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Myosin heavy chain (MHC) isoform expression was
evaluated by immunohistochemistry and reverse
transcription polymerase chain reaction (RT-PCR) to
clarify a possible link between gastrointestinal stro-
mal tumor (GIST) and interstitial cells of Cajal (ICCs)
in the gastrointestinal (GI) tract. Using monoclonal
antibodies against MHC isoforms, 18 of 27 GISTs
(67%) showed immunoreactivity for non-smooth-
muscle myosin or the embryonic form of MHC
(SMemb), but only one tumor showed immunoreac-
tivity for smooth muscle cell (SMC)-specific isoforms
(SM1 and SM2). Co-expression of KIT or CD34, which
is also expressed in GIST and ICCs, was demonstrated
in 18 (100%) and 16 SMemb-positive tumors (89%),
respectively. Otherwise, the expression of SMemb in
GIST was not correlated with the patient’s age or sex,
tumor size, histological grade of GIST, or expression
of mesenchymal cell markers, such as a-smooth mus-
cle actin (a-SMA) or S100 protein. By double-fluores-
cence immunostaining of the tunica muscularis of the
GI tract wall , co-expression of KIT, CD34, and SMemb
was demonstrated in ICCs, which were negative for
SM1 and SM2. RT-PCR analysis confirmed that GIST
expressed SMemb-mRNA, which lacked neuronal cell-
specific inserts of 30 bp. These facts further
strengthen the current hypothesis that GIST is a tu-
mor of ICCs. (Am J Pathol 1999, 154:23–28)

Gastrointestinal stromal tumor (GIST) is the most frequent
non-epithelial neoplasm in the stomach and intestine.1–5

The unifying but noncommittal term GIST has been intro-
duced to avoid the confusion and controversy regarding
the origin of the tumor. In the past, GIST was simply
believed to be smooth muscle in origin based on histo-
logical features. Subsequent immunohistochemical and

ultrastructural studies have shown that the tumors consist
of mesenchymal cells with or without differentiation to
smooth muscle cell (SMC), neuronal cell, or both,1–5 thus
casting doubt on the uniformity of GIST. However, the
possibility has recently been raised that GIST is not a
catalog index encompassing heterologous tumors, but
rather is a neoplasm that exhibits differentiation to a
specific type of cell in the gastrointestinal (GI) tract. Neo-
plastic cells of most GISTs simultaneously express KIT
and CD34 antigen, a proto-oncogenic receptor tyrosine
kinase and a hematopoietic progenitor cell antigen, re-
spectively, both of which are expressed in hematopoietic
stem cells.6,7 In normal GI tracts, the interstitial cells of
Cajal (ICCs), that were described by Cajal in 1893 as
primitive neurons in autonomically innervated organs,8,9

are immunoreactive for both antigens. Gain-of-function
mutations of c-kit have been demonstrated in five of six
GISTs. These facts are the basis for the current hypoth-
esis that GIST is a tumor of ICCs, or at least consists of
neoplastic cells capable of differentiating to ICCs.6,7

In an attempt to characterize neoplastic cells of GIST,
in the present study we evaluated the expression profile
of myosin heavy chain (MHC) isoforms SM1, SM2, and
the embryonic form (SMemb). SM1 and SM2 are alterna-
tively spliced products of a single gene.10,11 Both are
specific to SMCs but are regulated differently in fetal
development. SM1 is expressed in SMCs throughout the
early developmental stage to the mature stage, whereas
SM2 is expressed only after birth.11,12 SMemb is referred
to as the nonmuscle MHC isoform and is a product of a
different gene. In addition to its abundance in the brain,
SMemb is expressed together with SM1 in SMCs under-
going growth and/or cell division, such as embryonic
SMCs of fetal aorta and proliferating SMCs in arterioscle-
rotic neointima.12,13 In the present study, we demon-

Supported by a Grant-in Aid for Scientific Research from the Ministry of
Education, Science, Sports, and Culture of Japan.

Accepted for publication September 22, 1998.

Address reprint requests to Dr. Masashi Fukayama, 3311–1 Yakushiji,
Minamikawachi-machi, Kawachi-gun, Tochigi 329-0431, Japan. E-mail:
fukayama@jichi.ac.jp.

American Journal of Pathology, Vol. 154, No. 1, January 1999

Copyright © American Society for Investigative Pathology

23



strated that the profile of MHC isoforms in neoplastic cells
of GIST was different from that in both mature and devel-
oping SMCs, but the same as that in ICCs, thus providing
further evidence that GIST is a tumor of interstitial cells of
Cajal (TICC).

Materials and Methods

GIST and Mesenchymal Tumors

Twenty-seven GISTs were surgically resected from 26
patients (age, 33 to 80 years; 10 male and 16 female).
These tumors consisted of 24 primary tumors of 23 pa-
tients and 3 metastatic tumors of 3 patients. These tumors
were examined in our previous study, and the clinico-
pathological details have been reported.14 The sites of
the primary tumors were the stomach (n 5 18), duode-
num (n 5 2), jejunum (n 5 1), ileum (n 5 1), and colon
(n 5 2). The three metastatic tumors, for which primary
tumors were not available, were derived from GISTs of
the stomach, duodenum, and rectum, respectively. For-
malin-fixed and paraffin-embedded specimens were
used for histopathological and immunohistochemical
studies. As a control, nine leiomyomas (three of the
uterus and six of the esophagus), eight leiomyosarcomas
of the uterus, and three Schwannomas of the retroperito-
neum and mediastinum were similarly examined. All of
the GISTs were histologically classified as high or low risk
according to the criteria of Franquemont with some mod-
ifications as have been previously reported.14

Non-Neoplastic Tissue

For the immunohistochemical study of ICCs, non-neo-
plastic tissues of the human stomach, small intestine, and
colon, which were surgically resected, were fixed in ac-
etone at 220°C overnight and then rinsed in methyl ben-
zoate and xylene and embedded in paraffin (AMeX meth-
od),15 as long cytoplasmic processes of ICCs were lost
by routine formalin fixation. Fifteen-micron-thick sections
were used for the visualization of long and slender den-
drites of ICCs.

Immunohistochemical Study

Immunohistochemical evaluation was performed using
the avidin-biotin-peroxidase complex (ABC) method in
3-mm-thick sections of formalin-fixed and paraffin-em-
bedded specimens of GISTs and other mesenchymal
tumors. Monoclonal antibodies against MHC isoforms
SM1, SM2 and SMemb were purchased from YAMASA
(Tokyo, Japan) and used at a working dilution of 1:6000.
A polyclonal antibody for KIT was obtained from MBL
(Nagoya, Japan), and a monoclonal antibody for CD34
was obtained from Becton Dickinson (Mountain View,
CA). The working dilution was 1:100 and 1:20, respec-
tively. Cellular differentiation in GISTs was partially char-
acterized in a previous study13 using the following anti-
bodies: a-SMA (DAKO, Kyoto, Japan; monoclonal,
working dilution, 1:500) as a marker for SMCs and S100

protein (DAKO; polyclonal, 1:1000) as a marker for neu-
ronal cells. Ki-67 (MBL; monoclonal, 1:100) was used to
assess the proportion of proliferating cells, and a Ki-67
labeling ratio was estimated as reported previously. To
recover the antigenicity of Ki-67, SM1, SM2, and SMemb,
formalin-fixed sections were pretreated in a microwave
oven before incubation with the primary antibody.

Fluorescence Double Immunolabeling

Fluorescence double immunostaining was performed us-
ing combinations of rabbit polyclonal anti-KIT antibody
with other mouse monoclonal antibodies (S100b (IBL,
Fujioka, Japan; monoclonal, 1:100), CD34, SM1, SM2,
and SMemb). After incubation with the combination of
primary antibodies for 1 hour at room temperature, the
sections were thoroughly washed with phosphate-buff-
ered saline. They were then incubated with tetramethyl-
rhodamine isomer R (TRITC)-conjugated swine anti-rab-
bit IgG (DAKO; 1:40) and fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG (American Qua-
lex, San Clemente, CA; 1:40) for 30 minutes at room
temperature. The sections were examined with a confo-
cal laser scanning microscope (Leica TCS NT). The
excitation wavelength was 568 nm for TRITC and 488 nm
for FITC.

Transcriptional Analysis of SMemb

Transcriptional expression of SMemb was analyzed by
reverse transcriptase polymerase chain reaction (RT-
PCR) analysis using the tumor RNA of GISTs (n 5 3),
leiomyomas of the uterus (n 5 3), and Schwannomas
(n 5 3, with 2 arising from retroperitoneum and 1 from
mediastinum), as well as the adult brain, which is known
to contain a large amount of SMemb. All three of the
tumor tissues of GISTs showed immunoreactivity for
SMemb. All of the tissues had been taken immediately
after resection, frozen in dry ice/hexane, and stored at
280°C until use. Total RNA was prepared from frozen
tissues with TRIZOL Reagent (GIBCO BRL, Rockville,
MD) according to the manufacturer’s recommendations.
Two micrograms of total RNA from each sample was
reverse-transcribed to cDNA using a first-strand cDNA
synthesis kit (Pharmacia Biotech, Tokyo, Japan). The
resulting cDNA was then used for PCR amplification with
the upstream primers (59-AGGAAGAAAGGACCATA-
ATATTCC-39) and the downstream primers (59-CCTG-
TAGTTATTAAATCCTTCAAG-39). The primers were set
up to amplify the fragment of SMemb mRNA encompass-
ing the N30 exon, a 30-nucleotide insert in a splicing
variant, which has been reported to be specific for the
brain, retina, and retinoblastoma cell line.16–18 After
acrylamide gel electrophoresis, the gel was stained with
ethidium bromide. The amplified fragments were excised
from the gels and used to determine the nucleotide se-
quences of the amplified fragments with an ABI PRISM
D-rhodamine terminator cycle sequencing ready reaction
kit (Applied Biosystem, Chiba, Japan) and an ABI PRISM
377 DNA sequencer.
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Statistical Analysis

Fisher’s exact probability test, the Kruskal-Wallis rank
test, and Student’s t-test were used for the statistical
analysis.

Results

The results of immunohistochemistry are summarized in
Table 1.

SMemb expression in GIST

Immunohistochemically, SM1 and SM2 were definitely
present in SMCs of tunica muscularis (Figure 1a) but
completely absent in GISTs (Figure 1c), except for one
GIST in which several neoplastic cells showed weak pos-
itive staining. Both isoforms were present in all of the
leiomyomas and in five of eight leiomyosarcomas but not
in any of the Schwannomas. On the other hand, although
SMemb immunoreactivity was completely negative in
SMCs of the tunica muscularis (Figure 1b), SMemb im-
munoreactivity was observed in neoplastic cells in 18 of
27 GISTs (67%; Figure 1d). SMemb immunoreactivity
was not demonstrated in tumor cells of leiomyomas or
Schwannomas except for the SMCs of small vessels in
the capsule of one of the Schwannomas. In two of the

eight leiomyosarcomas, several neoplastic cells were
weakly positive for SMemb, but these neoplastic cells
were also immunoreactive for SM1 and SM2.

As reported by other investigators,6,7 most GISTs
showed immunoreactivity for both KIT and CD34. All of
the neoplastic cells exhibited KIT immunoreactivity in 23
of 27 GISTs (85%) (Figure 1e) but in none of the other
mesenchymal tumors. Twenty-two of twenty-seven GISTs
(81%) were positive for CD34 (Figure 1f), whereas none
of the leiomyomas or leiomyosarcomas showed positivity.
In one case of Schwannoma, which contained an Antoni
B area, many CD34-positive fibroblast-like cells were
observed within the tumor nodule, as has been described
previously.19 However, neoplastic cells, which pos-
sessed plump oval nuclei, were completely negative.
Thus, 18 SMemb(1) GISTs consisted of 16
KIT(1)CD34(1) and two KIT(1) CD34(2) tumors. On the
other hand, nine SMemb(2) tumors consisted of four
KIT(1)CD34(1), one each KIT(1)CD34(2) and
KIT(2)CD34(1), and three KIT(2)CD34(2) tumors.

a-SMA immunoreactivity was observed in 10 of 27
GISTs (37%), in contrast to 9 of 9 leiomyomas and 4 of 8
leiomyosarcomas. The a-SMA immunoreactivity in GISTs
was weak compared with that in leiomyomatous tumors
and was confined in a focal area. Only one case of GIST
showed positivity for S-100 protein.

Table 1. MHC Isoforms and Other Markers in GISTs and Other Mesenchymal Tumors

MHC isoform

KIT CD34 a-SMA S-100SM1 SM2 SMemb

GIST 0/27 1/27 18/27 23/27 22/27 10/27 1/27
Leiomyoma 9/9 9/9 0/9 0/9 0/9 9/9 0/9
Leiomyosarcoma 5/8 5/8 2/8* 0/8 0/8 4/8 0/8
Schwannoma 0/3 0/3 0/3† 0/3 0/3‡ 0/3 3/3

*Only focal and weak positive staining in tumor cells.
†A few SMC of the blood vessel and fibroblast-like cells in capsule were positive, but tumor cells were completely negative.
‡In one case of Schwannoma, CD34-positive fibroblast-like cells were observed in an Antoni B area.

Figure 1. Immunohistochemical evaluation of myosin heavy chain isoforms in GIST. Smooth muscle cells (SMCs) of muscular layer and blood vessels of the
stomach are positive for SM1 and SM2 (a) but negative for SMemb (b). The neoplastic cells of GIST are completely negative for SM1 and SM2 (c). On the other
hand, the neoplastic cells show diffusely positive staining for SMemb (d), KIT (e), and CD34 (f). ABC immunostaining; magnification, 330.
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As for the correlation between SMemb expression and
pathological factors or cellular differentiation in GIST (Ta-
ble 2), SMemb expression was not correlated with sex,
age, size, histological grade, or the Ki-67 labeling ratio.
There was an intimate correlation between the expression
of SMemb and KIT (P , 0.05), whereas there was no
significant correlation between SMemb and a-SMA,
CD34, or S100 protein. The expressions of KIT and CD34
were also closely correlated (P , 0.05).

SMemb Expression in ICCs

To identify the cells corresponding to ICCs, we used KIT
immunohistochemistry because of the feasibility of a
polyclonal antibody. As KIT-immunoreactive cells do not
always represent ICCs, the immunoreactive interstitial
cells or the cells with similar morphology, which were
apparently different from mast cells, were described as
ICC-like cells in the present study.

In the stomach and colon, KIT-immunoreactive ICC-
like cells were distributed widely in both inner circular
and outer longitudinal muscle layers of the tunica mus-
cularis. The immunoreactive cells were fusiform or stel-
late in shape with long cytoplasmic processes, and
formed a complex cell network (Figure 2a). By double
immunostaining, most of the KIT-immunoreactive cells
were also positive for CD34, but some fusiform and stel-
late ICC-like cells were positive for CD34 and negative for
KIT (Figure 2b, green fluorescence), and some KIT-pos-
itive ICC-like cells were negative for CD34 (Figure 2c,
red). There seemed to be no difference in the morphology
or location among these KIT(1)CD34(1), KIT(1)CD34(2),
and KIT(2)CD34(1) ICC-like cells in the tunica muscularis.
KIT-immunoreactive ICC-like cells (Figure 2e, red) were
definitely positive for SMemb (Figure 2d, green; Figure 2f,
yellow). These KIT-immunoreactive cells were completely
negative for S100-b, SM1, and SM2.

On the other hand, the immunophenotypes and loca-
tion of ICC-like cells in the small intestine were different
from those in the stomach and colon. In the wall of the
small intestine, many KIT-positive cells were located be-
tween the circular muscle and longitudinal muscle layer,
whereas only a few KIT-positive cells were observed
around the muscle bundles. Almost all of these ICC-like

cells were negative for CD34 and weakly positive for
SMemb. On the other hand, CD34(1)KIT(2) ICC-like
cells were much more frequent, and distributed widely in
the tunica muscularis and subserosa (Figure 2g).

As an internal control for immunohistochemistry, the
SMCs of the tunica muscularis were completely negative
for KIT, SMemb, CD34, and S-100b protein but definitely
positive for SM1 and SM2. Ganglion cells in the Auerbach
plexus were negative for these antibodies.

Transcriptional Analysis of SMemb

By RT-PCR analysis of SMemb mRNA, two distinct frag-
ments were amplified in human adult brain tissue, which
corresponded to transcripts with (346 bp) or without the
N30 insert (316 bp). The DNA sequence of the excised
fragments confirmed the specificity of the amplification.
On the other hand, only a single fragment of 316 bp,
corresponding to SMemb devoid of the N30 insert, was
amplified in three of three GISTs. Similarly, a single fragment
of 316 bp was barely amplified in each of three leiomyomas
and Schwannomas (Figure 3). With regard to immunohisto-
chemistry, these faint fragments might correspond to the
SMemb in small vessels feeding the tumors.

Discussion

In the present study, the embryonic form of MHC
(SMemb), but not SM1 or SM2, was present in the neo-
plastic cells of GISTs by immunohistochemistry and RT-
PCR analysis. As SMemb expression was not correlated
with any clinicopathological factors, especially patholog-
ical grade, its expression is likely to reflect the charac-
teristics of the normal counterpart of neoplastic cells of
GISTs. The mature SMC expresses both SM1 and SM2,
which are associated with its contractile phenotype. The
growing SMCs of blood vessels, such as in fetal devel-
opment and in reaction to tissue injury, exhibit SM1 and
SMemb, but not SM2.11–13 Thus, the profile of MHC iso-
forms in GISTs is different from those in both growing and
mature SMCs. Moreover, there was no correlation be-
tween the expression of SMemb and a-SMA, which is
another marker protein for smooth muscle differentiation.

Table 2. Comparison of Clinicopathological and Immunohistochemical Results between SMemb-Positive and -Negative GISTs

SMemb

Statistical
significance

Positive
(n 5 18; 17 cases)

Negative
(n 5 9; 9 cases)

Sex (male/female) 4/13 6/3 NS
Pathological grde (high risk/low risk) 6/12 6/3 NS
Primary site (stomach/intestine/colon) 15/2/1/ 4/3/2 NS*
Maximum size of the primary site (cm) 9.1 6 6.8 (n 5 15) 8.1 6 5.3 (n 5 9) NS
Immunohistochemistry (n 5 27)

a-SMA 8/18 (44%) 2/9 (22%) NS
S100 1/18 (6%) 0/9 (0%) NS
CD34 16/18 (89%) 5/9 (56%) NS
KIT 18/18 (100%) 5/9 (56%) P , 0.05
Ki-67 LI (%) 6.2 6 5.6 8.4 6 7.7 NS

LI (%), labeling index of Ki-67-positive tumor cells; NS, not statistically significant.
*Kruskal-Wallis rank test.
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These immunohistochemical findings were apparently
different from those in leiomyoma and leiomyosarcoma,
confirming that GIST is distinct from a genuine leiomyo-
matous neoplasm. Although SMemb mRNA in neuronal
cells includes a specific 30-nucleotide insert by alterna-
tive splicing,17,18 RT-PCR analysis of GIST mRNA dem-
onstrated amplification of only a single fragment of

SMemb transcript that lacked this insert. Therefore, if
SMemb expression in the neoplastic cells of GISTs re-
flects the characteristics of a normal counterpart, the can-
didate should be cells other than SMCs and neuronal cells.

Based on the current hypothesis that GIST may be a
tumor of ICCs,6,7 we investigated SMemb expression in
ICCs. Although Cajal originally considered the cells as
neuronal cells, recent reports suggest that ICCs may be
derived from a mesenchymal cell; ICCs can be induced
in fetal GI tract by the expression of Sonic hedgehog
(Shh).20 Transcripts of both c-kit and smooth muscle
myosin heavy chain genes were demonstrated in mes-
enchymal progenitor cells of the GI tract in the mouse
embryo.21 In the present study, KIT-positive ICC-like cells
in the muscular layer of the stomach and the colon were
definitely positive for SMemb by fluorescence double
immunolabeling. Moreover, most of the double-positive
cells also showed immunoreactivity for CD34 antigen.
These findings parallel those in GIST, providing addi-
tional evidence that GIST is a tumor of ICCs (TICC) in the

Figure 2. Fluorescence double immunolabeling of the interstitial cells of Cajal (ICCs) of the stomach
(a to f) and small intestine (g). Immunohistochemistry was applied to 15-mm-thick sections, which had
been treated by the AMeX method, using a combination of polyclonal anti-KIT antibody with
monoclonal antibodies to other substances. TRITC-conjugated swine anti-rabbit IgG and FITC-conju-
gated goat anti-mouse IgG were used for visualization of the immunoreaction, respectively. The
sections were examined with a confocal laser scanning microscope with an excitation wavelength of
568 nm for TRITC (red) and 488 nm for FITC (green). KIT-positive ICCs (red) in the muscular layer
form a complex cell-network (a, magnification, 3625). KIT-immunoreactive cells are in most cases
positive with CD34 (b, left, arrowhead, magnification, 3800), but there is also a KIT-negative,
CD34-positive ICCs-like cell (b, right, arrow) and KIT-positive and CD34-negative ICCs-like cells (c,
arrow, magnification, 3800). On the other hand, SMemb (d) and KIT (e) immunoreactivities are
observed in nearly all of the same cells (f, magnification, 3575). In the muscular layer of small
intestine, most of the KIT-positive cells were negative for CD34 (g, arrowhead) but were present in the
vicinity of KIT(2) CD34(1) ICCs-like cells (g, arrow, magnification, 3600). The latter type of
interstitial cells were more frequent and distributed more widely in the tunica muscularis and
subserosa. Bars, 20 mm.

Figure 3. RT-PCR analysis of SMemb in GIST. Ethidium bromide staining of
acrylamide gel electrophoresis. The 346-bp fragment includes N30 whereas
the 316-bp fragment does not. Both fragments are amplified in human brain
mRNA (P), but a single 316-bp fragment is observed in all three GISTs, which
expressed SMemb immunohistochemically (lanes 7 to 9). Similarly, a single
fragment devoid of N30 is barely amplified in each of the three leiomyomas
(lanes 1 to 3) and Schwannomas (lanes 4 to 6), respectively.
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GI tract. Two leiomyosarcomas showed SMemb, but neo-
plastic cells were also immunoreactive for SM1 and SM2,
suggesting that the expression of SMemb may be
caused by dedifferentiation or dysregulation of MHC iso-
forms in these highly malignant leiomyomatous tumors.

The exact function of SMemb is still under study, but it
has been reported that SMemb is expressed in large
amounts in human brain17,18 and is considered to play an
important role in axon formation and the direction of
outgrowth in neurons, by generating tension between
growth cones or bundling of actin filaments.22 On the
other hand, ICCs have long cytoplasmic processes, like
axons, and form a complex network in lamina muscu-
laris.23 Moreover, ICCs show an impulse conductive
function, and slow-wave peristalsis is blocked in W/Wv

mouse or Ws/Ws rat, in which ICCs are absent because
of a loss-of-function mutation of the c-kit gene.24,25 Thus,
based on the correspondence of morphology and func-
tion in the two types of cells, SMemb may play a role in
the formation and preservation of dendrites and the cell
network of ICCs, although the neuron-specific N30 insert
variant of SMemb was not present in GISTs.

It is worth noting that KIT(1)SMemb(1) ICC-like cells
in the small intestine were negative for CD34. As most of
the corresponding cells in the stomach and colon were
immunoreactive for CD34, the finding may indicate that
ICCs in the human GI tract may be heterogeneous with
regard to phenotype.24,27 It is possible that this variable
phenotype is linked to the variable function of ICCs as
other than the pacemaker of the GI tract. In this context,
the term gastrointestinal pacemaker cell tumor (GIPACT),
which was recently proposed by Kindblom et al as a
substitute for GIST,7 does not seem to be appropriate.

In conclusion, the concomitant expression of SMemb
with KIT and CD34 was observed in both GISTs and
ICCs. The findings in the present study further strengthen
the current hypothesis that most GISTs are tumors of
ICCs (TICCs) in the GI tract, although the functional sig-
nificance of SMemb in ICCs and its related tumor, TICC,
requires further clarification.
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