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Abstract: Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal

tumor in the digestive tract. Tyrosine kinase inhibitors (TKIs), represented by imatinib,

sunitinib, and regorafenib, have become the main treatment for recurrent and metastatic

GISTs. With the wide application of mutation analysis and the precision medicine, mole-

cular characteristics have been determined that not only predict the prognosis of patients

with recurrent and metastatic GISTs, but also are closely related to the efficacy of

first-, second- and third-line TKIs for GISTs, as well as other TKIs. Despite the significant

effects of TKIs, the emergence of primary and secondary resistance ultimately leads to

treatment failure and tumor progression. Currently, due to the signal transmission of KIT/

PDGFRA during onset and tumor progression, strategies to counteract drug resistance

include the replacement of TKIs and the development of new drugs that are directed

towards carcinogenic mutations. In addition, it is also the embodiment of precision

medicine for GISTs to explore new carcinogenic mechanisms and develop new drugs

relying on new biotechnology. Surgery can benefit specific patients but its major purpose

is to diminish the resistant clones. However, the prognosis of recurrent and metastatic

patients is still unsatisfactory. Therefore, it is worth paying attention to how to maximize

the benefits for patients.
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Introduction
Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumor

in the digestive tract with an incidence of 10–15 new cases per million each year.1,2

GISTs originate from interstitial cells of Cajal (ICC) in the nerve plexus of the

intestinal wall which control the gastrointestinal peristalsis.3 Before the availability

of TKIs, the patients with metastatic diseases had a poor prognosis whose median

survival ranged from 10 to 20 months and 5-year survival was less than 10% due to

resistance to conventional chemotherapy.4 However, the elaboration of carcinogen-

esis and emergency of TKIs significantly changed the therapeutic mode and

improved the prognosis. Like carcinomas, molecular subtypes determine the biolo-

gical behavior of tumors, and they also can affect the prognosis and efficacy of

TKIs. Therefore, it is necessary to summarize the relationship between molecular

subtypes and the efficacy and prognosis of recurrent and metastatic GISTs to guide

personalized medicine.
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Molecular Pathogenesis of GISTs
82%–87% of GISTs harbor activating mutations in KIT or

PDGFRA.5 They are both the type III receptor tyrosine

kinase with high homology and similar downstream signal-

ing pathways, but mutually exclusive.6,7 Mutations in KIT

mainly occur in exon 11, which can activate kinase by

destroying the self-inhibitory function of the juxtamembrane

domain, and followed by exon 9 which can also activate the

kinase.8 Although the mutations in exon 13 and exon 17 are

very low, they are common in secondary mutations and

have important clinical significance in secondary drug

resistance.7,9-11 The PDGFRA mutations often occur in

exon 18, which further stabilizes the active status of kinase,

but it is rare in exon 12 and exon 149 (Figure 1). The KIT or

PDGFRAmutations lead to receptor constitutive and ligand-

independent activation, which then activates the downstream

signaling pathways, including the MAP kinase pathway

(RAF, MEK, ERK), the STAT pathway, and the PI3K/AKT

pathway.12,13 However, there are considerable differences in

the activation of downstream signal pathways in different

mutant types of GIST which explains variation in biological

behavior of tumors12 (Figure 2A).

It has been reported that approximately 10%-15% of

GISTs have no KIT or PDGFRA mutation, and these are

commonly referred to as KIT/PDGFRA wild-type GISTs

(WT-GISTs).2 However, these tumors contain alternative

signal mutations such as BRAF/KRAS, NF1, or the succi-

nate dehydrogenase (SDH) complex.7,14 Besides, more

and more molecular alterations related to the pathogenesis

of WT-GIST have been found (Table 1).

Application of Molecular Subtypes
in Treatment of Recurrent and
Metastatic GISTs and Drug
Resistance
Activating mutations in KIT/PDGFRA are the theoretical

basis for the treatment of GISTs with tyrosine kinase inhi-

bitors (TKIs) and also for the development of new drugs

(Figure 2B). Imatinib, sunitinib, and regorafenib are repre-

sentative first-line, second-line, and third-line TKIs, respec-

tively, that have been approved for clinical use.31 A large

number of clinical studies have proved that the therapeutic

effect of TKIs is closely related to the molecular character-

istics of patients with recurrent and metastatic GISTs.

Therefore, combined with the molecular subtypes or

dynamic monitoring of mutations in patients, targeted drug

selection or a timely change in a patient’s treatment plan will

result in patients obtaining the best prognosis.

Imatinib (IM)
IM is a small-molecule tyrosine kinase inhibitor with

strong efficacy for inhibiting KIT and PDGFRA.32 It has

become the first-line treatment for recurrent and metastatic

GISTs, and the recommended standard dose is 400 mg/d.

Clinical trials have proved that IM can benefit up to 85%

of patients with recurrent and metastatic GISTs, and the

median overall survival (OS) is 50 months.33,34 However,

some studies have shown that increasing the dose of IM to

800 mg/d seems to result in more significant benefit for

some patients, with better prognosis, although the results

SCF PDGF
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Figure 1 Type and frequency of activating mutations in KIT and PDGFRA.

Abbreviations: SCF, stem cell factor; PDGF, platelet-derived growth factor.
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have been controversial.35–38 Further analysis of the above

results indicates that the reason for this controversy is the

different sensitivities of patients to different molecular

subtypes to IM.

The European Organization for Research and Treatment

of Cancer (EORTC) Phase III and North American phase III

studies analyzed the mutation status of tumor specimens

from 377 and 428 patients with recurrent and metastatic

GISTs before treatment, respectively, aiming to explore the

correlation of molecular subtypes with IM efficacy and

prognosis.39,40 In the EORTC study, patients with the KIT

exon 11 mutation had a higher response rate to IM treatment,

and their 2-year cumulative response rate (69%) was higher

than those with the KIT exon 9 mutation (34%) and WT-

GIST (25%). Moreover, patients with the KIT exon 11 muta-

tion also had increased progression-free survival (PFS) and

OS, and the relative risk of tumor progression was

significantly reduced.39 The North American and EORTC

studies also reported similar results, consisting of

patients with the KIT exon 11 mutation exhibiting a higher

complete remission/partial remission (CR/PR) rate as a result

of IM treatment, with increased OS and PFS. There was no

significant difference in prognosis or IM objective

response between patients with KIT exon 9 mutation and

WT-GISTs.39,40

At the same time, the relationship between molecular

subtypes and IM at different dose levels (400 mg/d and

800 mg/d) was further analyzed. In the EORTC phase III

study, PFS in patients with the KIT exon 9 mutation

increased after the administration of high-dose IM

(P = 0.0013), and relative risk was also reduced by 61%.

PFS of patients with KIT exon 11 mutations or WT-GISTs

was not affected by dose differences. No significant dose

effect was observed for OS in all three subgroups.39 In the

North American study, it was also found that patients with

the KIT exon 9 mutation exhibited a higher objective

response rate (CR/PR 67% vs 17%; P = 0.02) under IM

treatment of 800 mg/d. However, a dose difference asso-

ciated with PFS for patients with the KIT exon 9 mutant

was not observed in this study, which might be due to the
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Figure 2 (A) Major downstream signaling pathways in GISTs. Mutations in KIT/PDGFRA cause receptors to homodimerize on the cell surface and activate the tyrosine

kinase domain which phosphorylates the tyrosine residue by transfer phosphate (P), activates the downstream signal pathway and then promotes the occurrence and

development of GIST. (B) Tyrosine kinase inhibitor (TKI) blocks phosphorylation of downstream pathways and inhibits the progression of GIST by competitively binding KIT/

PDGFRA with ATP.

Abbreviations: PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; RAF, RAF proto-oncogene serine/threonine-protein

kinase; MEK, mitogen-activated protein kinase; MAPK, mitogen-activated protein kinase; JAK2, Janus kinase 2; STAT3, signal transducer and activator of transcription 3.
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fact that patients with tumor progression were allowed to

receive crossover treatment from 400 mg/d to 800 mg/d,

thus obscuring the effect of dose difference.40 A meta-

analysis indicated that the KIT exon 9 mutation was the

only predictor of the impact of high-dose IM treatment on

PFS. In patients with the KIT exon 9 mutation, high-dose

IM treatment resulting in higher objective response rate

and significantly prolonged PFS, reducing the risk of pro-

gression or death by 42%, but it produced no such advan-

tage in OS.41 After longer-term follow-up, it was found

that although there were differences in tumor biology

among different mutation types in KIT exon 11, there

was no significant difference in OS after IM treatment.42

Although the above study confirmed the guiding sig-

nificance of molecular subtypes in patients with recurrent

and metastatic GISTs, the study subjects were limited to

those with KIT exon 9 and 11 mutations and WT-GISTs,

while other molecular subtypes could not be further ana-

lyzed due to the small number of patients. However, in the

EORTC study, patients with KIT exon 13/17 mutations

were found to have objective response after IM treatment,

although the objective response rate was relatively low.39

Corless et al also confirmed that PDGFRA exon 12/14

exhibited sensitivity to IM in vitro.13 Moreover, these

studies only analyzed the mutations in tumor specimens

before treatment, without considering the influence of IM

resistance, especially secondary resistance, on the results.

Above all, it was evident that IM 400 mg/d is sufficient for

most patients, but for those with the KIT exon 9 mutation,

IM 800 mg/d can be used in advance, instead of increasing

the dose after disease progression.

Imatinib-Resistant, Recurrent and

Metastatic GISTs
IM can control or even alleviate most recurrent and meta-

static GISTs, but 85%–90% of patients usually experience

disease progression within 20–24 months, which is called

IM resistance.43 IM resistance is a very difficult problem

in the treatment of recurrent and metastatic GISTs and is

also a key factor affecting prognosis. According to the

mechanisms, drug resistance can be divided into primary

drug resistance (tumor progression in the early stage of

treatment) and secondary drug resistance (tumor progres-

sion after initial stability or response to IM). According to

statistics, approximately 10% of patients exhibit primary

IM resistance, while 40%–50% exhibit secondary IM

resistance. The median progression time is approximately

24 months.44,45 The occurrence of drug resistance is not

random, but is closely related to gene mutation. The study

of its correlation can assist in ensuring that patients avoid

excessive and inadequate treatment.

The characteristic of primary drug resistance is that the

same mutation appears before and after IM treatment, and

Table 1 Molecular Mutations Associated with WT-GIST

Subtypes Classifications Pathogenesis Reference

SDH-deficient type Sporadic GIST Somatic SDHx mutation 15–17

Carney triad SDHC promoter hypermethylation 18,19

Carney-stratakis Inactive mutation of SDHx gene germline; incomplete autosomal autosomal dominant

inheritance

20–22

Non-SDH-deficient

type

NF1 correlation NF1 functional inactive mutation 23

BRAF mutant

type

BRAF exon 15 (p.V600E) mutation 14,24,25

K/N-RAS mutant

type

RAS mutation 14

PIK3CA mutant

type

PIK3CA mutation 26

Other ETV6-NTRK3 fusion gene, MAX, CBL, CHD3, TP53, APC, MEN1, FGFR1, ARID1A, and

BCOR mutations

17,27-29

Quadruple wild

type

No KIT, PDGFRA, SDH, and RAS mutations 30
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rarely is there secondary mutation.2,44,46 It usually occurs

in specific molecular subtypes: PDGFRA D842V muta-

tion, KIT exon 9 mutation and WT-GIST.44 The PDGFRA

D842V mutation is the most common cause of primary

drug resistance.47 The mechanism may be that IM can

only bind to the inactive conformation of KIT/PDGFRA,

while the mutation of D842V results in a change in the

kinase activating loop, which results in kinase alteration so

that it assumes its active conformation.13 In vivo and

in vitro studies and clinical practice have proved that the

D842V mutation is responsible for the primary drug resis-

tance to IM.13,48 The median survival time of GIST

patients with the D842V mutation is only 12.8 months

compared with the mean survival time of 48–60 months

for GISTs treated with IM.7 Therefore, the D842V muta-

tion has become a candidate for clinical research with the

aim of developing new molecular targeted drugs and is

expected to become a new breakthrough in clinical treat-

ment in the future.

There has been extended controversy regarding

whether KIT exon 9 is resistant to IM, because the poor

effect of IM treatment in these patients is partly due to

inadequate IM dosage. Compared with the KIT exon 11

mutation, patients with exon 9 mutation exhibited a lower

response rate to the standard dose (400 mg/d) IM.39,49

However, by increasing the IM dose, patients can obtain

a response rate equivalent to that obtained by patients with

the KIT exon 11 mutation, with increased PFS.39–41 In

WT-GIST patients, a mutation of the alternative signaling

pathway is the main mechanism of drug resistance.17 For

example, BRAF and RAS proteins are part of the MAPK

signal cascade, which leads to KIT-independent growth

stimulation, and a lack of inhibitory effect by IM when it

acts upon KIT for this type of tumor. Multiple clinical

trials have confirmed that these tumors exhibit primary

resistance to IM.7 Fortunately, because these tumors are

often inert, patient mortality is decreased.50

Unlike primary drug resistance, secondary drug resis-

tance is often associated with new secondary mutations of

KIT/PDGFRA.46 A B2222 Phase II study showed one or

more secondary mutations in 67% of recurrent and meta-

static GISTs.51 Secondary mutations are most common in

patients with primary mutations in KIT exon 11, followed

by those with mutations in KIT exon 9, which rarely occur

in WT-GISTs. The reason for this may be that patients

with mutations in KIT exon 11 receive extended treatment

with IM, which leads to screening of drug-resistant

mutations.11,51 Secondary mutations are usually clustered

in the ATP binding pocket (exon 13 and exon 14) and the

kinase activating loop (exon17 and exon18) of the kinase

domain. These mutations are always found in the same

allele as that of the primary KIT mutation.52 The muta-

tions change the configuration of the KIT protein, which

affects the binding efficiency of targeted drugs and even-

tually leads to disease progression.53 Although there are

advantages in using molecular typing to predicting drug

resistance, it also has some limitations because of the

obvious heterogeneity of the secondary mutations. Ligel

et al found that 83% of patients had secondary mutations

in KIT, 67% of them had 2–5 different secondary muta-

tions in separate metastases, and even 34% of them with

the same metastasis exhibited two different secondary

mutations in KIT.54 Therefore, because of the heterogene-

ity of secondary mutations, it is difficult to understand the

overall mutation of patients through molecular detection

so that treatment can be accurately guided.

In addition, with further application of molecular biotech-

nology and second-generation sequencing, other mechanisms

of drug resistance have been revealed, such as KIT/PDGFRA

gene amplification, IGF1R overexpression in wild-type

GISTs, and low IM plasma level, and an understanding of

other drug-resistance mechanisms can supplement the guiding

role of molecular typing.55–58

Sunitinib and Regorafenib
With the continuous application of new therapies and

drugs in clinical treatment, there is an increasing number

of options for the treatment of recurrent and metastatic

GISTs. In the process of IM treatment with standard doses,

if the tumor continues to progress, and the treatment dose

of IM can be increased to control the disease.2,38,59,60

However, based on the central role of KIT secondary

mutations in IM resistance and tumor progression, the

multi-target tyrosine kinase inhibitors (sunitinib and regor-

afenib) have become standard second-line and third-line

treatment options, respectively, after first-line treatment

failure.61

Sunitinib (SU)
Sunitinib exhibits not only anti-KIT and PDGFR activity,

but also anti-VEGFR ability to inhibit tumor

angiogenesis.62–64 Similar to IM, the efficacy of SU is

closely related to the primary mutation of GISTs. It has

been noted that SU has significant activity against KIT

exon 11 in vitro, but most patients treated with SU had

been previously treated with IM and usually harbored
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secondary mutations, and therefore, it was determined that

SU is less active against KIT exon 11 mutants in vivo than

exon 9 mutants, which have a low incidence of secondary

mutation.65 Henrich et al proved that compared with the

KIT exon 11 mutation, patients with the KIT exon 9

mutation not only had a higher response rate to SU, but

also obtained significantly longer median PFS and OS.66

This may have occurred to the low rate of secondary

mutations in KIT exon 9. Subsequent studies have also

indicated that there is a greater benefit for SU therapy

when KIT exon 9 mutations are present as compared to

the presence of the KIT exon 11 mutations.67,68 For

patients with advanced GISTs, SU treatment or IM escala-

tion as a second-line therapy has been controversial,

because the two strategies can benefit patients with

advanced GISTs. Therefore, a direct comparison in 2014

between SU treatment and IM escalation as the first choice

strategy of second-line treatment in 2014 showed that the

molecular subtypes had guiding significance in strategy

selection.69 In this study, although there was no significant

difference in response rate (RR=CR+PR), tumor control

rate (TCR=CR+PR+SD), PFS and OS between the IM

escalation group and SU treatment group, subgroup ana-

lysis indicated that different molecular subtypes should be

considered in the selection of second-line treatment. In

patients with KIT exon 9 mutations, IM escalation tends

to favor PFS and OS. In contrast, in patients without

KIT exon 9 mutation, SU treatment can achieve better

prognosis.

However, unlike IM, the efficacy of SU is not only

related to the primary mutations, but it is also affected by

the secondary mutations.11 In vitro experiments showed

that sunitinib effectively inhibited KIT exon 9, WT-GIST,

and KIT exon 11 mutants, and also significantly inhibited

the phosphorylation of KIT double mutants in the sec-

ondary mutation of ATP binding pocket (exon 13/14).

However, the effect of sunitinib on KIT double mutants

in the secondary mutation of the activation loop (exon

17/18) was relatively poor, which was also the mechan-

ism of SU resistance.11 Clinical studies have shown that

clinical benefit (CB) can be observed in 65% of patients

with secondary exon 13 or 14 mutations after sunitinib

treatment, but in only 9% of patients with secondary

exon 17 or 18 (P = 0.006).66 In conclusion, the choice

of second-line therapy for late GISTs should not only

consider primary mutations, but also consider the influ-

ence of secondary mutations.

Regorafenib (RE)
Regorafenib also blocks the activity of several protein

kinases, including KIT, PDGFRA, VEGFR, and BRAF.72

Clinical studies have shown that RE is effective as a third-

line treatment for patients with advanced GISTs. In 2013,

a multicenter randomized, double-blind, placebo-controlled

phase III clinical study on advanced GISTs after failure of

RE in IM and SU treatment showed that compared with

placebo, regorafenib increased PFS bymore than five times,

and reduce the risks of progression and death by 73%.73

The therapeutic effect of RE is closely related to tumor

mutation. In a long-term follow-up multicenter phase II trial

that enrolled in patients with metastatic or unresectable

GISTs after failure of treatment with IM and SU, the KIT

exon 11 mutation and SDH-deficient GISTs conferred long-

term clinical benefits (median PFS: 13.4 months and

10 months, respectively).74 Moreover, there is evidence

indicating that RE has a significant anti-tumor effect on

patients with KIT exon 17 mutations after exposure to

multiple TKIs.75 RE significantly prolonged PFS in patients

with exon 17 mutation, with a disease control rate of 93.3%

at 16 weeks.76

Wild-Type Stromal Tumors: Controversy

and Rationale
Although the treatment of GISTs guided by molecular sub-

types can be used as a model of precision medicine for

cancer, there is no similar consensus for WT-GISTs. The

diagnosis of WT-GISTs is only based on the detection of

six exons. The results show a possibility of a “pseudowild-

type,” and KIT phosphorylation can be detected in some

patients, which indicates that tumor growth still depends on

KIT activation.77 This also explains why some patients ben-

efit from IM therapy.39,40 In addition, there is evidence indi-

cating that in SDH-deficient GISTs, the inactivation of

succinate dehydrogenase leads to the accumulation of HIF-

1α and the formation of transcription factors to induce angio-

genesis and glycolysis-related gene expression (including

expression of VEGF).74,78 Therefore, there are increased

benefits from the use of SU and RE (multiple targeted kinase

inhibitors and anti-VEGF activity) than from the use of IM.

In a phase I/II study of SU for treatment of recurrent and

metastatic GISTs, the median PFS and OS for WT-GISTs

reached 19 months and 30.5 months, respectively.11 In

a clinical study in which Janeway et al used SU to treat

GIST (usually WT) in children, 6/7 of them showed PR or

stable disease (SD), and SU delayed tumor progression to
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a greater extent as compares to previous IM treatment.79

After RE treatment, these patients obtained a tumor response

or SD for at least 16 weeks.74 Given the fact that SU and RE

are more effective than IM for WT-GIST, especially in the

SDH-deficient type, whether to bypass the use of IM and use

SU or RE directly for these patients required clinical

confirmation.

Metastasectomy
Although recurrent and metastatic diseases, surgery can be

considered as another therapeutic strategies. However, its

role is limited and only regarded as the adjuvant therapy of

TKIs. The main purpose is to eliminate drug-resistant

clones as much as possible and control the progression

of disease and deal with tumor-related complications such

as obstruction and hemorrhage.

Multiple studies had examined the efficacy of surgery

and demonstrated that cytoreduction is more beneficial

for patients with response to TKIs than those with drug-

resistance or without TKI treatment.80,81 In 2018, there

is a large retrospective study involved 400 operations on

323 advanced patients. Prior to the surgery, all of them

were developed metastatic diseases and received treat-

ment with TKIs.82 The same as the previous finding,

radiographic response to TKIs at the time of surgery

was predictive of outcome. Patients with responsive dis-

ease experienced a better median PFS (31 months) than

those with stable disease, unifocal progressive disease

and multifocal progressive disease (19, 10 and 5 months,

respectively, P<0.001) after surgery, and it was the same

in OS. Interestingly, further subgroup analysis showed

that radiographic response influenced the prognosis in

patients on IM but not in patients on SU. Besides,

patients with IM treatment had a prolonged PFS and

OS compared to those treated by SU after cytoreduction

which reflects that the effect of surgery in these patients

was limited. Multi-site metastasis and high mitotic index

in metastasis were also the independent predictors of

decreased PFS on multivariate analysis. Therefore, it is

feasible that cytoreduction can be performed in patients

who exhibit response, stable diseases or unifocal pro-

gression after treatment with IM. Moreover, it is crucial

to decide when to have the operation among TKI respon-

ders. There is suggestion that the timing of surgery

ranged from 6 to 24 months which related to the duration

of efficacy of IM and secondary resistance.4

Other Treatment Strategies
Novel Molecular Targeted Therapy
Currently, the presence of multi-TKIs-resistant clones in

patients reduces the efficacy of molecular targeted thera-

pies. However, even if the treatment fails, tumor progres-

sion still depends on the signal transmission of KIT/

PDGFRA, which provides the basis for the development

of new drugs. The response of some new TKIs, such as

sorafenib, pazopanib and dasatinib, has been tested for their

effectiveness against recurrent and metastatic GISTs, and

some therapeutic effects have been observed.83–85

Sorafenib is a multi-kinase inhibitor. Its biochemical

activity has been confirmed in a study of human GIST cell

lines with clinically representative primary and secondary

mutations of KIT. In this study, sorafenib effectively inhib-

ited the mutation of KIT exon 11, and its effect was greater

than or equal to that of IM and SU.86 Moreover, sorafenib

was also effective against secondary mutations involving

the ATP binding pocket and activating loop, but had no

significant resistance against D816V and D842V.86 Given

the effectiveness of sorafenib, Park et al reported the phase

II results of sorafenib as a third-line treatment, with DCR

of 36% at 24 weeks, and median PFS and OS of 4.9 and

9.7 months, respectively. In addition, the PFS of patients

with KIT exon 11 mutations was significantly better than

that of patients with other mutation types (P = 0.0341).

Therefore, sorafenib may be a rescue treatment for GIST

patients with mutation of KIT exon 11.83

Ponatinib, which is a multi-target TKI similar to sor-

afenib, has a wide range of inhibitory effects on KIT, and

its activity level has also been evaluated in vitro and

in vivo.87 However, ponatinib is different from sorafenib

in that it has a strong effect on secondary mutations of the

activating loop and T670I gatekeeper of exon 14, but not

on secondary mutations of exon 13 (V654A).87 A phase II

clinical study with ponatinib that treated late GIST patients

with the KIT exon 11 mutation also confirmed its validity.

In this trial, the 16-week clinical benefit rate (CBR 37%)

of KIT exon 11 mutation was significantly higher than that

of non-KIT exon 11 mutation (14%), and the CBR for KIT

exon 11 patients who experienced failure of two TKI

treatments was higher (44%), possibly due to additional

secondary mutations.88

The presence of multi-kinase inhibitors improves the

prognosis and increases the survival rate of patients with

advanced GIST resistance to IM. However, even the most

active TKIs do not achieve a 10% overall response rate, and
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median PFS does not reach 6 months after IM treatment

failure.43 Inhibition of specific mutations, especially drug-

resistance mutations, is another strategy to solve TKI resis-

tance and has resulted in some breakthroughs. Avapritinib

(BLU-285) is a new type of kinase inhibitor with high

selectivity for KIT, PDGFRA and other targets, especially

for activation loop mutation (D842V/D816V).89 The

PDGFRA D842V mutation is resistant to most TKIs, but

under the treatment of BLU285, the response rate of

patients to the treatment was as high as 86%, while the

response rate of other non-D842V patients was only 20%-

26%.90 These data indicate that the drug effectively

overcomes the problem of D842V resistance. Crenolanib

effectively inhibits the D842Vmutation, has been proven to

inhibit GIST cell lines containing the D842V mutation

in vitro. Currently, a phase III clinical trial for crenolanib

is in the process of recruitment (NCT02847429).91

Ripretinib (DCC-2618) is a broad-spectrum, switch-

controlled kinase inhibitor targeting cancer and drug-

resistant KIT and PDGFRA mutations. It can transform

the kinase into an inactive conformation, and inhibit KIT

exon 13, 14, 17 and 18 mutations, including KIT D816V

and PDGFRA D842V mutations with multiple drug resis-

tance, and shows considerable efficacy in preclinical

models.92,93 A clinical phase III trial about this agent is

undergoing (NCT03673501).94 In addition, many drugs

have been proved to have anti-GIST effects in vitro or by

clinical trials, although for some trials, the number of

patients was small, and only a limited analysis on molecular

subtypes and efficacy was conducted (Table 4).

Drug Combination
Because of the heterogeneity of GISTs and the polyclon-

ality of secondary mutations, it is necessary to study

possible combination therapies based on existing drugs

for the purpose of prolonging the antitumor effect. Given

the complementarity of SU and RE in the inhibition of

KIT-resistant mutations, Serrano et al reported a clinical

Phase I study on the treatment of TKI-refractory GISTs

with a combination of SU and RE. The results showed that

rapid administration of the alternative combination of SU

and RE effectively overcame multiclonal resistance, and

29% of patients exhibited SD with a median PFS of 1.9

months.109 Drug combination therapy was previously lim-

ited to the combinations of TKIs, but has gradually

expanded to include combinations of TKIs with other

types of drugs, including KIT downstream pathway inhi-

bitors and immunosuppressants and has achieved prelimin-

ary results.43

As the understanding of the pathogenesis of GISTs

continues to deepen, there has been an expansion of the

precision medicine for GISTs. Previously, GIST treatment

was limited to the targeting of conventional oncogene

mutations, but the research direction has shifted to other

fields, including the metabolism of GIST tumor cells, cell

cycle regulation, target kinase protein stability and immu-

notherapy, and these have been described in detail in the

Table 2 Comparison in Efficacy of SU Treatment and IM

Escalation Based on Molecular Subtypes

Second-

Line

Treatment

Effective Against These

Mutation Types

References

Sunitinib KIT exon 9, exon 11, exon 13/14,

exon17/18, PDGFRA exon 18 (non

D842V) and WT-GIST

11,66,67,69

IM escalation KIT exon 9, exon 11, exon 13/14,

and PDGFRA exon 18 (non D842V)

39–41,70

PDGFRA D842V is resistant to IM and sunitinib 2,71

Table 3 Relationship of Molecular Subtypes with IM, SU and RE Efficacy

Genotype Imatinib Sunitinib Regorafenib

400 mg/d 800 mg/d

PFS (m) O S(m) PFS (m) OS (m) PFS (m) OS (m) PFS (m)

KIT exon 9 9.4 38.6 18 38.4 19.4 26.9 4.7

KIT exon 11 27.2 60 23.9 NR 5.1 12.3 13.4

WT 15.6 49 9.8 39.5 19.0 30.5 SDH deficient 10

SDH competent 1.6

Reference 40 11 74
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relevant literature.31,43 However, the efficacy of these

agents requires clinical verification, and may produce posi-

tive results (Table 5).

Novel Molecular Mechanism of GIST
Currently, the exploration of novel mechanism of patho-

genesis is also promising in GIST. In 2010, Chi et al

found that ETV1 and KIT had a synergistic effect on the

development and progression of GISTs.121 Recently, Pang

et al found that DEPDC5 was a GIST-specific tumor

suppressor and TKI treatment response regulator, and

was closely related to the development and progression

of GISTs.122 Sequencing of the entire exon showed that

DEPDC5 reduced cell proliferation and induced cell

cycle arrest through the mTORC1 signaling pathway,

but it could lead to the progression of GISTs when it

Table 4 Relationship Between New Drugs and Sensitive Molecular Subtypes

Drugs Classification Sensitive Targets Ref.

Sorafenib Multi-kinase inhibitors KIT exon 11, 13, 14, 17 (except D816V) 86,95,96

Ponatinib Multi-kinase inhibitors KIT exon 11, 14, 17, 18 87

Dovitinib Multi-kinase inhibitors KIT exon 9, 11 97–99

Pazopanib Multi-kinase inhibitors KIT exon 9, 11 84

Masitinib Selective TKIs KIT exon 9, 11, WT 100,101

Nilotinib Selective TKIs KIT exon 11, 17 102–104

Dasatinib Dual SRC/ABL kinase inhibitor KIT exon 11, 17, PDGFRA 18 (D842V), WT 85,105

Ripretinib Switch pocket inhibitor KIT exon 13, 14, 17, 18 92,93

BLU-285 Mutation-specific inhibitor KIT exon 17 (D816V), PDGFRA exon 18 (D842V) 89

Crenolanib PDGFRA-targeted agent PDGFRA exon 18 (D842V) 91

Olaratumab PDGFRA-targeted agent PDGFRA exon 18 (D842V) 106

Dabrafenib BRAF inhibitor BRAF V600E 107

Vandetanib VEGFR inhibitor Wild-type 108

Table 5 Precise Medicines for GISTs and Their Mechanism of Action

Types Drugs Mechanism of Actions Ref.

HSP90 inhibitors IPI-504

BIIB021

STA-9090

AUY922

AT13387

Targets Hsp90, resulting in loss of function of the stabilizing protein, which leads to

instability, degradation of KIT protein and elimination of downstream signal

transduction

110

Proteasome inhibitor Bortezomib Upregulates H2AX expression, downregulates KIT transcription, inhibits KIT

expression and promotes apoptosis.

111

Histone deacetylase inhibitors SAHA Inhibits deacetylation of histone and non-histone proteins such as HSP90, leading to

apoptosis and inhibition of tumor growth.

112,113

Panobinostat

KIT/PDGFRA-downstream

signaling pathway inhibition

MEK162 Inhibits the RAS/RAF/MEK/ERK/MAPK signaling pathway 114

Everolimus

(RAD001)

Inhibits the PI3K/mTOR signaling pathway 115,116

GDC-0980

Perifosine Inhibits the AKT signaling pathway 117

IGF1R inhibitor OSI-906 Inhibits IGF1R, which is overexpressed in wild-type stromal tumors 118

Glutamine inhibitor CB-839 Prevents tumor cells from taking up glutamine and induces apoptosis 119

DNA methyltransferase inhibitor SGI-110 Reverses the methylation effect and restores cell growth control 120
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lost function due to inactivation mutation. In addition,

DEPDC5 is not only a potential therapeutic target, but

also can regulate the sensitivity of GISTs to KIT inhibi-

tors. Combining KIT inhibitors with mTOR inhibitors

results in a stronger antitumor effect in the inactivated

mutations of GISTs by DEPDC5, which requires confir-

mation in clinical studies.

Epigenetic changes during the onset of GISTs also play

a crucial role. SDH-deficient GISTs have the characteristics of

SDH deletion and overall DNA hypermethylation, but how

they cause cancer is still unknown, and this limits the treatment

strategy selection for such patients.123,124 However,

a landmark study has obtained additional data regarding the

pathogenesis of SDH-deficient GISTs, linking hypermethyla-

tion with changes in genome topology.125 In SDH-deficient

GISTs, hypermethylation can destroy the insulator between

the carcinogenic gene FGF4 and the enhancer, thus allowing

abnormal interaction between the enhancer and the oncogene,

and up-regulating the expression of FGF4. The PDX model

based on SDH-deficient GISTs shows that tumors are more

sensitive to FGFR and KIT inhibitors, thus providing a new

method for treatment of such patients.125

Table 6 The Applications and Limitations of Biomedical Technology

PDX Organoid Single-Cell Technology

Definition Immunodeficient mice engrafted

with patients’ cancerous cells or

tissues

Functional cell clusters with basic characteristics of organ

origin are generated with the help of stem cells and in vitro-

induced differentiation

Basic and clinical research on

tumors at the single-cell level

Application Basic tumor research: biological

characteristics, tumor genesis

and metastasis

Disease modeling (infectious disease, genetic disease and

cancer)

Detecting rare cancer cells

Drug screening and biomarker

development

Drug efficacy and toxicity testing Analyzing intratumor

heterogeneity

Combined clinical trial Immunotherapy Revealing the mechanism of

tumor metastasis

Personalized medicine Pharmacokinetic Investigating epigenetic

alterations

Regeneration medicine Personalized medicine

Personalized medicine

Limitations

and

challenges

Selection and treatment of

implant tissue and its size

Only contains the epithelial layer without the tissue

microenvironment

Experimental costs and time are

relatively high

Selection and development of

implantation methods

Full maturation required to be addressed Additional methods require

development to test paraffin-

embedded samples
Large consumption of modeling

time and cost

Extracellular matrix- dependent Matrigel

Some tumors have a higher rate

of implant failure

Culture medium should be further refined for long-term

expansion of some organoids

Lack of functional immune

system, unable to screen

immune-related drugs

Growth factors or molecular inhibitors in the culture

medium may have an impact on relevant studies

Matrix components in the

implanted tissue were replaced

by a mouse matrix

Ref. 134,135 132,133 127
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Biomedical Technology and
Precision Medicine
The invention and application of biomedical technology

can enhance the diagnosis and treatment of many tumors,

including GISTs, hasten the development towards precise

medicine, and promote the application of basic tumor

research in the clinic. These technologies include single-

cell technology, PDX and organoid technology.

The subclonal state during the process of tumor cell

expansion is the main cause of tumor heterogeneity and

drug resistance.126 However, single-cell technology can be

used to study tumors at the single-cell level, analyze

intratumoral heterogeneity, reveal tumor metastasis

mechanisms and study epigenetic changes.127 Moreover,

drug-resistance mutations are a major cause of GIST

tumor progression. Single-cell technology can predict the

drug sensitivity of tumor cells to TKIs, timely identify

resistance mutations, analyze resistance mechanism and

overcome resistance.127–129 It has been reported that cell

surface vimentin-positive macrophage-like circulating

tumor cells, as a new biomarker of metastatic GISTs, can

predict the risk of GIST metastasis.130 This technology can

provide patients with overall and comprehensive tumor

information, and elucidate the differences between indivi-

duals, so that clinical decision-making and individualized

drug use can be a guide for tumor treatment.131 PDX and

organoids are used to construct tumor models in vitro,

which play an important role in basic tumor research, as

well as in the research and development of drugs, and

individualized use of drugs, but there are still some limita-

tions to be solved132–135 (Table 6).

Conclusions
Currently, the molecular subtype of KIT and PDGFRA is

crucial for the selection of therapeutic strategies and can

maximize the benefit of recurrent and metastatic patients,

as summarized in Tables 2 and 3. However, WT-GIST and

drug-resistance are very tough and should be resolved as

soon as possible. In addition to novel anti-tyrosine kinase

agents as listed in Table 4, exploration of new mechanism

and application of biomedical technology are very promis-

ing, but further research should be required. On this basis,

surgery should also be considered as part of targeted therapy.
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