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Abstract

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal neoplasms of the gastrointestinal tract. The concef
of GIST and the definition of GIST pathology have evolved greatly over the past 5 years. GIST has been shown to share
immunohistochemical, ultrastructural and histogenic similarities with the interstitial cells of Cajal. Both GIST and the interstitial cells of
Cajal express KIT, the receptor tyrosine kinase that is the protein product okihproto-oncogene. KIT is universally phosphorylated
in GISTs. Sequencing of kit complementary DNA from human GIST cells has demonstrated a high frequency of mutations that lead
to constitutive activation of the KIT tyrosine kinase in the absence of stimulation by its physiologic ligand (stem cell factor). This, in
turn, causes uncontrolled stimulation of downstream signaling cascades with aberrant cellular proliferation and resistance to apoptosis
Historically, malignant GIST has been highly refractory to conventional cytotoxic therapy. Signal transduction inhibition as cancer
therapy was first tested successfully with imatinib mesylate (formerly known as STI571), a selective small-molecule tyrosine kinase
inhibitor, with the initial target being blockade of Bcr-Abl, the oncogene with tyrosine kinase activity responsible for the pathogenesis
of chronic myelogenous leukemia (CML). Imatinib was subsequently shown to block activity of the KIT tyrosine kinase as well, and in
laboratory studies this led to apoptotic death of GIST cells. The first GIST patient to receive imatinib exhibited dramatic benefit despite
far-advanced metastatic disease that was previously refractory to all chemotherapy. Subsequently, multicenter clinical trials have bee
performed to assess the safety, efficacy and biologic activity of imatinib in patients with advanced GIST. The results from these studies
have established imatinib as an effective new therapeutic alternative for the majority of patients with advanced GIST, a solid tumor for
which no prior chemotherapy has ever shown antitumor efficacy. This work provides proof of concept to the hypothesis that selective
inhibition of aberrant signal transduction can provide important anticancer activity, if the proper signaling pathways are identified and
blocked. 0 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction most commonly in the stomach (60% to 70%), followed
by the small intestine (20% to 25%), colon and rectum
Gastrointestinal stromal tumors (GISTs) are the most (5%) and esophagus<6%) [1]. Although the majority
common mesenchymal neoplasms of the gastrointestinalof GISTs may appear to be benign by conventional light
tract. They are derived from primitive enteric intramural microscopy and histologic evaluation, it is critical to recog-
cells and can develop throughout the digestive system,nize that approximately 20% to 30% will ultimately prove
to exhibit malignant behavior in the patient. Specifically,
histologically benign GIST lesions frequently recur with
* E-mail addressgdemetri@partners.org liver metastases or multifocal unresectable disease. It is
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not fully clear whether GISTs that prove to be malignant Table 1

share a common histogenesis with those that behave inDifferential diagnoses to be considered in GIST with differentiating

a benign fashion and prove to be curable with surgery features. Adapted with permission from Miettinen M and Lasota J.
L o ... - Virchows Archiy 2001, 438, 1-12

alone; at this time, it is unclear whether any specific

histopathologic criteria of GIST can reliably predict future Tumor Differentiating features
biologic behawor [2]-_|t is clear, howev_er’ that m_a“gn?mt Esophageal leiomyoma Well-differentiated smooth muscle
GIST (an entity that is synonymous with gastrointestinal cells; +for desmin and SMA
stromal sarcoma) is associated with significant morbidity terine.type leiomyoma Usually pelvic;+for desmin, SMA and
and a rapidly fatal course if unresectable, and that cur- receptors E+, P+
rent chemotherapeutlc and rad|ot_herapeut|c regimens havq_eiomyosarcoma Smooth muscle tumaror desmin
done little to improve the_z prognosis [3,4]. Despite our best and SMA: CD117-negative
a_ttempts .usmg Co_nve_nt|onal systemic ChemOthera_py' me_lnflammatory fibroid polyp Slender spindle cells, admixed
dian survival duration in unresectable and metastatic GIST lymphoid cells, and eosinophils
has remained less than 2 years [3,5]. .

Th tat f Kk led di th . I Inflammatory Children or young adults; expresses

_e S a? 0 nowledge regar |_ng e orlgln,_ cellu- myofibroblastic tumor ALK

lar differentiation and molecular biology of malignant , _ o ,
GIST has advanced greatly over the last 2 years. Severa’\/lesentenc desmoid Characteristic pattern of myofibroblasts

. ; T in coll back d;
pathologic features have been identified, and many of the 1 coflagenotis backgrotn

disease’s genetic and molecular pathways have been de_Dedifferentiated liposarcoma May have lipomatous component or
. .. . myxoid/ pleomorphic fibrosarcoma-like features;
scribed. These exciting new developments are the first step _ _
toward a crystallized understanding of the pathophysiol- Schwannoma tumors Usually small, yellow circumscribed
: : submucosal S100 spindle cells in
ogy and molecular basis of GIST, and toward the creation .
. . . . S100- fibrous background
of new therapeutic targets and strategies. This paper will
review recent diagnostic, molecular biologic and therapeu-
tic advances, with particular focus on the clinical research
experience with imatinib mesylate (previously known as section of GIST, patients should be followed closely over
STI571), a new targeted therapy that has already shownthe long term, because even tumors that appear benign can
great promise in the treatment of GIST. recur and prove fatal [6].
Until recently, malignant GIST was often categorized
as a tumor of smooth muscle derivation. In the mid 1980s,

2. Understanding the nature of GIST however, electron microscopic studies revealed a lack of
typical smooth muscle differentiation [7]. GISTs have sub-
2.1. Clinical and pathologic features sequently been shown to share immunohistochemical and

ultrastructural similarities with the interstitial cells of Ca-

GIST is a disease that can occur in any age group, jal [1]. This complex of “pacemaker cells” — responsible
although it has been most widely reported in patients of for the rate of movement in the Gl tract — has been
middle age or later. When localized, GIST lesions tend suggested as the possible cellular precursor of GIST [8—
to be primarily intramural and submucosal, often evading 10]. Thus, GIST is a pathogenetically distinct entity and
clinical diagnosis until their size impacts Gl function or should be differentiated from leiomyosarcomas of the Gl
unless they rupture and bleed [1,4]. Like other soft tissue tract, true leiomyomas (which occur predominantly in the
sarcomas, GISTs rarely metastasize to the lymph nodesesophagus, colon and rectum) and schwannomas (spindle
The pattern of metastatic spread characteristically involves cell tumors, which express the S100 antigen and often are
the liver or multifocal omental implants. benign) (Table 1) [1]. Most tumors previously labeled as

GISTs are a heterogenous group of diseases that dif-“leiomyoblastomas” or “gastrointestinal autonomic nerve
fer in frequency, morphology and biology depending on tumors (GANT)” have in fact been proven to be GISTs
their site of origin. They can be single or multiple (as in with modern techniques. It is only through recent advances
the multifocal GISTs that have been reported in Carney’s in molecular pathology and the use of increasingly sophis-
triad), spindled or epithelioid, or mixed cell type [4]. As ticated diagnostic tools, such as immunohistochemistry for
many as 30% are malignant, leading to intra-abdominal the KIT transmembrane receptor protein or assessment of
spread or liver metastases. However, no single histopatho-KIT phosphorylation, that it has become possible to distin-
logic feature has yet been identified in GIST that can guish GIST definitively from other rare spindle cell tumors
accurately predict the course of the disease. Certainly, oneof the Gl tract. The current preferred diagnostic test for
of the most important prognostic factors is size of the pri- GIST is CD117 immunohistochemical staining performed
mary lesion, with far better prognosis for lesion% cm in by a laboratory with experience in this area. CD117 ex-
size [6]. Given this lack of ability to know with reasonable pression is found to be positive in the majority of GIST
certainty which patients will have recurrence, following re- tumor cells [4,6].
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2.2. Molecular biology of GIST show a normal karyotype, but frequently reveal losses in
14q and 22q unrelated to whether the GISTs have exhibited

A proposed molecular genetic pathway for GIST was either benign or malignant clinical courses; aneuploidy is
first reported in 1998 by Hirota and colleagues from Os- noted in some of the GISTs with more obviously ma-
aka, Japan. Sequencing of complementary DNA for the lignant histopathologic features, often with several extra
c-kit proto-oncogene, encoding the KIT receptor tyrosine copies of chromosomes [1]. Overall, although complex
kinase, revealed mutations in specimens from five humanmolecular changes can be a feature of certain GISTs, the
GIST tumors. The authors observed that in the presencemajority of molecular and cytogenetic evidence points to
of these mutations, the corresponding KIT protein was GIST as a disease in which a single critical signaling path-
activated even in the absence of the KIT ligand (stem cell way goes awry early in the pathogenesis of the neoplasm.
factor). They further found that expression of these mutant The current hypothesis is that activation of KIT is the event
KIT proteins induced malignant transformation of /B8 critical to the pathogenesis of GIST. While other molecu-
murine lymphoid cells and caused uncontrolled tumor lar aberrations probably develop over time, and may differ
growth in nude mice, thus describing the first genetic ex- between GISTs occurring in different patients, the crucial
planation for GIST pathogenesis and identifying tyrosine dependence upon the uncontrolled signals from KIT is an
kinase signal transduction as a potential target to interruptimportant characteristic of GIST. This makes this disease
the oncogenic drive in GIST [11]. More recently, the group an ideal candidate for studying the role of a selective signal
of Rubin and Fletcher at Harvard reported that 100% of transduction inhibitor.
GIST cells studied exhibited constitutive phosphorylation
of the KIT protein, independent of ligand activation, even 2 3. Signal transduction pathways and the management of
in the absence of detectabl&it-mutations [12]. GIST

Today, GIST is generally defined as a spindle cell or ep-
ithelioid mesenchymal tumor of the Gl tract that expresses  Based on this substantial understanding of their molec-
an activated KIT protein, with the surrogate marker for the ular pathophysiology, sarcomas such as GIST represent
majority of these being positive immunostaining for the highly informative proof-of-concept models for cancer re-
CD117 antigen, which marks KIT [4,6]. Approximately search. The identification of critical genetic alterations in
70% of GISTs are also positive for expression of CD34, GIST and the elucidation of their relationship to signal
20% to 30% are positive for smooth muscle actin, 10% transduction pathways generated a new focus for targeted
for S100 protein and5% for desmin. The genetic muta- therapeutic research. The preclinical data were further sup-
tions responsible for GIST have been identified as being ported with the report of a Japanese family that manifested
quite variable. Often these mutations are small in-frame an autosomal dominant pattern of GISTs and shared a
deletions that maintain an intact protein, but point muta- germline mutation in the locus forkit, further linking ge-
tions are also commonly noted. Generally, there is only netic mutations, KIT signal transduction and pathogenesis
one mutation noted in kit per individual GIST, but these  of GIST in humans [15].
vary greatly between GISTs from different patients. The By 1999, signal transduction inhibition as cancer ther-
most frequently noted mutations ofk@-have been found apy was in the early stages of clinical testing with a
to involve exon 11 (therefore affecting the juxtamembrane selective small molecule inhibitor of the fusion oncopro-
domain of the KIT protein), but mutations in exon 9, exon tein Bcr-Abl tyrosine kinase, which was widely held to be
13, or even other loci have been described [12—-14]. The a crucial factor in the pathogenesis of chronic myeloge-
structural biology is just now becoming understood, and nous leukemia (CML). Druker and colleagues screened a
there is a great deal of ongoing research to explicate howpanel of small molecules of the 2-phenylaminopyrimidine
these minor structural changes in KIT protein lead to con- class and identified a potent inhibitor of Bcr-Abl kinase
stitutive activation. Cytogenetic analyses of GISTs often activity in vitro [16]. In subsequent preclinical studies,
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Fig. 1. Chemical structure of imatinib mesylate (4-[(4-methyl-1-piperazinyl)metthf}-methyl-3-[{4-(3-pyridinyl)-2-pyrimidinyl}amino] phenyl]
benzamide methanesulfonate.
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this compound, STI571 (formerly known as CGP 57148B GIST that expressed an activating deletion in exon 11 of
and now known by the generic name of imatinib mesy- the ckit gene received oral administration of imatinib at
late, or by the trade names of Gleelecin the US and the dose of 400 mg daily, continuously for 11 months at
Glivec”. in the rest of the world) (Fig. 1) was noted to the time of the first report [21]. The patient had previously
selectively inhibit the Bcr-Abl tyrosine kinase, with resul- undergone multiple surgical resections and had received
tant reduction in leukemic cell proliferation and inhibition several chemotherapeutic and other investigational anti-
of tumor formation associated with Bcr-Abl-positive cells cancer regimens over a 2-year period with no significant
[16—18]. The inhibitory activity of imatinib was highly  improvement. Prior to the start of imatinib therapy, the
selective and did not broadly affect kinases that func- summed cross-sectional measurement of eight metastatic
tioned in normal cell growth and proliferation. The early hepatic GIST tumors totaled more than 1122crBub-
clinical trials of imatinib in CML patients found that the sequent magnetic resonance imaging (MRI) scans during
agent was impressively safe, causing only mild to moder- treatment revealed rapid and progressive tumor regression
ate nausea, myalgia, edema and diarrhea, while inducingof 28 liver metastases, including complete elimination of
complete hematologic response in 53 of 54 patients with six (Fig. 2a and b). Serial needle biopsy specimens showed
CML treated at daily doses of 300 mg or greater [19]. reduced density of tumor cells as well as myxoid degen-
Subsequent studies noted that the imatinib was selec-eration and scarring, consistent with the anticancer effect
tive, but not totally specific for Bcr-Abl or the Abl class shown on the imaging studies. Complete metabolic re-
of tyrosine kinases. Imatinib was found to block the ty- sponse in the tumors was apparent on a positron emission
rosine kinase function of receptors such as KIT, as well tomography (PET) scan, as evidenced by rapid decrease in
as the platelet-derived growth factor receptor (PDGFR). tumor-related accumulation &ffluoro-2-deoxyp-glucose
Importantly, Heinrich and colleagues at Oregon reported (*¥FDG) in metastases. The patient’s performance status
that the wild type (nonmutant) version of KIT was able to also improved from 1 to 0, demonstrating the clinical rel-
be inhibited by imatinib as were many mutated versions evance of these imaging and pathology studies. Toxicity
of KIT [20]. Heinrich and colleagues also reported data was minimal, comprised only of some mild dyspepsia and
describing exposure of the KIT-expressing human myeloid minimal increased frequency of bowel movements. The
leukemia cell line, M-07C, to imatinib in vitro [20]. Ima-  positive response has continued for 21 months (Joensuu,
tinib was found to decrease KIT autophosphorylation and data not shown).
inhibit KIT-dependent cellular proliferation, without in- Based on the compelling scientific rationale and sup-
hibiting other signaling pathways (such as the GM-CSF ported by this dramatic and sustained response, a multi-
receptor-dependent proliferation that characterizes this cellcenter, randomized clinical trial was initiated to assess the
line). Heinrich also noted that certain human mast cell safety, efficacy and biologic activity of two different doses
lines that had an exon 17 mutation (in the kinase domain of imatinib given orally to adult patients with unresectable
that was predicted to be the actual binding site of imatinib) and/or metastatic malignant GIST expressing CD117 [22].
would not be inhibited by imatinib, further strengthen- All patients had previously failed conventional therapy in-
ing the link between kinase inhibition and the anticancer cluding surgery, chemotherapy aiod radiotherapy. One
activity of this agent. hundred and forty seven patients enrolled in the study
The efficacy of the compound in blocking cellular pro- were randomly assigned to receive either 400 or 600 mg
liferation in hematologic malignancies, however, did not imatinib daily. These dose levels were chosen by extrapo-
necessarily predict similar behavior in a solid tumor. Pre- lating from the knowledge of the pharmacologic profile of
clinical evidence specific to GIST came from Tuvessin  imatinib in CML patients [19] and estimating the systemic
al., who reported that addition of imatinib to cell cul- concentrations that would be needed to inhibit the KIT
tures of GIST with activating mutations abolished the target in GIST. Results from this trial have confirmed the
constitutive tyrosine phosphorylation of KIT, halted cellu- overall good tolerability and efficacy of imatinib in treat-
lar proliferation and induced apoptosis of GIST cells [14]. ing patients with advanced GIST [22]. The most serious
These results, in conjunction with the elegant prior GIST adverse event was gastrointestinal or intra-abdominal hem-
work from Japan and the exploration of KIT in hemato- orrhage, which occurred in approximately 5% of patients
logic malignancies from Oregon, provided the scientific (primarily those with large bulky tumors). This was per-
groundwork to fully justify testing imatinib in the clinical  haps related to the rapid anticancer effect on the tumors,
management of patients with advanced GIST. with disruption of tumor-related vasculature. However,
since bleeding from advanced GIST is a well-recognized
complication of the natural history of this disease, it is not
3. Clinical experience with imatinib in GIST possible to assess how many of the bleeding events were
due to drug therapy rather than due simply to the nature of
The clinical activity of imatinib in advanced GIST these far-advanced, bulky tumors. The impact of imatinib
was quickly shown to be exceptional, beginning with the on tumor metabolism was also demonstrated as a rapid and
first treated patient. A 50-year-old woman with metastatic dramatic decrease itfFDG uptake on PET scans [23].
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Fig. 2a. Serial PET scan images of a patient with advanced GIST, demonstrating baseline tumor uptake of ®FDG. Resolution of the tumor uptake is
noted in the follow-up scan, which shows only the normal renal collecting system as well as physiologic bowel uptake in the right lower abdomen.

The functional imaging with PET scans was highly pre-
dictive of subsequent anatomic response by conventional
imaging with standard computed tomography (CT) or MRI
scanning.

Objective response to imatinib was measured by stan-
dard oncologic criteria as tumor regression: partial re-
sponse was defined strictly as patients who exhibited a
50% or greater decrease in the summed area of all measur-
able tumors. With median follow-up in excess of 9 months,
82% of patients remained on study without disease pro-
gression. Objective partial responses were noted in 79 of
147 patients (54% rate of PR), while an additional 41
patients (28%) had stable disease. In a subset of patients,
very rapid tumor shrinkage (within 1 month) was noted.
However, it was not uncommon for objective partial re-
sponses to evolve slowly in other patients (e.g., over 4 to
6 months after starting therapy with imatinib). Responses
have been durable for more than 46 weeks with median
duration of response not yet reached (median follow-up,
24 weeks). The estimated one-year survival for all paients
was 88%. No evidence of tumor lysis syndrome was noted
in this trial. There was a small subset of patients with pri-
mary resistance to imatinib, whose disease failed to exhibit
response on PET or CT scanning. This group comprised
less than 14% of the initial study population.

Tumor biopsies were performed before and after treat-
ment with imatinib in a subset of consenting patients.

Some of the posttreatment biopsies confirmed the diffuse
myxoid tumor degeneration and fibrosis, without distur-
bance of intratumoral vascular architecture, which had
previously been noted in the first GIST patient treated with
imatinib [21].

Overall, the results of this multicenter trial indicated
that imatinib induced a sustained response in over half of
patients with advanced unresectable or metastatic GIST.
Treatment with imatinib was acceptably well tolerated,
with consistent bioavailability of the drug when adminis-
tered orally despite the significantly compromised GI tract
anatomy in many of the patients who had had extensive
prior surgery. Although the trial was not designed to have
adequate power to assess dose-related differences, no sta-
tistically significant differences were noted between these
two dose levels of imatinib. Identification of the optimally
effective dose of imatinib for the treatment of GIST is the
subject of large, appropriately powered randomized studies
now ongoing.

These data were corroborated by another trial per-
formed by a subset of the investigators from the Sarcoma
Group of the European Organization for the Research and
Treatment of Cancer (EORTC), also reported at the ple-
nary session of the American Society of Clinical Oncology
in 2001 [24]. In this phase-I dose escalation study, 40 pa-
tients were entered, 36 of whom had GIST. Doses ranged
from 400 to 1000 mg daily, with unacceptable toxicities
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Fig. 2b. Correlative CT and PET scan responses noted in a patient with widely metastatic GIST. This patient has evidence of objective response on
the serial CT scans (left side of figure), and the response is correlated with the decrease in '8 FDG-avidity by the tumor sites (see serial PET scans on
right side of figure). The right-sided abdominal uptake on the follow-up scan is physiologic bowel uptake. This patient has continued to enjoy objective
disease response more than 2 years after initiation of therapy with imatinib.

reported at the highest dose level, consisting mainly of
edema (including third-spacing of fluids with dyspnea),
nausea and vomiting. Of the 36 patients with GIST, 19
exhibited objective partial responses (53%) while another
13 had stable disease (36%). These results from the Eu-
ropean multicenter study were remarkably consistent with
the outcomes observed in the larger US-Finland trial noted
above.

4. Summary and conclusions

The story of imatinib in GIST represents a paradigm
of molecular understanding leading to improved diagnosis
and, ultimately, to an effective and novel therapy targeting
the Achilles heel of the cancer. The landmark work of Hi-
rota and colleagues first identified the genetic and molec-
ular etiology of GIST, uncovering specific and consistent
gain-of-function mutations in the c-kit gene encoding the
KIT receptor tyrosine kinase [11]. Genotyping of the c-kit
gene with a variety of techniques has confirmed the high
prevalence of mutations in this gene and has identified
mutations in exon 11 (and, to a lesser extent, exon 9)
as the predominant mutational sites [1,11-13]. although
other loci encoding the juxtamembrane, extracellular and

kinase domains have been reported as well [13,25-27].
All of these mutations have been associated with ligand-
independent activation (phosphorylation) of the KIT ty-
rosine kinase, leading to subsequent uncontrolled cellular
proliferation.

Unresectable or metastatic GISTs have traditionally ex-
hibited a dynamic clinical course, with no evidence of
benefit from any standard cytotoxic chemotherapy and
an inevitably fatal outcome. No specific histologic crite-
ria have been identified to predict accurately the clinical
behavior of respectable primary GIST, although several
features are considered suggestive of predilection towards
a malignant course with subsequent recurrence and metas-
tasis. These adverse prognostic features include larger
tumor size (>5 cm), higher mitotic activity (>1-5 per 10
high-powered field) and locoregional infiltration or frank
metastases at presentation [6]. The identification of KIT
activation as an apparent early event in GIST pathogenesis
led to the search for a new type of therapeutic compound
to serve as a “KIT inhibitor” and to interfere with the au-
tophosphorylation related to specific activating mutations,
thereby inhibiting malignant tissue growth [28]. Clarifica-
tion of the genetic etiology of GIST and the role of KIT
mutations, therefore, has enabled not only improved diag-
nosis and differentiation of GIST from other mesenchymal
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neoplasms, but has been key in identifying new targetedbased on this important paradigm of GIST. It is a model

strategies for therapeutic intervention. that will be informative for the development of other tar-
Imatinib mesylate (formerly known as STI571) is a geted signal transduction inhibitors in cancer.

selective inhibitor of certain tyrosine kinases that was

first recognized as a potent blocker of the oncogenic Bcr-

Abl kinase responsible for chronic myelogenous leukemia.
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