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Summary. Gastrointestinal stromal tumors (GISTs) are
the most common mesenchymal tumors of the
gastrointestinal tract. These tumors develop at any site
but are most commonly reported in the stomach. They
originate from the neoplastic transformation of the
intestinal pacemaker cell, the interstitial cell of Cajal.
GISTs strongly express the receptor tyrosine kinase KIT
and have mutations in the KIT gene, most frequently in
exon 11 encoding the intracellular juxtamembranous
region. Expression of KIT is seen in almost all GISTs,
regardless of the site of origin, histologic appearance, or
biologic behavior, and is therefore regarded as one of the
key diagnostic markers.

Distinction from smooth muscle tumors, such as
leiomyosarcomas, and other mesenchymal tumors is
very important because of prognostic differences and
therapeutic strategies. Predicting the biologic behavior
of GISTs is often difficult by conventional pathologic
examination; tumor size and mitotic rate are the most
important prognostic indicators. The prognostic
significance of KIT mutations is controversial and thus
far has not been clearly linked with biologic behavior.
KIT mutations are associated with tumor development,
and cytogenetic aberrations are associated with tumor
progression. The pathogenesis of GISTs involves a gain-
of-function mutation in the KIT proto-oncogene, leading
to ligand-independent constitutive activation of the KIT
receptor. KIT-wild-type GISTs have shown mutually
exclusive platelet-derived growth factor receptor
(PDGFR) mutation and activation. The use of imatinib
mesylate (also known as Gleevec or STI-571) has
greatly increased the therapeutic efficacy for this
otherwise chemotherapy-resistant tumor. GISTs with
very low levels of KIT expression may respond to
imatinib mesylate therapy if the receptors are activated
by specific mechanisms. KIT-activating mutations fall

into two groups: the regulatory type and the enzymatic
site type. The regulatory type of mutation is conserved at
the imatinib binding site, whereas the enzymatic site
mutation has a structurally changed drug-binding site,
resulting in drug resistance. Resistance to the drug is the
major cause of treatment failure in cancer therapy,
emphasizing the need for researchers to understand KIT
signaling pathways so as to identify new therapeutic
targets. This review summarizes the pathologic features
of GISTs, recent advances in understanding their
molecular and biologic features, and therapy with
imatinib mesylate.
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Introduction

Gastrointestinal stromal tumors (GISTs) are receptor
tyrosine kinase KIT (CD117)-expressing soft tissue
tumors that are the most common mesenchymal tumors
of the gastrointestinal tract (Fletcher et al., 2002). GISTs
originate from the neoplastic transformation of the
intestinal pacemaker cell, the interstitial cell of Cajal
(ICC) (Kindblom et al., 1998). The ICCs are a network
of innervated cells that coordinate peristaltic activity
throughout the gastrointestinal system. There is evidence
that the ICC stem cell can differentiate into a smooth
muscle or an ICC phenotype under the influence of KIT
(Fleischman, 1993; Kluppel et al., 1998).

Classification of GISTs was a source of controversy
for many years, but a publication in 1998 by Hirota and
colleagues clarified the nature of GISTs. They observed
that GISTs strongly express the receptor tyrosine kinase
KIT and that mutations of this gene are frequently
present in the juxtamembrane domain (exon 11) (Hirota
et al., 1998).

The exact incidence of GISTs in the United States is
unknown, since the recent classification system of
gastrointestinal mesenchymal tumors is different from
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the older scheme. Fletcher and colleagues estimated in
2002 that the incidence of GISTs has increased from
300-500 per year to 5000-6000 per year at least partly
because of renewed interest and improved diagnosis
(Fletcher et al., 2002). About 60-70% of GISTs occur in
the stomach, 20-30% in the small intestine, and 10% or
fewer in the esophagus, colon, and rectum. Similar
tumors sometimes arise in the abdominal cavity such as
the omentum, mesentery, and retroperitoneum
(Miettinen, 1999, 2000).

The clinical presentation of GISTs is variable.
Patients are often asymptomatic until the tumor is large.
These tumors may cause nonspecific abdominal pain,
discomfort, a palpable mass, or acute hemorrhage into
the gastrointestinal (GI) lumen or peritoneal cavity due
to tumor rupture (De Silva and Reid, 2003).

A new receptor tyrosine kinase inhibitor drug,
imatinib mesylate (Gleevec, formerly STI-571, Novartis,
Basel, Switzerland) appears to be therapeutically
effective in recurrent and metastatic GISTs (Joensuu et
al., 2001). This review summarizes the brief history of
GIST classification, pathology, and differential
diagnosis, and describes the related advances in the
understanding of molecular biology and therapy with
imatinib mesylate.

Historical overview

Traditionally, mesenchymal tumors of the GI tract
were classified as smooth muscle tumors (leiomyomas,
leiomyosarcomas, leiomyoblastomas) because of the
irrelevant origin in the muscle layer and the irrelevant
morphologic resemblance to smooth muscle tumors at
other sites. As early as 1976, Gottlieb and colleagues at
The University of Texas M. D. Anderson Cancer Center
made the important clinical observation that
leiomyosarcomas originating in the GI tract do not
respond to conventional chemotherapy, whereas,
leiomyosarcomas arising in other organ systems are
more likely to respond to doxorubicin-based therapies
(Gottlieb et al., 1976). This observation was refined by
others, and it became clear that patients with GISTs had
poor response rates not only to standard therapy but also
to a number of investigational agents.

Electron microscopy, introduced in the late 1960s
and early 1970s, and immunohistochemistry, introduced
in the early 1980s, revealed that only some of these
tumors were of smooth muscle origin and that many
lacked the ultrastructural and immunophenotypic
features of smooth-muscle differentiation. This
discovery led Mazur and Clark in 1983 to introduce the
generic designation “stromal tumor” to indicate the lack
of markers of specific differentiation in many of these
lesions (Mazur and Clark, 1983). However a subset of
these lesions with clear ultrastructural evidence of
autonomic neuronal differentiation was designated as
gastrointestinal autonomic nerve tumors (GANTS)
(Walker and Dvorak, 1986). Currently, because of
evidence that GANTSs share a genetic identity with

conventional GISTs, such designation of GANTs as a
separate entity may no longer be warranted (Lee et al.,
2001).

Immunohistochemical positivity to CD34 antibodies
helped further separate GISTs from most true
leiomyomas and schwannomas, which are CD34
negative (van de Rijn et al., 1994). However, it became
evident that no more than 60-70% of GISTs are CD34
immunoreactive and that Schwann cell neoplasia and
true smooth-muscle tumors may also show CD34
positivity. The subsequent observation of KIT
expression and mutation in GISTs ultimately led to a
major reappraisal of the classification of these tumors.
The current scheme suggests that gastrointestinal
mesenchymal tumors can be divided into GISTs (KIT
positive), true smooth-muscle tumors, and true Schwann
cell tumors (Salomo-Rikata et al., 1998). It is now
accepted that KIT immunoreactivity, with the
clinicopathologic context of mesenchymal lesions of the
GI tract, defines a group of tumors showing
differentiation toward the interstitial cell of Cajal. As a
result of the characterization of these features, the
majority of mesenchymal lesions of the GI tract now
seem to fit best in this category (Hirota et al., 1998;
Sircar et al., 1999: Miettinen et al., 2000; Fletcher et al.,
2002).

Pathologic findings

GISTs typically present as unencapsulated but well-
circumscribed masses, with a whorled firm or soft fleshy
appearance on a cut surface, that appear to arise in the
muscularis propria. Larger lesions often show cystic
degeneration or central necrosis. Some tumors protrude
both into the lumen and to the serosal side of the bowel,
with ulceration of the overlying mucosa (De Silva and
Reid, 2003). Histologically, they consist mainly of
spindle and/or epithelioid cellular features. Familiarity
with the spectrum of histologic appearances of GISTs
will enable pathologists to develop a high level of
suspicion when diagnosing these tumors.

The predominant pattern, seen in 70-80% of GISTs,
is of a spindle cell tumor with a fascicular or storiform
growth pattern. The cells show less cytoplasmic
eosinophilia than do smooth muscle tumors. Some
tumors, especially those originating in the stomach, may
show striking perinuclear vacuolation, which historically
was misinterpreted as a typical feature of smooth-muscle
differentiation. Others may show nuclear palisading
simulating soft tissue neurilemmomas (nerve sheath
tumors). About 20-30% of the tumors are composed
mainly of large round or polygonal epithelioid cells with
abundant, often eosinophilic or clear cytoplasm. These
epithelioid tumors correspond to those previously
designated as leiomyoblastomas and epithelioid smooth-
muscle tumors and are more common in the stomach.
Mixed spindle and epithelioid tumors are common.
GISTs originating in the small intestine may contain
eosinophilic, hyaline, PAS-positive diastase-resistant,
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extracellular material known as skeinoid fibers.
Prominent nuclear pleomorphism is unusual in GISTs,
which suggests the pathology of leiomyosarcoma rather
than GIST (Fletcher et al., 2002; De Silva and Reid,
2003). Although it is unusual for a tumor of the GI tract
that reportedly arises from the ICC also to arise outside
the gut, Reith and colleagues reported 48 extra-
gastrointestinal stromal tumors and found that 39% of
them were malignant. Histologically, more than half the
tumors were epithelioid, resembling GISTs of the
stomach. Most of these tumors were KIT positive (Reith
et al., 2000). Miettinen and colleagues found that all the
omental GISTs behaved benignly, whereas more than
half the mesenteric tumors were malignant (Miettinen et
al., 1999). KIT-positive cells were found in the
omentum, just beneath the mesothelial lining (Sakurai et
al., 2001). Interestingly, similar tumors were observed in
the gallbladder (Ortiz-Hidalgo et al., 2000) and in the
serosal aspect of the urinary bladder (Lasota et al.,
2000).

A familial syndrome of dysphagia with multiple
GISTs was recently reported. Family members with the
germline KIT mutation reported dysphagia, but those
without the mutation did not. Family members with the
mutation had uncoordinated contractions of the
esophagus with abnormal peristalsis. Both tumors and
normal tissue contained a mutation at Asp-820 in the
tyrosine kinase II domain of the KIT oncogene (Hirota et
al., 2002). In a mother and son with multiple
gastrointestinal stromal tumors and diffuse hyperplasia
of the myenteric plexus layer, a single base mutation
resulted in the substitution of Glu for Lys at codon 642
in the kinase I domain (Isozaki et al., 2000). Familial
forms of GISTs with cutaneous manifestation
(hyperpigmentation of skin and/or urticaria) have also
been reported (Beghini et al., 2001; Maeyama et al.,
2001). The germline mutation at codon 559 of exon 11
(Val — Ala) occurred in both reports.

Immunohistochemistry

Immunohistochemical evaluation of GISTs using
antibodies against KIT has become more common since
the linkage of KIT-mutation to the development of
GISTs (Sarlomo-Rikala et al., 1998). Expression of KIT
is seen in more than 90% of GISTs, regardless of the site
of origin, histologic appearance, or biologic behavior,
and is therefore regarded as a key marker in the
diagnosis of this tumor (Fletcher et al., 2002). KIT is
functionally important and is expressed in
haematopoietic stem cells, mast cells, germ cells,
melanocytic cells, and the ICCs (Fleischman, 1993;
Huizinga et al., 1995; Kluppel et al., 1998). Hirota and
colleagues showed that GISTs and ICCs stain with
antibodies to both CD34 and KIT and postulated that
GISTs originate from ICCs (Hirota et al., 1998). KIT
expression is commonly manifested as strong, diffuse
cytoplasmic and/or membranous staining but may also
show perinuclear dot positivity (so called “Golgi

pattern”) within the cytoplasm with or without a diffuse
cytoplasmic pattern (Fletcher et al., 2002). However, it is
not known whether these patterns reflect different forms
of the KIT gene mutation or an epiphenomenon. Most
GISTs show KIT positivity in at least 90% of the tumor
cells, but a small subset of this tumor type shows focal
staining in as few as 5-20% of the tumor cells. This
heterogeneity may account for the rare cases that are
KIT negative in small biopsies but positive in
subsequent excision biopsies. However, despite the use
of anti-KIT antibodies as well as refined
immunohistochemical analyses, including antigen
retrieval to identify GISTs, a small proportion of GISTs
(about 5%) shows either a faint expression of KIT or
negative staining (Fletcher et al., 2002; De Silva and
Reid, 2003). Pathologists sometimes designate these as
“GIST-like tumors” or describe them as morphologically
similar to GISTs. One author suggests that a diagnosis of
GIST in such cases should be rendered only by a
pathologist who is highly experienced about GIST
pathology (Greenson, 2003). Mast cells and ICCs in a
normal bowel wall are useful internal positive controls to
ensure that the immunohistochemical stain is working
properly. However, it is important to recognize that not
all KIT-positive tumors are GISTs. KIT is also expressed
by many other tumor types, such as synovial sarcoma,
rhabdomyosarcoma, angiosarcoma, Ewing’s sarcoma,
anaplastic large-cell lymphoma, glioma, germinoma,
melanoma, fibromatosis (depending on the antibody
used), acute myeloid leukemia (including granulocytic
sarcomas), and mastocytosis (Greenson, 2003; Miettinen
et al., 2000). However, few of these tumors occur within
the gastrointestinal tract, and the faint KIT positivity is
more often due to a technical artifact (Hornick and
Fletcher, 2002). It should be emphasized that a positive
KIT stain must be interpreted in the light of a
morphologic and clinical context.

In addition to consistent positivity for KIT, about 60-
70% of GISTs show immunopositivity for CD34
(Sarlomo-Rikata et al., 1998; Miettinen et al., 2000).
CD34 positivity is seen most consistently in colorectal
and esophageal lesions, and its expression is lower in
small-intestine GISTs. About 20-40% of GISTs show
immunopositivity for smooth-muscle actin (SMA),
fewer than 2% express desmin, and approximately 5%
stain for the S100 protein. SMA positivity is most often
seen in small-intestine tumors (Miettinen et al., 2000;
Greenson, 2003).

Differential diagnosis

GISTs are the most common mesenchymal tumor
along the GI tract except in the esophagus, where
leiomyomas are more common (Miettinen et al., 2000;
Fletcher et al., 2002; Greenson, 2003). In general, all
gastrointestinal mesenchymal tumors and certain
epithelial tumors are included in the differential
diagnosis of GISTs. GISTs must be distinguished from
smooth-muscle tumors, nerve sheath tumors, and
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fibromatosis. Morphologically, smooth-muscle tumors
appear less cellular, and their cells contain more
eosinophilic cytoplasm. Immunohistochemically, they
are consistently positive for desmin and smooth-muscle
actin and negative for KIT. About 10-15% of smooth-
muscle tumors are positive for CD34 (Miettinen et al.,
2000; Fletcher et al., 2002; Greenson, 2003).

Schwannomas most often occur in the stomach but
occasionally are found in the colon and esophagus
(Greenson, 2003). Schwannomas of the GI tract are
composed of spindle cells that may form nuclear
palisading and may have a surrounding lymphoid cuff.
Immunohistochemically, they are positive for S100 and
negative for KIT, and some have focal CD34 positivity.
It is very important to distinguish these lesions from
GISTs, because unlike GISTs, schwannomas of the gut
are generally benign.

Intra-abdominal fibromatosis typically originates in
the mesentery or retroperitoneum and involves the bowel
wall; it may express KIT, depending on the antibody
used (Miettinen, 2001). The histologic appearances of
the lesions, however, are distinctive, with parallel
spindle cells in long sweeping fascicles and abundant
keloid-like collagen. Also unlike GISTs, the spindle cells
of fibromatosis do not stain with CD34 antibodies
(Yantiss et al., 2000) but do express nuclear B-catenin
positivity (Montgomery et al., 2002).

Inflammatory fibroid polyps are typically
submucosal and consist of a mixture of small granulation
tissue-like vessels, spindle cells, and inflammatory cells,
including eosinophils. They often express CD34 but not
KIT (Greenson, 2003).

Inflammatory myofibroblastic tumors, which usually
appear in childhood, may present as bowel wall
involvement. Histologically, these lesions are composed
of elongated spindle cells that can mimic GISTs. They
can be confused histologically with GIST, but they are
positive for desmin and actin and do not express CD34
or KIT (Greenson, 2003).

Solitary fibrous tumors occasionally occur in the
peritoneal cavity and adhere to the bowel. These tumors
can be extremely variegated and CD34 positive and
hence may be confused with GISTs. However, they do
not stain with KIT (Shidham et al., 2002). Epithelioid
GISTs can resemble paragangliomas, but
immunohistochemical staining for KIT and S100 readily
distinguishes the two. Malignant melanomas are known
to metastasize to the gastrointestinal tract and may arise
primarily at the anorectum. They may express KIT, but
expression of S100 and HMB-45 can distinguish them
from GISTs.

Physiology and pathophysiology of KIT

KIT is a type III transmembrane receptor tyrosine
kinase (RTK) in which the extracellular domain binds a
ligand known as stem-cell factor (also known as Steel
factor). An intracellular segment contains the kinase
enzymatic domain. KIT is encoded by the KIT proto-

oncogene located on chromosome 4ql1-12. It is
homologous with several other type III RTKs with
oncogenic capabilities, including PDGFR-a and
PDGFR-B, CSFIR, and FLT3 (Majumder et al., 1988;
Taylor and Metcalfe, 2000). KIT activation normally
occurs when two adjacent receptors are brought together
by a homodimer ligand (Blume-Jensen et al., 1991;
Zhang et al., 2000). This process, known as
homodimerization, leads to structural changes in the
receptors. The KIT intracellular juxtamembrane region
contains a putative alpha-helix, which exerts inhibitory
control on the kinase activity of the ligand-unoccupied
receptor. Loss of inhibition by ligand binding results in
phosphorylation of the KIT kinase domain. The
activated kinases then crossphosphorylate tyrosine
residues in the opposed homodimer partner, leading to
further activation of the receptor (Ma et al., 1999;
Heinrich et al., 2002). The phosphotyrosines serve as
binding sites for substrates that include various cell-
signaling proteins and lead to phosphorylation of
tyrosine residue. These steps activate cell-signaling
cascades that are important in the regulation of
proliferation, apoptosis, adhesion, and differentiation in
several cell types, including ICCs. Stem cell factor-KIT
interaction is essential for the proper development of
melanocytes, hematopoietic progenitors, germ cells,
mast cells, and ICCs (Fleischman, 1993; Huizinga et al.,
1995). Disruption of KIT (e.g., in mouse models) results
in the absence of a functional ICC compartment,
manifested by aperistalsis of the gut (Isozaki et al., 1995;
Kluppel et al., 1998), whereas mutations that
constitutively activate KIT are associated with the
pathogenesis of mastocytosis (Furitsu et al., 1993) and
gastrointestinal stromal tumors.

The pathogenesis of GIST involves a gain-of-
function mutation in the KIT proto-oncogene, leading to
ligand-independent constitutive activation of the KIT
receptor (Hirota et al., 1998; Nakahara et al., 1998).
Somatic mutations that result in constitutive activation
of KIT kinase have been reported in a number of studies
of GISTs, although the frequencies reported have varied
widely (30-92%), possibly because only one segment of
exon 11 was evaluated and the study populations in each
series were genetically heterogenous (Rubin et al., 2001;
Heinrich et al., 2002). Systematic sequencing of the
juxtamembrane coding region, coupled with evaluation
of the entire KIT coding sequence in GISTs that lack
juxtamembrane coding region mutations, reveals
oncogenic KIT mutations in most GISTs (Heinrich et al.,
2002). Mutations are most frequent in exon 11 and are
rare in exons 9, 13, 14, and 17 (Moskaluk et al., 1999;
Lasota et al., 2000; Hirota et al., 2001; Rubin et al.,
2001; Andersson et al., 2002; Corless et al., 2002).
Representative report evaluating entire coding region are
illustrated in Fig. 1. Exon 11 encodes the juxtamembrane
domain, which is the cytoplasmic portion of the receptor.
The KIT juxtamembrane domain is pivotal in KIT signal
transduction through interactions with various adapter
proteins and phosphatases and modulation of KIT
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catalytic activity (Kozlowski et al., 1998; Heinrich et al.,
2002). Exon 9 encodes the extracellular domain, and
exons 13 and 14 encode the kinase domains. The
mutations vary from single base-pair substitutions to
complex deletions and insertions. These activating
mutations can transform cells in vitro and induce
aggressive behavior of the cells in vivo (Nakahara et al.,
1998). A recent evaluation has shown that activation
(phosphorylation) of KIT is always demonstrated in
GISTs that lack detectable KIT mutations (Rubin et al.,
2001; Heinrich et al., 2002). Mechanisms that might
account for KIT activation in mutation-negative GISTs
are undetected mutations, inactivation of KIT-inhibitory
phosphatases, up-regulation of the KIT ligand, and KIT
heterodimerization with other activated receptor-tyrosine
kinase proteins (Heinrich et al., 2002). KIT mutations in
tumors that are small (10 mm or less), clinically
incidental, or morphologically benign are similar to
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Point mutation: V559D/A, V560E/D/G, L576P, W557R/G

Deletion: 549-558, 550-558, 551-555, 551-556, 552-553, 553-556, 553-558, 555-
558, 555-560, 555-571, 557-558, 557-561, 558-560, 558-564, 559-560, 560, 560-
562, 562, 564-578, 568-574, 570, 570-577, 570-578, 579

Insertion/Duplication: 572-588, 574-586, 576-584, 576-585, 576-586

Complex: K550N + Del 552-556, Del579 + K581Q, M552T + Del 553-558, Y568C +
Del 570-576, Q556P + Del 557 + K558Q, Del 557-558 + V559I, Del 557-558 +
V559F, Del 558-565R, Del 567-576KV, Del 563-577 T, Del 557-559C, Del 551-
554H, Del 552-555I, Del 552-558T, Del557-559F/I, Del557-558S, Del557-5738S,
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(References: Hirota et al., 1998, Lasota et al., 1999, Allander et al., 2001; Corless
et al., 2002; Choi et al., 2003, Schneider-Stock et al., 2003).

Fig. 1. Schematic illustration of the KIT receptor and oncogenic
mutations involving the extracellular, juxtamembrane, and kinase
domains (Rubin et al., 2001). Almost all reported mutations of exon 9
are insertion/duplication 552-553 (AY), exon 13 are K642E, and exon 17
are N822K or H. Exampes of exon 11 mutation are listed separately.

those identified in larger malignant lesions. In addition,
the overall frequency of mutations (85%) in the
incidental tumors is not significantly different from that
seen in advanced and metastatic GISTs. These
observations suggest that activating mutations in KIT
occur early in the pathogenesis of GISTs (Corless et al.,
2002). Recently, Heinrich and colleagues discovered a
small subset of GISTs that are KIT wild type (WT) and
have highly activated PDGFR detected by
immunoprecipitation with polyclonal antisera (panRTK
antisera) against peptides from regions of strong
sequence conservation across the family of RTKs. These
GISTs showed mutually exclusive phospho-KIT and
phospho-PDGFR-a expression. Heinrich et al. also
evaluated PDGFR-a. genomic mutations in exons 10, 12,
14, and 18 that corresponded to the KIT exons
containing oncogenic mutations in many GISTs and
found PDGFR-o mutations in 11 of 37 (29.7%) KIT-WT
GISTs but not in 36 KIT- mutant GISTs. In the above
study, protein kinase Cq (antibody used in western
blotting) was used for confirmation of GIST diagnoses
in immunohistochemically KIT-negative, KIT-WT
GISTs (Heinrich et al., 2003). On the basis of these
results, GISTs can be schematically classified as KIT-
high expression with KIT-mutation (about 80%), KIT-
high expression without KIT-mutation (about 10%),
KIT-low expression with KIT-mutation (rare), KIT-low
or nonexpression with PDGFR-mutation (about 3%),
and KIT-low or no expression and so far undetermined
pathogenesis.

GISTs occasionally develop in families, with
germline mutations of KIT in exons 11 and 13. Family
members develop diffuse hyperplasia of the ICC, which
is considered a preneoplastic lesion (Nishida et al., 1998;
Isozaki et al., 2000; Beghini et al., 2001; Maeyama et al.,
2001).

KIT-activating mutations can be divided into two
groups (Longley et al., 2001; Heinrich et al., 2002). The
first group has mutations in regions forming the active
kinase pocket and thus directly affect the enzymatic site
structure. These types of mutations can be called
enzymatic pocket or enzymatic site mutations. The
second group of mutations involves regulatory portions
of the KIT protein. These regulatory-type mutations
differ from enzymatic site mutations in that they
preserve the normal structure of the enzymatic site. The
distinction between regulatory and enzymatic site
mutation mechanisms is important clinically, because
KIT inhibition by some small molecule compounds
depends in part on these mutation types. Enzymatic site
mutations of amino acids that participate directly in
binding to therapeutic inhibitors often render the
inhibitors totally ineffective (Ma et al., 2002).
Regulatory-type KIT mutations are found in most
GISTs. The best-characterized KIT regulatory region is
the intracellular juxtamembrane region, encoded by exon
11. A broad range of mutational events affecting this
region can result in constitutive KIT activation. An
essential feature of these regulatory-type mutations is
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that the KIT oncoproteins have the same active
enzymatic site as that in normal KIT. Therefore, kinase
inhibitors such as imatinib mesylate, which binds well to
the enzymatic site of normal KIT, are also effective in
this type of mutation. In contrast to regulatory-type
mutations, enzymatic site-type mutations, which activate
KIT by altering the structure of the enzymatic site, might
not be inhibited by these kinase inhibitors.

The exact signaling pathways activated by a mutant
KIT differ from those activated by normal KIT (Piao et
al., 1996; Linnekin, 1999; Chian et al., 2001; De Miguel
et al., 2002). For example, ligand-induced KIT
activation generally leads to phosphorylation of the
signal transducers and activates of transcription (STAT),
protein kinaseB (AKT), and mitogen-activated protein
kinase (MAPK) proteins, which have antiapoptotic and
proliferation-inducing roles. In contrast, STAT, AKT,
and MAPK phosphorylation are occasionally
inconspicuous in GISTs expressing constitutively
activated oncogenic KIT proteins. An oncogenic KIT
mutation induces a degradation of SHP-1, a
physiological attenuator of the KIT signaling pathway, in
murine mastocytoma cell line P815, resulting in
prolonged activation of KIT. Elucidation of the
oncogenic KIT signaling pathways is clinically very
important. Some GISTs may ultimately become resistant
to KIT-inhibitor therapies, as has happened in chronic
myelogenous leukemia (CML). Thus, essential
downstream signaling proteins must be identified that
can serve as alternative therapeutic targets to more
effectively silence KIT signaling in GISTs (Heinrich et
al.,2002).

Prognostic factors

It is often difficult to predict the behavior of GISTs
using the features of the pathologic examination alone.
Tumor stage, size, histologic type, degree of necrosis,
cellularity, nuclear pleomorphism, and mitotic activity
evaluated in the context of tumor location constitute the
clinicopathological prognostic parameters (Fletcher et
al., 2002; De Silva and Reid, 2003). Gastric GISTs are
less aggressive than those originating in the esophagus,
small intestine, or colon. The most consistent
pathomorphologic features wused to predict
aggressiveness are tumor size and mitotic index
(Fletcher et al., 2002; De Silva and Reid, 2003) .

It is now thought that categorizing GISTs into low,
intermediate, and high-risk tumors on the basis of an
estimation of their potential for recurrence and
metastasis is more appropriate than categorizing as
benign or malignant. Classification systems based on
tumor size and mitotic rate are detailed elsewhere
(Fletcher et al., 2002; De Silva and Reid, 2003).

Studies at M. D. Anderson Cancer center of mostly
gastric and small intestine GISTs found that patients
with tumors 5-10 cm and those with tumors >10 cm in
size (19 and 17 months, respectively) had similarly poor
survival rates. Conversely, patients with tumors <5 cm in

size had a 36-month median disease free survival time
(Ng et al., 1992). However, tumors <5 cm are not
necessarily benign. In fact, some pathologists are
reluctant to use the term “benign” because GISTs are so
unpredictable (Fletcher et al., 2002). For example, at M.
D. Anderson, we have occasionally seen very small
(even <3 cm) lesions that metastasize to the peritoneum
or liver.

A high Ki-67 index and high expression of Bcl-2,
p53, and c-Myc proteins are frequently associated with
poor prognosis (Panizo-Santos et al., 2000; Al-Bozom,
2001; Hasegawa et al., 2002). Vascular endothelial
growth factor (VEGF) expression has been studied with
respect to tumor size, liver metastasis, Ki- 67 labeling
index, and microvascular density and is associated with
poor N%rognosis (Takahashi et al., 2003). Alterations in
p16NK4 "a cyclin-dependent kinase4 inhibitor gene, is
associated with poor prognosis. Moreover, genetic
alterations in p/6/¥K4 have been correlated with the
immunohistochemical expression of p16/NK4 which is
frequently not expressed in the case of promoter
methylation, the presence of inactivating mutations, and
the loss of heterozygosity at the p/6 locus (Schneider-
Stock et al., 2003). The prognostic significance of KIT
mutations is controversial. In a large series (124 patients)
described by Taniguchi and colleagues, exon 11
mutations were identified in 57%of the GISTs and
seemed to correlate with a poor prognosis (Taniguch et
al., 1999). Several other studies have also shown a
correlation between exon 11 KIT mutations and poor
prognosis, and suggested that exon 11 mutations may be
one of the strongest prognostic factors (Ernst et al.,
1998; Lasota et al., 1999). Contrary to these reports,
however, some authors have reported that KIT mutations
are not restricted preferentially to higher-grade tumors
and that in fact, they are frequently found in
pathologically low-risk GISTs (Sakurai et al., 1999;
Rubin et al., 2001; Corless et al., 2002). Recently, Choi
and colleagues reported that high mobility group box 1
(HMGB1) was strongly expressed in GISTs having a
KIT mutation, more than three times higher than the
maximum observed in the GISTs that did not have KIT
mutation. However, prognostic significance and
correlation with outcome were not reported (Choi et al.,
2003). The cytogenetic aberrations in GISTs appear to
be a secondary event since they are commonly found in
only a few neoplastic cells. Moreover, some GISTs have
normal karyotypes but have KIT-activating mutations.
Therefore, it is possible that KIT mutations involve the
initiation of the neoplastic process in most GISTs,
whereas cytogenetic aberrations may be involved in the
progression of those tumors (Heinrich et al., 2002). The
most common abnormalities reported are loss of
chromosome 14 and/or 22. Loss of 9p and 1p,
chromosome 15, 3p, and gain of chromosome 4 and 5
preferentially occur in high-risk tumors (Gunawan et al.,
2002). Andersson and colleagues reported similar
cytogenetic changes, but they did not report the
prognostic significance (Andersson et al., 2002).
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Comparative genomic hybridization-based studies have
shown that low-risk GISTs contain significantly fewer
DNA copy number changes (mean, 2.6 aberrations per
tumor) than malignant primary GISTs (mean, 7.5) or
metastatic GISTs (mean, 9). Gains and high-level
amplifications at 5p and 20q and losses in 9p were seen
only in malignant primary and metastatic GISTs (El-
Rifai et al., 2000). Although these and other studies have
shown certain patterns related to genetic mutations, the
behavior of GISTs, in contrast to other sarcomas, cannot
be clearly predicted.

Treatment

In general, GISTs have not been responsive to
chemotherapy or radiotherapy. The impact of imatinib
mesylate on long-term survival and the possibility that
this drug is curative are subjects of ongoing studies.
Today, however, the standard of care for treatment of
GISTs is complete surgical resection with negative
margins. Because GISTs rarely metastasize to lymph
nodes, lymph node dissection and biopsy are not
routinely employed. DeMatteo and colleagues reported
that in a series of 200 GISTs, the median survival for
patients who underwent complete resection was 66
months, compared with 22 months for those who
underwent incomplete resection (Dematteo et al., 2000).
However, with surgery alone, the overall prognosis is
relatively poor.

Before imatinib mesylate, there were little or no
benefits to drug therapy in locally recurrent or metastatic
cases (Dematteo et al., 2002). Doxorubicin and
ifosfamide, the two most active agents used for treating
sarcoma and the centerpiece for most regimens used to
treat soft-tissue sarcomas, have very limited activity in
patients with GIST.

The recent introduction of imatinib mesylate has
provided an effective treatment for recurrent or
metastatic GISTs. Its use in the treatment of cancer
represents a major paradigm shift in cancer therapy
targeting specific molecules crucial to the etiology of a
cancer. Imatinib mesylate selectively inhibits the ABL,
BCR-ABL, ARG, KIT, and PDGFR tyrosine kinases,
thereafter selectively inhibiting the growth of tumor cells
that highly express these kinases (Buchdunger et al.,
2000; Savage and Antman, 2002). Initially, imatinib was
developed for CML, which has a BCR-ABL
translocation and therefore highly expresses ABL
kinase. Application of this agent to GISTs was logical
since KIT is an RTK, much like BCR-ABL is in CML.
Tuveson and colleagues demonstrated that the inhibition
of mutant KIT in GIST by imatinib mesylate leads to
growth arrest and eventual apoptosis in cultured human
GIST cell lines (Tuveson et al., 2001). The first patient
with a GIST treated with imatinib mesylate was in
Finland (Joensuu et al., 2001). The patient, whose tumor
expressed KIT and contained an exon 11 mutation in the
KIT gene, had progressive, widely metastatic disease
after failing to improve with extensive previous therapy.

Within a few weeks of starting daily oral administration
of imatinib mesylate, the patient showed a major
objective clinical response that has been maintained for
more than 18 months at the time of publication. The
response was confirmed by the absence of tumor
metabolic activity as shown by 18FDG-positron
emission tomography scanning. Subsequent biopsies
revealed that the tumor had been largely replaced by
myxoid degeneration and fibrosis.

The preliminary trials of imatinib for treating GIST
were so successful that sarcoma investigators met at the
National Cancer Institute in November 2000 to discuss
the results and design a study to expand access to this
agent for other GIST patients who might benefit from it.
With more than 600 patients enrolled, this current study
is designed to test whether imatinib 800 mg/day is more
effective than imatinib 400 mg/day. A European study
conducted by the Soft Tissue and Bone Sarcoma Group
of the European Organization for Research and
Treatment of Cancer (EORTC) confirmed the
preliminary results found in the United States (Van
Oosterom et al., 2001). Of 36 patients treated with
imatinib, the rate of disease progression was only 11%,
with 69% of the patients having a major or minor
response. An additional 19% had stable disease.

Moreover, in recent clinical trials, the majority of
patients with malignant GISTs have shown a benefit to
treatment with imatinib (Demetri et al., 2002). A total of
147 patients received 400 mg or 600 mg of imatinib
daily. Overall, 54% had a partial response, 28% had a
stable disease, and no patients had complete response.

Imatinib mesylate is a great development for patients
who suffer from metastatic or recurrent GISTs. Before
its use, there was no known effective therapy. In
February 2002, the United States Food and Drug
Administration approved imatinib mesylate for use in
KIT-positive, unresectable and/or metastatic GISTs.

Recently, Bauer and colleagues reported a patient
whose metastatic GIST responded well to imatinib
mesylate treatment despite the tumor’s near absence of
KIT expression (Bauer et al., 2003). The tumor was
morphologically typical of GIST, stained positive for
CD34, and had an in-frame deletion mutation in KIT
exon 11. These findings suggest that even GISTs with
very low levels of KIT expression may respond to
imatinib mesylate.

In CML, resistance to imatinib in patients with
advanced blast crisis has been associated with BCR-
ABL gene amplification and/or the development of new
mutations in the kinase domain (Gorre et al., 2001).
These events presumably diminish the binding ability of
imatinib to the KIT enzymatic site and results in
treatment failure.

It will be critical to design new drugs for the GIST
patients whose tumors are resistant to imatinib either
initially or after drug administration. Knowledge of the
mechanisms of imatinib resistance will facilitate the
development of new drugs that are not resistant
(Dematteo et al., 2002).
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It will also be important not to overly generalize the
successes of imatinib therapy in treating GIST since
GISTs appear to have relatively homogeneous
pathogenetic mechanisms and a remarkably distinct and
uniform expression profile on the basis of cDNA
microarrays (Allandar et al., 2001). Most other common
human malignancies are the end result of complex
multistep carcinogenesis; therefore, targeting specific
molecules for their treatment will require more complex
treatment schemas than required for GISTs.
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