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Abstract Small molecule kinase inhibitors have irrevoca-

bly altered cancer treatment. March 2010 marks the 10th

anniversary of using imatinib in gastrointestinal stromal

tumors (GIST), a cardinal example of the utility of such

targeted therapy in a solid tumor. Before imatinib, metastatic

GIST was frustrating to treat due to its resistance to standard

cytotoxic chemotherapy. Median survival for patients with

metastatic GIST improved from 19 to 60 months with

imatinib. In treating patients with GIST, two patterns of

tyrosine kinase inhibitor resistance have been observed. In

the first, *9–14% of patients have progression within

3 months of starting imatinib. These patients are classified as

having primary or early resistance. Median progression-free

survival (PFS) on imatinib is approximately 24 months;

patients with later progression are classified as having

secondary or acquired resistance. Primary studies and a meta-

analysis of studies of imatinib in GIST patients have identi-

fied prognostic features that contribute to treatment failure.

One of the strongest predictors for success of therapy is KIT

or PDGFRA mutational status. Patients with KIT exon 11

mutant GIST have better response rates, PFS, and overall

survival compared to other mutations. A great deal has been

learned in the last decade about sensitivity and resistance of

GIST to imatinib; however, many unanswered questions

remain about secondary resistance mechanisms and clinical

management in the third- and fourth-line setting. This review

will discuss the role of dose effects, and early and late

resistance to imatinib and their clinical implications. Patients

intolerant to imatinib (5%) and those who progress on

imatinib are treated with sunitinib. The mechanism of

resistance to sunitinib is unknown at this time but is also

appears related to growth of clones with secondary mutations

in KIT. Third- and fourth-line treatments of GIST and with

future treatment strategies are also discussed.
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Nilotinib

Introduction

While GISTs are found associated with the GI tract from

esophagus to anus, and rarely in the peritoneum free of the

bowel wall, they are not found in other parts of the body,

indicating a unique cell giving rise to this disease. GISTs

appear to arise from interstitial cells of Cajal (ICC) or their

precursors. ICCs are the neural pacemaker cells responsible

for gut peristalsis [1, 2]. The developmental origin of both

ICC and GIST has been greatly debated among pathologists

since the beginning of the twentieth century. ICC cells have

been variably thought to be of neural, muscle, or fibroblastic

origin. Similarly, GIST was thought to be a smooth muscle

neoplasm; however, variable and inconsistent IHC staining

for smooth muscle markers (desmin, actin, myosin) along

with a subtype of GIST that stains for neural markers (S-100,

neuron-specific enolase) casts doubt about its smooth mus-

cle origins [3]. ICC cells were shown to have neurotrans-

mitting properties along with evidence that they arise from

ventral neural tube that proved their neural origin [3]. In

1995, Huizinga et al. reported that a knockout mice model of

KIT failed to express ICC cells, leading to hypothesize that

KIT was essential for the development of ICC cells [4, 5].

Prior mouse models had shown that KIT knockout mice were

deficient in hematopoiesis and in melanocyte and germ cell
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development. KIT encodes a 145-kilodalton (kDA) receptor

tyrosine kinase and is the normal cellular homolog of v-KIT,

a viral oncogene found in the genome of the Hardy-Zuc-

kermann 4 feline sarcoma virus [6, 7]. Coincidentally, an

antibody against KIT (also termed CD117) was shown to be

a sensitive and specific marker for GIST. CD117 is positive

in 95% of GIST specimens and is an important component in

diagnosing GIST [8–10]. It is noteworthy that *5% of

patients with GIST do not express KIT [1, 11]. A seminal

paper by Hirota et al. reported that GISTs exhibit a gain-of-

function mutation in KIT exon 11, which resulted in growth

advantage by constitutive, ligand-independent activation of

the receptor tyrosine kinase [12]. Importantly, KIT has been

shown to be the key oncogenic driver in GIST that is

essential for growth and survival [13]. Chromosomal

abnormalities tend to accumulate with increasing tumor

grade: simple GISTs exhibit normal karyotype, while

aggressive ones have sequential accumulations of chromo-

somal aberrations. About two-thirds of GISTs exhibit

monosomy 14 or partial loss of 14q, and 50% have loss of the

long arm of chromosome 22 [14, 15]. Aberrations in chro-

mosome 14 or 22 are associated with borderline malignant

disease. An aggressive biology is noted with loss of chro-

mosome 1p, 9p (spanning CDKN2A or p16INK4A), and 11p

regions. Gain in chromosomal segments is noted in 8q and

17q regions which is associated with metastatic potential.

The contribution of these chromosomal abnormalities

toward tumorigenesis remains unknown [15, 16].

Initially, GISTs without any evidence of KIT mutations

were classified as ‘‘wild type’’ (WT). However, in 2003,

Heinrich and colleagues analyzed WT GIST and reported

novel mutations in the alpha chain of the platelet-derived

growth factor receptor (PDGFRA) that resulted in consti-

tutive, PDGF-independent activation of downstream

STAT3 and PI3 K pathways [17]. Currently, PDGFRA

mutations account for 5–10% of known mutations in GIST;

two large phase III trials reported only 1.3–2.9% PDGFRA

mutations. Approximately, 9–15% of all GISTs do not

exhibit mutations in either KIT or PDGFRA and are termed

‘‘wild type’’ (WT) [18].

GISTs arise from interstitial cells of Cajal (ICC),

KIT is essential for the development and function of hematopoietic

cells, ICC, melanocytes, and germ cells.

KIT (also termed CD117) is structurally related to PDGFRA and

encodes a 145-kDA RTK.

95% of GIST tumors express KIT (or CD117).

KIT mutations are noted in approximately 85% of GIST. PDGFRA

accounts for 5–10%, and remaining 10–15% have no mutations

(WT).

KIT and PDGF tyrosine kinase receptors

The proto-oncogene KIT encodes a 145-kDa transmem-

brane type III receptor tyrosine kinase that is structurally

related to the platelet-derived growth factor receptor, col-

ony-stimulating factor 1 receptor (CSF1R), kinase insert

domain receptor (KDR or VEGFR-2), and the Fms-like

tyrosine kinase receptor (FLT3). The sequence and func-

tional similarities between the human protein kinases

superfamily have been well described [19]. A modified

kinase dendrogram adapted from Manning et. al. depicts

the relationships between KIT and other closely related

receptor tyrosine (Fig. 1, Reprinted with permission from

AAAS). KIT and PDGFRA, both located on chromosome

4q12, have well-defined role in the oncogenic pathway

regulating GIST [1, 20, 21]. The KIT transmembrane

receptor is composed of an extracellular, immunoglobulin-

like motif (IGM), a transmembrane hinge, a juxta-mem-

brane domain (JM), and an intracellular domain with two

tyrosine kinase domains.

The tyrosine kinase domain consists of two regions sep-

arated by a kinase insert domain (KID) that has an undefined

function (Fig. 2). The proximal kinase domain functions as

an ATP-binding region, and the distal region contains the

Fig. 1 Relatedness of catalytic sequence and functional similarities

of KIT to other receptor tyrosine kinases. The distance between

kinases is proportional to their similarity
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activation loop (AL) that stabilizes the activated receptor

[22, 23]. The ligand stem cell factor (SCF) is a soluble

transmembrane protein which upon interaction with KIT

induces receptor homo-dimerization, kinase activation, and

phosphorylation of tyrosine residues which share a Src

homology motif. Primary mutations in KIT/PDGFRA result

in constitutive, ligand (SCF)-independent activation that

results in the activation of downstream pathways Ras/

MAPK, JAK/STAT3, and PI3 K/Akt, of which the latter

two are thought to play an important role in cell proliferation

and inhibition of apoptosis [13, 24–26] (Fig. 3).

An important observation is that immunohistochemical

detection of KIT on cell surface is independent of under-

lying mutations in KIT. In about 90% of GISTs, the

underlying genetic change is a gain-of-function mutation in

KIT (85%) or PDGFRA (5%) that leads to constitutive

activation. The remaining GISTs lack mutations in KIT or

PDGFRA and therefore termed WT (WT) [1]. In addition,

mutant KIT proteins are not expressed on the cell surface

and instead retained in intracellular endoplasmic com-

partment. The vast majority of KIT mutations are found in

exon 11 coding for JM (66–71%), exon 9 coding for

extracellular IGM (13%), exon 13 coding proximal KD

(1–3%), and exon 17 coding for distal KD and activation

loop (1–3%). PDGFR mutations include 5–7% of GISTs

mostly affecting exon 18 (5–6%) and followed by exon

12 (1–1.5%) and exon 14 (0.3%). In two large phase III

trials, the distribution of mutations was slightly different:

KIT exon 11 (66 vs. 77%), exon 9 (8 vs. 16%), PDGFR

(1.3 vs. 2.9%), and WT (17 vs. 13%) [27].

Gain-of-function mutations in KIT involve exon 11 (70%), exon 9

(approx 15%), exon 13 (2%), and exon 17 (1%). PDGFR

mutations involve exon 18 (5%), exon 12 (1%), and exon 14

(\0.5%).

Imatinib is a competitive inhibitor for the ATP-binding domain.

Imatinib binds the inactivated form of KIT and prevents

conformational shift to the active form.

Primary and secondary resistance to imatinib results in a

conformational shift in the kinase domain of KIT that favors the

activated state.

Imatinib mesylate (STI571, Gleevec, Glivec; Novartis

Pharma, Basel, Switzerland) is a potent inhibitor of the

ATP-binding kinase domain of BCR-Abl, a fusion gene

product that confers a proliferative drive in chronic mye-

logenous leukemia [28, 29]. Imatinib received FDA

approval in 2001 for treatment of CML. As early as 1999,

in vitro studies showed that imatinib also inhibited KIT

kinase activity in both WT and KIT GIST cell lines

Fig. 2 Structure and mutations of KIT or PDGF receptor with TKI sensitivity. Schematic representation of KIT molecule along with primary

and secondary mutations, frequency of mutations, and response to TKI
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resulting in growth arrest and apoptosis, foreshadowing the

clinical trials that were to rapidly follow [30]. Crystal

structures show that imatinib is a competitive inhibitor for

ATP at the kinase-binding domain. The three-dimensional

structural knowledge is essential not only for understanding

the mechanisms of primary and secondary mutations but

also to develop the next-generation drugs to overcome

resistance [31].

KIT exists in equilibrium between activated and inacti-

vated form (Fig. 3). The three-dimensional structure of KIT

is similar to most that of RTKs. It exists as a bilobed

structure composed of an extracellular (N lobe) and an

intracellular portion (C lobe). The extracellular portion and

the transmembrane hinge are responsible for ligand binding

and trans-phosphorylation. The intracellular C lobe is

responsible for ATP catalysis and downstream signaling.

The intracellular domain consists of a juxta-membrane

domain (JM) and two kinase domains (KD), proximal and

distal portions that are split by a kinase insertion domain

(KID). The proximal kinase domain is involved in

anchoring and orienting ATP. The distal kinase domain is

responsible for binding and phosphorylating downstream

substrates. The distal kinase domain also contains an acti-

vation loop (AL) that stabilizes the activated KIT receptor.

The three-dimensional space created by the proximal and

distal kinase is the catalytic domain of the kinase. This is a

dynamic space that when ‘‘open/on’’ allows ATP to bind

and its ‘‘closed/off’’ conformation allows substrates to be

phosphorylated. The catalytic cleft of the receptor is formed

when amino acid residues found on three separate (KDD:

Lysine 623, Aspartate792, Aspartate 810) but highly

conserved regions of the protein come together in a three-

dimensional configuration. Lysine 623 found on the proxi-

mal kinase domain forms salt bridges with ATP. Aspartate

792 is part of a catalytic loop (different from the catalytic

domain KDD) that is highly conserved (HRDLAARN) in

all RTK [32, 33]. Aspartate 810 is also part of the highly

conserved DFG motif (Aspartate810-Phenylalanine811-

Glycine812) found at the start of all RTK activation loops

(AL) [3, 22, 23, 31, 34].

Fig. 3 Schema of some signaling pathways in GIST and potential

targets for inhibition. IGF1R insulin-like growth factor 1 receptor,

MAPK mitogen-activated protein kinase, Erk1/2 extra-cellular-signal-

related kinases, PKC protein kinase C, PI3K phophotidylinositol 3

kinase, mTOR mammalian target of rapamycin, Jak Janus kinase,

STAT signal transducers and activators of transcription, HDAC
histone deacetylase, Hsp 90 heat-shock protein
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In the unbound state, the juxta-membrane (JM) domain

prevents dimerization by creating steric hinderance at the

ATP-binding site. Ligand (SCF) binding causes receptor

homo-dimerization and trans-phosphorylation of two

tyrosine residues in JM (Y568 and Y570). This leads to

three important events: (1) a steric shift that allows ATP

and other substrates to bind to the ATP-binding domain, (2)

release of the activation loop (AL), and (3) phosphorylation

of Tyr823 in AL that stabilizes the KIT receptor in an

active form.

Imatinib binds the ATP-binding domain in the inactive

or unbound state of the KIT receptor. Imatinib inserts itself

into the dynamic cleft formed by the proximal and distal

kinase domains and binds to the amino acids of the DFG

motif (D810 and F811), the hinge region (C673), and the

proximal kinase domain (Glu640). Imatinib thus prevents

the conformational shift to the active form. However, a

secondary exon 11 mutation (V654A) in JM results in

ligand-independent dimerization, loss of auto-inhibitory

function, and concomitant release of the activation loop.

Exon 9 mutations affect the extracellular domain which

disrupts an inhibitory dimerization motif. Mutations in KIT

exon 13 or 17 result in a conformational shift where

activity of the KIT receptor is no longer dependent on the

two kinase domains (KD).

Clinical activity

Based on these and other pre-clinical data indicating the

activity of imatinib in a GIST cell line, imatinib was tested

in a compassionate use setting in a 50-year-old woman

with widely metastatic GIST who was refractory to sur-

gery, several lines of cytotoxic therapies, thalidomide, and

interferon alpha [30, 35]. This patient had a dramatic PET

response and myxoid degeneration of the tumor within

1 month of starting treatment. A mixed response (CR and

PR) was seen in several metastatic lesions at the 8-month

follow-up [35].

Phase I imatinib

The remarkable findings in the index patient prompted an

EORTC phase I trial with 36 GIST patients with varying

doses and schedule of imatinib. Dose-limiting toxicity was

observed at 500 mg twice daily, and the MTD was estab-

lished as 400 mg twice daily. Inhibition of tumor growth

was seen in 32 of 36 patients, and there were 19 RECIST

partial responses, 6 patients with unconfirmed RECIST PR,

7 patients with stable disease, and 4 with progressive dis-

ease [36, 37].

Phase II imatinib

A follow-up phase II study by EORTC that enrolled 27

GIST patients on 400 mg twice daily of imatinib showed

4% complete remission (CR), 67% PR, 19% SD, and 11%

PD. A US-Finnish phase II study evaluated 147 patients

who were randomly assigned to 400 mg or 600 mg of

Imatinib daily [38]. Patients who progressed on 400 mg

daily were assigned to the 600-mg cohort. In this study,

54% had PR, 28% with SD, and 13% with PD. Of the nine

patients who had progressive disease on the lower dose and

underwent crossover, three patients had PR or SD. The

duration of response and stable disease lasted more than

6 months at the time of initial publication. A recent update

on this trial reported long-term follow-up of up to

71 months [39]. Objective response rates were higher at

longer follow-up (68%), and CR was noted in 2 patients

who crossed over to the higher drug arm. The median OS

was 57 months (19 months in historical controls). The

study was not powered to compare the two arms, but no

difference in response rates, median progression-free sur-

vival, and overall survival was noted between the two arms

[39]. Based on these pivotal phase II studies, imatinib

gained FDA approval in 2002 for metastatic or unresec-

table GIST [40].

Phase III randomized studies

Following this, two large randomized phase III trials were

initiated to compare the efficacy of imatinib at 400 mg and

800 mg daily in metastatic or unresectable GIST [41, 42].

The trial design was intentionally similar in order to

combine the results in a meta-analysis. The SWOG/CAL-

GB/NCI-sponsored trial (S0033 or US-CDN) measured OS

as the primary endpoint, while the EORTC/ISG/AGITG

trial (62,005) measured progression-free survival. The two

trials were identical in their outcome. The S0033 trial

randomized 746 patients to standard-dose or high-dose

imatinib and showed that both arms had identical response

rates and overall survival. Patients who progressed on

400 mg of imatinib were allowed to crossover to the higher

dose arm, and this resulted in 31% response rates (SD and

few PR). In the EORTC study, 946 patients were similarly

randomized to 400 mg or 800 mg daily of imatinib. Again,

there was no difference between response rates or overall

survival between the two arms. At initial analysis, there

was a small, but significant, improvement in median PFS at

25 months in the higher dose arm, but this diminished with

a median follow-up of 40 months. Similarly, patients who

received high dose on progression had a 29% response rate

(PR ? SD) [41–43].
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Genotype and clinical response to imatinib

The first definitive evidence linking KIT or PDGFRA

mutations with response to imatinib was demonstrated in

the US-Finnish phase II study where 127 of 147 patient

tumor specimens were analyzed to correlate with clinical

response [44]. This revealed activating mutations in 112

(88%) KIT, 6 (5%) PDGFRA mutations, and 9 (7%) with

no mutations in KIT or PDGFR (WT). KIT mutations

included 85 exon 11 mutations with 71 in-frame deletions

(del557–558) and 14 point mutations (V560G). The

remaining KIT mutations included exon 9 mutations

(n = 22) involving in-frame duplications and insertions at

codon 502, exon 13 (n = 2, K642E), and exon 17 (n = 2,

N822H, N822K). PDGFRA mutations included point

mutations in the JM domain (n = 1, V561D) and point

mutations (n = 3, D842V) and deletions (n = 2,

DIMH842–845 and I843) in the activation loop. In vitro

kinase assays with imatinib showed nanomolar inhibition

in all KIT and PDGFRA mutants when compared to

ligand-activated wild-type KIT. The only exception was

the PDGFR D842 V mutation, which was insensitive to IM

[44].

An early analysis of the US-Finnish phase II study

showed a statistically significant correlation between

radiographic response (PR) and mutational status: KIT

exon 11 (83%), KIT exon 9 (48%), PDGFRA-sensitive

(67%), exon 13 (100%), exon 17 (50%), PDGFRA resistant

(0%, D842V), and WT (0%). Subgroup analysis showed

significantly longer event-free survival in patients with KIT

exon 11 (57.2 months), exon 9 (16.6 mo), and wild type

(6.8 mo). Overall survival also correlated with KIT exon 11

patients having a significantly better outcome than exon 9

or WT mutations. The most recent update from this phase

II study confirmed earlier finding that kinase genotype is

predictive for both response rates and survival. Response

rates and median OS were 86% and 63 months with KIT

exon 11 mutations, 48% and 44 months with exon 9 and

0%, and 26 months for WT or other mutations [44].

The EORTC phase I/II study similarly analyzed geno-

type and clinical response. The conclusions were similar to

the US-Finnish phase II study; however, the outcomes of

patients with exon 9 and wild-type mutations were slightly

better [45]. These differences may be explained in part by

differences in gene mutational frequencies between the two

studies, and importantly, the phase I dose (400 mg daily,

300 mg twice daily and 500 mg twice daily) and phase II

dose (400 mg twice daily) of imatinib were higher in the

EORTC study.

Of the 67 patients enrolled in the EORTC phase II trial,

37 tumor samples were evaluable for mutational studies.

Mutations were found in KIT (n = 29, 78%) and PDGFRA

(n = 2, 5%) and no mutations in remaining 6 samples. The

frequency of KIT mutations was as follows: exon 11

(n = 24, 83%), exon 9 (n = 4, 14%), and exon 13 (n = 1,

3%). Patients with exon 11 mutations had an 83% PR

compared to 23% with other mutations. All patients with

exon 9 mutations responded to imatinib, and surprisingly,

the two patients with PDGFRA D842V maintained stable

disease, and WT patients demonstrated stable disease or

PR. The event-free survival for the group (37 patients) was

705 days, but subgroup analysis showed improved survival

in exon 11 patients (849 days) versus 327 days with other

mutations. The authors conclude that these data support the

first-line use of imatinib in all patients and mutational

status should not guide this decision [45].

The EORTC phase III study group reported their anal-

ysis of mutational status, drug dose, and clinical benefit. In

a study of 946 patients, tumor samples were collected,

centrally evaluated, and genotyped in 377 patients [46].

KIT mutations were found in 315 patients (84%) in the

following distribution: exon 11 (n = 248, 66%), exon 9

(n = 58, 15%), exon 13 (n = 6, 2%), and exon 17 (n = 3,

1%). KIT exon 11 mutations predominantly involved

in-frame deletion (55%), point mutations, and the rest with

a variety of complex mutations (20%). Other mutations were

KIT exon 9 in-frame deletions involving AY 501–502,

missense substitutions involving exon 13 ATP-binding

domain, and exon 17 activation loop. No KIT mutations

were found in 20% of specimens, but further analysis

showed PDGFRA mutations in 16% of samples, with both

imatinib-resistant (D842, D846V) and imatinib-sensitive

(D561V, IMH843–845, DIM842–844, and DIMH842–845)

mutations observed. Clinical correlation showed that

patients with exon 9 mutations had significantly worse PFS

and OS when compared to exon 11 mutations but no dif-

ference when compared to the WT group. No PFS or OS

differences were noted when comparing deletions, point

Summary of clinical trials in imatinib

Phase I 36 patients with 19/36 (53%) with PR and 6/36 (17%)

with minor response. MTD was established as 400 mg

twice daily.

Phase II 147 patients randomized to 400 mg or 600 mg IM daily

and noted 67% PR and 17% with minor response and

SD. No difference in outcomes between the two dose

levels. In EORTC study, 27 GIST patients on 800 mg

daily and noted to have 4% CR, 67% PR, and 18%

minor response and SD.

Phase III EORTC study randomized 946 patients to 400 mg or

800 mg daily IM and noted 5% CR, 45% PR, and 32%

with minor response and SD. US study randomized 746

patients to 400 mg or 800 mg IM and noted 2% CR,

46% PR, and 26% with minor response and SD. Both

trials allowed crossover to higher dose at progression.

No difference in RR or OS in any of the arms. PFS

slightly longer in the higher dose EORTC study.
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mutations, heterozygous, or homozygous exon 11 muta-

tions. The response rates in these groups were 69% for KIT

exon 11, 34% with exon 9, and 25% with WT genotypes.

There was no primary resistance observed in KIT exon 13

or 17 tumors. Not surprisingly, PDGFRA mutants with

D842 or D846V did not respond to imatinib [45, 46].

Correlation of kinase genotype and clinical outcome was

reported in the SWOG/CALGB phase III study (S0033). In

a study of 746 patients, tumor samples were obtained,

confirmed for CD117 status, and genotyped in 368 patients

[41, 44, 47]. Mutations in KIT exon 11 were found in 71%

of tumor samples and followed by exon 9 (8%), KIT exon

13 (1%), PDGFRA exon 18 (1%), and KIT exon 17 (1%).

Further analysis of each mutation revealed some rare and

novel mutations, and clinical correlation was evaluated

although in vitro response to imatinib was not assessed.

This included KIT exon 8 (PR, TTP = 8.1 mo), KIT exon 9

reduplication of codons 506–508 (TTP = 10.6 mo), and

deletion of 484–487 (TTP = 46.9 mo, OS = 59.3 mo).

The predominant mutation in exon 9 was the AY 502–503

internal tandem duplication. Eight patients had PDGFRA

exon 18 mutation whose deletion/substitution IMHDS

843–847M, deletion DIMH842–845 (n = 3), and the

imatinib-resistant D842V substitution (n = 4). Three of

the D842V patients had PFS of less than 2 months, and the

fourth patient had a PFS of 34 months with an OS of

9.7 months for the group. Consistent with all other studies,

patients with KIT exon 11 mutations had a higher ORR of

71% compared to 44 and 45% in patients with KIT exon 9

and wild type, respectively. A similar trend was seen in the

median TTP and OS: KIT exon 11 (24.7 mo and 60 mo),

exon 9 (16.7 mo, 38.4 mo), and wild type (12.8 mo and 49

mo). There was no difference in ORR, TTP, or OS between

KIT exon 9 and wild-type patients. An important result of

this study was the finding that KIT exon 9 patients had

significantly higher response rates but not TTP (9.4 mo vs.

18 mo) when treated with 800 mg (ORR = 67%) versus

400 mg (ORR = 17%) imatinib. This difference was not

seen in KIT exon 11 or wild-type patients.

Meta-analysis of GIST

The meta-GIST study pooled the two large studies and

evaluated 1640 patients in the two arms [48]. The pooled

data showed a small (4 months) but significant increase in

median PFS in the high-dose arm, but this advantage

diminished after 2 years. The authors suggest that this short

advantage may be due to frequent dose reductions in the

high-dose arm along with various mutations that govern

early (\3 months), late ([3 months), and very late recur-

rence ([18 months). The pooled analysis showed identical

overall survival in both arms. The study identified seven

significant adverse prognostic factors that predicted overall

survival. These include high granulocyte count (strongest),

poor performance status (strongest), advanced age (OS),

low albumin level at entry (OS), prior chemotherapy, large

tumor size (OS), and male gender (OS and PFS). Tumor

site was not prognostic. It is important to recognize that

these clinical variables were derived from a cohort where

all patients received IM; therefore, whether this is an

appropriate prognostic indicator in untreated patients or

only applicable for imatinib-treated patients is unknown.

Mutational status and clinical outcome was identical in

both arms. Consistent with the phase III trials, the meta-

analysis concluded that RR, PFS, and OS were improved in

patients with KIT exon 11 mutations (80%, 26, 60 months)

when compared to KIT exon 9 (40%, 13, 31 months), wild-

type KIT (16, 43 months), and other mutations (11,

34 months). The study concluded that for most patients, the

recommended daily dose is 400 mg daily. An important

exception was for those who harbor KIT exon 9 mutation in

whom high dose has better response rates and prolongs

PFS, but not OS [48].

Summary: Clinical response and mutational status

Phase II Correlation of radiographic response and median

OS with mutational status: 86% and 63 months

for KIT exon 11, 48% and 44 months with exon

9, and 0% and 26 months for WT or other

mutations (US-Finnish). EORTC reported

similar outcomes, but patients with exon 9 and

wild-type mutations had slightly better

outcomes.

Phase III EORTC study reported response rates of 69% for

KIT exon 11, 34% with exon 9, and 25% with

WT genotypes. SWOG reported response rates,

median TTP, and OS as follows: exon 11 (71%,

24.7 mo and 60 mo), exon 9 (44%, 16.7 mo and

38.4 mo), and WT (45%, 12.8 mo and 49 mo).

Meta-GIST A 4-month increase in median PFS in the high-

dose arm but benefit diminished after 2 years.

RR, PFS, and OS are as follows: KIT exon 11

mutations (80%, 26 months, 60 months) when

compared to KIT exon 9 (40%, 13, 31 months),

wild-type KIT (16, 43 months), and other

mutations (11, 34 months).

Meta-analysis KIT exon 9 mutations treated with imatinib

800 mg daily had better response rates and

prolongs PFS, but not OS.

Summary: Prognostic factors that predict PFS and OS with IM

therapy

High granulocyte count (strongest), poor performance status

(strongest), advanced age (OS), low albumin level at entry (OS),

prior chemotherapy, large tumor size (OS), and male gender (OS

and PFS). Tumor site was not prognostic.
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Mechanism of early resistance

‘‘Innate’’, ‘‘Early’’, or ‘‘primary’’ resistance are terms to

describe patients in whom progression is noted within

3–6 months of initiating imatinib [27, 49, 50]. As noted

above, approximately 15–20% of patients fall in this cat-

egory. The US-Finnish phase II study reported that 14% of

patients had PD within 3 months, while 5% showed

resistance within 2 months [38]. EORTC phase I-II studies

reported 9–13% early resistance [36, 37].

There are several mechanisms of early resistance to

therapy [51]. The most important factor is the underlying

mutational status of KIT and PDGFR. Although early

resistance is reported with all mutations, it is most often

seen in KIT exon 9, PDGFR, and wild-type GIST [41–43,

46, 48]. The EORTC group analyzed KIT exon 11 muta-

tions to clinical outcomes showed that mutation or deletion

of codon 565 or 579 had shorter PFS.

Mutations in exon 9 result in mutation in the extracel-

lular domain that normally inhibits receptor dimerization.

Some of the resistance in this genotype is a result of a steric

hinderance that does not allow imatinib to bind strongly to

the catalytic domain. While some patients with this muta-

tion respond to 400 mg daily, others may require a higher

dose (600 mg or 800 mg) at progression [41–43, 46, 48].

Mutations in exon 13 and 17 are rare, and some mutations

are associated with response (exon 13: K642E), while other

are associated with resistance (exon 13: V654A).

PDGFRA mutations are rare, and definite conclusions

regarding response to imatinib are difficult to make. In the

limited cases, mutations in exon 12 and 14 are noted to be

sensitive, while early resistance is seen with D842V

PDGFRA mutations. This is not surprising since this sub-

stitution in the activation loop (similar to KIT AL) favors

the kinase in the active conformation which is not condu-

cive for imatinib binding. Importantly, this mutation results

in release of the activation loop away from the KIT mol-

ecule and facilitates constitutive downstream phosphory-

lation [31]. An unexplained phenomenon is the occasional

response noted in patients with D842V mutation. Few

cases of wild-type GIST have mutations in BRAF exon 15

[52].

Drug metabolism: An important mechanism of early

resistance is the emerging effect of imatinib drug levels and

clinical response [53]. In a phase II B2222 study, patients

in the lowest plasma quartile of trough imatinib

(\1,100 ng/ml) had median TTP of 11.3 months, while

those in higher quartiles had a median PFS of 30 months

(P = 0.0029). When the data were stratified according to

mutational status, patients with KIT exon 11 mutation and

[1,100 ng/ml had a 100% disease control rate (CR ?

PR ? SD). This was a subgroup analysis consisting of

79/147 patients, and some patients in the lower quartile of

drug level were noted to have long-lasting response [53].

While the data are hypothesis-forming and imatinib drug

level testing is now widely available, currently there is no

clear role for titrating dose of imatinib in drug level,

pending the completion of a clinical trial to examine this

question. For example, if a lower dose of imatinib is

insufficient to engender a clinical response initially, a

higher dose can be employed to achieve better clinical

benefit later, without penalty to the patient (at least

according to the two large randomized clinical trials in

metastatic disease).

Mechanism of early resistance

Early resistance: 20% of all patients.

Seen with all mutations, but most often with KIT exon 9, PDGFRA,

and WT. Primary mutations in KIT exon 13 and 17 are rare and

response noted in exon 13 (K642E) but resistant with V654A.

PDGFRA mutations are rare, and definite conclusions regarding

response to imatinib are difficult to make. PDGFRA mutations

are rare, and exon 12 and 14 are sensitive while D842 V

PDGFRA mutations are resistant (rare exceptions).

Level of plasma imatinib level may correlate with early resistance.

Mechanism of delayed resistance

‘‘Delayed’’, ‘‘Acquired’’, or ‘‘Secondary’’ resistance is seen

in patients who develop progression of disease after an

initial response or stable disease on imatinib [49–51, 54–

56]. Patients develop this resistance between 6 and

24 months of starting therapy and are classified as ‘‘late’’

([6 months) and ‘‘very late’’ ([24 months) [27]. In GIST,

progressing tumors often demonstrate an unusual pattern

that does not fit progression by RECIST. Radiological

images of tumors show one or more areas of increased

vascularity within a previously responding or stable lesion.

These lesions can be seen up to several months before

documented progression by RECIST. Biopsy and muta-

tional analysis of individual nodules within a dominant

mass show multiple clonal origins of each nodule, each

with distinct mutational changes. In a study where patients

were treated with imatinib alone or followed by sunitinib,

83% of samples had at least one secondary mutation, 67%

had two to five different secondary mutations in different

tumor samples, and 34% had more than two mutations in

the same clone [57]. This finding is the strongest evidence

that argues against repeat biopsy and genotyping at pro-

gression [27].

Secondary mutations have only been found in patients

who initially were found to have primary KIT mutations
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and rarely in those with primary PDGFRA mutations.

Secondary mutations are most often found in the ATP-

binding pocket of the kinase domain (exon 13 and 14) or in

the kinase activation loop (exon 17 and 18). No secondary

KIT or PDGFRA mutations have been documented in wild-

type tumors [44, 46, 49, 50, 54, 55]. This is not surprising

since imatinib binding seems to provide the selective

pressure.

In the phase II B2222 trial patients, 67% of samples in

patients who progressed contained one or more secondary

mutations. In a phase I/II trial of sunitinib, 49% of patients

had a secondary KIT mutation. This cohort also contained

patients who were intolerant of imatinib and therefore

unlikely to have secondary mutations. Secondary mutations

were found in patients who initially harbored KIT exon 11

mutations (73%) compared to KIT exon 9 mutations (19%)

[55]. Further analysis showed that the most common muta-

tion was the T670I, which is termed the ‘‘gatekeeper’’

mutation, previously observed in some patients with BCR-

Abl-positive CML who develop resistance to imatinib. In

normal KIT, threonine 670 forms a hydrogen bond to sta-

bilize imatinib and thus allows the molecule to enter a

hydrophobic pocket. However, when threonine is replaced

by a bulky isoleucine, imatinib is unable to form this stabi-

lizing bond or enter this hydrophobic pocket. Similarly,

substitution of valine by alanine at position 654 (Val654Ala)

prevents formation of hydrophobic bonds with imatinib [31].

Another secondary mutation in KIT involves the activation

loop where tyrosine is replaced by aspartate (Tyr823Asp).

Aspartate is negatively charged and mimics phosphorylated

tyrosine and thus results in an active conformation, that is

prevents to binding of imatinib. Mutations in exon 11 L576P

have also been reported [56, 58]. These have poor clinical

response to imatinib, and in vitro studies confirmed a twofold

less sensitivity to imatinib when compared to the highly

sensitive KIT-V599D mutation. It is thought that the L576P

mutation shifts the KIT molecule toward the active confor-

mation and thus decreases imatinib affinity.

Alternate mechanisms of resistance

In GISTs lacking KIT mutations (WT), gene amplification of

KIT and/or PDGFRA is implicated in early and delayed

resistance. In some cases, the genome loses the remaining

wild-type allele and becomes homozygous for KIT mutation.

Activation of alternate growth pathways is also implicated in

resistance to imatinib. Overexpression of AXL (RTK) with

downregulation of KIT is noted in few cases. In a D820Y

imatinib-resistant cell line, upregulation of focal adhesion

kinase (FAK) and AKT, and downregulation of KIT have

been implicated as a less common mechanism of imatinib

resistance. Insulin-like growth factor 1 receptor (IGF1R) is

frequently overexpressed in wild-type GIST, and inhibition

of this pathway results in cell death and discussed later in

this review. Other genetic mechanisms that have been pos-

tulated are levels of intratumoral VEGF expression. High

levels of VEGF were correlated with poor PFS in 53 patients

treated with imatinib for advanced GIST. Other groups have

also reported similar findings in resected GIST. EORTC

investigators have also evaluated levels of p53, p16, BCL2,

and CHK2 expression and reported that high expression of

p53 and low levels of p16 to correlate with a shorter PFS in a

multivariate analysis.

In conclusion, the major mechanisms of delayed IM

resistance are (1) secondary mutation in KIT or PDGFR in

addition to the initial mutation and rarer events that include

(2) overexpression of KIT as evidenced by genomic

amplification, (3) activation of alternate pathways and loss

of KIT, and (4) functional resistance defined as mutations

in regions of KIT or PDGFR that are not bound by

imatinib. ABC transporter overexpression could also pro-

vide another obvious method for tumors cells to become

resistant to tyrosine kinase inhibitors such as imatinib.

Mechanism of delayed resistance (6–24 months)

Biopsy and mutational analysis of individual nodules show

multiple clonal origins with distinct mutational changes.

Secondary mutations are found in 50–70% of patients who progress

and only in patients with initial KIT/PDGFRA mutations

especially KIT exon 11.

T670I ‘‘gatekeeper’’ is the most common secondary mutation.

Other mutations are in exon 14, 17, and 18. No secondary

mutations have been documented in wild-type tumors.

Major mechanisms of imatinib resistance are (1) secondary

mutation in KIT or PDGFRA in addition to the initial mutation,

(2) overexpression of KIT as evidenced by genomic

amplification, (3) activation of alternate pathways and loss of

KIT, and (4) functional resistance, defined as mutations in regions

of KIT or PDGFR that are not bound by imatinib.

Patients who progress on 400 mg may benefit with 800 mg of

imatinib.

Clinical implications of imatinib resistance

Patients with PD within 6 months can be titrated to a higher

imatinib dose (up to 800 mg daily). Clinical trials have

consistently demonstrated that this strategy results in ORR

in 33% of patients (7% PR). The underlying mechanism may

be related to higher imatinib drug levels and robust inhibi-

tion of KIT exon 9 or KIT-amplified tumors. In patients who

have low burden of disease and show progression in one to

three lesions, then surgical resection, radiofrequency abla-

tion, arterial embolization, or cryotherapy can be considered
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as reasonable options. In small case series with carefully

selected patients, this modality was shown to improve

median PFS and OS.

In patients who progress with high-dose imatinib or are

intolerant to imatinib should be started on sunitinib as

second-line therapy. Currently, neither genotyping of new

lesions nor measuring trough imatinib drug levels is rec-

ommended. Third- and fourth-line agents include sorafe-

nib, nilotinib, and dasatinib.

GIST and sunitinib

Sunitinib was approved by FDA on Jan 26, 2006, for

patients with GIST who are resistant to or intolerant of

imatinib (www.fda.gov/bbs/topics/news/2006/NEW01302.

html). Sunitinib, an oral TKI, is a potent inhibitor of KIT,

PDGFRs, VEGFR 1, 2, 3, FLT3, and RET [59, 60]. Both

imatinib and sunitinib bind to the ATP-binding domain of

KIT/PDGFRA in the inactive configuration; however, their

binding properties differ, and in addition, sunitinib has

potent anti-angiogenic properties that may play a role in

GIST [60, 61]. Pre-clinical studies in imatinib-resistant

GIST cell lines harboring KIT-V654A, KIT-T670I, or

PDGFRA-D842 V mutant isoforms were evaluated for

sensitivity to sunitinib by IHC and proliferation assay.

Only KIT-T670I (gatekeeper) and V654A were sensitive to

sunitinib, while PDGFRA-D842 V (activation loop)

remained resistant [62]. Phase I studies in solid tumors

determined 50 mg/day (4 weeks on, 2 weeks off) as an

appropriate MTD for further studies [63]. Responses in

phase I trial were seen in IM-resistant GIST, RCC, gas-

trointestinal, and neuroendocrine tumors. Phase I/II study

of sunitinib at 50 mg/day (4 on, 2 off) in 97 imatinib-

resistant (median 78 weeks of imatinib therapy) or imati-

nib-intolerant patients was conducted [64]. Most patients

(78/97) enrolled in this study underwent biopsy before

initiation and at progression. Primary mutations were 83%

KIT, 5% PDGFRA, and 12% WT, with the following dis-

tributions: KIT exon 11 (69%), KIT exon 9 (30%), KIT

exon 13 (2%), and few PDGFRA (exon 12 and 18).

Radiological benefit (RB: defined as RECIST PR or

SD [ 6 months) was noted in all major GIST subtypes as

follows: KIT exon 11 (42 pts, RB 36%, PR 5%), KIT exon

9 (19 pts, RB 42%, PR 37%), PDGFRA (4 pts, RB 25%),

and WT (9 pts, RB 56%). Both PFS and OS were signifi-

cantly improved in patients with both KIT exon 9 mutations

(19.4 and 26.9 mo) and WT (19 and 30.5 mo) when

compared to exon 11 mutations (5.1 and 12.3 mo).

Analysis of pre-sunitinib, tumor samples revealed

secondary mutations in 50% of patients (33/67 patients)

which included exons 13, 14, 17, and 18. Secondary KIT

mutations were more common in patients who initially

harbored exon 11 (79%) versus exon 9 (19%). One

secondary PDGFRA mutation was found in exon 18;

however, patients initially harboring D842V mutation

lacked any secondary mutations. No mutations were

found in WT patients. Subgroup analysis of secondary

mutations and outcomes (RB, PFS, and OS) showed that

patients with exon 13 or 14 mutations (61%, 7.8 and 13

mo, respectively) had significantly improved outcomes

than those with exon 17 or 18 (15%, 2.3 and 4 mo,

respectively). This finding is not surprising given that

sunitinib inhibits the ATP-binding kinase domain coded

by exon 13 or 14 and has no activity against the activa-

tion loop coded by exon 17 or 18. This study suggests

that sunitinib may be more effective against KIT exon 9

and WT rather than exon 11 GIST; however, it is

important to note that all patients in this study had sig-

nificantly longer exposure to imatinib, and many of the

exon 11 cohort had secondary KIT mutations. This study

also provided primary data that discontinuation of imati-

nib is deleterious even in the setting of disease progres-

sion; those patients who were allowed to crossover to

sunitinib after receiving placebo still had a higher rate of

mortality than patients who received sunitinib initially as

part of the study. These data suggest that future studies

examining new tyrosine kinase inhibitors should compare

the new agent to continuation of the prior tyrosine kinase

inhibitor (or another one) and similarly point out a sig-

nificant weakness in randomized discontinuation clinical

trial designs.

Sunitinib gained FDA approval based on phase III data

where imatinib-resistant (400 mg daily) or intolerant

patients were randomized (2:1) to sunitinib (50 mg, 4 on, 2

off) or placebo with an option to crossover at progression.

In this trial, 310 patients were randomized to either suni-

tinib (n = 205) or placebo (n = 105). Partial response and

stable disease was seen in 7% and 58% of patients in the

sunitinib arm, while no responses were seen with placebo.

Median PFS in the treatment arm was 6.3 mo compared to

1.5 mo in the placebo arm. An interesting biomarker in this

study included measurement of serum KIT levels. Inves-

tigators showed in a separate report that serum KIT levels

dropped in the sunitinib arm when compared to placebo

[65]. Interestingly, rise of serum KIT level after 12 weeks

of treatment was correlated with poor outcome.

More recently, in a phase II study, 60 patients with

imatinib-resistant or -intolerant GIST were treated with a

daily continuous dosing of sunitinib at 37.5 mg and

showed PFS and OS of 8.5 and 28 months, respectively

[66]. This study reported that with treatment, serum VEGF

levels increased while soluble KIT and VEGFR (2 and 3)

decreased. While there was a trend toward improvement in

PFS and OS was noted in patients whose serum KIT levels

dropped from baseline, this was not significant until cycle 6

of treatment.
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To date, no clear picture has emerged to describe the

mutations in patients who fail SU. Recently, Antonescu

et al. described secondary mutations in the activation loop

(exon 17: D820Y, D820E, and N822 K) of three patients

who initially harbored primary KIT exon 9 mutations and

progressed on sunitinib after [12 months of therapy. Sta-

ble cell lines containing primary KIT exon 9 and secondary

mutations in KIT exon 13 (sunitinib-sensitive) and exon 17

(sunitinib-resistant) were established, and different TKI

were tested for kinase inhibition and apoptosis. Not sur-

prisingly, both imatinib and sunitinib had minimal mean-

ingful activity. Dasatinib and nilotinib had modest KIT

kinase inhibition (\100 nmol/L) and even weaker apop-

tosis of cell lines (\1,000 nmol/L). In double mutant

cell lines, sorafenib inhibited kinase activity at

100–1,000 nmol/L range; however, this was not associated

with significant apoptosis [67].

Summary: Sunitinib: Approved 2nd line agent with imatinib

resistance or intolerance

KIT T670I (‘‘gatekeeper’’) and V654A-sensitive to sunitinib while

D842 V resistant.

Phase III: 310 patients who progressed on imatinib randomized to

sunitinib or placebo. Partial response and stable disease seen in 7

and 58% of patients in the sunitinib arm while none in placebo.

Median PFS was 6.3 mo with sunitinib. Improvement in OS when

a novel statistical analysis was employed to account for crossover

at progression.

Responses and improved PFS and OS noted in patients with WT,

primary KIT exon 9, and secondary KIT exon 13 or 14.

Discontinuation of imatinib is deleterious even in the setting of

disease progression.

No well-recognized mutations to explain resistance with sunitinib.

Other tyrosine kinase inhibitors

Nilotinib

Nilotinib, a second-generation oral TKI, is a potent inhib-

itor of KIT, PDGFRA, and BCR-Abl is approved for

imatinib-resistant or -intolerant chronic myelogenous

leukemia. Pre-clinical studies in imatinib-resistant and

-sensitive GIST cell lines with nilotinib (AMN107) showed

more potent kinase inhibition and growth inhibition with

nilotinib than with imatinib [68]. In another study, intra-

cellular concentration of nilotinib was seven- to tenfold

greater than imatinib, while inhibitory kinase activity was

comparable [69]. A large retrospective study reported the

results of 52 patients with imatinib- or sunitinib-resistant/

intolerant GIST who received nilotinib 400 mg twice daily

as part of a compassionate use program in Europe

[70]. Nilotinib was intolerable in 12% of patients and

discontinued. In an intention to treat analysis, the study

reported 10% PR, 37% SD, median PFS of 12 weeks, and

median OS of 34 weeks. In a case report, nilotinib was

used in a single patient who had progressed on both

imatinib and sunitinib. The patient had mild-moderate

response on PET performed at 3 months after treatment.

CT showed overall stable disease [71].

A phase I study evaluated the efficacy and long-term

safety of nilotinib alone and in combination with IM [70,

72]. A total of 53 patients with imatinib-resistant GIST

were randomized to three arms: nilotinib alone (n = 18,

400 mg twice daily), escalating doses of nilotinib with

high-dose imatinib (400 mg bid), and high-dose nilotinib

(400 mg bid) along with standard dose imatinib (400 mg

daily). Nilotinib was administered after failure of 74% of

patients failed second-line therapies (sunitinib, AMG-706,

dasatinib, or RAD001). One durable PR was seen in nil-

otinib alone in a patient with KIT exon 11 mutation. Stable

disease was seen in 36 patients (68%), and median overall

PFS was 134 days.

Dasatinib (BMS-354825)

Src family kinase (sarcoma, SFK) is an essential signaling

pathway implicated in growth, survival, motility, and

adhesion [73]. Dasatinib (BMS-354825) is a TKI which

inhibits Src, KIT, PDGFRA, EPHA2, and BCR-Abl

kinase. In vitro studies show potent kinase inhibition and

induction of apoptosis in cell lines with WT and mutated

KIT, including those harboring imatinib-resistant KIT

activation loop mutations [74]. Dasatinib at 70 mg twice

daily is FDA-approved for second line in CML and

Ph ? ALL. A phase I, open-label, dose escalation study

was conducted in 67 patients with advanced, treatment-

refractory solid tumors, which was conducted to deter-

mine schedule, MTD, DLT, and RP2D [75]. There were

19 GIST patients in this cohort who were either on a

twice daily, 5 days on/2 days off schedule or a continu-

ous, twice daily dosing. No objective response was

observed in this study; however, 3/19 (16%) of GIST

patients had stable disease (resolution of ascites) lasting

for [3 months in one of these patients. No DLT was

observed. The recommended phase II dose of dasatinib is

120 mg twice daily on the 5D2 schedule and 70 mg twice

daily in the CDD schedule.

Sorafenib

Sorafenib (SOR) (BAY43–9006) is a TKI that inhibits KIT,

PDGFR, and VEGFR 1, 2 and 3 and in addition also

inhibits serine/threonine kinases along the RAS/RAF/

MEK/ERK pathway [76]. In vitro studies in Ba/F3 cell lines

harboring either imatinib-sensitive or imatinib-resistant

Cancer Chemother Pharmacol (2011) 67 (Suppl 1):S25–S43 S35

123



mutations showed sorafenib inhibited kinase activity and

induced apoptosis in all cell lines including imatinib-

resistant cells with gatekeeper secondary mutation (T670I)

[77]. Nilotinib was noted to be more potent than sorafe-

nib and dasatinib in inhibiting imatinib-resistant KIT

(V560del/V654A) and KIT(V559D/D820Y) cell lines;

however, only sorafenib was able to inhibit KIT 9WK557-

8del/T670I cells [78, 79]. However, a phase II trial of 26

patients (6 imatinib-resistant, 20 imatinib/sunitinib-resis-

tant) evaluated sorafenib 400 mg bid and reported 13%

RECIST PR, 58% SD, and 71% disease control rate.

Median PFS was 5.3 mo, and median OS was 13 mo [80].

A phase II study, placebo-controlled, randomized discon-

tinuation trial with sorafenib at 400 mg bid was conducted

in 26 patients with soft tissue sarcoma. In this cohort, there

were 3/26 (12%) GIST patients. One patient had a minor

response, and the remaining two patients progressed within

12 weeks of starting [81]. A retrospective study from

Europe showed similar activity of sorafenib in fourth line

in patients with otherwise refractory GIST [82]. Twenty-

four patients with GIST who progressed on IM, SU, and NI

were treated with sorafenib 400 mg twice daily. At a

median follow-up of 93 days, 20% of patients had PR and

50% of patients had SD.

Masatinib (AB1010)

Masatinib (AB1010) is a novel TKI that inhibits KIT,

PDGFR (a and b), Lyn, fibroblast growth factor receptor

3, and to a lesser extent the focal adhesion kinase (FAK)

pathway. Importantly, it inhibits both wild-type and acti-

vated KIT (JM mutation). In vitro, it was found to have

more potent kinase inhibition (lower IC50) and increased

cell death than imatinib [83]. Similar inhibition was noted

with PDGFR, Lyn kinase, and to a lesser extent FGFR3.

However, no activity was noted against ABL, Fms, and

other kinases, thus distinguishing itself as a potent and

highly selective TKI [83]. Pre-clinical studies in animals

showed it was well tolerated and had lesser cardiotoxicity.

A phase I, dose escalation study in 40 patients with

advanced solid tumors (19 GIST) reported 12 mg/kg/day

as an acceptable dose [84]. An MTD was not formally

reached; however, 38/40 patients had grade 1–2 toxicities.

One of two GIST patients with imatinib intolerance had a

PR, and 29% of imatinib-resistant GIST had stable dis-

ease. A phase II trial of oral masatinib at 7.5 mg/kg/d was

studied in thirty imatinib-naı̈ve, advanced GIST patients

[85]. Best RECIST responses were CR (3%), PR (50%),

SD (43%), and PD (3%). Median time to response was

5.6 months (0.8–3.8 mo). Estimated median PFS was

41.3 months with PFS rate of 60 and 55% at 2 and

3 years, respectively. The OS at 2 and 3 years was stable

at 90%.

Vatalanib (PTK787/ZK222584, Novartis-Schering)

Vatalanib (PTK787/ZK222584, Novartis-Schering) is an

oral multi-targeted TKI that inhibits VEGFR1, 2 and 3,

KIT, and PDGFRb. It has no activity against epidermal

growth factor receptor, fibroblast growth factor receptor-1,

MET, and Tie-2, or intracellular kinases such as Src, Abl,

and protein kinase C-a. In vitro studies in renal cell car-

cinoma showed that vatalanib exerts potent anti-angiogenic

effects by inhibiting VEGF- and PDGF-induced tumor

angiogenesis [86]. Phase I studies in solid tumors identified

750 mg orally bid as the MTD with PK and biological

activity achieved at B1,000 mg total daily dose [87, 88]. A

very small phase II trial of 15 GIST patients who had

progressed on imatinib (11 with high dose) was conducted

with Vatalanib at 1,250 mg orally daily [89]. The study

reported two PR (13%), eight SD for C3 months (53%),

and five PD (33%). Median time to progression was

8.5 months (0.0–24.8 mo).

Other non-TKI based therapies

Hsp90 inhibitors

Heat-shock proteins (Hsp) normally function to stabilize

the cellular machinery during stressful conditions such as

hypoxia, acidemia, temperature elevation, and oxidative

damage [90]. An important and parallel function of Hsp is

their role in protein folding, ubiquitination, and degrada-

tion. Hsp are also upregulated in malignant cells as a means

to ‘‘protect oncoproteins’’ and thus maintain homeostasis in

an otherwise toxic tumor microenvironment characterized

by hypoxia and acidosis. There is biological rationale to

target these proteins in order to tip the balance toward

stress-induced apoptosis. Nakatani et al. first demonstrated

that imatinib inhibits the clustering of KIT on the cell

surface membrane and in addition prevents the interaction

of KIT and molecular chaperone protein 90 (hsp90) which

is thought to play a role in WT and mutated KIT [91].

Bauer et al. showed that Hsp90 protects KIT from pro-

teasome-mediated degradation [92]. In vitro studies with

17-AAG (17-allylamino-18-demethoxy-geldanamycin), a

specific Hsp90 inhibitor in imatinib-sensitive and imatinib-

resistant GIST cell lines, showed inhibition of KIT tyrosine

phosphorylation, protein expression, kinase activation, and

cellular proliferation. GIST cell lines that were not KIT-

dependent did not exhibit these changes. Molecular anal-

ysis with tissue microarrays in 306 GIST patients revealed

Hsp90 overexpression correlated with an aggressive biol-

ogy (larger size, non-gastric origin, high mitotic index,

unfavorable RTK genotype, and high Ki-67) and poor

overall outcome [93]. A phase I trial of retaspimycin
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(IPI-504), an hsp90 inhibitor, was studied in 54 patients

with TKI-resistant GIST (N = 38) or soft tissue sarcoma

(n = 16). Patients were treated with retaspimycin (intra-

venous, twice weekly, different schedules) and showed

PET PR (22%), RECIST PR (0%), PET SD (66%), and

RECIST SD (78%) [94]. However, a phase III study with

retaspimycin was closed for toxicity. Other oral hsp90

inhibitors are currently in clinical trials.

HDAC

Histone deacetylases (HDAC) are enzymes that remove

acetyl groups on lysine residues found on histones [95].

Hyper-acetylated chromatin is transcriptionally active.

HDAC inhibitors cause hypo-acetylation of chromatin

which results in both silencing of growth promotion genes

and expression of cell cycle inhibitory genes. In addition,

HDAC inhibitors also play an important role in acetylation

of lysine residues in non-histone proteins (p53, Fas, TNFa,

HIF1) which result in growth arrest and apoptosis [95]. In

vitro data suggest that HDAC enzymes acetylate heat-

shock proteins and disrupt their chaperone function [96–

98]. Liu et al. reported that imatinib triggers apoptosis in

GIST cell lines by upregulating H2AX, a soluble histone,

which mediates its activity through a still poorly under-

stood interaction between KIT, PI3 K, and the proteasome

pathway. Imatinib-induced H2AX upregulation results in

aberrant chromatin aggregation, transcriptional block, and

apoptosis [97]. Panobinostat, an HDAC inhibitor, showed

remarkable activity in mouse xenografts implanted with

tumor implants from patients who progressed on imatinib

and also in a xenograft model with a GIST cell line har-

boring KIT exon 13 mutations [99]. Trials with HDAC

inhibitors in soft tissue sarcomas are currently ongoing.

Bortezomib

Bauer and colleagues tested whether bortezomib, a pro-

teasome inhibitor, can disable the ubiquitin–proteasome

machinery and indirectly cause upregulation of H2AX and

thereby trigger apoptosis [100]. When GIST cell lines

(imatinib-resistant and -sensitive) were treated with bort-

ezomib, rapid apoptosis was noted along with upregulation

of H2AX and downregulation of KIT protein. Bortezomib

in combination with other agents is currently in clinical

trials for solid tumors and soft tissue sarcomas.

Everolimus (RAD001)

Everolimus is a derivative of sirolimus and inhibitor of

mTOR (mammalian target of rapamycin). The role of

MAPK and PI3 K/AKT/mTOR pathway in GIST is well

known, and therefore, inhibition of mTOR which is

downstream of P13 K makes a rationale target. In addition,

in vitro studies demonstrated synergy in resistant GIST cell

lines treated with both everolimus (RAD001) and imatinib.

A phase I/II trial evaluated the combination of everolimus

and imatinib in patients who progressed after C4 months of

optimal therapy with imatinib [101]. Pharmacokinetic

studies of the combination reported that imatinib increased

the AUC and Cmax of RAD001 via the CYP3A4 and/or

P-glycoprotein. The phase II study evaluated the combi-

nation of imatinib 600 mg/day and RAD001 2.5 mg/day in

two cohorts [102]. One arm had patients who progressed

after 4 months of imatinib (strata 1) and another arm where

patients progressed on both imatinib and sunitinib (strata

2). The PFS at 4 months was 17.4 and 37.1% in strata 1 and

strata 2, respectively. Further evaluation of this approach

seems appropriate for what appears to be at least modest

activity.

PKC412

PKC412 is a derivative of staurosporine, a non-selective

inhibitor of protein kinase (including PKC), FLT-3, VEGF-

R2, PDGFR, and KIT [103]. Extensive pre-clinical work in

leukemia showed that PKC412 is effective in leukemic

cells that develop imatinib resistance after acquiring sec-

ondary mutations. Clinical trials with PKC412 are ongoing

in hematological malignancies. Debiec-Rychter and col-

leagues reported 3 recurrent secondary mutations (PDGFR

D842V, KIT V654A, and KIT T670I) in tumor samples

that progressed on imatinib [104]. They went on to describe

in vitro studies where cell lines with above mutations had

attenuated auto-phosphorylation of KIT when treated with

PKC412; however, there was no effect on KIT signaling

with imatinib. A phase I/II trial of PKC 412 in combination

with imatinib was conducted in 19 patients with imatinib-

resistant GIST [105]. Stable disease at 4 months was noted

in 2 of 5 evaluable patients. Reversible grade 1–2 toxicities

were reported. PK showed that the combination of PKC412

and imatinib was noted to decrease the effective plasma

concentration of imatinib and double the AUC of PKC412.

A case report described a 54-year-old woman with PDG-

FRA-D842 V metastatic GIST who had progressed on

imatinib and subsequently on single agent PKC412 [106].

At this point, sirolimus 2 mg/day was added to PKC412,

and this intervention resulted in stable disease noted at

11 weeks. Several phosphatidyl inositol 3 kinase (PI3 K),

PKC, Akt, and mTOR inhibitors are currently in clinical

trials.

Insulin-like growth factor axis (IGF)

The IGF axis consists of insulin-like growth factor (1 and 2),

IGF receptors 1 and 2, and IGF-binding proteins. This axis
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is triggered by growth factor (GH) and is crucial in

embryonic development, adult homeostasis, and oncogen-

esis. In vitro studies in GIST cell lines identified upregu-

lation of insulin-like growth factor-binding protein-3

(IGFBP-3), in imatinib-sensitive cell lines, but not in

resistant cell lines [107]. Analysis of tumor biopsy from

patients who had FDG-PET response showed a sevenfold

upregulation of IGFBP-3; meanwhile, a 12-fold reduction

in IGFBP-3 was noted in patients who did not have a PET

response to imatinib. Other investigators analyzed 8 tumor

samples (2 WT and 6 KIT mutants) and reported overex-

pression of IGF1R at mRNA and protein level in WT but

not in KIT mutant samples. In cell lines, inhibition of

IGF1R using small interfering RNA or a small molecule

inhibitor such as NVP-AWE541 resulted in apoptosis. This

finding posits an alternative oncogenic pathway in WT and

pediatric tumors that lack KIT mutations [108]. Subse-

quently, Braconi and colleagues reported IHC expression

of IGF1, IGF2, and IFGR-1 in 94 GIST patient samples and

correlated with clinical outcome [109]. IGFR-1 was over-

expressed in all samples, while expression of IGF1 and 2

was variable. IGF1 and 2 expressions correlated with

aggressive tumor biology with worse disease-free survival.

A similar study by Steigen et al. analyzed IGF2 levels and

patient outcomes [110]. High IGF2 level was correlated

with worse median overall survival in the pre-imatinib era.

Patients with GIST located in the stomach were found to

have low IGF2 levels, and within this cohort, the median

survival was 4 and 6.9 years in patients with high and low

levels of tumor IGF2. Clinical trials with inhibitors of

IGF1R are currently ongoing in solid tumors.

Succinate dehydrogenase

SDH complex consists of four subunits (A, B, C D) and

plays a fundamental role in Krebs cycle and in the electron

transport chain. Germline loss of this gene is lethal in mice.

Germline mutations result in decreased life span, mito-

chondrial encephalopathy, and malignancies of chromaffin

cells. Germline mutations in SDH have been described in

familial paragangliomas and pheochromocytomas [111,

112]. Carney–Stratakis syndrome is a dyad consisting of

GIST and paragangliomas inherited in an autosomal

dominant pattern with incomplete penetrance. Germline

mutations involving allelic loss of SDH subunits B, C, and

D were described in patients with Carney–Stratakis syn-

drome [113, 114]. There were no mutations noted in KIT or

PDGFRA. Evaluation of pediatric GIST shows that it dif-

fers from adult GIST in that only 15–20% of tumors have

mutations in KIT or PDGFRA. Not surprisingly, response

to TKIs is limited in this population. Evaluation of pedi-

atric GIST with KIT mutations or wild-type tumors

Drug Description of study Results

Nilotinib (NI) N = 52, retrospective.

Imatinib- and/or sunitinib-resistant.

N = 53. After failure of second-line SU. Phase I

study. NI alone (400 mg bid, n = 18) versus escalating

doses of NI ? IM (400 mg bid) versus high-dose NI

(400 mg bid) ? IM 400 mg daily.

Intolerable in 12%. 10% PR, 37% SD, median

PFS 12 weeks and OS 34 weeks.

Stable disease 68% and median PFS

134 days. 1 durable PR.

Dasatinib Phase I. n = 19. Two schedules: 5 days

on/2 days off or continuous twice daily.

No ORR. 3/19 patients with SD [ 3 months

and resolution of ascites in 1 patient. Phase II

dose: 120 mg twice daily 5on/2off or 70 mg

twice daily (CDD).

Sorafenib Phase II. N = 26. 6 IM-resistant and

20 IM- and SU-resistant. 400 mg oral bid.

Phase II: placebo-controlled, randomized discontinuation

study. N = 3/26 with GIST.

Retrospective study. N = 24. Sorafenib 400 mg oral bid.

After failure of IM, SU and NI.

13% RECIST PR, 58% SD and 71% disease

control rate. Median PFS: 5.3 mo

and median OS: 13 mo

1 patient with minor response. 2 patients

with PD \ 12 weeks.

Median days of treatment = 87 days. 20%

PR and 50% SD. PFS at 4 months:

25% and OS not reached.

Masatinib Phase I. n = 19/40 GIST.

Phase II: n = 30 GIST. IM naı̈ve patients.

No MTD reached. 12 mg/kg/day dose.

1 patient with IM intolerance with PR and 29%

of IM-resistant with SD. CR (3%), PR (50%),

SD (43%) and PD (3%).

Median time to response: 5.6 months. Median PFS:

41.3 months and OS of 90% at 2 and 3 years.
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revealed loss of function and protein expression of SDH

subunit B in WT GIST.[115]. No germline or somatic

mutations of the SDHB gene were noted. The authors

hypothesize that epigenetic silencing may be a mechanism

of decreased protein expression.

Conclusions

There is every indication that GIST tries to maintain sig-

naling through KIT or PDGFR in GIST that bear mutations

in one of these genes. The linkage between WT GIST and

KIT or PDGFRA mutant GIST remains unclear and could

represent a very different variety of an otherwise similar

appearing tumor. Given that GIST appears to be evolving

new mutations to maintain strong KIT signaling in the

TKI-resistant setting, approaches that act to inhibit GIST

independent of the specific KIT mutation are appealing

approaches to consider as future therapeutics. Key topics

for further research in the immediate future will include

identifying new agents with activity in the KIT signaling

pathway and attempts to use existing agents better, for

example in determining the role of TKI level testing in

patient management.
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