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Expression of KIT tyrosine kinase is critical for nor-
mal germ cell development and is observed in the
majority of seminomas. Activating mutations in KIT
are common in gastrointestinal stromal tumors and
mastocytosis. In this study we examined the fre-
quency and spectrum of KIT mutations in 54 testicu-
lar seminomas, 1 ovarian dysgerminoma and 37 non-
seminomatous germ cell tumors (NSGCT). Fourteen
seminomas (25.9%) contained exon 17 point muta-
tions including D816V (6 cases), D816H (3 cases),
Y823D (2 cases), and single examples of Y823C,
N822K, and T801I. No KIT mutations were found in
the ovarian dysgerminoma or the NSGCTs. In tran-
sient transfection assays, mutant isoforms D816V,
D816H, Y823D, and N822K were constitutively phos-
phorylated in the absence of the natural ligand for
KIT, stem cell factor (SCF). In contrast, activation of
T801I and wild-type KIT required SCF. Mutants N822K
and Y823D were inhibited by imatinib mesylate
(Gleevec, previously STI571) whereas D816V and
D816H were both resistant to imatinib mesylate. Bio-
chemical evidence of KIT activation, as assessed by
KIT phosphorylation and KIT association with phos-
phatidylinositol (PI) 3-kinase in tumor cell lysates,
was largely confined to seminomas with a genomic
KIT mutation. These findings suggest that activating
KIT mutations may contribute to tumorigenesis in a
subset of seminomas, but are not involved in NSGCT.
(Am J Pathol 2004, 164:305–313)

KIT is a 145-kd transmembrane glycoprotein that is the
product of the KIT gene, the normal cellular homologue of
the feline sarcoma virus oncogene v-kit. A member of the
subclass III family of receptor tyrosine kinases, KIT is
closely related to the receptors for PDGF, M-CSF, and
FLT3 ligand.1–3 The ligand for KIT, stem cell factor (SCF;
also known as steel factor), promotes the dimerization

and autophosphorylation of KIT receptors. The resulting
phosphorylated tyrosine residues provide binding sites
for signaling molecules that contain SH2 domains, includ-
ing phosphatidylinositol (PI) 3-kinase.4 In turn, these sig-
naling molecules activate a variety of downstream tar-
gets. KIT signaling is critical for the normal development
and survival of hematopoietic progenitor cells, mast cells,
melanocytes, interstitial cells of Cajal (intestinal pace-
maker cells), and germ cells.5

Activating mutations of KIT tyrosine kinase are com-
mon in gastrointestinal stromal tumors (GISTs)6–8 and
mastocytosis/mast cell leukemia.9–11 Rarely, such muta-
tions occur in acute myelogenous leukemia12,13 and si-
nonasal natural killer/T cell lymphoma.14 The mutations in
GISTs are found primarily in exons 11 and 9 of the KIT
gene, and the resulting mutant isoforms are sensitive to
inhibition by imatinib mesylate (Gleevec, formerly STI571)
in vitro.1 Correspondingly, many patients with malignant
GIST respond to treatment with this drug.15,16 In contrast,
nearly all cases of mastocytosis/mast cell leukemia are
related to a mutation in exon 17 of the KIT gene (D816V),
which yields an isoform that is resistant to imatinib me-
sylate.17

To date there have been two reports of KIT mutations in
germ cell tumors. Tian and colleagues18 examined 23
cases of seminoma/dysgerminoma and found 2 tumors
(1 seminoma [primary site unspecified], 1 ovarian dys-
germinoma; 2 of 23 � 8.7%) with an activating mutation in
exon 17 (D816H). There were no mutations in 10 non-
seminomatous germ cell tumors evaluated. More re-
cently, Przygodzki et al19 found KIT exon 17 mutations in
3 of 8 (37.5%) mediastinal seminomas (K818R, D820V,
and N822K). While all three were novel mutations, one of
them (K818R) was a conservative change for which the
biochemical significance was not established.

To further examine the frequency and spectrum of KIT
gene mutations in germ cell tumors, we screened a series
of germ cell tumors tumors using the highly sensitive
combination of denaturing high performance liquid chro-
matography (HPLC) and direct sequencing. Selected KIT
mutant protein isoforms were profiled biochemically for
constitutive KIT kinase activity and sensitivity to imatinib
mesylate. In addition, we compared activation of intracel-
lular signaling pathways in seminomas with and without
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KIT gene mutations, as well as in non-seminomatous
germ cell tumors (NSGCT).

Materials and Methods

Tumor Specimens

Forty-six samples of paraffin-embedded germ cell tumor
(32 testicular seminomas and 1 ovarian dysgerminoma,
13 NSGCT [5 also had corresponding frozen tumor])
were obtained from the archives of the Departments of
Pathology at Oregon Health and Science University and
the Portland VA Medical Center. An additional 8 fresh
frozen testicular seminoma samples were from the De-
partment of Pathology of Brigham & Women’s Hospital
(Dr. Jonathan Fletcher). Twenty-four samples of paraffin-
embedded germ cell tumor NSGCT were from the De-
partment of Pathology, Indiana University (Dr. Oscar
Cummings). Fourteen additional samples of fresh-frozen
testicular seminoma were obtained from the Germ Cell
Tumor Bank of Indiana University (Dr. Cummings). Sec-
tions of all paraffin-embedded tumor samples were re-
viewed by one of the authors (C.L.C.) to verify the diag-
nosis. Overall, our series included 54 seminomas of
testicular origin (46 primary lesions, 8 metastases) and 1
primary ovarian dysgerminoma. The 37 NSGCT included
32 cases with a testicular primary site. In 5 cases of
NSGCT the location of the primary site was not available
to us. The majority of the NSGCT tumors examined were
from recurrent, metastatic lesions. All samples were ac-
quired in accordance with the regulations of the Institu-
tional Review Boards for each institution.

Immunohistochemistry for KIT

All available samples of paraffin-embedded tumor were
examined for KIT expression by immunohistochemistry
using a rabbit antiserum from Dako (A4502, Dako Corp.,
Carpinteria, CA) as described previously.20

Genomic DNA Extraction and Analysis

Hematoxylin and eosin (H&E)-stained sections (5 �m)
were reviewed under a microscope and areas rich in
tumor (�50% cellularity) were marked. Corresponding
areas on unstained sections were scraped from the
slides with a sterile scalpel blade. In the case of NSGCT,
we purposefully selected tumor regions that were rich in
high-grade elements (embryonal carcinoma and yolk sac
tumor). For lesions with elements of teratoma, we se-
lected regions that were dominated by epithelial-lined
cysts and nodules of cartilage rather than pure stroma. In
cases of seminoma that had heavy lymphocytic infiltrates
(�50% cellularity), 7 �m sections were prepared on non-
coated glass slides, deparaffinized, and stained with
methyl green. Tumor cells were then microdissected us-
ing a Pixcell II Laser Capture Microscope (LCM) (Arctu-
rus Engineering, Mountain View, CA). None of our cases
of NSGCT were subjected to LCM. DNA was extracted
from scraped tissue or the nuclear pellet of lysed fresh-

frozen tumor (detailed below) using the QIAamp DNA
Mini Kit and 500 ng was used for PCR (Qiagen, Valencia,
CA). Caps bearing tumor cells from laser capture micro-
dissection were incubated overnight in 50 �l of 10
mmol/L Tris-HCL (pH 8.0), 1 mmol/L EDTA, 1% Tween-
20, and proteinase K (0.1 mg/ml) at 56°C. The mixture
was then heated to 90°C to inactivate the proteinase K
and 2 to 5 �l were used for PCR.

PCR was performed on all specimens for KIT exon 17
(High Fidelity System, Roche No. 1732078, Roche Diag-
nostics, Indianapolis, IN). PCR for KIT exons 9, 11, and 13
was completed in 20 of the seminoma cases that were
known to be wild-type at exon 17. The following primer
pairs were used:

KIT exon 17 forward 81318 5�-TGTATTCACAGAGACT-
TGGC-3�

KIT exon 17 reverse 81534 5�-GGATTTACATTAT-
GAAAGTCACAGG-3�

KIT exon 9 forward 5�-ATGCTCTGCTTCTGTACTGCC-3�
KIT exon 9 reverse 5�-AGAGCCTAAACATCCCCTTA-3�
KIT exon 11 forward 5�-CCAGAGTGCTCTAAT-

GACTG-3�
KIT exon 11 reverse 5�-ACCCAAAAAGGTGACAT-

GGA-3�
KIT exon 13 forward 5�-CATCAGTTTGCCAGTTGTGC-3�
KIT exon 13 reverse 5�-ACACGGCTTTACCTCCAATG-3�
DNAs were amplified in 25 to 50 �l PCR reactions of 1

minute at 94°C, 1 minute at 56°C, and 1 minute at 72°C
for 45 cycles (GeneAmp PCR System 9700, Applied Bio-
systems, Foster City, CA). Negative controls (no DNA)
were included in every set of amplifications.

DNA from the laser-captured cells usually required
nested PCR; 1 �l of the first reaction was used for the
nested reaction. The nested PCR reaction was amplified
for 25 cycles using the above PCR cycling conditions.
Negative controls for the nested PCR reaction included a
reaction using 1 �l of negative control (no template)
specimen from the first round of amplification as a “tem-
plate.”

Additional exon 17 primers for nested PCR:
KIT exon 17 forward 81289 (before nesting) 5�-GGTTT-

TCTTTTCTCCTCCAA-3�
KIT exon 17 reverse 81488 (nested) 5�-AGGACGTT-

TCCTAAAAATCAAAG-3�
Amplicons were analyzed by D-HPLC using a Trans-

genomic WAVE instrument (Transgenomics, Omaha, NE)
as previously described.20 Denaturing temperatures for
detection of point mutations were optimized for each
primer pair (exon 9, 58°C; exon 11, 57°C; exon 13, 59°C;
and exon 17, 56.5°C). Amplicons with an abnormal D-
HPLC elution profile at denaturing temperature were sub-
jected to bidirectional sequence analysis on an ABI 377
or 310 sequencer using the ABI Big Dye terminator kit
(Applied Biosystems). All mutations were confirmed by
repeat HPLC and sequencing analysis of an indepen-
dently amplified specimen.

KIT Expression Vectors and Cell Transfection

Site-directed mutagenesis of wild-type KIT plasmid cDNA
(cloned in pcDNA3.1 [Invitrogen, Carlsbad,CA]) was per-
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formed to produce the mutant KIT isoforms (Stratagene
QuikChange-XL Site-Directed Mutagenesis Kit). The in-
troduced mutations were confirmed by bi-directional se-
quencing. Chinese hamster ovary (CHO) cells were ob-
tained from the American Type Culture Collection
(Manassas, VA) and maintained in F12 (HAM) Nutrient
Mixture (Gibco-BRL), � 10% fetal bovine serum. At 70%
confluency in T25 flasks, the cells were transiently trans-
fected with wild-type or mutant KIT expression plasmid
using Lipofectamine PLUS (Invitrogen Life Technologies)
according to the manufacturer’s suggested protocol. The
next day, the transfected cells were exposed to concen-
trations of imatinib mesylate ranging from 0 to 5 �mol/L
for 90 minutes (drug generously provided by Dr. Elisa-
beth Buchdunger, Novartis Pharma, Switzerland). Fresh
stock solutions of drug (10 mmol/L) were made before
each experiment by dissolving 5 mg STI571 in 1 ml
Dulbecco’s phosphate-buffered saline (PBS; Gibco-
BRL). When indicated, cells were stimulated with human
SCF (final concentration 100 ng/ml) for 10 minutes before
their removal from the flask. A 10-minute stimulation with
human SCF was found to result in maximal receptor
autophosphorylation, consistent with prior results (data
not shown).20

Protein Lysates

After the 90-minute incubation period with drug, the
transfected CHO cells were then scraped from the flasks
and spun (1000 RPM). The cell pellets were lysed with
100 to 150 �l of protein lysis buffer (50 mmol/L Tris, 150
mmol/L sodium chloride, 5 mmol/L EDTA, 1% NP-40, and
0.25% deoxycholate), with addition of the inhibitors apro-
tinin, leupeptin, pepstatin, 4-(2-aminoethyl)-benzenesul-
fonyl fluoride, sodium pyrophosphate, and sodium or-
thovanadate [Sigma, St. Louis, MO]), as previously
described.21 Protein concentration of homogenates was
determined with Bio-Rad Protein Assay Reagent.

Fresh-frozen tumor specimens were ground in liquid
nitrogen with mortar and pestle and solubilized with pro-
tein lysis buffer. Lysate was spun at 13,000 RPM for 15
minutes to pellet nuclei. Supernatant was saved for KIT
and PI3-kinase immunoprecipitation studies and Western
blots.

Immunoprecipitation and Western Blotting

Cellular lysates (250 to 500 �g of protein from CHO cell
transfection or 4 mg of fresh-frozen tumor) were pre-
cleared with 5 �l (1:100) of normal rabbit IgG agarose
conjugate (Santa Cruz Biotech, Santa Cruz, CA) for 1
hour at 4°C. Next, they were immunoprecipitated with 5
�g of anti-KIT antibody agarose conjugate (Santa Cruz
Biotech) overnight at 4°C. Separate samples of fresh-
frozen tumor lysates were immunoprecipitated with 10 �g
of anti-PI3-kinase antibody (N-SH3 domain p85 subunit)
(Upstate Biotechnology, Lake Placid, NY). Immunopre-
cipitates were washed three times with PBS plus inhibi-
tors, resuspended in 20 �l of 4X-Laemlli SDS-PAGE load-
ing buffer, heated at 95°C for 10 minutes, and then

separated by 10% SDS-PAGE and transferred to nitro-
cellulose. The membranes were blocked for one hour
with TBS-Tween containing 5% BSA for anti-phosphoty-
rosine blotting or 5% nonfat milk for anti-KIT blotting. The
following primary antibodies were used on the mem-
branes: mouse monoclonal anti-phosphotyrosine anti-
body (PY20) at 1:1000 dilution (Transduction Laborato-
ries, Lexington, KY) and rabbit anti-KIT polyclonal
antibody at 1:500 (Oncogene, Cambridge, MA). Second-
ary antibodies were peroxidase-conjugated goat anti-
mouse antibody at 1:5000 (Biorad, Hercules, CA) and
goat-anti-rabbit antibody at 1:10000 (Biorad), respec-
tively. Immunoblots were developed by enhanced chemi-
luminescence (Amersham Biosciences).

For Western blots of tumor lysates, 25 �g of lysate was
combined with 5 �l of 4X-Laemlli SDS-PAGE loading
buffer, heated at 95°C for 10 minutes, and then separated
by 10% SDS-PAGE and transferred to nitrocellulose. The
membranes were blocked for 1 hour with TBS-Tween
containing 5% BSA for anti-phospho-blotting or 5% non-
fat milk for all other blotting. The following primary anti-
bodies were used on the membranes: anti-phospho-AKT
(Ser473) antibody at 1:500 dilution, anti-total AKT 1:500,
anti-phospho-MAPK 1:1000, anti-phospho-STAT3 1:666,
and anti-STAT3 1:666 (all from Cell Signaling, Beverly,
MA); anti-MAPK 1:1000 and anti-PI3-kinase (N-SH3 do-
main) 1:666 (Upstate Biotechnology, Lake Placid, NY),
anti-placental alkaline phosphatase (PLAP) 1:100
(Biomeda Corp, Hayward, CA), and anti-actin 1:500
(Sigma). Secondary antibodies were the same as de-
scribed above.

Results

Frequency of KIT Mutations in Germ Cell
Tumors

The study was performed on 92 germ cells tumors, in-
cluding 54 pure testicular seminomas, 1 ovarian dysger-
minoma, 4 mixed seminoma/NSGCT, and 33 NSGCT. KIT
expression was assessed in a subset of the seminomas
by immunohistochemistry, which revealed strong surface
membrane staining in 82% (31 of 38) of the pure and
mixed seminoma tumors. KIT expression in the NSGCT
samples was examined in a previous study, which
showed patchy cytoplasmic staining in 48% (11 of 23).22

These results are consistent with other reports of KIT
expression in testicular germ cell tumors.23–25

For 42 of the 54 cases of seminoma and the one case
of ovarian dysgerminoma, the degree of lymphocytic in-
filtration was �50% and we were able to directly prepare
genomic DNA from paraffin slides and/or fresh frozen
samples. Amplicons of KIT exon 17 were screened for
mutations using D-HPLC (Figure 1). Mutations of KIT exon
17 were found in 10 of the 42 cases of testicular semi-
noma (23.8%), including 3 cases with the D816H muta-
tion originally described by Tian et al (Table 1).18 The
most common mutation, found in 4 cases, was D816V.
Two cases had Y823D, 1 case had Y823C, and 1 case
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had N822K (Table 1). None of these 43 cases required
nested PCR for detection of mutations.

For 12 of the 54 testicular seminoma specimens, the
degree of lymphocytic infiltration (�50%) was deemed
likely to interfere with detection of a possible KIT muta-
tion. We therefore performed LCM to enrich for tumor
cells before proceeding to KIT genotyping. The LCM-
PCR assay was validated using five of the above cases
for which genotyping had already been completed (1
case D816V, 4 wild-type cases). Only limited amounts of
genomic DNA could be obtained using LCM and in 2 of
the 5 validation cases we were not able to obtain an
amplification product using single-step PCR. Therefore,
we developed a nested PCR procedure in which 1 �l of
the first-stage PCR product was used as template for a
nested PCR reaction and the resultant PCR product as
analyzed by D-HPLC. In all five of our validation cases,
we obtained the identical mutational results using either
our standard assay or the LCM procedure (with or without
nesting). Genomic DNA was prepared using LCM from
12 seminomas with an unknown KIT mutational status
and with �50% lymphocytic infiltration. Nested PCR was
required to obtain an amplification product for 10 of these
11 LCM cases. Using the LCM-nested PCR assay, four
additional cases with a KIT mutation were identified: two

cases with D816V, one case with D816H, and one case
with T801I (Table 1).

Overall, fourteen of the pure testicular seminomas (14
of 54, 25.9%) contained a KIT exon 17 point mutation. In
five of the seminomas harboring an exon 17 mutation (1
case each of D816V, D816H, Y823C, Y823D, and T801I),
DNA extracted from the adjacent normal tissue was wild-
type, indicating that the mutations were somatic rather
than germline. Twenty pure seminomas that were wild-
type for exon 17 were screened for mutations in exons 9,
11, and 13 (all commonly mutated in GISTs); none were
found. No KIT mutation was found in the solitary ovarian
dysgerminoma. In contrast to our results from pure sem-
inoma/dysgerminoma germ cell tumors, no exon 17 mu-
tations were found in the 33 NSGCT or the 4 mixed
seminoma/NSGCT (P � 0.0015, Fisher’s exact test).

KIT Kinase Activity in Transiently Transfected
CHO Cells

There are only a few reports of human testicular semi-
noma cell lines, and these cell lines have not been fully
characterized as to their usefulness in modeling semi-
noma biology in vitro.26–28 In particular, it has not been
reported if these cell lines express KIT. Therefore, we
used an alternative in vitro eukaryotic system to assess
the biochemical consequences of the observed KIT mu-
tations on KIT kinase activity. Plasmid expression vectors
encoding each mutation were generated by site-directed
mutagenesis of wild-type KIT cDNA. CHO cells were
transiently transfected with mutant or wild-type KIT vec-
tor. Transfected cells were then exposed to concentra-
tions of imatinib mesylate ranging from 0 to 5 �mol/L for
90 minutes. Cell lysates were then immunoprecipitated
with anti-KIT antibodies and analyzed by Western blotting
for evidence of KIT kinase activity, as evidenced by phos-
phorylation of tyrosine residues. As expected, wild-type
KIT required ligand stimulation for phosphorylation, while
D816V and D816H did not (Figure 2).18 The N822K and
Y823D mutant isoforms were also constitutively phos-
phorylated. The T801I mutant isoform was phosphory-
lated only in the presence of SCF. The kinase activities of
mutant isoforms N822K and Y823D were inhibited by
imatinib mesylate with an approximate IC50 of 0.5 �mol/L
and 0.1 �mol/L, respectively (Figure 2). Mutant isoform
D816H was much less sensitive to imatinib mesylate, with
an IC50 of 5.0 �mol/L. Mutant D816V was resistant to 5.0
�mol/L imatinib mesylate, consistent with previous re-
ports (see Table 1 for summary).17

Figure 1. Examples of high performance liquid chromatography (Trans-
genomic WAVE) elution profiles for KIT wild-type and representative exon
17 point mutants in seminoma tumors demonstrated at denaturing temper-
ature (56.5°C). The estimated percentage of mutant allele ranges from ap-
proximately 25% (N822K, D816V, D816H) to 50% (Y823D) in these samples.

Table 1. Activating KIT Exon 17 Point Mutations in Pure Testicular Seminomas (n � 54)

Mutation
(nucleotide
substitution)

D816V
(G 3 C @81401)

D816H
(A 3 T @81402)

N822K
(T 3 A @81421)

Y823D
(T 3 G @81422)

Y823C
(A 3 G @81423)

No. of cases (%) 6 (11.1%) 3 (5.6%) 1 (1.9%) 2 (3.7%) 1 (1.9%)
Imatinib-sensitive No No Yes Yes Not tested

The frequency of activating KIT mutations in pure seminomas of testicular origin is tabulated. One case of seminoma had a somatic T801I mutation.
This mutation is not associated with constitutive activation in our biochemical assays (Figure 2) and is therefore not included in this table.
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KIT Kinase Activity in Fresh-Frozen Tumor
Specimens

To determine whether KIT kinase is active in seminomas,
total KIT protein was immunoprecipitated from 13 fresh-
frozen seminoma lysates and analyzed by Western blot-
ting with a phospho-tyrosine-specific monoclonal anti-
body (PY20). Two of the 13 frozen samples contained the
D816V mutation; the remaining 11 were wild-type. While

total KIT protein was immunoprecipitated in all of the
samples, phosphorylated KIT was detectable only in the
specimens containing the D816V mutation (Figure 3A).
Notably, in two wild-type cases (lanes 6 and 13) in which
an equivalent amount of total KIT protein was immuno-
precipitated relative to the D816V seminomas, there was
no evidence of phosphorylated KIT. Since it has been
demonstrated that PI3-kinase is required for SCF-in-
duced cell proliferation and survival in vitro and for male
mouse fertility in vivo, we also performed successive im-
munoblotting of the KIT-immunoprecipitated protein com-
plexes with an antibody to the p85 subunit of PI3-ki-
nase.29–32 PI3-kinase was co-precipitated with KIT in two
of the tumors, most strongly in a D816V mutant, but also
in a wild-type tumor (Figure 3A, lanes 5 and 11). Con-
versely, immunoprecipitation of PI3-kinase protein from
the seminoma lysates yielded strong signals for co-pre-
cipitated total and phospho-KIT in both of the D816V
mutants (Figure 3B). In contrast, very little total or phos-
pho-KIT was co-precipitated from the wild-type semi-
noma samples even though equivalent amounts of p85
subunit of PI3-kinase were immunoprecipitated relative to
the D816V seminomas. Thus, evidence of strong KIT
activation could be demonstrated only in the seminomas
with KIT-activating mutations.

To further evaluate intracellular signaling in semino-
mas, Western blots of seminoma lysates were probed
with antibodies to proteins involved in cellular prolifera-
tion and survival (Figure 4). The signal for placental alka-
line phosphatase (PLAP) was compared across all lanes
to ensure that comparable amounts of seminoma lysate
were loaded even in the one case (lane 13) for which
LCM had been used for the genotyping analyses. Nota-
bly, total KIT was expressed at much higher levels in the
two D816V tumors than in any of the KIT wild-type spec-
imens, even though the PLAP staining suggested that
these samples contained slightly less seminoma-derived

Figure 4. Seminoma whole cell lysate immunoblotting. Whole cell lysates
(25 �g) from frozen seminoma tumor samples were immunoblotted with
antibodies for total KIT, phospho-MAPK, total MAPK, phospho-AKT, total
AKT, PI3-kinase (N-SH3 domain p85 subunit), phospho-STAT3, and total
STAT3. Placental alkaline phosphatase (PLAP) immunoblotting was per-
formed to assess equivalency of lane loading with seminoma tissue.

Figure 2. CHO cell temporary transfections with wild-type (WT) or mutant
KIT expression vectors and sensitivity to imatinib mesylate. Transfected cells
were treated with varying concentrations of imatinib mesylate (STI571) for 90
minutes. Cell lysates were immunoprecipitated with anti-KIT antibodies and
phosphorylation of KIT tyrosine residues was demonstrated by anti-phos-
photyrosine immunoblotting (P-TYR). The membrane was then stripped and
reprobed with an antibody for total KIT. Phosphorylation of WT KIT and
T801I were dependent on SCF. Phosphorylation of Y823D, N822K, D816H,
and D816V was constitutive. Imatinib mesylate inhibited WT KIT, Y823D,
and N822K with IC50s of 0.1 �mol/L, �0.1 �mol/L, and 0.5 �mol/L, respec-
tively. D816H and D816V were resistant to drug, IC50 �5 �mol/L.

Figure 3. Coimmunoprecipitation of KIT and PI3-kinase in seminoma tumor
lysates. A: Total KIT protein was immunoprecipitated from 13 fresh-frozen
seminoma lysates (4 mg) and analyzed by Western blotting with a phospho-
tyrosine-specific antibody (P-TYR). The membrane was then stripped and
reprobed with an antibody for total KIT. Successive stripping and immuno-
blotting was done with an antibody for PI3-kinase (N-SH3 domain p85
subunit). B: Total PI3-kinase protein was immunoprecipitated from the
seminoma lysates (specimens 2–13) and analyzed by Western blotting with
P-TYR. The membrane was then sequentially stripped and reprobed with
antibodies for total KIT and PI3-kinase (N-SH3 domain p85 subunit).
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protein than most of the other lanes. In reviewing the KIT
IHC staining, we also noted that the mutant KIT semino-
mas had much stronger KIT staining than the non-mutant
cases (data not shown).

We analyzed the expression of total forms of PI3-ki-
nase, AKT, mitogen-activated protein (MAP)-kinase, and
STAT3 by immunoblotting. We also analyzed the semi-
noma lyates for expression of activated forms of AKT,
MAP-kinase, and STAT3. The expression and activation
of the various signaling intermediates varied between
tumors, with no apparent difference between the KIT-
mutant and wild-type tumors. These differences in ex-
pression and activation of signaling proteins are not ex-
plained by variations in the amount of seminoma protein
analyzed as the PLAP staining was comparable among
the seminoma cases.

Five frozen samples of NSGCT were available for com-
parison of intracellular signaling. Total KIT expression
was not detected in any of the NSGCT, as predicted by
their paucity of KIT staining on immunohistochemistry (3
of 5 tumors had �5%, patchy KIT staining; the remaining
2 were negative). There was tumor to tumor variation in
the expression of total and activated MAPK, AKT, and
STAT3, but the overall signal transduction profile of these
tumors was not distinguishable from the seminoma tu-
mors (Figure 5). It should be noted that normalization of
the protein loading on these blots was problematic due to
the inherent heterogeneity of the NSGCTs. Actin was
added as an additional loading control because PLAP
expression is not as uniform in NSGCT as it is in semi-

noma. The actin staining would suggest some unequal
loading across lanes (Figure 5), but PLAP staining was
quite similar among all of the NSGCT cases. Given that
PLAP expression is more characteristic of embryonal
carcinoma and yolk sac tumor than teratoma, the findings
in Figure 5 may be somewhat biased toward these high-
grade NSGCT elements.33

Discussion

The receptor tyrosine kinase KIT and its ligand SCF are
essential for germ cell development and spermatogene-
sis, as well as for the normal development of blood cells
(especially erythrocytes), melanocytes, mast cells, and
the interstitial cells of Cajal.34 Activating mutations of KIT
are most commonly associated with tumors that arise
from cells developmentally dependent on an intact SCF/
KIT axis, most notably GIST and mastocytosis and, much
less frequently, acute myelogeous leukemia (AML). Us-
ing a denaturing HPLC method to screen for mutations,
we found activating point mutations in exon 17 in 24.1%
(13 of 54) of the pure testicular seminomas examined.
The majority of the KIT mutations affected aspartic acid
816 (D816V, n � 6; D816H, n � 3), which is in the
activation loop located between the ATP-binding and
substrate phosphostransferase domains and is highly
conserved among type III tyrosine kinases. The D816V
mutation has previously been reported only in mastocy-
tosis and AML.9,11,12,35–38 Two other exon 17 codons
were mutated in seminomas, codon 822 in one case
(N822K) and codon 823 in three cases (Y823D, n � 2;
Y823C, n � 1). The N822K mutation was recently identi-
fied in a mediastinal seminoma, and has been found in
GISTs and in one AML cell line.19,39,40 The Y823D and
Y823C mutations have not previously been reported in
seminoma, although we recently identified rare cases of
AML harboring the Y823D mutation.41 Both of these latter
mutations (N822K and Y823D) were found to result in
ligand-independent activation when expressed in CHO
cells in vitro. A novel somatic mutation (T801I) of KIT was
also identified in a single seminoma. In our assay, this
variant of KIT was dependent on SCF for kinase activa-
tion. The biological significance of T801I could not be
demonstrated because no frozen tissue was available to
examine KIT phosphorylation and downstream signaling.
Additional regions of the KIT gene were screened for
mutations in 20 cases that lacked an exon 17 mutation.
No mutations in exons 9, 11, or 13 were identified. Thus,
activating mutations of KIT in testicular seminoma appear
to be localized to exon 17.

The activating mutation frequency in our series
(24.1%) is higher than that reported by Tian et al, 18

probably due to methodological differences. Seminomas
are frequently triploid or near-tetraploid, and therefore a
KIT allele with a gain-of-function mutation may be out-
numbered by two or more wild-type alleles.42 This ratio of
mutant to wild-type alleles approaches the limit of detec-
tion by direct sequencing, a problem that may be com-
pounded by concomitant contamination of the tumor by
infiltrating lymphocytes. We believe that D-HPLC screen-

Figure 5. Non-seminoma whole cell lysate immunoblotting. Whole cell ly-
sates (25 �g) from frozen non-seminoma tumor samples were immunoblot-
ted with antibodies for total KIT, phospho-MAPK, total MAPK, phospho-AKT,
total AKT, PI3-kinase (N-SH3 domain p85 subunit), phospho-STAT3, and
total STAT3. Placental alkaline phosphatase (PLAP) and actin immunoblot-
ting was performed to assess equivalency of lane loading. The histology of
these tumors was as follows: pure embryonal carcinoma (A), embryonal and
teratoma (B), predominantly teratoma with 10% embryonal and microscopic
yolk sac (C), pure yolk sac (D), and embryonal carcinoma (E).
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ing, along with application of laser capture microscopy to
selected cases, allowed more point mutations to be iden-
tified in our series. It remains possible that some KIT
mutations were missed and could perhaps be detected
through the use of even more sensitive methodologies
(eg, allele-specific PCR).

Przygodzki et al19 recently assayed for KIT mutations
in primary mediastinal seminomas using direct sequenc-
ing of exon 17 amplicons. Three of eight studied tumors
had protein sequence altering mutations: D820V, N822K,
and K818R. Asp-820 and Asn-822 mutations have been
previously identified as activating in GISTs, mast cell
tumors, and in seminomas as presented here, but the
biological significance of the conservative change K818R
mutation is unknown.39,43,44 The frequency of KIT muta-
tions in our series of seminomas of testicular origin does
not appear different from the frequency reported in the
smaller series of mediastinal seminomas.

Interestingly, all 33 NSGCT cases in our study were
negative for KIT gene mutations. This observation con-
firms the trend noted by Tian et al, 18 who found no
mutations among 10 NSGCT. The extent to which KIT
mutations are present in mixed seminoma/NSGCT is less
clear. One of the two D816H mutations identified by Tian
et al18 was found in a combined dysgerminoma/yolk sac
tumor of the ovary. In contrast, we found no KIT mutations
in 4 mixed seminoma/NSGCT originating in the testis.

It is possible that stromal cells present in the NSGCT
samples may have contributed wild-type DNA that inter-
fered with KIT mutation detection. This is certainly a con-
cern, but there are several reasons why we believe that
our results were not significantly influenced in this regard.
First, we purposefully selected areas of NSGCT that were
rich in high-grade elements (embryonal carcinoma and
yolk sac tumor). Second, the areas of teratoma that were
analyzed were dominated by epithelial-lined cysts and
nodules of cartilage rather than pure stroma. Third, there
is recent evidence that at least some of the stroma
present in teratomas is tumor-derived rather than a host
reaction.45 For these reasons, it is unlikely that the com-
plete absence of detectable KIT gene mutations in all our
NSGCT can be explained by contamination from reactive
tissue elements.

To explore the role of KIT activation, whether resulting
from mutation or ligand stimulation, we examined the
phosphorylation status of KIT in seminoma lysates. KIT
tyrosyl-phosphorylation, indicative of kinase activation,
was readily detected only in seminomas with the D816V
mutation. Another measure of KIT activation is the asso-
ciation of KIT with PI3K; we detected co-immunprecipi-
tated PI3K in 1 of 2 cases with D816V and in 1 of 11
wild-type KIT seminomas. On reciprocal immunoprecipi-
tation with a PI3K antibody there was much more phos-
phorylated and total D816V KIT associated with PI3K
than was detected in wild-type KIT seminomas. Thus,
were able to find compelling evidence of KIT kinase
activation only in the D816V seminomas and not in any of
the wild-type KIT cases. These findings indicate that KIT
is not hyperactivated in seminomas lacking KIT mutations
in the same manner observed for several KIT mutant
seminomas. It is likely that KIT can be activated by li-

gand, or by other mechanisms, in wild-type tumors. How-
ever, such mechanisms presumably result in levels of KIT
activation that are below the detection threshold for our
assays (estimated to be �1% of the activation seen in
seminomas with D816 KIT mutation).

There is ample precedent of KIT expression in human
cancers in the absence of substantial or pathogenetically
significant KIT activation (eg, melanoma, adenoid cystic
carcinoma, small cell lung cancer). Indeed, in the case of
melanoma, loss of KIT expression correlates directly with
increasing clinical stage.1 We believe, based on our re-
sults, that in the majority of seminomas KIT expression
may be a differentiation marker without playing a central
pathogenetic role in the initiation or progression of these
tumors. Indeed, not all seminomas even express KIT as
assessed by immunohistochemistry.46 In contrast, semi-
nomas with KIT mutations have biochemical evidence of
strong KIT activation and it is likely that KIT plays a role in
the initiation or maintenance of the seminoma tumor.
Further studies are required to confirm this hypothesis.

If oncogenic activation of KIT is responsible for tumor-
igenesis and/or the maintenance of tumor phenotype in a
subset of seminomas, then these tumors might have a
distinct pattern of KIT-mediated intracellular signals that
differs from wild-type tumors; however, this was not the
case. PI3-kinase, AKT, phospho-AKT, MAP-kinase, phos-
pho-MAP-kinase, STAT3, and phospho-STAT3 were all
found at similar levels in 11 wild-type and 2 mutant (both
D816V) seminoma lysates. This finding suggests that
there might be alternate receptor tyrosine kinase onco-
genes or redundant growth signaling pathways in germ
cell tumors that have yet to be identified. Indeed, our
finding of similar intracellular signal patterns in NSGCT
lysates supports this hypothesis. Further proteomic-
and/or genomic-based studies will be needed to identify
alternative mechanisms for signal transduction pathway
activation in seminomas lacking a KIT mutation.

What role activated KIT may play in the biology of
seminomas remains unclear. As there is abundant evi-
dence that seminomas and NSGCT share a common
neoplastic germ cell of origin, it is intriguing that KIT
mutations appear to be limited to seminomas.47 Semino-
mas likely deviate from NSGCT very early in the onco-
genesis of germ cell tumors, and acquired KIT gene
mutations may favor the seminoma pathway. From stud-
ies in mice it is known that signaling from KIT kinase
through the PI3K pathway is essential for normal sper-
matogenesis.29,48 Insofar as seminomas retain morpho-
logical and immunophenotypic features that closely re-
semble primary germ cells, KIT activity may be important
in maintaining this germ cell-like character. “Atypical
seminomas,” which show evidence of dedifferentiation
(eg, expression of cytokeratins or CD30), have a signifi-
cantly lower frequency of KIT expression than “usual
seminomas” (57% vs. 95%, respectively).46 These “atyp-
ical seminomas” have higher mitotic counts and tend to
present at a higher clinical stage.46 Thus, loss of KIT
expression in seminomas may correlate with more ag-
gressive clinical behavior.

To the extent that KIT is important in the biology of
seminomas, KIT kinase inhibitors may have a role in their
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treatment, particularly for those seminomas with activat-
ing mutations. Imatinib mesylate has proven very effec-
tive in the treatment of advanced GI stromal tumors with
KIT mutations.15,16 Unlike the case with GISTs, however,
most seminomas in our study harbored activating KIT
mutations (9 of 13) that are biochemically resistant to
imatinib mesylate in vitro. Thus, only 4 of 54 testicular
seminomas in our series had an imatinib mesylate-sensi-
tive KIT mutation. Targeting the D816V and D816H mu-
tations found in seminomas will require different kinase
inhibitors that can inhibit the specific KIT conformation
induced by these mutations.49

In contemplating the treatment of seminomas with a
KIT kinase inhibitor, it must be noted that current medical
treatment of seminoma results in a cure in the vast ma-
jority of patients. Indeed, even patients with advanced
metastatic disease do well with platinum-based chemo-
therapy. A clinical trial sponsored by Cancer and Leuke-
mia Group B (CALGB) is currently underway to examine
the efficacy of imatinib mesylate in the treatment of ad-
vanced metastatic seminoma that is refractory to chemo-
therapy. KIT inhibitors might also be tested in a “window
of opportunity” neoadjuvant setting in those patients with
low volume retroperitoneal disease before their radiother-
apy. If active in these settings, future development could
include use of KIT inhibitors as an adjuvant therapy for
patients with stage I disease, with the goal of decreasing
the need for subsequent radiation treatment or chemo-
therapy and perhaps reducing consequent toxicities, eg,
infertility. Rational design and interpretation of such trials
will require molecular assessment of KIT activation, at
both the protein and nucleic acid levels, in individual
patient tumor specimens.
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