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An important biological feature of prostate cancer
(PCa) is its marked preference for bone marrow as a
metastatic site. To identify factors that may support
the growth of PCa in bone marrow, expression of
receptor and nonreceptor tyrosine kinases by andro-
gen-independent PCa bone marrow metastases was
assessed. Bone marrow biopsies largely replaced by
PCa were analyzed using reverse transcriptase-poly-
merase chain reaction amplification with degenerate
primers that amplified the conserved kinase domain.
Sequence analyses of the cloned products demon-
strated expression of multiple kinases. Expression of
the receptor and nonreceptor tyrosine kinases, a
platelet-derived growth factor receptor and Jak 1, re-
spectively, was confirmed by immunohistochemis-
try. In contrast, the type 1 insulin-like growth factor
receptor, thought to play a role in PCa development,
was lost in metastatic PCa. These results implicate
several specific growth factors and signaling path-
ways in metastatic androgen-independent PCa and
indicate that loss of the type 1 insulin-like growth
factor receptor contributes to PCa progression. (Am
J Pathol 1999, 155:1271–1279)

Bone marrow is the predominant metastatic site for pros-
tate cancer (PCa) and bone marrow metastases account
for the vast majority of PCa morbidity and mortality. This
pattern of metastatic growth indicates that tumor cells
home preferentially to bone marrow or that bone marrow
provides particular factors required for PCa growth. Al-
though these hypotheses are not mutually exclusive, ev-
idence that specific homing plays a major role is limited.1

In contrast, several studies have shown that factors in
bone can stimulate the growth of PCa cell lines and some

candidate growth factors have been identified.2–8 How-
ever, biochemical efforts to identify growth factors for
metastatic PCa or test the importance of candidate fac-
tors have been limited by the lack of human PCa cell lines
that accurately reflect PCa dependence on the bone
marrow microenvironment.

Studies from many groups have demonstrated critical
roles for a series of peptide growth factors and corre-
sponding epithelium-expressed receptor tyrosine ki-
nases (RTKs) in normal prostate and/or in PCa. These
growth factors include transforming growth factor a,9

insulin-like growth factor 1 (IGF-1),10 keratinocyte growth
factor,11,12 basic fibroblast growth factor,13 hepatocyte
growth factor (HGF),7,8 platelet-derived growth fac-
tor,14, 15 and nerve growth factors.16 A role for HGF in
advanced metastatic PCa has been suggested by immu-
nohistochemistry showing the consistent expression of
the HGF receptor (c-met) in bone marrow metastases.7,8

However, the role of these or other novel growth factors
and their corresponding receptors in metastatic andro-
gen-independent PCa remains uncertain.

The strategy taken in this study to identify growth fac-
tor-receptor interactions that support PCa growth in bone
marrow was to identify RTKs expressed by these tumors
freshly isolated from human bone marrow. RTKs contain
a conserved tyrosine kinase domain that can be ampli-
fied from small numbers of tumor cells by reverse tran-
scriptase-polymerase chain reaction (RT-PCR) with de-
generate oligonucleotide primers.17 In this study, RTKs
and nonreceptor tyrosine kinases (NRTKs) expressed by
a series of freshly isolated human PCa bone marrow
metastases and by the LNCaP PCa cell line were ampli-
fied and cloned by this method. A large number were
then sequenced to determine the spectrum of expressed
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RTKs and NRTKs in human PCa metastatic to bone mar-
row. The presence or absence of particular tyrosine ki-
nases was then confirmed by immunohistochemistry.

Materials and Methods

Sample Acquisition

A series of patients with advanced androgen-indepen-
dent PCa underwent bone marrow biopsies from the
posterior iliac crest, as described previously.18,19 A por-
tion of each biopsy was frozen in OCT and frozen sec-
tions were analyzed histologically. Biopsies in which nor-
mal marrow elements were largely or completely
replaced by PCa, with minimal fibrosis, were sought and
7 such biopsies from a total of 6 patients were identified.
Adjacent 6-mm frozen sections (n-4 or 5) were then used
for RNA extraction. LNCaP, a human androgen receptor
expressing PCa cell line,20 was maintained in Dulbecco’s
modified Edgle’s medium with 10% fetal calf serum.

Tyrosine Kinase Domain Amplification

RNA was extracted with RNAzol B (Tel-Test, Friends-
wood, TX) and cDNA was synthesized using an oligo-dT
primer, as described previously.18 The oligo-dT was then
removed by spin dialysis with a Microcon-100 filter (Ami-
con, Beverly, MA). cDNA was amplified in 50-ml reactions
containing 500 ng of each degenerate primer (see be-
low), Taq polymerase, bovine serum albumin at 0.1 mg/
ml, and standard buffer containing 1.5 mmol/L MgCl2 as
supplied by the manufacturer (Promega, Madison, WI).
The cycles were 94° for 20 seconds, 48° for 45 seconds
and 72° for 30 seconds for 35 cycles. Secondary PCR
amplifications were performed using the same conditions.

Protein kinases have a conserved catalytic domain that
can be divided into 11 subdomains.17,21 This study used
a series of degenerate sense primers in subdomain VI
and anti-sense primers in subdomains VIII and IX (Table
1). Primer sequences were chosen to preferentially am-
plify tyrosine kinases rather than serine/threonine ki-
nases. The TK1 primer in domain VI was further chosen to
bias against src family intracellular tyrosine kinases and
in favor of RTKs and non-src family intracellular tyrosine
kinases. However, the other domain VI primers would be
predicted to amplify both src and other tyrosine kinases
equally.

In one series of experiments, tyrosine kinases were
amplified with subdomain VI and IX primers followed by a
seminested amplification with subdomain VI and VIII
primers. The primary amplifications in these experiments
used the degenerate primers TK1 and TK7. This was
followed by a secondary amplification using 5 to 10% of
the primary amplification, the TK1 primer, and a mix of the
TK4, -5, and -6 subdomain VIII primers. These secondary
amplifications were for 20 to 25 cycles. The resulting PCR
products were gel-purified and ligated into either pBlue-
script (Stratagene, La Jolla, CA) or pCRII (Invitrogen,
Carlsbad, CA), in some cases using an EcoR1 site added
to the subdomain VIII primers.

A second series of amplifications used a different pair
of subdomain VI and IX primers. The primary amplifica-
tions were carried out with primers TK2 and TK8 in sub-
domains VI and IX, respectively. Secondary amplifica-
tions for 12 to 15 cycles were then carried out using 25%
of the primary reactions and replacing primer TK2 with
the nearly identical primer TK3. This latter step served to
incorporate a nondegenerate BamH1 site at the 59 end.
The PCR products were then digested with BamH1 and
EcoR1 and ligated into pBluescript.

Tyrosine Kinase Analysis

In the initial analyses, bacterial colonies containing ty-
rosine kinases were identified by PCR amplification with
flanking primers in the vector and subsequent agarose
gel electrophoresis to identify clones containing the cor-
rectly sized insert. In later screens, these PCR-amplified
inserts were also dot blotted with oligonucleotide probes
specific for tyrosine kinases frequently isolated in the
initial screens. The sequences of these probes were as
follows: Jak 1, ACCAAAGCAATTGAAACCGAT; FER,
ATCTTCTGGCTTAAAGCA; a platelet-derived growth
factor receptor (aPDGF-R), GATTCGAACTATGTGTCG;
Lyn, GTCTCCGAGTCACTAATGTGC. Clones that hybrid-
ized strongly (consistent with identity) were counted to-
ward the total for each receptor. A fraction of these
strongly hybridizing clones was chosen at random and
sequenced, which in all cases confirmed their identity.
The total number of confirmed tyrosine kinase isolates
(based upon hybridization and/or sequencing) from meta-
static PCa analyzed in this series of experiments was 448.

To analyze a larger sampling of these libraries for
particular tyrosine kinases, PCR products generated from

Table 1. Primers Used for PCR Amplification of Tyrosine Kinases

Domain Amino acids Nucleotide sequence

TK1 VI HRDLA(A/T)RN CA(T/C)(A/C)GNGA(C/T)(C/T)TNGCN(G/A)CN(A/C)GNAA
TK2 VI (I/V)HRDL CGGG(G/A)T(G/C)CAC(A/C)GNGA(C/T)(C/T)T
TK3 VI IHRDL CGGGATGCCAC(A/C)GNGA(C/T)(C/T)T
TK4 VIII WTA(P/L)E GGAATTC(TC)TCN(AG)(AG)NGCNGTCCA
TK5 VIII WMA(L/W/P)E GGAATTC(TC)TCN(AGC)(AG)NGCCATCCA
TK6 VIII WMPPE GGAATTC(TC)TCNGGNGGCATCCA
TK7 IX D(V/M)W(S/A)(F/Y)G(I/V) A(C/T)NCC(G/A)(T/A)AN(G/C)(T/A/C)CCANA(C/T)(G/A)TC
TK8 IX DVWS(F/Y)G GGAATTCCA(T/A)AGGACCA(G/C)AC(G/A)TC

Nucleotides added to generate BamH1 or EcoR1 restriction sites are underlined.
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the libraries by the domain VI and IX primers (primers
TK2 and TK8, respectively) were dot blotted and hybrid-
ized with specific oligonucleotide probes. In addition to
the probes above, probes for the type 1 insulin-like
growth factor receptor (type 1 IGF-R) (GTAGCCGAA-
GATTTCACAGTC), FGF receptor 2 (FGF-R2) (GATAT-
CAACAATATAGACTAT), and a probe for both the
FGF-R1 and FGF-R3 (GACATTCACCACATCGACTAC)
were used.

Immunohistochemistry

B5-fixed, decalcified bone marrow biopsies and formalin-
fixed prostate and transurethral resection specimens
were embedded in paraffin and sectioned for aPDGF-R,
Jak 1, and prostate-specific antigen (PSA) immunohisto-
chemistry. Sections were pretreated by microwaving in
citrate buffer (10 mmol/L, pH 6.0) twice for 5 minutes
each at 600W. The sections were incubated with poly-
clonal rabbit antibodies to PSA (Dako, Copenhagen,
Denmark; dilution 1:2000), aPDGF-R (antibody C-20 gen-
erated against amino acids 1065–1084, Santa Cruz Bio-
technology, Santa Cruz, CA; dilution 1:40), or Jak 1 (an-
tibody Q-19, against amino acids 1122–1141, Santa Cruz
Biotechnology; dilution 1:60). The primary antibody incu-
bations for 1 hour were followed by incubation with a
biotinylated goat anti-rabbit Ig secondary and then alka-
line phosphatase-conjugated streptavidin (Biogenex,
San Ramon, CA). The reaction product was visualized by
new fuchsin (Dako) as a chromogen. Staining intensities
were graded semiquantitatively as 0, no staining; 1,
weak staining; 11, moderate staining; and 111, strong
staining. Staining for PSA was strong in all tumor samples
and was not graded.

Nonspecific reactivity was assessed by omission of the
primary antibody. The specificity of staining for the
aPDRG-R and Jak 1 was also confirmed in bone marrow
sections as well as in control tissues by preabsorption of
the antisera with blocking peptides supplied by the manu-
facturer. Equimolar concentrations of antibody and blocking
peptide were incubated for 1 hour at room temperature.

Expression of the type 1 IGF-R was examined in frozen
and paraffin sections. Prostate and bone marrow biop-
sies frozen in OCT were sectioned at 6 mm and postfixed
in methanol. The primary was a mouse anti-human type 1
IGF-R mAb (mAb 391, R&D Systems, Minneapolis, MN),
used at 0.5 mg/ml. The secondary was a biotinylated goat
anti-mouse Ig followed by streptavidin-HRP, as above.
The samples were counterstained with hematoxylin. Al-
ternatively, prostate core biopsies were taken from fresh
prostatectomy specimens with a 14 gauge biopsy needle
and processed identically to bone marrow biopsies. Fix-
ation was in 95% ethanol:37% formaldehyde at 4:1, fol-
lowed by overnight decalcification in EDTA. After depar-
affinization, sections were microwaved in 1 mmol/L
EDTA, pH 8.0, twice for 6 minutes each at 600W, followed
by cooling for 20 minutes. Blocking of endogenous biotin
was done using an avidin-biotin blocking kit (Vector
Labs, Burlingame, CA) for 15 minutes. The primary
mouse anti-human type 1 IGF-R mAb (Lab Vision Corp.,

Fremont, CA) was added for 45 minutes. Biotinylated
horse anti-mouse IgG (1:200) in a solution containing
glucose (50 mg/ml) and glucose oxidase (7 U, Sigma, St.
Louis, MO) was used as a secondary for 30 minutes
followed by Vectastain Elite reagent (Vector). Visualiza-
tion was done with Vector peroxidase kit (peroxidase
substrate kit, Vector VIP, SK-4600) for 10 minutes and
counterstaining by acid hemalaun.

Results

Tyrosine Kinase Expression by the LNCaP Cell
Line

To determine whether the degenerate PCR primers would
be useful for amplification of diverse tyrosine kinases
from prostate cancer, the LNCaP cell line was examined
initially. LNCaP was derived from a human PCa meta-
static to lymph node.20 Its growth is stimulated by andro-
gen and it produces PSA. Although it expresses a mutant
androgen receptor, the mutation is identical to one found
in some patients with androgen-independent prostate
cancer.19,22 LNCaP does not form bone marrow metas-
tases when transplanted into immunodeficient mice,23

but has nonetheless been the most commonly used hu-
man model for PCa.

Tyrosine kinase expression by LNCaP cells was exam-
ined by RT-PCR using the primers in subdomains VI and
IX (primers TK1 and TK7, respectively). This was followed
by a secondary amplification with subdomain VI and VIII
primers (TK1 and a pool of TK4, -5, and -6). A total of 38
clones containing inserts of the correct size to be kinase
domains were identified. Sequencing revealed that there
were 7 different kinases represented (Table 2). Among
the kinases isolated, the type 1 IGF-R and Bmx have
been reported previously in these cells.24–27 Although it is
clearly the case that LNCaP expresses additional tyrosine
kinases, these initial results indicated that diverse tyrosine
kinases could be amplified under these conditions.

Tyrosine Kinase Expression in Vivo by PCa
Bone Marrow Metastases

A series of 7 androgen-independent PCa bone marrow
metastases from 6 patients were next examined by RT-
PCR for tyrosine kinase expression. These particular
samples were selected based upon their high proportion
of tumor cells and absence of normal bone marrow ele-

Table 2. Receptor and Nonreceptor Kinases Identified by
RT-PCR in LNCaP Cells

Receptor tyrosine kinases
Nonreceptor

tyrosine kinases

Type 1 IGF-R FAK
eph1 FER
ror1 abl

Bmx

Kinases are listed in descending order based upon the frequency
with which they were isolated.
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ments. The cDNA libraries were amplified in an initial
series of experiments with the primers described above
for LNCaP. To maximize the number of different kinases,
a second series of amplifications was carried out with a
distinct set of primers in subdomains VI and IX (see
Material and Methods).

The results from both sets of primers were combined,
yielding a total of 448 clones containing kinase domains
from the 7 biopsies. The vast majority could be identified
as previously described receptor or nonreceptor tyrosine
kinases (Table 3). Although the kinases are listed in Table
3 based upon the frequency with which they were iso-
lated, this does not necessarily reflect abundance of the
respective transcripts and more likely reflects the effi-
ciency with which they were amplified by the degenerate
primers. Two novel kinases were also identified, each in
single biopsies. Although these are indicated as RTKs in
Table 3, it has not yet been determined whether they are
receptor or nonreceptor kinases.

Immunohistochemical Analysis of aPDGF-R and
Jak 1 Expression in Bone Marrow Metastases

The PCa biopsies examined contained predominantly
tumor cells, but nontumor cells were also certainly
present and could have been the source for one or more
of the kinases identified in Table 3. Therefore, immuno-
histochemistry was used to further assess tumor expres-
sion of particular kinases. The aPDGF-R and Jak 1 pro-
teins were examined, as these receptor and nonreceptor
tyrosine kinases, respectively, were identified in the ma-
jority of the PCa samples.

An analysis of these proteins in normal bone marrow
was carried out initially to determine whether there were
normal cells in the biopsies that might be the origin of
these transcripts. In normal bone marrow, moderate to
strong staining for aPDGF-R was found consistently in
megakaryocytes and osteoblasts and occasionally in
plasma cells, endothelial cells, and fibroblasts (Figure
1A). However, the vast majority of myeloid and bone

marrow stromal elements did not stain. Strong staining for
Jak 1 in these sections of normal bone marrow was
detected only in macrophages (Figure 1B). Weak Jak 1
staining was seen on scattered mononuclear cells, which
appeared to be myeloid precursors, whereas all other
cells were negative.

A series of 11 formalin-fixed bone marrow biopsies
containing metastatic PCa, obtained from eight patients,
were next examined by immunohistochemistry. Tumor
cells in all of these biopsies stained strongly for PSA,
confirming that they were PCa (Figure 1C). In each of the
biopsies, all of the carcinoma cell complexes displayed
unequivocal staining for the aPDGF-R (Figure 1D). The
majority of the samples showed staining of constant in-
tensity, ranging from weak (1) to strong (111) (Table 4),
although in some cases single carcinoma cells stained
stronger than those nearby. No aPDGF-R staining was
seen in the stromal elements surrounding the tumor cells
(Figure 1D).

Metastatic PCa expression of Jak 1 was examined by
immunohistochemistry in eight bone marrow biopsies.
Weak to moderate tumor cell staining was detected in all
of the samples (Figure 1E and Table 4). The pattern
observed was similar to aPDGF-R, with uniform staining
in most carcinoma cell complexes. No staining was ob-
served in the stroma. Staining for aPDGF-R and Jak 1
was completely abolished by preincubation with the appro-
priate peptides (Figure 1F and data not shown). Therefore,
these immunohistochemical analyses in conjunction with
the RT-PCR results confirmed that aPDGF-R and Jak 1 were
expressed by PCa bone marrow metastases.

Immunohistochemical Analysis of aPDGF-R and
Jak 1 Expression in Primary PCa and
Nonneoplastic Prostate

Archival primary PCa samples from needle biopsies or
radical prostatectomies were available from four of the
patients examined here. Tumor cell staining for aPDGF-R
was observed in each of these four samples (Figure 2A

Table 3. Receptor and Nonreceptor Tyrosine Kinases
Identified by RT-PCR in Metastatic Androgen-
Independent PCa Biopsies

Receptor tyrosine kinases
Nonreceptor

tyrosine kinases

aPDGF-R Jak 1
KDR FER
eph1 Lyn
DDR2 (TKT, Tyro 10) Bmx
Tie-1 brk
Tie-2* (angiopoietin 1 receptor, tek) Yes
bPDGF-R Jak 2
EGF-R abl
Novel kinase 1†

Novel kinase 2†

Kinases are listed in descending order based upon the frequency
with which they were isolated.

*Differs from murine Tie-2 by 2 amino acids and is presumed to be
the human homologue.

†Do not have homology with known human kinases or kinases from
other species and may be receptor or nonreceptor kinases.

Table 4. Immunohistochemical Analysis of aPDGF-R and Jak
1 Expression in PCa Bone Marrow Metastases

Patient aPDGF-R Jak 1
aPDGF-R
(primary)

1a 111 nd 11/111
1b 111 11
2a 111 11 11/111*
2b 11 1
3a 11 11 111
3b 1 11
4a 1 nd na
4b 11 1

5 11 nd na
6 1 1 na
7 1 1 na
8 11 nd 11

*Moderate to strong staining was observed in the more
differentiated areas, whereas many poorly differentiated areas were
negative.

na, not available; nd, not done.
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and Table 4). In three, uniform tumor staining similar to
that seen in the corresponding metastatic tumors was
observed. In the fourth case (patient 2), moderate to
strong staining was observed in the more differentiated
areas, whereas many poorly differentiated areas were
negative. Jak 1 protein expression was examined in three
additional primary prostate cancers. In each case there was
uniform moderate to strong staining for Jak 1 (Figure 2B).

Expression of aPDGF-R and Jak 1 in transurethral
resection specimens from five patients showing variable
degrees of hyperplasia were also examined. Staining
intensity relative to the tumor samples was assessed.
Luminal epithelial cells showed absent or very weak
staining for aPDGF-R in the vast majority of glands (Fig-
ure 2C). Moderate reactivity (11) was observed rarely
and was restricted to single glands. Smooth muscle cells
of the fibromuscular stroma stained very weakly, whereas

macrophages and plasma cells exhibited moderate to
strong staining.

Weak immunoreactivity of prostate luminal epithelial
was found for Jak 1. In some cases basal cells stained
more strongly than the overlying luminal epithelial cells
(Figure 2D). Occasional smooth muscle cell bundles
showed moderate staining but most stained weakly or
were negative. Strong Jak 1 staining was observed only
in macrophages.

Comparative Analysis of Tyrosine Kinases
Expressed in Normal Prostate versus
Metastatic Androgen-Independent PCa

It was noteworthy that several RTKs believed to be im-
portant in normal and neoplastic prostate growth, includ-

Figure 1. Immunohistochemical analyses of aPDGF-R and Jak 1 in metastatic PCa in bone marrow. A: Normal bone marrow stained with aPDGF-R Ab showing
strong staining by megakaryocytes (arrow). B: Normal bone marrow stained with Jak 1 Ab showing strong staining in scattered macrophages (arrow). C–E: PCa
bone marrow metastases stained with anti-PSA, anti-aPDGF-R, and anti-Jak 1 antibodies, respectively. F: PCa biopsy stained with aPDGF-R antibody after
preincubation with the immunizing peptide. Original magnifacation, 3200.

Figure 2. Immunohistochemical analyses of
aPDGF-R and Jak 1 in primary PCa. A and B:
Primary PCa stained with aPDGF-R and Jak 1
antibodies, respectively. C and D: Nonneoplas-
tic prostate stained with aPDGF-R and Jak 1
antibodies, respectively. Arrow in D shows basal
cell staining. Original magnification 3200.

Tyrosine Kinases in Metastatic Prostate Cancer 1275
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ing the type 1 IGF-R and the receptors for KGF (also
termed FGF7) and bFGF, were not identified in this anal-
ysis of metastatic androgen-independent PCa. With re-
spect to the type 1 IGF-R, this did not appear to be an
unintended primer bias, as this receptor was readily am-
plified from the LNCaP cell line (Table 1). To determine
whether this might simply reflect inadequate sampling,
expression of transcripts for the type 1 IGF-R and FGF-
R1, -R2, and -R3 was specifically examined by RT-PCR
and dot blot hybridization.

The tyrosine kinase libraries from the seven metastatic
prostate cancers and from three sections of nonneoplas-
tic prostate generated identically were amplified by PCR.
Equivalent amounts of PCR product, based upon
ethidium bromide staining, were then dot blotted and
hybridized with a series of kinase-specific probes. There
were no marked difference in Jak 1 transcript levels
between the metastatic tumors and the normal prostate
samples (Figure 3). Expression of FER, which has not
been examined previously in prostate, was also similar in
all samples. Consistent with previous reports, this analy-
sis detected FGF receptors and the type 1 IGF-R in
normal prostate.10–13 In contrast, in six of the seven
metastatic PCa samples there was weak or absent hy-
bridization with the pool of FGF-R1, -R2, and -R3 probes.
It should be noted that both the PCR primers and probes
used for this FGF-R analysis were in the kinase domain
and would recognize the alternatively spliced form of the
FGF-R2 found in the Dunning rat PCa model and recently
in human PCa.28,29 Finally, the type 1 IGF-R was detected
in only one of the metastatic PCa samples. Therefore,
these results were consistent with the failure to identify
FGF-Rs or the type 1 IGF-R among the 448 tyrosine
kinases analyzed.

Immunohistochemical Analysis of Type 1 IGF-R
Expression

Immunohistochemistry was used to confirm loss of type 1
IGF-R expression in metastatic androgen-independent
PCa. The first experiments used frozen sections, be-
cause none of the initially tested type 1 IGF-R antibodies
worked in formalin-fixed and paraffin-embedded tissues.
Frozen sections from nonneoplastic prostate showed ex-
pression confined to the epithelium, with moderate stain-
ing of most glands (Figure 4A, at higher power in Figure
4B). Primary PCa also expressed the type 1 IGF-R at
levels that were comparable to normal epithelium, based
upon staining intensity on identically processed sections
(Figure 4C, at higher power in Figure 4D). However, there
was heterogeneity with most tumors containing a minority
of cells that were negative for type 1 IGF-R staining. In
contrast, no type 1 IGF-R expression was detectable in
frozen sections from a series (n 5 7) of androgen-inde-
pendent bone marrow metastases (Figure 4, E and F).

The analysis of type 1 IGF-R expression was subse-
quently extended to formalin-fixed tissue using another
antibody. Staining was similarly confined to the epithe-
lium in nonneoplastic prostate, with moderate expression
by luminal epithelium and stronger expression by basal

cells in most glands (Figure 5A, at higher power in Figure
5B). The strongest expression by both luminal epithelium
and basal cells was seen in atrophic glands (Figure 5A,
at right margin). Neoplastic glands showed moderate
type 1 IGF-R expression (Figure 5C, at higher power in
Figure 5D). However, the expression was heterogeneous,
with areas in some tumors being completely negative.
Figure 5E is another area from the same biopsy as in
Figure 5C, showing type 1 IGF-R negative tumor cells
surrounding a positive non-neoplastic gland. Finally, for-
malin-fixed bone marrow metastases from four additional
patients were examined. In two cases there were no
positive cells and in the other two there was staining by a
few scattered cells (,10% overall). Figure 5F shows an
area in one section in which scattered positive cells can
be readily seen.

Discussion

The growth of normal prostate epithelium and primary
PCa appears to be influenced by a number of growth
factors, many of which function through binding to RTKs.
The selective metastatic growth of PCa in bone marrow
indicates that this microenvironment may similarly pro-
vide crucial growth factors. To identify candidate growth
factor-receptor interactions mediating PCa growth in
bone marrow, RTK expression by a series of freshly iso-
lated bone marrow metastases was assessed. A total of 8
RTKs were identified by RT-PCR in one or more of the
tumor samples.

Expression of aPDGF-R protein by metastatic PCa was
confirmed by immunohistochemistry in a series of bone
marrow metastases. Further immunohistochemical anal-
yses showed moderate to strong aPDGF-R expression in
primary prostate cancers, but weak or absent expression
in nonneoplastic prostate epithelium and stroma. Previ-
ous studies similarly showed aPDGF-R expression in pri-
mary PCa and in prostatic intraepithelial neoplasia (PIN),
a potential precursor lesion to PCa, but not in normal
prostate or benign prostatic hypertrophy.14,15 Interest-
ingly, the former study of primary PCa suggested a cor-
relation between aPDGF-R expression and more differ-

Figure 3. Dot blot analysis of tyrosine kinase expression. Replicate dot blots
of amplified kinase domains from bone marrow metastases or normal pros-
tate were hybridized with the indicated probes.
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entiated tumors. Although a similar observation was
made in one of the primary tumors examined here (Table
4, patient 2), the consistent finding of aPDGF-R in meta-
static tumors demonstrated that aPDGF-R expression
was not a marker of more benign disease.

A series of NRTKs were also identified and Jak 1
protein expression was assessed further as it was iso-
lated from each of the biopsies. Immunohistochemical
studies indicated that Jak 1 protein was weakly ex-
pressed in normal prostate luminal epithelial cells and

Figure 4. Type 1 IGF-R immunohistochemistry on frozen sections of PCa in prostate and bone marrow metastases. Frozen sections were stained with a monoclonal
mouse anti-human type 1 IGF-R. A and B: Low and high power of nonneoplastic prostate. C and D, Low and high power of primary PCa. E and F: metastatic
androgen-independent PCa in bone marrow biopsies from two patients. Original magnifications, A, 3100; B, 3200; C, 3200; D–E, 3400.

Figure 5. Type 1 IGF-R immunohistochemistry
on paraffin sections of PCa in prostate and bone
marrow metastases. Sections were stained with
mouse anti-human type 1 IGF-R mAb, after an-
tigen retrieval. A and B: Low and high power
(boxed area) of nonneoplastic prostate; atrophic
glands are also present on the right margin of A.
C and D: Low and high power (boxed area) of
primary PCa. E: Another area of PCa from the
same biopsy as in C and D. F: Bone marrow
biopsy containing PCa (with some normal mar-
row elements in lower right corner). Original
magnifications, A, 390; B, D, 3660; C, E, 3140;
F, 3420.
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suggested increased expression in primary and meta-
static tumor cells. Jak 1 functions to transmit activation
signals from multiple cytokine receptors.30,31 These ob-
servations indicate that Jak 1-linked cell surface recep-
tors, possibly the IL-6 receptor or other receptors yet to
be identified, function in normal prostate epithelial cells
and may contribute to neoplastic growth.

An analysis of tyrosine kinase expression by the
LNCaP cell line was also carried out, although it was less
extensive then that of the patient tumor samples and
certainly identified only a fraction of the kinases ex-
pressed by LNCaP. Nonetheless, a number of kinases
were found in both the patient samples and in LNCaP.
These included eph1, FER, and Bmx. Eph1 and Bmx
were also identified previously in a tyrosine kinase screen
of the CWR22 prostate cancer cell line,32 suggesting a
consistent role for these kinases in PCa. Bmx was re-
cently reported to be an effector of IL-6 and phosphati-
dylinositol 3 kinase (PI3-kinase) in LNCaP cells.27 Prelim-
inary immunohistochemical studies have confirmed eph1
expression by prostate epithelial cells (T. Li and S. Balk,
unpublished findings), but further studies are clearly nec-
essary to confirm the cellular origin of other kinases iden-
tified in this screen. This is particularly the case for KDR,
Tie-1, and Tie-2, which are generally expressed on en-
dothelial cells.

One significant difference between LNCaP and the
metastatic PCa biopsies was cloning of the type 1 IGF-R
from LNCaP, and the failure to amplify this transcript from
the PCa bone marrow biopsies. Loss of the type 1 IGF-R
in metastatic androgen-independent PCa was further
confirmed by immunohistochemistry. This loss was surpris-
ing as signal transduction by the type 1 IGF-R, through
PI3-kinase and Akt, provides critical survival signals for
many cells,33 and recent studies have linked increased
IGF-1 levels to PCa.34–36 The importance of this pathway in
prostate cancer is further supported by the frequent loss in
PCa of PTEN, a downstream negative regulator of PI3-
kinase.37–42 Antisense RNA to the type 1 IGF-R has also
been shown to directly suppress the growth and metastatic
potential of prostate cancer cells.43–44

Nonetheless, a previous in situ hybridization and im-
munohistochemical study that quantitated type 1 IGF-R
expression found a moderate decrease in primary PCa
relative to normal epithelium.45 Decreased type 1 IGF-R
expression was also reported in more tumorigenic SV40 T
antigen-transformed human prostate epithelial cells,46

and restoring expression in these cells to normal levels
by retroviral infection led to decreased tumorigenicity
and enhanced apoptosis.47,48 In the mouse SV40 T anti-
gen-induced PCa model, decreased type 1 IGF-R ex-
pression was recently reported in metastatic and andro-
gen-independent tumors.49 Although it is not yet clear to
what extent these latter observations in SV40 T antigen-
transformed tumors reflect SV40 T antigen versus PCa
biology, they support the conclusion that loss of type 1
IGF-R receptor contributes to human metastatic andro-
gen-independent PCa.

The molecular basis for selective pressure against
type 1 IGF-R expression in metastatic androgen-inde-
pendent PCa has not been determined. It is also unclear

to what extent type 1 IGF-R loss is associated with an-
drogen independence versus metastatic growth. We pro-
pose that loss of type 1 IGF-R may be linked to PTEN loss
during PCa progression. This hypothesis implies that
overstimulation of the type 1 IGF-R signal transduction
pathway in cells that have lost PTEN, a negative regulator
of this pathway, may be deleterious. It should be noted
that this requirement for type 1 IGF-R loss cannot be
absolute, as the LNCaP cell line has lost PTEN and still
expresses the type 1 IGF-R. In any case, these results
indicate that IGF-1, although possibly playing a role in
prostate cancer development, does not contribute to the
growth of advanced metastatic androgen-independent
PCa. The results similarly suggest that fibroblast growth
factors, which may contribute to PCa development, do
not stimulate the growth of advanced metastatic andro-
gen-independent PCa.

The identification of tyrosine kinases that regulate PCa
growth in bone marrow is significant as bone marrow
metastases account for the vast majority of PCa morbidity
and mortality. Moreover, specific tyrosine kinase antag-
onists are being developed that could be useful thera-
peutically. This study identified a series of tyrosine ki-
nases that may regulate the growth of advanced
androgen-independent PCa. Unfortunately, model sys-
tems that directly test the importance of these kinases in
PCa metastatic to bone marrow are not readily available,
and the development of such systems clearly represents
a major future challenge. Nonetheless, based upon the
evidence presented here, we have initiated clinical trials
of a PDGF-R antagonist in metastatic androgen-indepen-
dent PCa that may help to address the role of this par-
ticular receptor. Finally, if signaling through particular
RTKs can inhibit tumor growth or stimulate apoptosis,
then activation of these pathways may represent another
novel therapeutic approach in PCa.
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