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Active (p)CrkL is overexpressed in human malignancies:
Potential role as a surrogate parameter
for therapeutic tyrosine kinase inhibition
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Abstract. CrkL is a nuclear adaptor and transcriptional
activator in Bcr-Abl expressing cells and constitutes the
major tyrosine phosphorylated protein in CML, but the
expression and biological function of CrkL in other
malignancies is largely unknown. Using immunohisto-
chemistry, we have analyzed the protein expression of
activated (p)CrkL in normal and malignant tissues. We then
treated K562 leukemia cells with imatinib to analyze the
effect of tyrosine kinase inhibition on CrkL activation. pCrkL
expression was predominantly epithelial and detected in the
majority of non-malignant prostate (79%), 49% of colon
biopsies, 36% of skin biopsies, and 41% of samples obtained
from normal brain. Protein expression was, however,
considerably less frequent in normal breast (18%), lung (16%)
and ovarian (12%) tissues. In contrast to their corresponding
benign tissues, pCrkL expression was significantly more
common in breast cancer samples (49%, p<0.0001; Fisher's
exact test), lung carcinomas (55%, p=0.0002), lymphatic
tissues (80% vs. 10%, p=0.012), skin cancer (67%, p=0.020),
ovarian malignomas (50%, p<0.0001) and colon carcinomas
(63%, p<0.03). By contrast, activated CrkLL was significantly
less frequent in prostate carcinoma samples when compared
to corresponding non-malignant prostatic tissues (14% vs.
79%, p<0.0001). pCrkL expression was abrogated in K562
cells with the addition of the tyrosine kinase inhibitor
imatinib, which indicates that phosphorylation of CrkL is
mediated through targets of therapeutic TK inhibition. We
hypothesize that pCrkL is selectively up-regulated in a
number of malignant tumor entities and involved in malignant
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transformation. We further suggest that pCrkL might serve as
a potential surrogate parameter for the efficacy of therapeutic
TK inhibition.

Introduction

While some proteins directly interact with their molecular
targets, others depend on interactions that are mediated by a
type of molecule known as adaptor proteins. Adaptor proteins
usually do not have catalytic properties themselves, but
function by bringing two or more proteins together through
the utilization of one or more distinct binding domains. One
such adaptor protein is Crk, which has initially been found to
be the oncogenic product of the avian sarcoma virus CT10,
and leads to an increase in tyrosine-phosphorylated proteins
in the absence of an apparent enzymatic domain (hence the
term Crk for chicken tumor virus CT10 regulator of kinase)
(1). Other members of the Crk family include CrkI, CrklII,
CrkIIT and Crk-like (CrkL), which all share a high degree of
homology in their overall structure (2).

The protein sequence of CrkL contains one Src homology 2
(SH2) and two Src homology 3 (SH3) domains and exhibits a
60% homology to CrkII, its closest family member (2). SH2
and SH3 are small protein modules found in a number of
signaling proteins that mediate protein-protein interactions in
signal transduction pathways activated by protein tyrosine
kinases (3.4). Selective formation of multi-protein complexes
by Crk family proteins depends on specific motifs recognized
by their SH2 and SH3 domains. In the case of CrkL, the SH2
module binds to short phosphotyrosine containing sequences
in the intracellular domain of growth factor receptors such as
PDGFR or IGF1-R, while the two SH3 domains interact with
specific target proteins containing proline-rich sequences.
The resulting multi-subunit complex then leads to further
signal transduction and modification (5).

Members of the Crk family adaptor proteins are widely
expressed in a number of tissues and mediate the formation
of signal transduction complexes upon a variety of
extracellular stimuli. Crk family proteins appear to play a key
role in mediating the action of human oncogenes like the
leukemia-inducing Bcr-Abl protein, and CrkL has been
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identified as the major tyrosine-phosphorylated protein in
neutrophils from patients with CML (6). CrkL has also been
found to be the linking protein between Ber-Abl and Stat
signaling (7). This functional quality, which is thought to be
critical in those cases of CML in which the reciprocal
translocation between the arms of chromosomes 9 and 22,
leads to the generation of a Bcr-Abl fusion protein with a
profoundly elevated protein tyrosine kinase (TK) activity (8).
Other biological features of Crk-mediated signal transduction
cascades include the integrin-mediated cell adhesion in
hematopoietic cell lines and epithelial-mesenchymal-like
transitions in the human breast cancer cell line T47D (9,10).
Crk family-mediated phenotypical changes also involve
alterations in cell migration and immune cell responses (11,12).

Activation of Crk family members, mediated by trans-
phosphorylation, is usually the result of either the ligand-
mediated activation of a transmembrane receptor molecule,
or the consequence of a constitutitively activated membrane-
bound TK. The abrogation of TK activity by synthetic TK
inhibitors (TKIs) such as imatinib (Glivec®) consequently
leads to the inactivation of downstream signaling in selected
diseases associated with constitutively activated TKs. We
therefore performed pCrkL. immunohistochemistry to evaluate
the presence of activated TKs in a series of human malignant
tumors. We also investigated pCrkL expression in the CrkLL
expressing cell line K562 in response to the TK inhibitor
inatinib in order to exemplify the effect of TK inhibition on
the activation state of CrkL.

Materials and methods

Tissue arrays. Fourth generation tissue arrays (TARP-4)
were purchased from the National Cancer Institute Tissue
Array Program. Each array contained 500 tissue samples
from biopsies obtained from malignant brain tumors (25
samples), malignant breast tumors (75 samples), malignant
colon tumors (75 samples), lung cancer (75 samples),
lymphomas (50 samples), malignant melanomas (25 samples),
ovarian cancer (50 samples), prostate cancer (75 samples)
and corresponding normal tissues (see Table I). A detailed
listing of parameters can be found for each individual tumor
biopsy at http://ccr.cancer.gov/tech_initiatives/tarp. Tissue
arrays containing multiple samples from normal multiple
tissues (#BN00012), brain (#GL801), breast (#BN08013),
colon (#BN05021), lung (#BN04011), skin (#SK801), ovary
(#0OV801) and prostate (#BC19111) were obtained from
Biomax (Biomax Inc., Rockville, MD).

Immunohistochemistry. Tissue arrays were deparaffinized
with 3 washes in xylene for 5 min each, followed by 2 washes
in 100% ethanol for 10 min each. The slides were then
incubated in 95% ethanol for 10 min and washed twice in
dH,O for 5 min. For antigen unmasking, sections were
microwaved in 10 mM sodium citrate buffer (pH 6.0) for 1 min.
After 3 washes in dH,O for 5 min each, sections were incubated
in 1% hydrogen peroxide for 10 min to quench endogenous
peroxidase activity, then washed 3 times in dH,O for 5 min
and rinsed in PBS for another 5 min. The sections were then
blocked with goat serum (ImmunoCruz™ Staining System;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h
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Table I. pCrkL protein expression in normal human tissues.

pCrkLL
Tissue type No. analyzed expression %
Brain n=22 9 41%
Normal tissue (n=17) 8 47%
Benign tumors (n=5) 1 20%
Breast Normal tissue (n=73) 13 18%
Colon Normal tissue (n=71) 35 49%
Upper GI tract Normal tissue (n=4) 1 25%
Lung Normal tissue (n=28) 4 16%
Lymph node Normal tissue (n=5) 1 20%
Skin Normal tissue (n=14) 5 36%
Ovary Normal tissue (n=33) 4 12%
Endometrium Normal tissue (n=2) 1 50%
Prostate n=24 19 79%
Normal tissue (n=18) 13 72%
Benign hyperplasia (n=6) 6 100%
Glandular tissue  Normal tissue (n=6) 4 67%
Liver Normal tissue (n=3) 3 100%
Bladder Normal tissue (n=2) 1 50%

at room temperature. After consecutive PBS washes, the
slides were incubated overnight at 4°C with the phospho-
CrkL (Tyr 207) antibody (Cell Signaling Technology Inc.,
Beverly, MA, USA) at a dilution of 1:50. Negative controls
were performed on all tissue arrays by replacing primary
antibodies with diluted isotype immunoglobines (ImmunoCruz
Staining System, Santa Cruz Biotechnology). Slides were
then washed 3 times with PBS, and incubated with the
biotinylated secondary antibody provided in the detection kit
and horseradish peroxidase (HRP) agent for 30 min, then
incubated with the substrate-chromogen 3,3'-diamino-
benzidine for 5 min. All sections were counterstained with
hematoxylin for 10 sec, dehydrated in 95% and 100% ethanol,
and mounted on coverslips.

Cell line and cell culture conditions. K562 cells were purchased
from the American Type Culture Collection (ATCC; Manassas,
VA, USA) and grown in Dulbecco's modified Eagle's medium
(DMEM; Gibco, Vienna, Austria), supplemented with 2 mM
GlutaMax (Gibco 100 pg/ml streptomycin, 100 U/ml penicillin
and 10% fetal calf serum (FCS; PAA Laboratories, Linz,
Austria). Imatinib mesylate (STI-571; Glivec) was kindly
provided by Novartis Pharmaceuticals (Basel, Switzerland)
and prepared as a 10 mmol/l stock solution in sterile
dimethylsulphoxide (DMSO; Sigma, St. Louis, MO, USA).
Upon subconfluency, cells were washed 3 times in PBS, and
FCS-containing medium was replaced with FCS-free IMDM
with either 500 nM imatinib mesylate or 0.1% DMSO
containing medium alone. Cells were then maintained for
another 24 h, then harvested and subjected to a cytospin
before immunocytochemistry was performed.

Western blot analysis. Western blotting was used to confirm
antibody specificity. After washing twice with PBS, a confluent
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Table II. pCrkL protein expression in human malignancies.
Tumor type Histology pCrkL expression %
Malignant brain tumors n=84 47 56%
Glioblastoma multiforme (n=24) 18 75%
Astrocytoma (n=60) 29 48%
Breast cancer n=70 34 49%
Invasive ductal (n=57) 28 49%
Invasive lobular (n=9) 4 44%
DCIS (n=1) 0 0%
Unknown (n=3) 2 67%
Colon cancer n=70 44 63%
Adenocarcinoma (n=64) 43 67%
Mucinous (n=6) 1 17%
Lung cancer n=71 39 55%
Adenocarcinoma (n=25) 18 72%
Squamous (n=32) 14 44%
Mucinous (n=2) 2 100%
Bronchoalveolar (n=2) 1 50%
Unknown (n=10) 4 40%
Lymphoma n=50 40 80%
Hodgkin's lymphoma (n=5) 4 80%
Other (n=45) 36 80%
Skin cancer n=89 60 67%
Melanoma (n=35) 20 57%
Squamous cell cancer (n=40) 30 75%
Basal cell cancer (n=14) 10 71%
Ovarian cancer n=86 43 50%
Serous (n=69) 35 51%
Endometrioid (n=5) 2 40%
Mucinous or clear cell (n=12) 6 50%
Prostate cancer n=73 10 14%
Adenocarcinoma (n=73) 10 14%

75 cm? cell culture flask was trypsinized for 3 min. Detached
cells were then suspended in 0.5 ml Laemmli buffer and boiled
for 5 min, before aliquots of 10 ul were loaded onto a 7.5%
SDS polyacrylamide gel (PAGE) and separated by employing
a constant voltage of 200 V for 30 min. After transfering to
nitrocellulose membranes (Invitrogen, Carlsbad, CA, USA),
the protein extracts were either subjected to a pre-treatment
with 3 washing steps in ddH,O and subsequent overnight
exposure to 5% (vol/vol) calf intestine phosphatase (CIP;
Amersham Bioscience, Uppsala, Sweden) at 37°C, or directly
incubated with the phospho-CrkL (Tyr 207) antibody (Cell
Signaling Technology), or CrkL antibody (Cell Signaling
Technology) at a dilution of 1:1000 for 8 h at room
temperature. A rainbow molecular size marker (Amersham
Biosciences) was used for protein size determination.

Immunostaining quantification and statistical analysis. A
semiquantitative scoring system (immunoreactive score; IRS)

was used to allow for a reproducible evaluation of immuno-
histochemically stained tissue sections (13). The IRS with
staining intensities of negative, weak, moderate and strong
(multiplied with the percentage of positive cells or nuclei)
ranged from O and 12. A range of O to 2 points was considered
to be negative, weak staining (3 to 5 points) was defined as 1+,
moderate staining (6 to 8 points) as 2+ and strong staining
(9 to 12 points) as 3+ cytoplasmatic staining. The SAS 8.2
TS2MO Win software package was used to perform statistical
analyses and a two-sided p<0.05 was considered statistically
significant.

Results

Specificity of the phospho-specific (p-Tyr 207) CrkL antibody.
The specificity of the pCrkL antibody was assessed by
Western blotting of K562 protein extracts (Fig. 1). K562 cells
derive from a human pluri-potent chronic myeloic leukemia
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Figure 1. The pCrkL Ab specifically detects the Tyr 207-phosphorylated
form of CrkL with Western blot analysis of K562 cell protein extracts
treated with or without CIP after membrane transfer. Total cellular protein
extract incubated with the pCrkL Ab (lane 1) and the CrkL Ab (lane 2)
without prior exposure to CIP. Total cellular protein extract incubated with
pCrkL Ab after prior dephosphorylation with CIP (lane 3). Total cellular
protein extract incubated with CrkL Ab after prior dephosphorylation with
CIP (lane 4). Whole-range rainbow protein size marker (lane 5).
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cell line in which CrkL is constitutively activated due to a
chimeric ber/c-abl transcript. When cell extracts from K562
cells were subjected to immunoblotting and incubated with
the anti-pCrkL antibody as described in Materials and methods,
a single band at 39 kDa was visible (lane 1). A strong band
of comparable molecular size was detected after incubation
with an anti-CrkL antibody (lane 2). When the cell extracts
were subjected to overnight treatment with CIP prior to
immunodetection with pCrkL, which results in a dephos-
phorylation of phospho-proteins, the band at the expected size
was no longer detectable (lane 3). However, when protein
extracts were dephosphorylated with CIP, but then incubated
with the CrkL antibody (which detects CrkL protein regardless
of its phosphorylation state), a distinct band at 39 kDa was
again seen (lane 4).

Figure 2. Immunohistochemical analysis of pCrkL staining in human malignancies. Representative cases of positive and negative pCrkL staining are shown
here of malignant brain tumors (A and B), breast cancer (C and D), colon cancer (E and F) lung cancer (G and H), lymphoma (I and J), melanoma (K and I)
ovarian cancer (L an M) and prostate cancer (N and O). Staining is confined to malignant cells and absent in surrounding stroma.
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Figure 3. pCrkL expression in K562 cytospins in the absence (A), and lack
of pCrkL protein expression in the presence of 500 nM STI 571 (B), treated
as described in Materials and methods.
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pCrkL protein expression in normal human tissues. Immuno-
histochemical pCrkL protein expression in normal human
tissues is shown in Table I. Some 9 of 22 non-malignant
brain samples (41%) expressed active (p)CrkL, while normal
colon samples exhibited pCrkL positivity in 35 of 71 cases
(49%). In non-malignant prostate tissue, pCrkL positivity
was even detected in 19 of 24 samples investigated (79%).
Interestingly, while microscopically normal prostate tissue
expressed in 13/18 cases (72%), all 6 biopsies obtained from
benign prostate hyperplasias were positive for pCrkL (100%).
In most other tumor entities, however, the presence of the
activated form of CrkL was considerably less frequent. In
normal breast tissue, pCrkL. was observed in only 13 of the
73 samples investigated (18%). Similarly, only 4 of 28 biopsies
were pCrkL positive (16%) in lung tissue, and normal ovarian
tissue exhibited pCrkL staining in 4 of 33 samples (12%).

In addition, we also found pCrkL in all samples obtained
from the upper gastrointestinal tract (stomach), 3 of 3 samples
obtained from normal liver, 4 of 6 specimens of glandular
tissue, 1 of 2 bladder samples, 1 of 2 endometrial samples
and 1 of 5 biopsies (20%) obtained from normal lymph
nodes.

pCrkL expression in human malignancies. pCrkL protein
expression in human malignancies is summarized in Table II,
and representative cases are shown in Fig. 2. pCrkL was
detected in 47 of 84 evaluable malignant brain tumors (56%)
with 18 of 24 glioblastoma multiforme (75%) and 29 of 60
astrocytoma (48%) being pCrkL-positive. If present, low
levels of protein (+) were unvariably expressed throughout
the malignant tissue (Fig. 2A). No significant difference in
pCrkL expression was found when malignant and non-
malignant tissues were compared (p=0.087; Fisher's exact
test). In malignant breast tissue, however, pCrkL expression
was significantly more common than in normal breast tissue
(p<0.0001; Fisher's exact test), with 49% of 70 samples being
pCrkL-positive. Staining intensities varied widely, ranging
from weak (28%) via intermediate (16%) to strong (5%). If
present, staining was confined to the cytoplasm and membrane
of malignant epithelial cells (Fig. 2C). We did not observe
differences in the pCrkL protein expression pattern when
invasive ductal carcinomas were compared to invasive lobular
carcinomas (49% vs. 44%, respectively, p=0.27, Fisher's
exact test). Since there was only one case of a pure ductal
carcinoma in situ (DCIS), no statement can be made regarding
the prevalence of pCrkL in DCIS. In the 70 cases of colon
cancer analyzed, the activated form of CrkL. was more common
in adenocarcinomas (67%) than in mucinous carcinomas
(17%, p=0.02; Fisher's exact test) with expression levels
ranging from weak (+) to strong (+++) in both subtypes.
Staining was again confined to the malignant epithelium,
areas of stromal tissue remained pCrkL-negative (Fig. 2E),
and the overall protein expression was significantly more
common than in corresponding normal tissues (p=0.03; Fisher's
exact test). In lung carcinomas, pCrkL staining was present
in 55% of 71 biopsies, and again significantly more prevalent
when compared to normal lung (p=0.00015; Fisher's exact
test). Protein staining varied considerably from weak (+) in
37% and intermediate (++) in 14% to strong (+++) in 4%,
and immunodetectable pCrkL was usually epithelium-associated
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(Fig. 2G). In lung cancer, the cytoplasmatic expression of
activated CrkL was more common in adenocarcinomas
(72%) than in squamous carcinomas (44%, p=0.023; Fisher's
exact test), and there were too few cases to investigate the
expression in mucinous and bronchoalveolar subtypes.

In lymphomas, pCrkLL was detected in 80% of the 50
cases investigated, and no difference in the expression pattern
was observed when Hodgkin's lymphomas were compared
with non-Hodgkin's lymphomas. The majority of pCrkL-
positive tumors exhibited intermediate (48%) to strong (15%)
staining (Fig. 2I), and tumoral expression was significantly
more common than expression in normal lymphatic tissue
(p=0.012; Fisher's exact test). A comparable pattern was seen
for skin tumors, which displayed epithelial pCrkL in 76%
of 89 cases analyzed by immunohistochemistry (Fig. 2K).
Intermediate (++) to strong (+++) staining was again observed
in the majority (i.e. 58%) of positive cases, and overall
pCrkL expression was significantly more common than in
corresponding normal skin (p=0.02; Fisher's exact test). We
did not observe significant differences in pCrkL expression
between melanomas, basal cell cancers and squamous cell
tumors (data not shown).

pCrkL protein was detected in 50% of ovarian carcinomas
and thus more common than in normal ovaries (p<0.0001;
Fisher's exact test). The prevalence was comparable in all
three histological subtypes analyzed (serous vs. endometroid
vs. mucinous/clear cell was 51%, 40% and 50%, respectively).
The amount of immunohistochemically detected protein
expression ranged from low (25%) to intermediate (25%)
levels, and none of the tumor samples were found to express
high amounts of activated CrkL (Fig. 2M).

In sharp contrast to all other malignancies investigated,
prostate cancer samples expressed immunohistochemically
detectable pCrkL in only 14% of cases, which was significantly
less than that found in non-malignant prostate tissue (p<0.0001).
Of the 73 samples of adenocarcinoma investigated, only 6
showed low (8%) and 4 (5%) intermediate expression levels
and protein expression was again localized in the tumor
epithelium (Fig. 20). We did not observe a single case with
high levels of protein expression in this tumor entity.

pCrkL expression in response to imatinib. To investigate the
value of pCrkL in the identification of tumors that are
potentially sensitive to TKI treatment, we used the CML-
derived lymphoblast cell line K256 as an in vitro model and
analyzed the effect of imatinib on the phosphorylation (i.e.
activation) state of CrkL. Upon semi-confluency, cells were
subjected to either 500 nM imatinib mesylate or medium
alone. Immunocytochemistry for pCrkL revealed that in the
absence of imatinib, K256 cells expressed clearly detectable
pCrkL protein (Fig. 3A). However, when the same cells were
incubated with imatinib, pCrkL expression was almost
completely abrogated (Fig. 3B), thus demonstrating that
imatinib is able to prevent downstream activation of CrkL by
inhibiting TK-dependent trans-phosphorylation.

Discussion

In recent years, there has been tremendous interest in
targeted therapies, and several studies involving the use of
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synthetic TKIs have been initiated. However, with the
notable exception of imatinib and erlotinib (Tarceva®), the
results of many studies have been disappointing. Several
reasons can be attributed to the apparent failures, but one of
the main obstacles might be the difficulty in identifying
appropriate targets. Unlike in CML where translocation of bcr-
abl results in the activation of a specific and pathognomic
tyrosine kinase, and in GIST where a mutation of c-kit causes
the constitutive activation of c-Kit, the mere overexpression
of a TK or its stimulating ligand may not be sufficient for
effective TKI monotherapy. It is important to understand that
the highly selective TKIs can sometimes only block one of
several pathways, and a potential clinical benefit is found in
the combinatory use of multiple TKIs or simultaneous
application together with endocrine or cytotoxic drugs.

By investigating a potential surrogate parameter of
therapeutic TK inhibition that is selectively up-regulated in
malignant tumors, we have identified pCrkL as a key
phosphoprotein involved in the signal transduction cascade
of those tyrosine kinase proteins that can be blocked by TKIs
in vitro. Although comparatively little is still known about
receptor-mediated activation of CrkL, existing data strongly
suggest a major role of PDGF-receptor (PDGF-R), c-Kit, and
c-Abl in the transphosphorylation of CrkL and related factors:
there is a clear link between PDGF-R activation and CrkL
phosphorylation; and within PDGF-R, phosphorylated Tyr-762
serves as a docking site for downstream signal transduction
molecules such as CrkL and results in their consecutive
activation (14). In a similar fashion, stem cell factor (SCF)
binding to c-Kit, which possesses an intrinsic tyrosine kinase
activity, induces rapid tyrosine auto-phosphorylation and
leads to the trans-phosphorylation of several cellular proteins,
including CrkL (15). Finally, CrkL can be phosphorylated by
interacting with the inducible tyrosine kinase c-Abl or the
chimeric and constituitively activated Ber-Abl fusion protein
in specific forms of CML (16).

Our finding of pCrkL in normal brain tissue and the
majority of astrogliomas complements a report by Sasahara
et al, who observed specific immunostaining for the PDGF-B
chain in neurons, principal dendrites, some axons, and
probable terminals throughout the brain (17). A functional
role for PDGF-B in normal brain has also been suggested by
Zhang et al, who have demonstrated that in neurons and
type 1 astrocytes in vitro, PDGF-BB greatly enhances protein
phosphorylation, while PDGF-AA has less of an effect on
protein phosphorylation (18). Furthermore, both PDGF-R
and its ligand PDGF are highly expressed in astrocytomas
and thought to result in considerable PDGF-R stimulation via
auto- and paracrine mechanisms (19,20). It is thus quite
possible that the relatively high percentage of pCrkL-positive
cells in normal and malignant cells is due to PDGF-R
activation. Nevertheless, c-Kit and its ligand SCF could also
be involved in the neuronal CrkL activation since both have a
striking regional distribution and can be detected in the
central nervous system, particularly in the cerebellum and
hippocampus (21).

There are several reports on the expression of a functional
PDGF/PDGF-R system in human breast malignancies, and
most publications agree on the epithelium being the source of
local PDGF production rather than surrounding breast
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stroma. PDGF-R expression, on the other hand, is mainly
confined to adjacent stromal cells, which would indicate the
existence of a paracrine (and possibly an autocrine) receptor
stimulation (22). In normal breast tissue and fibroadenomas of
the breast, the expression of PDGF and its receptor is
considerably less common, which would also fit our
observation that none of the five normal breast tissues
expressed activated CrkL (23). Interestingly, Ulivi et al found
both c-Kit and SCF to be highly expressed in normal breast
tissue, but observed a progressive loss of expression during the
process of malignant transformation (24). A similar expression
pattern has also been described in colon cancer where c-Kit is
rarely expressed in contrast to normal tissue (25). In colon
cancer, the expression of c-Kit and SCF has been demon-
strated in several colon cancer cell lines, and the aberrant
activation of c-Kit appears to enhance their invasive potential
while simultaneously protecting them against apoptosis
(26,27). Our observation of pCrkL protein expression in the
majority of lung cancer samples, but in none of the normal
tissues is also concordant with findings by Tsuura et al, who
detected c-Kit protein in malignant but not in normal lung
epithelium, and findings by Antoniades et al, who detected
both PDGF and PDGF-R in malignant epithelium of lung
cancer biopsies, while samples from normal lung tissue
expressed neither ligand nor receptor (28,29).

It has also been demonstrated that imatinib and SU11248
are both able to inhibit PDGF-R and c-Kit signaling in a
preclinical model, thereby supporting their therapeutic potential
(30). In melanomas and ovarian cancer, PDGF-R, c-Kit and/or
c-Abl have all been detected in the majority of cases, and could
be responsible for the activation of CrkL seen in these tumors
(31,32). Interestingly, in prostate cancer, the relatively sparse
expression of pCrkL (15%) in our patient cohort matches the
lack of a functional PDGF/PDGF-R and SCF/c-Kit system
expression in most of the tumors (33,34). Indeed, the only
medical trial investigating the efficacy of imatinib in androgen-
independent prostate cancer was stopped early because of a
lack of clinical activity, although there is no information about
the level of CrkL activity or PDGF-R and c-Kit expression
(35). We therefore suggest that pCrkL, which is selectively up-
regulated in several malignant tumors, could be used as a
surrogate marker for the activity of TKs such as PDGF-R,
c-Kit and c-Abl, and might thus potentially be useful in
monitoring the effect of therapeutic TK inhibition. Clinical
studies are warranted to confirm the predictive value of pCrkL.
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