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Two families with a germline Asp820Tyr mutation at exon 17 of the c-kit gene and multiple gastrointestinal stromal
tumors (GISTs) have been reported. Recently, we generated a knock-in mouse model of the family, and mice with
KIT-Asp818Tyr corresponding to human KIT-Asp820Tyr showed a cecal GIST-like tumor. In this report, we examined
the in vivo effect of imatinib on tumor progression in knock-in mice. Imatinib of 100 mg/g body weight was administered
to heterozygous (KIT-Asp818Tyr/þ ) mice orally for 7, 14 and 28 days, and cecal tumors were dissected. Both macroscopic
size and the measured volume of cecal tumors were not significantly reduced after a 7-, 14- and 28-day administration
of imatinib when compared with those before imatinib administration. Cell proliferation was assessed by Ki-67
immunohistochemistry and the labeling index significantly decreased after imatinib administration, but the value
of the index after imatinib was only about half compared with that before imatinib. Western blotting and real-time
PCR revealed that KIT expression was almost equivalent, but KIT phosphorylation was significantly but not completely
inhibited in tumor tissues after 7, 14 and 28 days of imatinib administration when compared with that before imatinib
administration. Phosphorylation of Akt and Stat1 was accordingly inhibited after imatinib administration. Thus, imatinib
seemed to inhibit in vivo tumor proliferation but not decrease tumor volume on this mouse model, probably because
of an insufficient inhibition of phosphorylation of KIT and its downstream signaling molecules. These results suggested
that progression of multiple GISTs in patients with germline Asp820Tyr might be partially controlled by imatinib and that
model mice provide an opportunity to examine the effect of various other targeted drugs on in vivo tumor progression.
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Gastrointestinal stromal tumors (GISTs) are the most com-
mon mesenchymal tumors of the human gut. Most GISTs
express a receptor tyrosine kinase (TK), KIT,1,2 encoded by
the proto-oncogene c-kit.3–6 As interstitial cells of Cajal,
which are possible pacemaker cells of the gastrointestinal
movement,7 are also positive for KIT,8–10 GISTs are now
considered to originate from interstitial cells of Cajal or from
a precursor of them. KIT consists of an extracellular domain
with five immunoglobulin-like repeats, a transmembrane
domain, a juxtamembrane domain, and TK I and II domains
split by the kinase insert.3–6 A ligand for KIT is stem cell
factor.11–13 The binding of stem cell factor to KIT induces
autophosphorylation of KIT, and its downstream pathways
such as the Ras–MAPK, PI3K–Akt and Jak–Stat systems are
activated to induce cell proliferation. The gain-of-function

mutations of the c-kit gene cause a constitutive autophos-
phorylation of KIT and a subsequent activation of down-
stream signaling molecules without stem cell factor
stimulation, and are considered to be associated with the
pathogenesis of some tumor types.1,14,15 Most sporadic GISTs
exhibit somatic gain-of-function mutations of the c-kit gene.1

The mutations are frequently found at exon 11 encoding the
juxtamembrane domain, but the minority of them are found
at exon 9, encoding the extracellular domain, at exon 13,
encoding the TK I domain, or at exon 17, encoding the TK II
domain.16–20

We first reported a family with multiple GISTs and a germline
mutation of the c-kit gene at the juxtamembrane domain
(deletion of one of two consecutive valine residues at codons
559 and 560 in exon 11, hereafter called KIT-del-Val559), and
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considered that the mutation might be the cause of familial
and multiple GISTs.21 So far, at least 16 other families
with multiple GISTs and specific germline mutations of the
c-kit gene have been described.22–38 These families exhibited
various types of mutations at exon 11,22,23,25,26,28–32,35,37

one at exon 8 (KIT-del-Asp419),33 two at exon 13 (KIT-
Lys642Glu),24,36 and three at exon 17 (KIT-Asp820Tyr and
KIT-Asn822Tyr).27,34,38 In 2003, Sommer et al39 reported that
they generated mice with a gain-of-function mutation of
the c-kit gene at exon 11 (KIT-del-Val558) corresponding
to human KIT-del-Val559 using a knock-in strategy, and
heterozygotes exhibited a cecal GIST-like tumor. In 2005,
Rubin et al40 generated another knock-in mouse strain
with the c-kit gene exon 13-type mutation (KIT-Lys641Glu)
corresponding to human KIT-Lys642Glu, and reported that
heterozygotes and homozygotes exhibited a cecal GIST-like
tumor. In 2008, we reported a mouse model of a human
multiple GIST family with KIT-Asp820Tyr at exon 17 in
the TK II domain of the c-kit gene that was generated
using a knock-in strategy.41 In the model, heterozygous
(KIT-Asp818Tyr/þ ) and homozygous (KIT-Asp818Tyr/KIT-
Asp818Tyr) mice exhibited a cecal GIST-like tumor.

Imatinib is one of the small molecules of selective tyrosine
kinase inhibitors that inhibits tyrosine kinase activity of
KIT, platelet-derived growth factor receptors, and bcr-abl,42

and is now used widely for patients with GISTs and chronic
myelogenous leukemia.43–45 It is well known that imatinib
effectively inhibits the in vitro phosphorylation of various
exon 11-type mutant KITs and the proliferation of cells
harboring exon 11-type mutant KIT.46,47 In fact, most GISTs
with various exon 11-type KIT mutations are well controlled
by imatinib.48 Moreover, in 2006, Rossi et al49 demonstrated
that imatinib showed a strong inhibitory effect on KIT
signaling and cell proliferation index in the cecal GIST-
like tumors of heterozygous exon 11-type knock-in mice
(KIT-del-Val558/þ ). We previously reported that imatinib
less effectively inhibited the phosphorylation of exon17-type
mutant KIT (KIT-Asp818Tyr) than that of exon 11-type
mutant KIT in vitro.47

In this report, we examined the in vivo inhibitory effect of
imatinib on progression of the cecal GIST-like tumor of the
exon 17-type knock-in mice. Although homozygotes have a
larger tumor than do heterozygotes, most of them die within
10 weeks after birth.41 Therefore, we used heterozygotes in
this examination. Imatinib did not show a reduction effect
on tumor size and volume but demonstrated an inhibitory
effect on phosphorylation of KIT signaling and on the cell
proliferation index in vivo.

MATERIALS AND METHODS
Mice and Drug Administration
Twenty-five- to forty-eight-week-old female heterozygous (KIT-
Asp818Tyr/þ ) mice in a C57BL/6J background were used.
Imatinib was kindly provided by Novartis (Basel, Switzerland),
and was dissolved in distilled water at a concentration of

5.0mg/ml. Rossi et al49 reported that they administered
imatinib with 90 mg/g body weight per day to heterozygous
exon 11-type (KIT-del-Val558/þ ) knock-in mice and the
cecal tumors of the mice showed a remarkable decrease in
cell proliferation index. Therefore, we orally administered
imatinib of 50 mg/g body weight twice per day (total amount
of 100 mg/g body weight per day) to our knock-in mice by an
oral gavage. After 7 days, 2 weeks and 4 weeks, mice were
killed 12 h after the last administration of the drug (7-, 14-
and 28-day groups). As a comparison, the heterozygous mice
were dissected before imatinib treatment (0-day group). Four
mice per group were used for histological examination, four
for immunoblotting and three for real-time PCR.

Histology, Immunohistochemistry, TUNEL Method and
Approximate Tumor Volume Calculation
Cecal tissues including the GIST-like tumors from hetero-
zygous mice before and after imatinib administration were
fixed with 10% formalin and embedded in paraffin. Sections
(3-mm thick) were cut and used for conventional H&E
staining and immunohistochemistry. Immunohistochemistry
of Ki-67 was performed using a rat anti-mouse Ki-67 anti-
gen monoclonal antibody (Ab) (M7249, DAKO, Glostrup,
Denmark) and N-Histofine Simple Stain Mouse MAX PO
(Rat) (Nichirei, Tokyo, Japan) with antigen retrieval. Ki-67
labeling index was calculated by the image analysis software,
WinROOF (Mitani Corp., Fukui, Japan). Values of mean and
standard error (s.e.) were calculated for each group, and
Student’s t-test was used to determine the significance
of difference (Po0.05) among the groups. Immunohisto-
chemistry of cleaved caspase-3 was carried out using
the cleaved caspase-3 (Asp175) Ab (9661, Cell Signaling
Technology, Beverly, MA, USA) and ChemMate Envision
Kit/HRP (DAB) System (DAKO). TUNEL method was
performed by the DeadEnd Colorimetric TUNEL System
(Promega Corporation, Madison, WI, USA), according to the
manufacturer’s instruction. Approximate tumor volume was
calculated by measurement of tumor areas from multiple
H&E sections. As the cecal tumors were linear and 1.5–2 cm
in length, as shown in Figure 1, the tumors were crosscut at
2mm intervals to 7–10 sections. The tumor area of each section
(A1, A2, A3 yy, and Anmm2) was measured by WinROOF
(Mitani Corp.), then the approximate tumor volume (mm3) was
calculated using the equation 2(A1þA2)/2þ 2(A2þA3)/
2þyy.þ 2(An�2þAn�1)/2þ 2(An�1þAn)/2¼A1þ 2A2þ
2A3þyy.þ 2An�1þAn. Values of mean and s.e. were cal-
culated in each group, and Student’s t-test was used to determine
the significance of difference (Po0.05) among the groups.

Immunoblotting of KIT and its Possible Signaling
Molecules, and Quantification of Signaling Density
Only fresh GIST-like tumor tissues were carefully excised from
the cecum of heterozygous mice for protein extraction. Lysis of
the cecal tumor tissues was carried out with CelLytic-M lysis
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buffer (Sigma-Aldrich, St Louis, MO, USA) with the addi-
tion of complete protease inhibitor cocktail tablets (Roche,
Mannheim, Germany), phosphatase inhibitor cocktail (Sigma-
Aldrich) and 1mM Na3VO4. The extracted samples from
four mice were mixed in each group for examination. SDS–
polyacrylamide gel electrophoresis and immunoblotting were
carried out as previously described.1 The Abs used were mouse
anti-phospho-KIT Ab (pTyr823, Affinity BioReagents, Golden,
CO, USA), rabbit anti-KIT polyclonal Ab (A4502; DAKO),
phospho-Akt Ab (9271, Cell Signaling Technology), total Akt
Ab (9272, Cell Signaling Technology), phospho-Stat1 Ab
(9171, Cell Signaling Technology) and Stat1 Ab (9172, Cell
Signaling Technology). The binding of Abs was detected
by an ECL Western Blotting Detection System (Amersham
Bioscience Corp.). The membranes used for the detection
of phosphorylation of KIT, Akt and Stat1 were stripped and
reprobed for the detection of total KIT, Akt and Stat1.
Equivalent amounts of protein loading were shown by
reprobing of actin (ab1801, Abcam, Cambridge, UK). We
quantified the data of signaling blotting using an image
analyzer (LAS-1000plus, FUJIFILM, Tokyo, Japan).

RNA Extraction, cDNA Synthesis and Real-Time PCR
Only fresh GIST-like tumor tissues were carefully excised
from the cecum of heterozygous mice, and an RNeasy Mini

Kit (QIAGEN, Valencia, CA, USA) was used for total RNA
extraction. Single-strand complementary DNA (cDNA) was
synthesized using reverse transcriptase (Superscript II; GIBCO
BRL, Grand Island, NY, USA) from total RNA, and real-time
PCR using cDNA (20ng) was carried out for amplification of
murine c-kit cDNA by StepOne (Applied Biosystems) using
SYBR Green. The primers used for real-time PCR were forward
primer of 50-CACAAAGATTTGCGATTTCG-30 (2437–2456)
and reverse primer of 50-CTTTCAAATGTGTACACGCA-30

(2552–2571).3 Data obtained from samples were used for the
calculation of mean and s.e. values in each group. Mean and
s.e. values of 7-, 14- and 28-day groups, and the s.e. value of
the 0-day group were expressed compared with the mean value
of the 0-day group as a control (1.0). Student’s t-test was used
to determine the significance of difference (Po0.05) among
groups.

RESULTS
Macroscopic and Microscopic Change of Tumor and
Measurement of Tumor Volume
Macroscopically, the size of cecal tumor did not apparently
change after a 7-, 14- and 28-day administration of imatinib
when compared with that before imatinib administration
(Figure 1a–d). Macroscopic changes other than tumor size
were also not apparent. The approximate volumes of cecal

Figure 1 Representative macroscopic appearance of cecal tumors before and after imatinib administration. (a) Before administration of imatinib. (b) After

a 1-week administration of imatinib. (c) After a 2-week administration of imatinib. (d) After a 4-week administration of imatinib. Macroscopic appearance

including tumor size and color was not apparently changed in all the tumors. Arrows indicate cecal tumors.
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tumor before imatinib administration (0 day) and those
after the 7-, 14- and 28-day administration of imatinib
were calculated by measurement of all tumor areas at 2mm
intervals according to the formula described in the Materials
and Methods. As shown in Figure 2, difference in tumor
volume was not statistically significant among the groups.
Microscopic examination by H&E staining did not show a
notable change, such as necrosis, myxomatous change and
hemorrhage, in all of the tumor tissues before imatinib

administration and in those after 7, 14 and 28 days of
imatinib administration, as shown in Figure 3a–d.

Ki-67 Labeling Index in Cecal Tumor
We tried to assess the degree of cell proliferation of cecal
tumors by mitotic count in H&E staining. However, the
mitotic figures were very few in tumor tissues both before
and after 7-, 14- and 28-day imatinib administration.
Therefore, immunohistochemistry of Ki-67 was carried out
and the Ki-67 labeling index was calculated. The number of
Ki-67-positive cells was not high in all of the tumor tissues as
shown in Figure 3e–h, but we could count them using the
image analysis software. Each Ki-67 labeling index obtained
from tumor tissues after 7-, 14- and 28-day imatinib admin-
istration was significantly smaller than that obtained before
imatinib administration (day 0), as shown in Figure 4. The
difference in the Ki-67 labeling index among tumor tissues of
7-, 14- and 28-day imatinib treatment was not statistically
significant.

Apoptosis in Cecal Tumor
Apoptosis in cecal tumor tissues was examined by two methods,
namely, immunohistochemistry for cleaved caspase-3 and the
TUNEL method. Immunohistochemistry for cleaved caspase-3
revealed that apoptotic cells were extremely rare not only in
tumor tissues before imatinib administration but also in those
after 7, 14 and 28 days of imatinib administration (data not
shown). Therefore, we could not exactly calculate the propor-
tion of apoptotic cells. Similarly, we could rarely detect TUNEL-
positive apoptotic cells in tumor tissues both before and after
imatinib treatment (data not shown), and could not count the
proportion of apoptotic cells.

Figure 2 The calculated approximate tumor volume before administration

of imatinib (0 day) and after administration of imatinib (7, 14 and 28 days).

Difference in tumor volume was not statistically significant among the

groups. Bars represent s.e. of the mean.

Figure 3 Representative microscopic appearance (a–d, H&E staining) and Ki-67 immunohistochemistry (e–h) of cecal tumors before and after

administration of imatinib. (a, e) Before administration of imatinib. (b, f) After a 1-week administration of imatinib. (c, g) After a 2-week administration

of imatinib. (d, h) After a 4-week administration of imatinib. Microscopic appearance was not apparently changed by H&E staining. The number of

Ki-67-positive cells was not high in all groups of tumors, but the number of them before imatinib administration (e) seemed to be more than that

after imatinib administration (f–h).
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KIT Signaling in Cecal Tumor after Imatinib
Administration
KIT expression and its phosphorylation were examined by
western blotting in cecal tumors before and after 7, 14 and
28 days of imatinib administration. The expression of total

KIT was equivalent in the cecal tumors of all groups.
The magnitude of phosphorylation of KIT after imatinib
administration became weaker than that before imatinib
administration (Figure 5a and b).

The expression and phosphorylation of downstream KIT
signaling molecules were also examined by western blotting
in cecal tumors before and after imatinib administration. The
equivalent expression of total Akt was observed in tumor
tissues of all groups, and its phosphorylation after imatinib
was also weaker than that before imatinib (Figure 5c and d).
Similarly, the magnitude of expression of total Stat1 was
similar among all groups of cecal tumors, and its phos-
phorylation after imatinib was weaker than that before
imatinib, as observed in the expression and phosphorylation
of KIT and Akt (Figure 5e and f). Equivalent amounts of
protein loading were shown by blotting of actin (Figure 5g).
The result of the signaling blot was quantified by image
analyzer and data are shown in Figure 5h.

Examination of c-kit mRNA Expression by Real-Time PCR
Expression of c-kitmRNA before and after 7-, 14- and 28-day
administration of imatinib was examined by real-time PCR.
The expression of c-kitmRNA before imatinib was not signif-
icantly altered compared with that after imatinib adminis-
tration (Figure 6).

DISCUSSION
In this study using heterozygous knock-in mice with KIT-
Asp818Tyr mutation, cecal tumor volume did not reduce but
the Ki-67 labeling cell proliferation index in tumor tissues
decreased significantly after 7-, 14- and 28-day imatinib

Figure 4 Comparison of the Ki-67 labeling index of cecal tumors before

and after imatinib administration. Each Ki-67 labeling index counted

in tumor tissues after 7-, 14- and 28-day imatinib administration was

significantly smaller than that before imatinib administration (0 day)

(*Po0.05). The difference of the Ki-67 labeling index among the 7-,

14- and 28-day groups was not statistically significant. Bars represent

s.e. of the mean.
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Figure 5 Expression and phosphorylation of KIT (a and b), Akt (c and d) and Stat1 (e and f) in cecal tumors of heterozygotes before and after imatinib

administration. Phosphorylation of KIT (a) after imatinib administration (7, 14 and 28 days) was weaker than that before imatinib administration (0 day),

although expression of total KIT (b) was equivalent among the groups. Similarly, the phosphorylation of Akt (c) and Stat1 (e) after imatinib administration

(7, 14 and 28 days) was weaker than that before imatinib administration (0 day), although the expression of total Akt (d) and Stat1 (f) was similar among the

groups. Equivalent loading of protein was shown by blotting of actin (g). Result of the signaling blot was quantified by image analyzer, and the relative

density of phosphorylated protein/total protein was demonstrated, as each datum of day 0 was 1.0 (h).
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administration when compared with those before imatinib
administration. As human KIT-Asp820Tyr found in familial
GISTs corresponds to mouse KIT-Asp818Tyr, imatinib might
be effective for patients with multiple GISTs on stabilization
of tumor progression.

Imatinib was administered with 100mg/g body weight per
day for 7, 14 and 28 days in this study. There is a possibility
that the duration of drug treatment was not sufficient for
tumor volume reduction in exon 17-type knock-in mice.
A much longer administration to knock-in mice might
reveal the long-term effect of imatinib on reduction of tumor
volume. Similarly, there is a possibility that the amount of
drug was not sufficient for tumor volume reduction in
knock-in mice. A more administration of the drug to knock-
in mice might reveal the high-dose effect of imatinib on re-
duction of tumor volume.

We showed that imatinib partially inhibited KIT phos-
phorylation in cecal tumors of heterozygous exon 17-type
(KIT-Asp818Tyr) knock-in mice in this study. In 2006, Rossi
et al49 reported that imatinib rapidly and almost completely
inhibited KIT phosphorylation in cecal tumors of hetero-
zygous exon 11-type (KIT-del-Val558/þ ) knock-in mice.
Previously we showed that imatinib almost completely
inhibited the phosphorylation of KIT in cells expressing
exon 11-type mutant KIT (KIT-del-Val558&Val559), but
partially inhibited it in cells expressing exon 17-type mutant
KIT (KIT-Asp818Tyr) at a concentration of 1 mM in vitro.47

The in vivo results obtained by Rossi et al49 and by this study
were consistent with our previous in vitro data.47

In this study, imatinib partially inhibited cell proliferation in
cecal tumors of heterozygous exon 17-type (KIT-Asp818Tyr/þ )

knock-in mice. On the other hand, it has been reported by
Rossi et al49 that imatinib almost completely inhibited cell
proliferation in cecal tumors of heterozygous exon 11-type
(KIT-del-Val558/þ ) knock-in mice. These results were
parallel to the inhibitory effect of imatinib on KIT phos-
phorylation in vivo. Our in vitro examination showed that the
degree of inhibition of KIT phosphorylation was correlated
with the degree of inhibition of tumor cell proliferation.47

The present result and the previous result by Rossi et al49

indicated that the degree of inhibition of in vivo KIT phos-
phorylation was also closely related to the degree of inhibi-
tion of in vivo tumor cell proliferation.

We could not detect an apparent histological response
such as necrosis, fibrosis and myxoid change in the cecal
tumors of heterozygous exon 17-type (KIT-Asp818Tyr/þ )
knock-in mice even after 28 days of imatinib adminis-
tration. In the cecal tumors of heterozygous exon 11-type
(KIT-del-Val558/þ ) knock-in mice, some histological
changes have been reported after 7 days of imatinib treat-
ment.49 A stronger inhibitory effect of imatinib on KIT
phosphorylation and cell proliferation in exon 11-type
knock-in mice than in exon 17-type knock-in mice might
contribute to the results. In fact, increased apoptosis with
increased caspase 3-positive cells in cecal tumors has been
demonstrated in exon 11-type knock-in mice.49 In this study,
on the other hand, we showed that apoptotic change was not
apparent even in post-imatinib tumors. There is a possibility
that imatinib partially inhibited tumor cell proliferation, but
the effect was not enough to induce apoptosis.

In this study, real-time PCR of c-kit cDNA and western
blotting of the total KIT protein revealed that the level of
KIT expression was similar in tumor tissues both before and
after imatinib treatment. Imatinib essentially did not seem
to affect both c-kit gene transcription and KIT translation.
The KIT expression might decrease if stronger histological
responses of tumors, such as degeneration and necrosis, were
observed.

We showed that phosphorylation of downstream signal-
ing molecules of Akt and Stat1 was partially inhibited by
imatinib treatment as observed in KIT phosphorylation.
Rossi et al49 reported that imatinib strongly inhibited the
phosphorylation of Akt and other downstream signaling
molecules. Akt is a common downstream signaling molecule
affected by imatinib treatment in both exon 11-type and exon
17-type knock-in mice.

Imatinib is an extremely effective agent in the treatment of
GIST patients with exon 11-type c-kit gene mutation.48 As
indicated in this report, however, the in vivo inhibitory effect
of imatinib on exon 17-type mutant KIT was not so strong.
Moreover, secondary imatinib-resistant clones often develop
in GIST patients during long-term imatinib treatment
through secondary mutations of the c-kit gene at exon 13,
17 or 18.50–52 Many targeted drugs for various mutations,
including secondary mutations, are being developed. The
exon 17-type (KIT-Asp818Tyr) c-kit gene knock-in mice

Figure 6 Expression of c-kitmRNA before and after imatinib administration

examined by real-time PCR. The mean value of day 0 was used as control

(1.0). Expression of c-kit mRNA after imatinib (7, 14 and 28 days) was not

significantly altered compared with that before imatinib administration

(0 day). Bars represent s.e. of the mean.
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are useful models to assess the in vivo effect and safety of such
various targeted drugs.
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