in gastrointestinal stromal tumors is distinguished by KIT genotype and anatomic site. 
Clin Cancer Res. 2004;10(10):3282–3290. doi:10.1158/1078-0432.CCR-03-0715

39. Subramanian S, West RB, Corless CL, et al. Gastrointestinal stromal tumors (GISTs) with KIT and PDGFRA mutations have distinct gene 
expression profiles. Oncogene. 2004;23(47):7780–7790. doi:10.1038/sj.onc.1208056

40. Agaram NP, Baren A, Arkun K, Dematteo RP, Besmer P, Antonescu CR. Comparative ultrastructural analysis and KIT/PDGFRA genotype in 
125 gastrointestinal stromal tumors. Ultrastruct Pathol. 2006;30(6):443–452. doi:10.1080/01913120600854186

Drug Design, Development and Therapy 2026:20                                                                             https://doi.org/10.2147/DDDT.S594043                                                                                                                                                                                                                                                                                                                                                                                                      17

Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/S0016-5085(98)70079-4
https://doi.org/10.1007/s10434-001-0290-3
https://doi.org/10.1200/JCO.2007.13.4452
https://doi.org/10.1200/JCO.2008.17.4284
https://doi.org/10.1016/j.ctrv.2016.11.011
https://doi.org/10.3389/fonc.2018.00135
https://doi.org/10.1007/s00280-013-2248-0
https://doi.org/10.1093/annonc/mdy320
https://doi.org/10.6004/jnccn.2014.0080
https://doi.org/10.1093/annonc/mdr127
https://doi.org/10.1016/j.ejca.2006.01.030
https://doi.org/10.1016/j.bbrc.2005.09.150
https://doi.org/10.1074/jbc.M403319200
https://doi.org/10.1016/j.cell.2007.05.055
https://doi.org/10.1038/sj.emboj.7601545
https://doi.org/10.1038/s41572-021-00254-5
https://doi.org/10.1038/s41572-021-00254-5
https://doi.org/10.1038/nrc3143
https://doi.org/10.1158/1078-0432.CCR-20-1706
https://doi.org/10.1074/jbc.C300186200
https://doi.org/10.1038/modpathol.3880504
https://doi.org/10.1126/science.279.5350.577
https://doi.org/10.1097/PAT.0b013e32835c7645
https://doi.org/10.1016/S0002-9440(10)64623-8
https://doi.org/10.1046/j.1440-1746.2003.02911.x
https://doi.org/10.1200/JCO.2004.05.140
https://doi.org/10.1200/JCO.2004.05.140
https://doi.org/10.1158/1078-0432.CCR-03-0715
https://doi.org/10.1038/sj.onc.1208056
https://doi.org/10.1080/01913120600854186


41. He HY, Fang WG, Zhong HH, et al. Status and clinical implication of c-kit and PDGFRA mutations in 165 cases of gastrointestinal stromal 
tumor (GIST). Zhonghua Bing Li Xue Za Zhi. 2006;35(5):262–266.

42. Yi ES, Strong CR, Piao Z, Perucho M, Weidner N. Epithelioid gastrointestinal stromal tumor with PDGFRA activating mutation and 
immunoreactivity. Appl Immunohistochem Mol Morphol. 2005;13(2):157–161. doi:10.1097/01.pai.0000156607.04726.9a

43. Zheng S, Chen LR, Wang HJ, Chen SZ. Analysis of mutation and expression of c-kit and PDGFR-alpha gene in gastrointestinal stromal tumor. 
Hepato-Gastroenterol. 2007;54(80):2285–2290.

44. Soreide K, Sandvik OM, Soreide JA, Gudlaugsson E, Mangseth K, Haugland HK. Tyrosine-kinase mutations in c-KIT and PDGFR-alpha genes 
of imatinib naive adult patients with gastrointestinal stromal tumours (GISTs) of the stomach and small intestine: relation to tumour-biological 
risk-profile and long-term outcome. Clin Transl Oncol. 2012;14(8):619–629. doi:10.1007/s12094-012-0851-x

45. Boikos SA, Pappo AS, Killian JK, et al. Molecular subtypes of KIT/PDGFRA wild-type gastrointestinal stromal tumors: a report from the 
national institutes of health gastrointestinal stromal tumor clinic. JAMA Oncol. 2016;2(7):922–928. doi:10.1001/jamaoncol.2016.0256

46. Alkhuziem M, Burgoyne AM, Fanta PT, Tang CM, Sicklick JK. The call of “The Wild”-Type GIST: It’s time for domestication. J Nat 
Comprehensive Cancer Network. 2017;15(5):551–554. doi:10.6004/jnccn.2017.0057

47. Heinrich MC, Corless CL, Duensing A, et al. PDGFRA activating mutations in gastrointestinal stromal tumors. Science. 2003;299 
(5607):708–710. doi:10.1126/science.1079666

48. von Mehren M. Recent advances in the management of gastrointestinal stromal tumors. Current Oncol Rep. 2003;5(4):288–294. doi:10.1007/ 
s11912-003-0068-9

49. Flavahan WA, Drier Y, Johnstone SE, et al. Altered chromosomal topology drives oncogenic programs in SDH-deficient GISTs. Nature. 
2019;575(7781):229–233. doi:10.1038/s41586-019-1668-3

50. Chlopek M, Lasota J, Singh O, et al. DNA methylation profiling separates SDH-deficient GISTs from KIT-PDGFRA-driven GISTs and 
identifies predictive biomarkers for targeted therapy. Am J Surg Pathol. 2025;49(11):1105–1113. doi:10.1097/PAS.0000000000002444

51. Nishida T, Naito Y, Takahashi T, et al. Molecular and clinicopathological features of KIT/PDGFRA wild-type gastrointestinal stromal tumors. 
Cancer Sci. 2024;115(3):894–904. doi:10.1111/cas.16058

52. Chi P, Qin LX, Camacho N, et al. Phase Ib trial of the combination of imatinib and binimetinib in patients with advanced gastrointestinal 
stromal tumors. Clin Cancer Res. 2022;28(8):1507–1517. doi:10.1158/1078-0432.CCR-21-3909

53. Ligon JA, Sundby RT, Wedekind MF, et al. A Phase II trial of guadecitabine in children and adults with SDH-deficient GIST, pheochromo
cytoma, paraganglioma, and HLRCC-associated renal cell carcinoma. Clin Cancer Res. 2023;29(2):341–348. doi:10.1158/1078-0432.CCR-22- 
2168

54. Rahimi-Ardabily A, Murdande S, Dong M, et al. Liver resection for metastatic GIST tumor improves survival in the era of tyrosine kinase 
inhibitors: a systematic review and meta-analysis. Langenbeck’s Arch Surg. 2023;408(1):373. doi:10.1007/s00423-023-03052-7

55. Shima Y, Horimi T, Ishikawa T, et al. Aggressive surgery for liver metastases from gastrointestinal stromal tumors. J Hepato-Biliary-Pancreatic 
Surg. 2003;10(1):77–80. doi:10.1007/s10534-002-0813-9

56. Demetri GD, von Mehren M, Blanke CD, et al. Efficacy and safety of imatinib mesylate in advanced gastrointestinal stromal tumors. New Engl 
J Med. 2002;347(7):472–480. doi:10.1056/NEJMoa020461

57. Lasota J, Miettinen M. Clinical significance of oncogenic KIT and PDGFRA mutations in gastrointestinal stromal tumours. Histopathology. 
2008;53(3):245–266. doi:10.1111/j.1365-2559.2008.02977.x

58. Hornick JL, Fletcher CD. The role of KIT in the management of patients with gastrointestinal stromal tumors. Human Pathol. 2007;38 
(5):679–687. doi:10.1016/j.humpath.2007.03.001

59. Jones RL, Judson IR. The development and application of imatinib. Expert Opinion Drug Safety. 2005;4(2):183–191. doi:10.1517/ 
14740338.4.2.183

60. Siddiqui MA, Scott LJ. Imatinib: a review of its use in the management of gastrointestinal stromal tumours. Drugs. 2007;67(5):805–820. 
doi:10.2165/00003495-200767050-00012

61. Patel S, Zalcberg JR. Optimizing the dose of imatinib for treatment of gastrointestinal stromal tumours: lessons from the phase 3 trials. Eur 
J Cancer. 2008;44(4):501–509. doi:10.1016/j.ejca.2007.11.021

62. Yoo C, Ryu MH, Ryoo BY, Beck MY, Kang YK. Efficacy, safety, and pharmacokinetics of imatinib dose escalation to 800 mg/day in patients 
with advanced gastrointestinal stromal tumors. Investig New Drugs. 2013;31(5):1367–1374. doi:10.1007/s10637-013-9961-8

63. Judson I. Imatinib in advanced gastrointestinal stromal tumour: when is 800 mg the correct dose? Current Opinion Oncol. 2008;20(4):433–437. 
doi:10.1097/CCO.0b013e328302ed96

64. Demetri GD, van Oosterom AT, Garrett CR, et al. Efficacy and safety of sunitinib in patients with advanced gastrointestinal stromal tumour after 
failure of imatinib: a randomised controlled trial. Lancet. 2006;368(9544):1329–1338. doi:10.1016/S0140-6736(06)69446-4

65. Demetri GD, Reichardt P, Kang YK, et al. Efficacy and safety of regorafenib for advanced gastrointestinal stromal tumours after failure of 
imatinib and sunitinib (GRID): an international, multicentre, randomised, placebo-controlled, phase 3 trial. Lancet. 2013;381(9863):295–302. 
doi:10.1016/S0140-6736(12)61857-1

66. Blay JY, Serrano C, Heinrich MC, et al. Ripretinib in patients with advanced gastrointestinal stromal tumours (INVICTUS): a double-blind, 
randomised, placebo-controlled, phase 3 trial. Lancet Oncol. 2020;21(7):923–934. doi:10.1016/S1470-2045(20)30168-6

67. Jones RL, Serrano C, von Mehren M, et al. Avapritinib in unresectable or metastatic PDGFRA D842V-mutant gastrointestinal stromal tumours: 
long-term efficacy and safety data from the NAVIGATOR Phase I trial. Eur J Cancer. 2021;145:132–142. doi:10.1016/j.ejca.2020.12.008

68. Ranjbarian T, Antkowiak M, Mallory RJ, et al. A systematic review with a demonstrative case of KIT and DOG-1 expressing gastrointestinal 
stromal tumors harboring ETV6-NTRK3 fusions. Clin Cancer Res. 2025;31(10):2056–2061. doi:10.1158/1078-0432.CCR-24-3203

69. Mavroeidis L, Napolitano A, Huang P, Jones RL. Novel therapeutics in soft tissue sarcoma. Cancers. 2024;17(1). doi:10.3390/cancers17010010
70. Kummar S, Shen L, Hong DS, et al. Larotrectinib efficacy and safety in adult patients with tropomyosin receptor kinase fusion sarcomas. 

Cancer. 2023;129(23):3772–3782. doi:10.1002/cncr.35036
71. Zhang HD, Yin XN, Cai ZL, Zhang B. Study of neurotrophic factor receptor tyrosine kinase gene fusion in the precise treatment of wild-type 

gastrointestinal stromal tumor. Zhonghua Wei Chang Wai Ke Za Zhi. 2021;24(9):769–774. doi:10.3760/cma.j.cn.441530-20210831-00349

https://doi.org/10.2147/DDDT.S594043                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 18

Wang et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1097/01.pai.0000156607.04726.9a
https://doi.org/10.1007/s12094-012-0851-x
https://doi.org/10.1001/jamaoncol.2016.0256
https://doi.org/10.6004/jnccn.2017.0057
https://doi.org/10.1126/science.1079666
https://doi.org/10.1007/s11912-003-0068-9
https://doi.org/10.1007/s11912-003-0068-9
https://doi.org/10.1038/s41586-019-1668-3
https://doi.org/10.1097/PAS.0000000000002444
https://doi.org/10.1111/cas.16058
https://doi.org/10.1158/1078-0432.CCR-21-3909
https://doi.org/10.1158/1078-0432.CCR-22-2168
https://doi.org/10.1158/1078-0432.CCR-22-2168
https://doi.org/10.1007/s00423-023-03052-7
https://doi.org/10.1007/s10534-002-0813-9
https://doi.org/10.1056/NEJMoa020461
https://doi.org/10.1111/j.1365-2559.2008.02977.x
https://doi.org/10.1016/j.humpath.2007.03.001
https://doi.org/10.1517/14740338.4.2.183
https://doi.org/10.1517/14740338.4.2.183
https://doi.org/10.2165/00003495-200767050-00012
https://doi.org/10.1016/j.ejca.2007.11.021
https://doi.org/10.1007/s10637-013-9961-8
https://doi.org/10.1097/CCO.0b013e328302ed96
https://doi.org/10.1016/S0140-6736(06)69446-4
https://doi.org/10.1016/S0140-6736(12)61857-1
https://doi.org/10.1016/S1470-2045(20)30168-6
https://doi.org/10.1016/j.ejca.2020.12.008
https://doi.org/10.1158/1078-0432.CCR-24-3203
https://doi.org/10.3390/cancers17010010
https://doi.org/10.1002/cncr.35036
https://doi.org/10.3760/cma.j.cn.441530-20210831-00349


72. Qiu HB, Liang Z, Yang J, et al. Olverembatinib, a multikinase inhibitor that modulates lipid metabolism, in advanced succinate 
dehydrogenase-deficient gastrointestinal stromal tumors: a phase 1b study and translational research. Signal Transduction Targeted Ther. 
2025;10(1):361. doi:10.1038/s41392-025-02456-9

73. Zhang C, Zhang C, Zhang T, et al. Second-line sunitinib for Chinese patients with advanced gastrointestinal stromal tumor: 37.5 mg schedule 
outperformed 50 mg schedule in adherence and prognosis. Transl Cancer Res. 2021;10(7):3206–3217. doi:10.21037/tcr-21-613

74. Heinrich MC, Maki RG, Corless CL, et al. Primary and secondary kinase genotypes correlate with the biological and clinical activity of 
sunitinib in imatinib-resistant gastrointestinal stromal tumor. J Clin Oncol. 2008;26(33):5352–5359. doi:10.1200/JCO.2007.15.7461

75. George S, Wang Q, Heinrich MC, et al. Efficacy and safety of regorafenib in patients with metastatic and/or unresectable GI stromal tumor after 
failure of imatinib and sunitinib: a multicenter phase II trial. J Clin Oncol. 2012;30(19):2401–2407. doi:10.1200/JCO.2011.39.9394

76. Lyseng-Williamson KA. Regorafenib: a guide to its use in advanced gastrointestinal stromal tumor (GIST) after failure of imatinib and 
sunitinib. BioDrugs. 2013;27(5):525–531. doi:10.1007/s40259-013-0061-2

77. Mross K, Frost A, Steinbild S, et al. A phase I dose-escalation study of regorafenib (BAY 73-4506), an inhibitor of oncogenic, angiogenic, and 
stromal kinases, in patients with advanced solid tumors. Clin Cancer Res. 2012;18(9):2658–2667. doi:10.1158/1078-0432.CCR-11-1900

78. Aprile G, Macerelli M, Giuliani F. Regorafenib for gastrointestinal malignancies: from preclinical data to clinical results of a novel multi-target 
inhibitor. BioDrugs. 2013;27(3):213–224. doi:10.1007/s40259-013-0014-9

79. Falkenhorst J, Hamacher R, Bauer S. New therapeutic agents in gastrointestinal stromal tumours. Current Opinion Oncol. 2019;31(4):322–328. 
doi:10.1097/CCO.0000000000000549

80. Mazzocca A, Napolitano A, Silletta M, et al. New frontiers in the medical management of gastrointestinal stromal tumours. Therapeut Adv Med 
Oncol. 2019;11:1758835919841946. doi:10.1177/1758835919841946

81. Bauer S, Jones RL, Blay JY, et al. Ripretinib versus sunitinib in patients with advanced gastrointestinal stromal tumor after treatment with 
imatinib (INTRIGUE): a randomized, open-label, Phase III trial. J Clin Oncol. 2022;40(34):3918–3928. doi:10.1200/JCO.22.00294

82. Jilg S, Rassner M, Maier J, et al. Circulating cKIT and PDGFRA DNA indicates disease activity in gastrointestinal stromal tumor (GIST). 
Int J Cancer. 2019;145(8):2292–2303. doi:10.1002/ijc.32282

83. Rassner M, Waldeck S, Follo M, et al. Development of highly sensitive digital droplet PCR for detection of cKIT mutations in circulating free 
DNA that mediate resistance to TKI treatment for gastrointestinal stromal tumor (GIST). Int J Mol Sci. 2023;24(6). doi:10.3390/ijms24065411.

84. Hashimoto T, Nakamura Y, Komatsu Y, et al. Different efficacy of tyrosine kinase inhibitors by KIT and PGFRA mutations identified in 
circulating tumor DNA for the treatment of refractory gastrointestinal stromal tumors. BJC Rep. 2024;2(1):54. doi:10.1038/s44276-024-00073-7

85. Medeiros F, Corless CL, Duensing A, et al. KIT-negative gastrointestinal stromal tumors: proof of concept and therapeutic implications. Am 
J Surg Pathol. 2004;28(7):889–894. doi:10.1097/00000478-200407000-00007

86. Beliakov IS, Anurova OA, Snigur PV, Tsyganova IV, Sel’chuk V, Mazurenko NN. c-Kit and PDGFRA mutations and clinico-morphological 
features of gastrointestinal stromal tumors. Voprosy Onkol. 2007;53(6):677–681.

87. Dibb NJ, Dilworth SM, Mol CD. Switching on kinases: oncogenic activation of BRAF and the PDGFR family. Nat Rev Cancer. 2004;4 
(9):718–727. doi:10.1038/nrc1434

88. Serrano C, Marino-Enriquez A, Tao DL, et al. Complementary activity of tyrosine kinase inhibitors against secondary kit mutations in 
imatinib-resistant gastrointestinal stromal tumours. Brit J Cancer. 2019;120(6):612–620. doi:10.1038/s41416-019-0389-6

89. Janeway KA, Albritton KH, Van Den Abbeele AD, et al. Sunitinib treatment in pediatric patients with advanced GIST following failure of 
imatinib. Pediatric Blood Cancer. 2009;52(7):767–771. doi:10.1002/pbc.21909

90. Ben-Ami E, Barysauskas CM, von Mehren M, et al. Long-term follow-up results of the multicenter phase II trial of regorafenib in patients with 
metastatic and/or unresectable GI stromal tumor after failure of standard tyrosine kinase inhibitor therapy. Annals Oncol. 2016;27 
(9):1794–1799. doi:10.1093/annonc/mdw228

91. Subbiah V, Kreitman RJ, Wainberg ZA, et al. Dabrafenib plus trametinib in BRAFV600E-mutated rare cancers: the phase 2 ROAR trial. Nat 
Med. 2023;29(5):1103–1112. doi:10.1038/s41591-023-02321-8

92. Gowda S, Sandow L, Heinrich MC. Treatment of BRAF V600E mutant gastrointestinal stromal tumor with dabrafenib: a case report. 
J Gastrointest Oncol. 2024;15(2):788–793. doi:10.21037/jgo-23-767

93. Lasota J, Wang Z, Kim SY, Helman L, Miettinen M. Expression of the receptor for type i insulin-like growth factor (IGF1R) in gastrointestinal 
stromal tumors: an immunohistochemical study of 1078 cases with diagnostic and therapeutic implications. Am J Surg Pathol. 2013;37 
(1):114–119. doi:10.1097/PAS.0b013e3182613c86

94. Miettinen M, Killian JK, Wang ZF, et al. Immunohistochemical loss of succinate dehydrogenase subunit A (SDHA) in gastrointestinal stromal 
tumors (GISTs) signals SDHA germline mutation. Am J Surg Pathol. 2013;37(2):234–240. doi:10.1097/PAS.0b013e3182671178

95. Haller F, Moskalev EA, Faucz FR, et al. Aberrant DNA hypermethylation of SDHC: a novel mechanism of tumor development in Carney triad. 
Endocrine-Related Cancer. 2014;21(4):567–577. doi:10.1530/ERC-14-0254

96. Pantaleo MA, Astolfi A, Urbini M, et al. Analysis of all subunits, SDHA, SDHB, SDHC, SDHD, of the succinate dehydrogenase complex in 
KIT/PDGFRA wild-type GIST. Eur J Human Genet. 2014;22(1):32–39. doi:10.1038/ejhg.2013.80

97. Tsang VH, Dwight T, Benn DE, et al. Overexpression of miR-210 is associated with SDH-related pheochromocytomas, paragangliomas, and 
gastrointestinal stromal tumours. Endocrine-Related Cancer. 2014;21(3):415–426. doi:10.1530/ERC-13-0519

98. Dermawan JK, Vanderbilt CM, Chang JC, et al. FGFR2::TACC2 fusion as a novel KIT-independent mechanism of targeted therapy failure in a 
multidrug-resistant gastrointestinal stromal tumor. Genes Chromosomes Cancer. 2022;61(7):412–419. doi:10.1002/gcc.23030

99. Di Vito A, Ravegnini G, Gorini F, et al. The multifaceted landscape behind imatinib resistance in gastrointestinal stromal tumors (GISTs): 
a lesson from ripretinib. Pharmacol Therapeut. 2023;248:108475. doi:10.1016/j.pharmthera.2023.108475

100. Liu J, Chen Z, Chen H, et al. Genetic polymorphisms contribute to the individual variations of imatinib mesylate plasma levels and adverse 
reactions in Chinese GIST patients. Int J Mol Sci. 2017;18(3):603.

101. Debiec-Rychter M, Cools J, Dumez H, et al. Mechanisms of resistance to imatinib mesylate in gastrointestinal stromal tumors and activity of the 
PKC412 inhibitor against imatinib-resistant mutants. Gastroenterology. 2005;128(2):270–279. doi:10.1053/j.gastro.2004.11.020

102. Garcia-Valverde A, Rosell J, Sayols S, et al. E3ubiquitin ligase Atrogin-1 mediates adaptive resistance to KIT-targeted inhibition in gastro
intestinal stromal tumor. Oncogene. 2021;40(48):6614–6626. doi:10.1038/s41388-021-02049-0

Drug Design, Development and Therapy 2026:20                                                                             https://doi.org/10.2147/DDDT.S594043                                                                                                                                                                                                                                                                                                                                                                                                      19

Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s41392-025-02456-9
https://doi.org/10.21037/tcr-21-613
https://doi.org/10.1200/JCO.2007.15.7461
https://doi.org/10.1200/JCO.2011.39.9394
https://doi.org/10.1007/s40259-013-0061-2
https://doi.org/10.1158/1078-0432.CCR-11-1900
https://doi.org/10.1007/s40259-013-0014-9
https://doi.org/10.1097/CCO.0000000000000549
https://doi.org/10.1177/1758835919841946
https://doi.org/10.1200/JCO.22.00294
https://doi.org/10.1002/ijc.32282
https://doi.org/10.3390/ijms24065411
https://doi.org/10.1038/s44276-024-00073-7
https://doi.org/10.1097/00000478-200407000-00007
https://doi.org/10.1038/nrc1434
https://doi.org/10.1038/s41416-019-0389-6
https://doi.org/10.1002/pbc.21909
https://doi.org/10.1093/annonc/mdw228
https://doi.org/10.1038/s41591-023-02321-8
https://doi.org/10.21037/jgo-23-767
https://doi.org/10.1097/PAS.0b013e3182613c86
https://doi.org/10.1097/PAS.0b013e3182671178
https://doi.org/10.1530/ERC-14-0254
https://doi.org/10.1038/ejhg.2013.80
https://doi.org/10.1530/ERC-13-0519
https://doi.org/10.1002/gcc.23030
https://doi.org/10.1016/j.pharmthera.2023.108475
https://doi.org/10.1053/j.gastro.2004.11.020
https://doi.org/10.1038/s41388-021-02049-0


103. Nannini M, Astolfi A, Paterini P, et al. Expression of IGF-1 receptor in KIT/PDGF receptor-alpha wild-type gastrointestinal stromal tumors with 
succinate dehydrogenase complex dysfunction. Fut Oncol. 2013;9(1):121–126. doi:10.2217/fon.12.170

104. Incorvaia L, De Biase D, Nannini M, et al. KIT/PDGFRA variant allele frequency as prognostic factor in gastrointestinal stromal tumors 
(GISTs): Results from a multi-institutional cohort study. Oncologist. 2024;29(1):e141–e151. doi:10.1093/oncolo/oyad206

105. Verweij J, Casali PG, Zalcberg J, et al. Progression-free survival in gastrointestinal stromal tumours with high-dose imatinib: randomised trial. 
Lancet. 2004;364(9440):1127–1134. doi:10.1016/S0140-6736(04)17098-0

106. Blanke CD, Demetri GD, von Mehren M, et al. Long-term results from a randomized phase II trial of standard- versus higher-dose imatinib 
mesylate for patients with unresectable or metastatic gastrointestinal stromal tumors expressing KIT. J Clin Oncol. 2008;26(4):620–625. 
doi:10.1200/JCO.2007.13.4403

107. Antonescu CR, Besmer P, Guo T, et al. Acquired resistance to imatinib in gastrointestinal stromal tumor occurs through secondary gene 
mutation. Clin Cancer Res. 2005;11(11):4182–4190. doi:10.1158/1078-0432.CCR-04-2245

108. Grunewald S, Klug LR, Muhlenberg T, et al. Resistance to avapritinib in PDGFRA-Driven GIST is caused by secondary mutations in the 
PDGFRA kinase domain. Cancer Discovery. 2021;11(1):108–125. doi:10.1158/2159-8290.CD-20-0487

109. Liegl B, Kepten I, Le C, et al. Heterogeneity of kinase inhibitor resistance mechanisms in GIST. J Patholo. 2008;216(1):64–74. doi:10.1002/ 
path.2382

110. Graham J, Debiec-Rychter M, Corless CL, Reid R, Davidson R, White JD. Imatinib in the management of multiple gastrointestinal stromal 
tumors associated with a germline KIT K642E mutation. Arch Pathol Lab Med. 2007;131(9):1393–1396. doi:10.5858/2007-131-1393-IITMOM

111. Laine E, Chauvot de Beauchene I, Perahia D, Auclair C, Tchertanov L. Mutation D816V alters the internal structure and dynamics of c-KIT 
receptor cytoplasmic region: implications for dimerization and activation mechanisms. PLoS Comput Biol. 2011;7(6):e1002068. doi:10.1371/ 
journal.pcbi.1002068

112. Rose S. GIST: Molecular profiling suggests 2nd therapy. Cancer Discovery. 2023;13(3):521–522. doi:10.1158/2159-8290.CD-NB2023-0008
113. Zhao Q, Zhang C, Qi C, et al. Preclinical model-based evaluation of Imatinib resistance induced by KIT mutations and its overcoming strategies 

in gastrointestinal stromal tumor (GIST). Am J Transl Res. 2021;13(12):13608–13624.
114. Hemming ML, Lawlor MA, Zeid R, et al. Gastrointestinal stromal tumor enhancers support a transcription factor network predictive of clinical 

outcome. Proceed Nat Acad Sci United States Ame. 2018;115(25):E5746–E5755. doi:10.1073/pnas.1802079115
115. Chi P, Chen Y, Zhang L, et al. ETV1 is a lineage survival factor that cooperates with KIT in gastrointestinal stromal tumours. Nature. 2010;467 

(7317):849–853. doi:10.1038/nature09409
116. Bauer S, Duensing A, Demetri GD, Fletcher JA. KIT oncogenic signaling mechanisms in imatinib-resistant gastrointestinal stromal tumor: 

PI3-kinase/AKT is a crucial survival pathway. Oncogene. 2007;26(54):7560–7568. doi:10.1038/sj.onc.1210558
117. Bosbach B, Rossi F, Yozgat Y, et al. Direct engagement of the PI3K pathway by mutant KIT dominates oncogenic signaling in gastrointestinal 

stromal tumor. Proceed Nat Acad Sci United States Am. 2017;114(40):E8448–E8457. doi:10.1073/pnas.1711449114
118. Zhu MJ, Ou WB, Fletcher CD, Cohen PS, Demetri GD, Fletcher JA. KIT oncoprotein interactions in gastrointestinal stromal tumors: 

therapeutic relevance. Oncogene. 2007;26(44):6386–6395. doi:10.1038/sj.onc.1210464
119. Bahlawane C, Schmitz M, Letellier E, et al. Data on quantification of signaling pathways activated by KIT and PDGFRA mutants. Data Brief. 

2016;9:828–838. doi:10.1016/j.dib.2016.10.026
120. Bahlawane C, Schmitz M, Letellier E, et al. Insights into ligand stimulation effects on gastro-intestinal stromal tumors signalling. Cell Signall. 

2017;29:138–149. doi:10.1016/j.cellsig.2016.10.009
121. Campanella NC, Gomes INF, Alves ALV, et al. Biological and therapeutic implications of RKIP in Gastrointestinal Stromal Tumor (GIST): an 

integrated transcriptomic and proteomic analysis. Cancer Cell Int. 2023;23(1):256. doi:10.1186/s12935-023-03102-6
122. Qu WZ, Wang L, Chen JJ, Wang Y. Raf kinase inhibitor protein combined with phosphorylated extracellular signal-regulated kinase offers 

valuable prognosis in gastrointestinal stromal tumor. World J Gastroenterol. 2023;29(26):4200–4213. doi:10.3748/wjg.v29.i26.4200
123. Elangovan M, Chong HK, Park JH, Yeo EJ, Yoo YJ. The role of ubiquitin-conjugating enzyme Ube2j1 phosphorylation and its degradation by 

proteasome during endoplasmic stress recovery. J Cell Commun Signal. 2017;11(3):265–273. doi:10.1007/s12079-017-0386-6
124. Li F, Huynh H, Li X, et al. FGFR-mediated reactivation of MAPK signaling attenuates antitumor effects of imatinib in gastrointestinal stromal 

tumors. Cancer Discovery. 2015;5(4):438–451. doi:10.1158/2159-8290.CD-14-0763
125. Javidi-Sharifi N, Traer E, Martinez J, et al. Crosstalk between KIT and FGFR3 promotes gastrointestinal stromal tumor cell growth and drug 

resistance. Cancer Res. 2015;75(5):880–891. doi:10.1158/0008-5472.CAN-14-0573
126. Van Looy T, Wozniak A, Floris G, et al. Phosphoinositide 3-kinase inhibitors combined with imatinib in patient-derived xenograft models of 

gastrointestinal stromal tumors: rationale and efficacy. Clin Cancer Res. 2014;20(23):6071–6082. doi:10.1158/1078-0432.CCR-14-1823
127. Song HK, Kim J, Lee JS, et al. Pik3ip1 modulates cardiac hypertrophy by inhibiting PI3K pathway. PLoS One. 2015;10(3):e0122251. 

doi:10.1371/journal.pone.0122251
128. Daniels M, Lurkin I, Pauli R, et al. Spectrum of KIT/PDGFRA/BRAF mutations and Phosphatidylinositol-3-Kinase pathway gene alterations in 

gastrointestinal stromal tumors (GIST). Cancer Lett. 2011;312(1):43–54. doi:10.1016/j.canlet.2011.07.029
129. Duan Y, Haybaeck J, Yang Z. Therapeutic potential of PI3K/AKT/mTOR pathway in gastrointestinal stromal tumors: rationale and progress. 

Cancers. 2020;12(10):2972. doi:10.3390/cancers12102972
130. Garcia-Valverde A, Rosell J, Serna G, et al. Preclinical activity of PI3K Inhibitor copanlisib in gastrointestinal stromal tumor. Mol Cancer 

Therapeut. 2020;19(6):1289–1297. doi:10.1158/1535-7163.MCT-19-1069
131. Gupta A, Ma S, Che K, Pobbati AV, Rubin BP. Inhibition of PI3K and MAPK pathways along with KIT inhibitors as a strategy to overcome 

drug resistance in gastrointestinal stromal tumors. PLoS One. 2021;16(7):e0252689. doi:10.1371/journal.pone.0252689
132. Li J, Dang Y, Gao J, Li Y, Zou J, Shen L. PI3K/AKT/mTOR pathway is activated after imatinib secondary resistance in gastrointestinal stromal 

tumors (GISTs). Med Oncol. 2015;32(4):111. doi:10.1007/s12032-015-0554-6
133. Quattrone A, Wozniak A, Dewaele B, et al. Frequent mono-allelic loss associated with deficient PTEN expression in imatinib-resistant 

gastrointestinal stromal tumors. Mod Pathol. 2014;27(11):1510–1520. doi:10.1038/modpathol.2014.53
134. Hsueh YS, Chang HH, Chiang NJ, Yen CC, Li CF, Chen LT. MTOR inhibition enhances NVP-AUY922-induced autophagy-mediated KIT 

degradation and cytotoxicity in imatinib-resistant gastrointestinal stromal tumors. Oncotarget. 2014;5(22):11723–11736. doi:10.18632/ 
oncotarget.2607

https://doi.org/10.2147/DDDT.S594043                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 20

Wang et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.2217/fon.12.170
https://doi.org/10.1093/oncolo/oyad206
https://doi.org/10.1016/S0140-6736(04)17098-0
https://doi.org/10.1200/JCO.2007.13.4403
https://doi.org/10.1158/1078-0432.CCR-04-2245
https://doi.org/10.1158/2159-8290.CD-20-0487
https://doi.org/10.1002/path.2382
https://doi.org/10.1002/path.2382
https://doi.org/10.5858/2007-131-1393-IITMOM
https://doi.org/10.1371/journal.pcbi.1002068
https://doi.org/10.1371/journal.pcbi.1002068
https://doi.org/10.1158/2159-8290.CD-NB2023-0008
https://doi.org/10.1073/pnas.1802079115
https://doi.org/10.1038/nature09409
https://doi.org/10.1038/sj.onc.1210558
https://doi.org/10.1073/pnas.1711449114
https://doi.org/10.1038/sj.onc.1210464
https://doi.org/10.1016/j.dib.2016.10.026
https://doi.org/10.1016/j.cellsig.2016.10.009
https://doi.org/10.1186/s12935-023-03102-6
https://doi.org/10.3748/wjg.v29.i26.4200
https://doi.org/10.1007/s12079-017-0386-6
https://doi.org/10.1158/2159-8290.CD-14-0763
https://doi.org/10.1158/0008-5472.CAN-14-0573
https://doi.org/10.1158/1078-0432.CCR-14-1823
https://doi.org/10.1371/journal.pone.0122251
https://doi.org/10.1016/j.canlet.2011.07.029
https://doi.org/10.3390/cancers12102972
https://doi.org/10.1158/1535-7163.MCT-19-1069
https://doi.org/10.1371/journal.pone.0252689
https://doi.org/10.1007/s12032-015-0554-6
https://doi.org/10.1038/modpathol.2014.53
https://doi.org/10.18632/oncotarget.2607
https://doi.org/10.18632/oncotarget.2607


135. Paner GP, Silberman S, Hartman G, Micetich KC, Aranha GV, Alkan S. Analysis of signal transducer and activator of transcription 3 (STAT3) 
in gastrointestinal stromal tumors. Anticancer Res. 2003;23(3B):2253–2260.

136. Cao J, Wei J, Yang P, et al. Genome-scale CRISPR-Cas9 knockout screening in gastrointestinal stromal tumor with Imatinib resistance. Mol 
Cancer. 2018;17(1):121. doi:10.1186/s12943-018-0865-2

137. Cao L, Li Z, Huang Y, et al. Huaier inhibits the proliferation and migration of gastrointestinal stromal tumors by regulating the JAK2 / STAT3 
signaling pathway. J Ethnopharmacol. 2025;342:119389. doi:10.1016/j.jep.2025.119389

138. Zhang JQ, Bosbach B, Loo JK, et al. The V654A second-site KIT mutation increases tumor oncogenesis and STAT activation in a mouse model 
of gastrointestinal stromal tumor. Oncogene. 2020;39(49):7153–7165. doi:10.1038/s41388-020-01489-4

139. Boichuk S, Galembikova A, Mikheeva E, et al. Inhibition of FGF2-mediated signaling in GIST-promising approach for overcoming resistance 
to imatinib. Cancers. 2020;12(6):1674. doi:10.3390/cancers12061674

140. Urbini M, Astolfi A, Indio V, et al. Gene duplication, rather than epigenetic changes, drives FGF4 overexpression in KIT/PDGFRA/SDH/ 
RAS-P WT GIST. Scient Rep. 2020;10(1):19829. doi:10.1038/s41598-020-76519-y

141. Boichuk S, Dunaev P, Galembikova A, Valeeva E. Fibroblast Growth Factor 2 (FGF2) Activates Vascular Endothelial Growth Factor (VEGF) 
Signaling in Gastrointestinal Stromal Tumors (GIST): an Autocrine Mechanism Contributing to Imatinib Mesylate (IM) Resistance. Cancers. 
2024;16(17):3103. doi:10.3390/cancers16173103

142. Boichuk S, Galembikova A, Dunaev P, et al. A novel receptor tyrosine kinase switch promotes gastrointestinal stromal tumor drug resistance. 
Molecules. 2017;22(12):2152. doi:10.3390/molecules22122152

143. Rikhof B, van der Graaf WT, Suurmeijer AJ, et al. ‘Big’-insulin-like growth factor-II signaling is an autocrine survival pathway in 
gastrointestinal stromal tumors. Am J Pathol. 2012;181(1):303–312. doi:10.1016/j.ajpath.2012.03.028

144. Braconi C, Bracci R, Cellerino R. Molecular targets in gastrointestinal stromal tumors (GIST) therapy. Current Cancer Drug Targets. 2008;8 
(5):359–366. doi:10.2174/156800908785133169

145. Cohen NA, Zeng S, Seifert AM, et al. Pharmacological inhibition of KIT activates MET signaling in gastrointestinal stromal tumors. Cancer 
Res. 2015;75(10):2061–2070. doi:10.1158/0008-5472.CAN-14-2564

146. Ran L, Sirota I, Cao Z, et al. Combined inhibition of MAP kinase and KIT signaling synergistically destabilizes ETV1 and suppresses GIST 
tumor growth. Cancer Discov. 2015;5(3):304–315. doi:10.1158/2159-8290.CD-14-0985

147. Banerjee S, Yoon H, Ting S, et al. KIT(low) cells mediate imatinib resistance in gastrointestinal stromal tumor. Mol Cancer Therapeut. 2021;20 
(10):2035–2048. doi:10.1158/1535-7163.MCT-20-0973

148. Tu Y, Zuo R, Ni N, et al. Activated tyrosine kinases in gastrointestinal stromal tumor with loss of KIT oncoprotein expression. Cell Cycle. 
2018;17(23):2577–2592. doi:10.1080/15384101.2018.1553335

149. Gasparotto D, Sbaraglia M, Rossi S, et al. Tumor genotype, location, and malignant potential shape the immunogenicity of primary untreated 
gastrointestinal stromal tumors. JCI Insight. 2020;5(22). doi:10.1172/jci.insight.142560.

150. Iruzubieta P, Monzon M, Castiella T, Ramirez T, Junquera C. Hedgehog signalling pathway activation in gastrointestinal stromal tumours is 
mediated by primary cilia. Gastric Cancer. 2020;23(1):64–72. doi:10.1007/s10120-019-00984-2

151. Yang J, Ikezoe T, Nishioka C, et al. Long-term exposure of gastrointestinal stromal tumor cells to sunitinib induces epigenetic silencing of the 
PTEN gene. Int J Cancer. 2012;130(4):959–966. doi:10.1002/ijc.26095

152. Remacha L, Comino-Mendez I, Richter S, et al. Targeted exome sequencing of krebs cycle genes reveals candidate cancer-predisposing 
mutations in pheochromocytomas and paragangliomas. Clin Cancer Res. 2017;23(20):6315–6324. doi:10.1158/1078-0432.CCR-16-2250

153. Okamoto Y, Sawaki A, Ito S, et al. Aberrant DNA methylation associated with aggressiveness of gastrointestinal stromal tumour. Gut. 2012;61 
(3):392–401. doi:10.1136/gut.2011.241034

154. Xu K, Zhang Q, Chen M, et al. N(6)-methyladenosine modification regulates imatinib resistance of gastrointestinal stromal tumor by enhancing 
the expression of multidrug transporter MRP1. Cancer Lett. 2022;530:85–99. doi:10.1016/j.canlet.2022.01.008

155. Qiu C, Feng YD, Yang X. MicroRNA-409-5p inhibits GIST tumorigenesis and improves imatinib resistance by targeting KDM4D expression. 
Current Med Sci. 2023;43(5):935–946. doi:10.1007/s11596-023-2715-8

156. Fan R, Zhong J, Zheng S, et al. microRNA-218 increase the sensitivity of gastrointestinal stromal tumor to imatinib through PI3K/AKT 
pathway. Clin Exp Med. 2015;15(2):137–144. doi:10.1007/s10238-014-0280-y

157. Huang WK, Akcakaya P, Gangaev A, et al. miR-125a-5p regulation increases phosphorylation of FAK that contributes to imatinib resistance in 
gastrointestinal stromal tumors. Exp Cell Res. 2018;371(1):287–296. doi:10.1016/j.yexcr.2018.08.028

158. Ghani A, Singh H, Kumar H, Vaiphei K. MicroRNA expression signature in gastrointestinal stromal tumour & their molecular & histological 
features. Ind J Med Res. 2024;160(1):118–127. doi:10.25259/ijmr_2567_22

159. Isosaka M, Niinuma T, Nojima M, et al. A screen for epigenetically silenced microRNA genes in gastrointestinal stromal tumors. PLoS One. 
2015;10(7):e0133754. doi:10.1371/journal.pone.0133754

160. Bai F, Zhang N, Fang W, He X, Zheng Y, Gu D. PCAT6 mediates cellular biological functions in gastrointestinal stromal tumor via upregulation 
of PRDX5 and activation of Wnt pathway. Mol Carcinogenesis. 2020;59(6):661–669. doi:10.1002/mc.23199

161. Wang CH, Yao XM, Pan CX, Zhan HF, Zhou HF. Highly enriched exosomal lncRNA OIP5-AS1 regulates gastrointestinal stromal tumor 
(GIST) resistance to sunitinib through miR-145 and SOX9. Cancer Biol Ther. 2025;26(1):2522543. doi:10.1080/15384047.2025.2522543

162. Zhang J, Chen K, Tang Y, et al. LncRNA-HOTAIR activates autophagy and promotes the imatinib resistance of gastrointestinal stromal tumor 
cells through a mechanism involving the miR-130a/ATG2B pathway. Cell Death Dis. 2021;12(4):367. doi:10.1038/s41419-021-03650-7

163. Chen L, Gao Y, Yang H, et al. Long non-coding RNA MSC-AS1 confers imatinib resistance of gastrointestinal stromal tumor cells by activating 
FNDC1 and ANLN-mediated PI3K/AKT pathway. Human Cell. 2025;38(2):38. doi:10.1007/s13577-024-01167-7

164. Yan J, Chen X, Dong Q, Lin J, Sun X. Analysis of potential circular RNAs in regulating imatinib resistance of gastrointestinal stromal tumor. 
Combinatorial Chem High Throughput Screen. 2024;27(9):1371–1380. doi:10.2174/1386207326666230822100024

165. Sui S, Ma F, Mi L, et al. Circ-CCS enhances autophagy during imatinib resistance of gastrointestinal stromal tumor by regulating miR-197-3p/ 
ATG10 signaling. J Cancer Res Therapeut. 2022;18(5):1338–1345. doi:10.4103/jcrt.jcrt_625_22

166. Angelika Ihle M, Merkelbach-Bruse S, Hartmann W, et al. HR23b expression is a potential predictive biomarker for HDAC inhibitor treatment 
in mesenchymal tumours and is associated with response to vorinostat. J Pathol Clin Res. 2016;2(2):59–71. doi:10.1002/cjp2.35

Drug Design, Development and Therapy 2026:20                                                                             https://doi.org/10.2147/DDDT.S594043                                                                                                                                                                                                                                                                                                                                                                                                      21

Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1186/s12943-018-0865-2
https://doi.org/10.1016/j.jep.2025.119389
https://doi.org/10.1038/s41388-020-01489-4
https://doi.org/10.3390/cancers12061674
https://doi.org/10.1038/s41598-020-76519-y
https://doi.org/10.3390/cancers16173103
https://doi.org/10.3390/molecules22122152
https://doi.org/10.1016/j.ajpath.2012.03.028
https://doi.org/10.2174/156800908785133169
https://doi.org/10.1158/0008-5472.CAN-14-2564
https://doi.org/10.1158/2159-8290.CD-14-0985
https://doi.org/10.1158/1535-7163.MCT-20-0973
https://doi.org/10.1080/15384101.2018.1553335
https://doi.org/10.1172/jci.insight.142560
https://doi.org/10.1007/s10120-019-00984-2
https://doi.org/10.1002/ijc.26095
https://doi.org/10.1158/1078-0432.CCR-16-2250
https://doi.org/10.1136/gut.2011.241034
https://doi.org/10.1016/j.canlet.2022.01.008
https://doi.org/10.1007/s11596-023-2715-8
https://doi.org/10.1007/s10238-014-0280-y
https://doi.org/10.1016/j.yexcr.2018.08.028
https://doi.org/10.25259/ijmr_2567_22
https://doi.org/10.1371/journal.pone.0133754
https://doi.org/10.1002/mc.23199
https://doi.org/10.1080/15384047.2025.2522543
https://doi.org/10.1038/s41419-021-03650-7
https://doi.org/10.1007/s13577-024-01167-7
https://doi.org/10.2174/1386207326666230822100024
https://doi.org/10.4103/jcrt.jcrt_625_22
https://doi.org/10.1002/cjp2.35


167. Sankhala KK. Clinical development landscape in GIST: from novel agents that target accessory pathways to revisiting non-targeted therapies. 
Expert Opinion Investig Drugs. 2017;26(4):427–443. doi:10.1080/13543784.2017.1303045

168. Niinuma T, Kitajima H, Yamamoto E, et al. An integrated epigenome and transcriptome analysis to clarify the effect of epigenetic inhibitors on 
GIST. Anticancer Res. 2021;41(6):2817–2828. doi:10.21873/anticanres.15062

169. Hu F, Li H, Liu L, et al. Histone demethylase KDM4D promotes gastrointestinal stromal tumor progression through HIF1beta/VEGFA 
signalling. Mol Cancer. 2018;17(1):107. doi:10.1186/s12943-018-0861-6

170. Ji Y, Xu X, Long C, et al. SMYD2 aggravates gastrointestinal stromal tumor via upregulation of EZH2 and downregulation of TET1. Cell Death 
Discovery. 2022;8(1):274. doi:10.1038/s41420-022-01038-w

171. Miao Z, Wu F, Wei H, Luo Z, Wu K, Zhang J. Enhancer of zeste homolog 2-mediated paired box 8 methylation promotes gastrointestinal 
stromal tumor progression through Wnt4 downregulation. Cancer Gene Ther. 2021;28(10–11):1162–1174. doi:10.1038/s41417-020-00266-5

172. Hemming ML, Lawlor MA, Andersen JL, et al. Enhancer domains in gastrointestinal stromal tumor regulate KIT expression and are targetable 
by BET bromodomain inhibition. Cancer Res. 2019;79(5):994–1009. doi:10.1158/0008-5472.CAN-18-1888

173. Sioulas AD, Vasilatou D, Pappa V, Dimitriadis G, Triantafyllou K. Epigenetics in gastrointestinal stromal tumors: clinical implications and 
potential therapeutic perspectives. Digest Dis Sci. 2013;58(11):3094–3102. doi:10.1007/s10620-013-2785-8

174. Yoon H, Tang CM, Banerjee S, et al. TGF-beta1-mediated transition of resident fibroblasts to cancer-associated fibroblasts promotes cancer 
metastasis in gastrointestinal stromal tumor. Oncogenesis. 2021;10(2):13. doi:10.1038/s41389-021-00302-5

175. Li C, Teng T, Lin X, et al. Cancer-associated fibroblasts promote imatinib resistance in gastrointestinal stromal tumors through PGK1-Mediated 
metabolic reprogramming. Cancer Res. 2025;2025:1.

176. Yoon H, Tang CM, Banerjee S, et al. Cancer-associated fibroblast secretion of PDGFC promotes gastrointestinal stromal tumor growth and 
metastasis. Oncogene. 2021;40(11):1957–1973. doi:10.1038/s41388-021-01685-w

177. Zhao Y, Weng Z, Zhou X, et al. Mesenchymal stromal cells promote the drug resistance of gastrointestinal stromal tumors by activating the 
PI3K-AKT pathway via TGF-beta2. J Transl Med. 2023;21(1):219. doi:10.1186/s12967-023-04063-0

178. Petrelli F, Borgonovo K, Cabiddu M, Ghilardi M, Barni S. Targeted therapies and other agents as first-line maintenance and beyond: particular 
benefit in pulmonary adenocarcinoma patients. Current Med Chem. 2011;18(11):1640–1650. doi:10.2174/092986711795471310

179. Nakagawa M, Nabeshima K, Asano S, et al. Up-regulated expression of ADAM17 in gastrointestinal stromal tumors: coexpression with EGFR 
and EGFR ligands. Cancer Sci. 2009;100(4):654–662. doi:10.1111/j.1349-7006.2009.01089.x

180. Wang J, Ren H, Wu W, et al. Immune infiltration, cancer stemness, and targeted therapy in gastrointestinal stromal tumor. Front Immunol. 
2021;12:691713. doi:10.3389/fimmu.2021.691713

181. Mao X, Yang X, Chen X, et al. Single-cell transcriptome analysis revealed the heterogeneity and microenvironment of gastrointestinal stromal 
tumors. Cancer Sci. 2021;112(3):1262–1274. doi:10.1111/cas.14795

182. Xiao SM, Xu R, Yang YX, et al. Gastrointestinal stromal tumors regulate macrophage M2 polarization through the MIF/CXCR4 axis to immune 
escape. Front Immunol. 2024;15:1431535. doi:10.3389/fimmu.2024.1431535

183. Lee JS, Hwang Y, Oh H, Sung D, Tae G, Choi WI. All-in-one nanosponge with pluronic shell for synergistic anticancer therapy through 
effectively overcoming multidrug resistance in cancer. Nanomedicine. 2022;40:102486. doi:10.1016/j.nano.2021.102486

184. Boichuk S, Dunaev P, Mustafin I, et al. Infigratinib (BGJ 398), a Pan-FGFR inhibitor, targets P-glycoprotein and increases 
chemotherapeutic-induced mortality of multidrug-resistant tumor cells. Biomedicines. 2022;10(3):601. doi:10.3390/biomedicines10030601

185. Liu X, Yu J, Li Y, et al. Deciphering the tumor immune microenvironment of imatinib-resistance in advanced gastrointestinal stromal tumors at 
single-cell resolution. Cell Death Dis. 2024;15(3):190. doi:10.1038/s41419-024-06571-3

186. Chen WT, Huang CJ, Wu MT, Yang SF, Su YC, Chai CY. Hypoxia-inducible factor-1alpha is associated with risk of aggressive behavior and 
tumor angiogenesis in gastrointestinal stromal tumor. Japan J Clin Oncol. 2005;35(4):207–213. doi:10.1093/jjco/hyi067

187. Takahashi R, Tanaka S, Hiyama T, et al. Hypoxia-inducible factor-1alpha expression and angiogenesis in gastrointestinal stromal tumor of the 
stomach. Oncol Rep. 2003;10(4):797–802.

188. Xu K, He Z, Chen M, et al. HIF-1alpha regulates cellular metabolism, and Imatinib resistance by targeting phosphogluconate dehydrogenase in 
gastrointestinal stromal tumors. Cell Death Dis. 2020;11(7):586. doi:10.1038/s41419-020-02768-4

189. Atay S, Godwin AK. Tumor-derived exosomes: a message delivery system for tumor progression. Commun Integr Biol. 2014;7(1):e28231. 
doi:10.4161/cib.28231

190. Atay S, Banskota S, Crow J, Sethi G, Rink L, Godwin AK. Oncogenic KIT-containing exosomes increase gastrointestinal stromal tumor cell 
invasion. Proceed Nat Acad Sci United States Am. 2014;111(2):711–716. doi:10.1073/pnas.1310501111

191. Junquera C, Castiella T, Munoz G, Fernandez-Pacheco R, Luesma MJ, Monzon M. Biogenesis of a new type of extracellular vesicles in 
gastrointestinal stromal tumors: ultrastructural profiles of spheresomes. Histochem Cell Biol. 2016;146(5):557–567. doi:10.1007/s00418-016- 
1460-5

192. Atay S, Wilkey DW, Milhem M, Merchant M, Godwin AK. Insights into the proteome of gastrointestinal stromal tumors-derived exosomes 
reveals new potential diagnostic biomarkers. Mol Cell Proteomics. 2018;17(3):495–515. doi:10.1074/mcp.RA117.000267

193. Li C, Teng T, Lin X, et al. Cancer-associated fibroblasts promote imatinib resistance in gastrointestinal stromal tumors through PGK1-mediated 
metabolic reprogramming. Cancer Res. 2026;86(4):988–1009. doi:10.1158/0008-5472.CAN-25-1404

194. Wang XK, Yang X, Yao TH, et al. Advances in immunotherapy of M2 macrophages and gastrointestinal stromal tumor. World J Gastrointest 
Oncol. 2024;16(7):2915–2924. doi:10.4251/wjgo.v16.i7.2915

195. Nannini M, Gozzellino L, Costa A, et al. Plasma over tissue? Liquid biopsy in the management of gastrointestinal stromal tumors (GISTs). Crit 
Rev Oncology/Hematol. 2026;221:105224. doi:10.1016/j.critrevonc.2026.105224

196. Proano-Perez E, Serrano-Candelas E, Guerrero M, et al. MITF regulates autophagy and extracellular vesicle cargo in gastrointestinal stromal 
tumors. Mol Biomed. 2025;6(1):92. doi:10.1186/s43556-025-00329-9

197. Ravegnini G, Sammarini G, Serrano C, et al. Clinical relevance of circulating molecules in cancer: focus on gastrointestinal stromal tumors. 
Therapeut Adv Med Oncol. 2019;11:1758835919831902. doi:10.1177/1758835919831902

198. Huang C, Ma X, Wang M, Cao H. Drugs in the GIST Field (Therapeutic Targets and Clinical Trial Staging). Current Drug Delivery. 2024;21 
(1):80–90. doi:10.2174/1567201820666221122120657

https://doi.org/10.2147/DDDT.S594043                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 22

Wang et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1080/13543784.2017.1303045
https://doi.org/10.21873/anticanres.15062
https://doi.org/10.1186/s12943-018-0861-6
https://doi.org/10.1038/s41420-022-01038-w
https://doi.org/10.1038/s41417-020-00266-5
https://doi.org/10.1158/0008-5472.CAN-18-1888
https://doi.org/10.1007/s10620-013-2785-8
https://doi.org/10.1038/s41389-021-00302-5
https://doi.org/10.1038/s41388-021-01685-w
https://doi.org/10.1186/s12967-023-04063-0
https://doi.org/10.2174/092986711795471310
https://doi.org/10.1111/j.1349-7006.2009.01089.x
https://doi.org/10.3389/fimmu.2021.691713
https://doi.org/10.1111/cas.14795
https://doi.org/10.3389/fimmu.2024.1431535
https://doi.org/10.1016/j.nano.2021.102486
https://doi.org/10.3390/biomedicines10030601
https://doi.org/10.1038/s41419-024-06571-3
https://doi.org/10.1093/jjco/hyi067
https://doi.org/10.1038/s41419-020-02768-4
https://doi.org/10.4161/cib.28231
https://doi.org/10.1073/pnas.1310501111
https://doi.org/10.1007/s00418-016-1460-5
https://doi.org/10.1007/s00418-016-1460-5
https://doi.org/10.1074/mcp.RA117.000267
https://doi.org/10.1158/0008-5472.CAN-25-1404
https://doi.org/10.4251/wjgo.v16.i7.2915
https://doi.org/10.1016/j.critrevonc.2026.105224
https://doi.org/10.1186/s43556-025-00329-9
https://doi.org/10.1177/1758835919831902
https://doi.org/10.2174/1567201820666221122120657


199. Heinrich MC, Griffith D, McKinley A, et al. Crenolanib inhibits the drug-resistant PDGFRA D842V mutation associated with imatinib-resistant 
gastrointestinal stromal tumors. Clin Cancer Res. 2012;18(16):4375–4384. doi:10.1158/1078-0432.CCR-12-0625

200. Martin-Broto J, Moura DS. New drugs in gastrointestinal stromal tumors. Current Opinion Oncol. 2020;32(4):314–320. doi:10.1097/ 
CCO.0000000000000642

201. Ge S, Zhang Q, He Q, et al. Famitinib exerted powerful antitumor activity in human gastric cancer cells and xenografts. Oncol Lett. 2016;12 
(3):1763–1768. doi:10.3892/ol.2016.4909

202. Xu RH, Shen L, Wang KM, et al. Famitinib versus placebo in the treatment of refractory metastatic colorectal cancer: a multicenter, 
randomized, double-blinded, placebo-controlled, phase II clinical trial. Chin J Cancer. 2017;36(1):97. doi:10.1186/s40880-017-0263-y

203. Meng L, Zhao P, Hu Z, et al. Nilotinib, A tyrosine kinase inhibitor, suppresses the cell growth and triggers autophagy in papillary thyroid 
cancer. Anti-Cancer Agents Med Chem. 2022;22(3):596–602. doi:10.2174/1871520621666210402110331

204. Ohkubo S, Kodama Y, Muraoka H, et al. Tas-116, a highly selective inhibitor of heat shock protein 90alpha and beta, demonstrates potent 
antitumor activity and minimal ocular toxicity in preclinical models. Mol Cancer Therapeut. 2015;14(1):14–22. doi:10.1158/1535-7163.MCT- 
14-0219

205. Ranta-Aho S, Piippo N, Korhonen E, Kaarniranta K, Hytti M, Kauppinen A. Tas-116, a well-tolerated Hsp90 inhibitor, prevents the activation 
of the NLRP3 inflammasome in human retinal pigment epithelial cells. Int J Mol Sci. 2021;22(9):4875. doi:10.3390/ijms22094875

206. Gupta A, Singh J, Garcia-Valverde A, Serrano C, Flynn DL, Smith BD. Ripretinib and MEK inhibitors synergize to induce apoptosis in 
preclinical models of GIST and systemic mastocytosis. Mol Cancer Therapeut. 2021;20(7):1234–1245. doi:10.1158/1535-7163.MCT-20-0824

207. Chi P, Qin LX, Nguyen B, et al. Phase II trial of imatinib plus binimetinib in patients with treatment-naive advanced gastrointestinal stromal 
tumor. J Clin Oncol. 2022;40(9):997–1008. doi:10.1200/JCO.21.02029

208. Takayama Y, Kokuryo T, Yokoyama Y, et al. MEK inhibitor enhances the inhibitory effect of imatinib on pancreatic cancer cell growth. Cancer 
Lett. 2008;264(2):241–249. doi:10.1016/j.canlet.2008.01.035

209. Seifert AM, Zeng S, Zhang JQ, et al. PD-1/PD-L1 blockade enhances T-cell Activity and antitumor efficacy of imatinib in gastrointestinal 
stromal tumors. Clin Cancer Res. 2017;23(2):454–465. doi:10.1158/1078-0432.CCR-16-1163

210. Zhao W, Cao H. Targeted therapy combined with immunotherapy in gastrointestinal stromal tumor: a new era of hope and challenges. 
Zhonghua Wei Chang Wai Ke Za Zhi. 2017;20(9):966–971.

211. D’Angelo SP, Shoushtari AN, Keohan ML, et al. Combined KIT and CTLA-4 blockade in patients with refractory GIST and other advanced 
sarcomas: a Phase Ib study of dasatinib plus ipilimumab. Clin Cancer Res. 2017;23(12):2972–2980. doi:10.1158/1078-0432.CCR-16-2349

212. Huang WK, Wu CE, Wang SY, et al. Systemic therapy for gastrointestinal stromal tumor: current standards and emerging challenges. Current 
Treatment Options Oncol. 2022;23(9):1303–1319. doi:10.1007/s11864-022-00996-8

213. Tan Y, Trent JC, Wilky BA, Kerr DA, Rosenberg AE. Current status of immunotherapy for gastrointestinal stromal tumor. Cancer Gene Ther. 
2017;24(3):130–133. doi:10.1038/cgt.2016.58

214. Kim C, Park J, Kim JO, et al. Preclinical anti-tumor efficacy of a novel anti-c-kit antibody drug conjugate, NN3201, in c-Kit positive tumors. 
Mol Cancer Therapeut. 2025;2025:1.

215. Yoshida M, Yuan J, Kihara T, et al. Anti-tumor effect of antibody-drug conjugate targeting cell adhesion molecule 1 on GIST cells representing 
small intestinal GIST. Exp Mol Pathol. 2024;139:104922. doi:10.1016/j.yexmp.2024.104922

216. Zhou S, Abdihamid O, Tan F, et al. KIT mutations and expression: current knowledge and new insights for overcoming IM resistance in GIST. 
Cell Commun Signaling. 2024;22(1):153. doi:10.1186/s12964-023-01411-x

217. Berglund E, Dare E, Branca RM, et al. Secretome protein signature of human gastrointestinal stromal tumor cells. Exp Cell Res. 2015;336 
(1):158–170. doi:10.1016/j.yexcr.2015.05.004

218. Li C, Gao Z, Cui Z, et al. Deubiquitylation of Rab35 by USP32 promotes the transmission of imatinib resistance by enhancing exosome 
secretion in gastrointestinal stromal tumours. Oncogene. 2023;42(12):894–910. doi:10.1038/s41388-023-02600-1

219. Ghadami A, Fathi-Karkan S, Siddiqui B, et al. Nanotechnology in Imatinib delivery: advancing cancer treatment through innovative 
nanoparticles. Med Oncol. 2025;42(4):116. doi:10.1007/s12032-025-02660-1

220. Ko TK, Lee E, Ng CC, et al. Circulating tumor DNA mutations in progressive gastrointestinal stromal tumors identify biomarkers of treatment 
resistance and uncover potential therapeutic strategies. Front Oncol. 2022;12:840843. doi:10.3389/fonc.2022.840843

221. Johansson G, Berndsen M, Lindskog S, et al. Monitoring circulating tumor DNA during surgical treatment in patients with gastrointestinal 
stromal tumors. Mol Cancer Therapeut. 2021;20(12):2568–2576. doi:10.1158/1535-7163.MCT-21-0403

Drug Design, Development and Therapy                                                                                     

Publish your work in this journal 
Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development 
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines 
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online 
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes 
from published authors.  

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

Drug Design, Development and Therapy 2026:20                                                                                     23

Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1158/1078-0432.CCR-12-0625
https://doi.org/10.1097/CCO.0000000000000642
https://doi.org/10.1097/CCO.0000000000000642
https://doi.org/10.3892/ol.2016.4909
https://doi.org/10.1186/s40880-017-0263-y
https://doi.org/10.2174/1871520621666210402110331
https://doi.org/10.1158/1535-7163.MCT-14-0219
https://doi.org/10.1158/1535-7163.MCT-14-0219
https://doi.org/10.3390/ijms22094875
https://doi.org/10.1158/1535-7163.MCT-20-0824
https://doi.org/10.1200/JCO.21.02029
https://doi.org/10.1016/j.canlet.2008.01.035
https://doi.org/10.1158/1078-0432.CCR-16-1163
https://doi.org/10.1158/1078-0432.CCR-16-2349
https://doi.org/10.1007/s11864-022-00996-8
https://doi.org/10.1038/cgt.2016.58
https://doi.org/10.1016/j.yexmp.2024.104922
https://doi.org/10.1186/s12964-023-01411-x
https://doi.org/10.1016/j.yexcr.2015.05.004
https://doi.org/10.1038/s41388-023-02600-1
https://doi.org/10.1007/s12032-025-02660-1
https://doi.org/10.3389/fonc.2022.840843
https://doi.org/10.1158/1535-7163.MCT-21-0403
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Types of Gene Mutations in Gist
	Current Standard Target Treatment: Sequential Treatment Mode of TKIs
	Exploration of Imatinib Resistance Mechanisms in GIST
	Primary Imatinib Resistance
	Secondary Mutations in the KIT/PDGFRA Gene Lead to Drug Resistance in GIST
	Continuous Activation of the Downstream Signaling Pathways of KIT and PDGFRA
	Activation of Bypass Metabolic Pathways
	Epigenetic Modification Changes Lead to Drug Resistance in GIST
	Tumor Microenvironment Contribute to Imatinib Resistance

	Ongoing New Treatment Strategy
	Next-Generation TKIs and Downstream Pathway Inhibitors
	Combination Therapy Strategies
	Immunotherapy
	Other Emerging Approaches (Limited Clinical Evidence)

	Conclusion
	Abbreviations
	Funding
	Disclosure

