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ABSTRACT

The type 1 insulin-like growth factor receptor (IGF1R) mediates tumor

cell growth, adhesion, and protection from apoptosis. High plasma IGF-I

levels predispose to prostate cancer, but there is no consensus regarding

IGF1R expression in primary and metastatic prostate cancer. Recent

studies in a human cell line and a mouse model suggest that metastatic

prostate cancer cell detachment may be favored by impairing cadherin

function via loss of expression of insulin receptor substrate-1 (IRS-1), the

principal IGF1R docking molecule. This may be accompanied by PTEN

mutation, reactivating a key antiapoptotic pathway, and by IGF1R down-

regulation to prevent Shc-mediated differentiation. We studied IGF1R

expression in 54 samples of primary prostate tissue including 44 archival

and 10 prospectively collected biopsies. We performed semiquantitative

immunostaining for the IGF1R, IRS-1, and PTEN, and in situ hybridiza-

tion for IGF1R. The IGF1R was significantly up-regulated at the protein

and mRNA level in primary prostate cancer compared with benign pros-

tatic epithelium. There was a trend toward increased expression of IRS-1

in the malignant biopsies. We also measured IGF1R, IRS-1, and PTEN

expression in 12 paired biopsies of primary prostate cancer and subse-

quent bone metastases. In four cases, IGF1R and IRS-1 levels were lower

in the metastases than in the primary tumors. Three of these metastases

also lacked significant PTEN staining, compatible with findings in the

model systems described above. However, this pattern was relatively

uncommon, and 8 of 12 cases expressed detectable IGF1R and IRS-1 in

both primary and metastatic biopsies. These findings challenge earlier

reports of IGF1R down-regulation in metastatic disease and reinforce the

importance of the IGF1R in prostate cancer biology.

INTRODUCTION

Prostate cancer is the commonest cancer in men, and the second

commonest cause of male cancer deaths in the United States and the

United Kingdom (1, 2). Metastatic prostate cancer most commonly

affects the bones and is initially androgen dependent. However the

development of androgen independence is inevitable, usually after

12–18 months of endocrine therapy (3). Prostate cancer is essentially

chemoresistant, and there is an urgent need for new treatments to

improve the outlook for patients with advanced androgen-independent

disease.

The IGFs3 -I and -II and the IGF1R play a critical role in the

establishment and maintenance of the transformed phenotype. Over-

expression of the IGF1R induces growth, neoplastic transformation,

and tumorigenesis (4). IGFs induce tumor cell motility via cross-talk

between the IGF axis and the integrin system (5, 6). Work by us and

others has shown that the IGF1R and its principal docking molecule

IRS-1 can influence cell-cell interactions by modulating interaction

between components of adherens junctions (7–9). Compared with

equivalent normal tissues, the IGF1R is overexpressed by tumors

including colorectal cancer and melanoma (10–12), and IGF1R over-

expression has been linked to radioresistance in breast cancer (13). In

mouse melanoma cells, we showed that antisense-mediated IGF1R

down-regulation is associated with enhanced sensitivity to ionizing

radiation, and with impaired activation of Atm, the product of the

gene mutated in ataxia telangiectasia (14). This suggests an important

role for the IGF system in the cellular response to DNA damage and

supports the concept of IGF1R targeting as novel therapy for radio-

and chemoresistant cancers that overexpress this receptor.

The IGF axis appears to contribute to prostate cancer pathogenesis.

Elevated levels of plasma IGF-I and reduced levels of the main

serum-binding protein, IGF-BP3, are associated with an increased risk

of prostate cancer (15, 16). The IGFs and the IGF1R are detectable in

human prostate stroma and epithelial cells (17, 18). There is, however,

no consensus regarding relative levels of IGF1R expression in benign

and malignant prostate epithelium and the role of the IGF1R in

metastasis. Tennant et al. (18) reported that IGF1R expression is

significantly lower at the protein and RNA level in malignant versus

benign prostatic epithelium. Several studies found no difference in

IGF1R levels, measured by immunostaining and immunoblotting,

between benign and malignant prostate tissue (19, 20). Furthermore,

IGF1R expression is reportedly absent in bone metastases in patients

with androgen-independent prostate cancer (19).

Prostate-specific expression of SV40 large T antigen has been

shown to lead to the development of prostate adenocarcinomas in

transgenic mice. The tumors metastasize predominantly to lymph

nodes and lung rather than to bone (21). In this TRAMP model,

IGF1R levels are unchanged during the development of primary

prostate cancers and are dramatically down-regulated in metastatic

lesions (22). A possible explanation for this finding has been proposed

after studies in the human prostate cancer cell line, LNCaP, which

originated from a metastatic tumor (23, 24). LNCaP cells lack IRS-1

because of promoter methylation and have relatively low IGF1R

levels (9, 25). Loss of IRS-1 could enhance the propensity for metas-

tasis by impairing the function of integrins and E-cadherin, thus

favoring metastatic cell detachment (9). Both IRS-1 and Shc bind to

Tyr 950 in the IGF1R juxtamembrane domain (26). In the absence of

IRS-1, the predominant action of the IGF1R may be to induce termi-

nal differentiation via the Shc/mitogen-activated protein kinase kinase

pathway. This scenario could be avoided by IGF1R down-regulation

(24). LNCaP cells also have a frameshift mutation in PTEN. This is a

tumor suppressor gene encoding a phosphatase that antagonizes the

action of phosphatidylinositol 3�-kinase (27). In human prostate can-

cer tissue, the loss of PTEN expression is correlated with Gleason

score and advanced pathological stage (28). Loss of functional PTEN

protein ensures that in the absence of IRS-1 there is constitutive

activation of the Akt pathway for apoptosis protection (29).

To clarify the role of the IGF1R in prostate cancer, we have
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undertaken a study of IGF1R expression at the protein and mRNA

level in biopsies of primary and metastatic prostate cancer. To assess

the functional significance of IGF1R expression, we have also ana-

lyzed expression of IRS-1 and PTEN. We found clear evidence of

IGF1R up-regulation in primary prostate cancers compared with be-

nign prostate epithelium. We also analyzed paired biopsies obtained

from 12 patients who underwent a diagnostic biopsy of a primary

prostate adenocarcinoma, and subsequently developed androgen-

independent metastatic disease. Three cases showed significant reduc-

tion/loss of IGF1R, IRS-1, and PTEN expression compatible with the

findings in prostate cancer model systems. However the majority of

cases that we studied retained IGF1R and IRS-1 expression. This

suggests that the model systems described above have only limited

relevance to clinical disease, and that IGF1R down-regulation and

IRS-1 loss are not prerequisites for prostate cancer metastasis.

MATERIALS AND METHODS

Tissue Samples. Formalin-fixed, paraffin-embedded fine-needle biopsy

specimens were collected retrospectively from archival material stored in the

Department of Pathology at the John Radcliffe Hospital, Oxford, United

Kingdom. All of the biopsies had been taken during a recent 6-month period

(January to July, 1999). Twenty-two benign biopsies had been obtained from

patients with median age 67 years (range, 49–80 years). All of the patients had

lower urinary tract symptoms and a benign prostate on digital rectal exami-

nation, and all had been referred for biopsy on account of an elevated PSA

[(median, 11.5 ng/ml; range, 3.1–18 ng/ml (normal range 0–4)]. None of these

patients have subsequently developed prostate cancer. Twenty-two malignant

biopsies were obtained from prostate cancer patients with median age 74

(range, 54–78 years). All had localized (stage T1c) tumors, and the median

PSA for this group was 16.1 ng/ml (range, 7.7–200 ng/ml). The median total

Gleason score for the malignant biopsies was 7 (range, 5–9) with a median

Gleason grade of 3 in the individual areas stained for IGF1R and IRS-1. All of

the biopsies had been fixed immediately in 10% buffered formalin, and 24 h

later, had been dehydrated in ascending concentrations of alcohol and embed-

ded in paraffin. Adjacent 5-�M sections from the paraffin blocks were stained

with H&E and served as a histopathological guide during evaluation of

immunohistochemistry.

Fresh prostate biopsy samples were obtained prospectively with informed

consent from 10 patients undergoing TURP at the Churchill Hospital, Oxford,

United Kingdom. Five patients had BPH (median age, 76; range, 57–85 years),

with no indication of prostate malignancy on digital rectal examination or

transrectal ultrasound, and serum PSA values of �0.1 ng/ml. Biopsies were

also obtained from five patients with malignant disease (median age, 64 years;

range, 56–79 years; median PSA, 100 ng/ml; range, 66–1700 ng/ml) attending

for a “channel” TURP after progression of known adenocarcinoma. The

cancers had a median total Gleason score of 8 (range, 6–9), and the stained

sections had a median grade of 4 in the areas used for immunostaining. At the

time of surgery, one patient had been on antiandrogen therapy for 2 days, with

no overt histopathological sequelae, and none of the other patients had any

previous endocrine therapy. A single resection chip was bisected, and one-half

was placed in 10% buffered formalin for 24 h, and processed to paraffin.

Sections were H&E stained to assess tissue pathology, and adjacent sections

were used for in situ hybridization. The other half was snap-frozen in liquid

nitrogen for protein analysis.

We obtained archival paraffin-embedded samples of metastatic prostate

cancer from the Nuffield Orthopaedic Centre, Oxford. These were from

patients who had undergone hip replacement surgery after pathological frac-

ture through a deposit of metastatic adenocarcinoma. Of 38 patients identified,

there were 25 cases in which the metastatic tumor stained positive for PSA and

prostatic acid phosphatase. These cases were further limited to those from

whom an initial, diagnostic prostate cancer biopsy was available from the John

Radcliffe Hospital, leaving a total of 12 paired tumor samples. At the time of

the diagnostic prostate biopsy, the 12 patients had a median age of 70 years

(range, 57–84). The median total Gleason score for the initial biopsy was 8

(range, 5–9), and all of the tumors were stage �T3. No patients were receiving

endocrine therapy at that time, but all subsequently received antiandrogens for

metastatic disease. At the time of pathological fracture, all 12 patients had

progressive disease that was clinically and biochemically (PSA) androgen-

independent, with a median PSA of 184 ng/ml (range, 77–402 ng/ml).

Cell Lines. Human prostate cancer cell lines DU145 and PC3 (androgen-

independent) were obtained from the Cancer Research UK Laboratories, Clare

Hall, South Mimms, United Kingdom, and the LNCaP cell line (androgen-

dependent) was a gift of Dr. Renato Baserga. All of the cell lines have been

reported to express the IGF1R, and LNCaP cells fail to express IRS-1 (9,

30–32). The DU145 and LNCaP cell lines were cultured in RPMI 1640 plus

10% FCS. PC3 cells were cultured in Ham’s F12 with 10% FCS. Cell lines R�

and R� were also from Dr. Baserga. R� cells are 3T3-like cells derived from

IGF1R knockout mice, and R� cells are R� cells that overexpress the human

IGF1R (33). These cells were cultured in DMEM plus 10% FCS. All of the

cultures were maintained in a humidified atmosphere of 5% CO2, and all were

negative for Mycoplasma infection. To prepare cell pellets, monolayers were

disaggregated using 3 mM EDTA in PBS. The cells were pelleted at 1200 rpm

for 5 min, and the pellet was fixed overnight in neutral buffered formalin.

Pellets were embedded in paraffin and 5-�m sections were used as controls for

the specificity of immunohistochemical staining.

Immunohistochemistry. All of the cell pellet and tissue sections were

freshly cut to minimize decay in tissue immunoreactivity (34). The 5-�m

sections were dewaxed, rehydrated through graded ethanol washes, and im-

mersed in PBS. Slides were incubated with 0.3% hydrogen peroxide for 5 min,

washed with PBS, and blocked in PBS plus 10% normal swine serum for 15

min. Excess blocking buffer was removed, and IGF1R staining was performed

with a polyclonal antibody to the IGF1R � subunit (Santa Cruz Biotechnology,

Santa Cruz, CA), using a modification of a previously described method (13).

The antibody was used at a dilution of 1:750, and slides were incubated

overnight at 4°C in a humidified chamber. After washing, bound antibody was

detected using a polymer-labeled enhancement system (DAKO Envision�

System, Peroxidase (DAB); DAKO Corporation, Carpinteria, CA). Slides were

incubated for 30 min with a peroxidase-labeled polymer conjugated to goat

antirabbit immunoglobulins. Immune complexes were visualized with the

chromogenic substrate diaminobenzidine, and slides were counterstained with

hematoxylin and mounted. Control sections were stained with the IGF1R�

antibody preabsorbed with a 5-fold molar excess of the peptide to which the

antibody had been raised. IRS-1 staining was performed using a polyclonal

IRS-1 antibody (A19; Santa Cruz Biotechnology), used at a 1:100 dilution, and

slides were incubated for 30 min at room temperature. Bound antibody was

detected as above using the DAKO Envision� System, and slides were

counterstained with hematoxylin and mounted. Sections of LNCaP and DU145

cell pellets were used as negative and positive controls respectively, for IRS-1

staining.

PTEN immunohistochemistry used a modification of a previously published

technique (28, 35). Slides were immersed in 10 mM citrate buffer (pH 6), and

antigen retrieval was conducted in a pressure cooker for 5 min. The slides were

cooled at room temperature in PBS, and endogenous peroxidase activity was

blocked by incubating in 0.3% hydrogen peroxide for 5 min. After blocking in

10% swine serum in PBS, slides were incubated with 1:1500 dilution of

polyclonal PTEN antibody (Upstate Biotech, Lake Placid, NY) overnight in a

humidified chamber. After washing, bound antibody was detected using the

DAKO Envision� System as described above. DU145 and PC3 cells were

used as positive and negative controls, respectively.

Preliminary staining of cell pellets (not shown) established the optimal

antibody dilution for each analysis. The final dilution selected was that which

resulted in clear positive staining for IGF1R in R� cells, and for IRS-1 and

PTEN in DU145, without detectable staining in the negative control sections

made, respectively, from R�, LNCaP, and PC3 cells. These antibody dilutions

were used for staining of tissue sections. To avoid interassay variability, all of

the sections used for quantitation were from the same staining run. Scoring was

conducted independently by two observers (G. O. H. and D. R. D.) who were

blinded to the clinical diagnosis of the patient and, in the case of the malignant

specimens, to the overall Gleason score. As described previously (13), IGF1R

staining intensity was rated on a 4-point scale: 1�, none or minimal; 2�, light;

3�, moderate; 4�, heavy. For quality control purposes, each staining run

included a section of primary prostate cancer that was scored as 3�. In

addition to scoring intensity, the distribution of staining was recorded as focal

or diffuse, and membranous or cytoplasmic. The same 4-point scale was used

for semiquantitative analysis of immunostaining for IRS-1. PTEN staining of
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malignant epithelia was generally of uniform intensity, although there were

significant differences in the extent of positivity. This was scored as 0, no

staining; 1�, mixed areas of positivity and negativity; 2�, all tumor cells

positive, as described previously (28). Data analysis used SPSS software

(SPSS Inc., Chicago, IL), and differences between groups were compared by

the Mann-Whitney test.

In Situ Hybridization. In situ hybridization was performed on formalin-

fixed paraffin sections of prospectively collected benign and malignant pros-

tate chips, using riboprobes labeled internally with 35S (�800 Ci/mmol;

Amersham Pharmacia; Ref. 36). To detect IGF1R mRNA, a 2.2-kb SphI

fragment of human IGF1R cDNA (a gift of Dr. Baserga) representing bases

952-3164 of the sequence (37) was cloned into SphI-digested pGEM�5Zf(�)

vector (Promega). Clone IGF1R-SphI-AS was linearized with SmaI to make a

DNA template that generated a 428-base antisense probe (bases 3164–2736 of

the IGF1R transcript) on in vitro transcription with T7 RNA polymerase. Clone

IGF1R-SphI-S, incorporating the IGF1R insert in a sense orientation with

respect to the T7 promoter, was used to make a control sense template by

digesting with AatII and SmaI, blunting with Klenow enzyme, and religating to

excise unwanted sequence from bases 952-2736. This construct, linearized

with MluNI, generated a 398-base sense riboprobe with T7 RNA polymerase,

representing bases 2736–3134 of the IGF1R transcript. A �-actin probe of

�450 bases was used as a control for the presence of intact hybridizable

mRNA (38).

RESULTS

The IGF1R Is Overexpressed by Malignant Human Prostatic

Epithelium. To validate the specificity of immunocytochemical

staining for IGF1R, preliminary analyses were performed on R� and

R� cell pellets. Using the IGF1R� antibody at 1:750 dilution and

without antigen retrieval, we saw no staining in the R� cells, which

lack IGF1R. We noted that false-positive staining was detectable in

R� cells after the use of antigen-retrieval techniques (e.g., microwav-

ing) or higher concentration of anti-IGF1R� antibody. Indeed, antigen

retrieval for the IGF1R has been shown to be unnecessary in previous

studies (10, 18). All of the subsequent immunostaining was performed

without antigen retrieval and with 1:750 dilution of primary antibody.

In the R� cells, which express �106 human IGF1R/cell (33), clear

peripheral staining was observed (Fig. 1, a and b), reflecting the

location of the IGF1R at the cell membrane. Tissue fixation reportedly

disrupts the cell membrane in paraffin-embedded specimens, leading

to membranous and cytoplasmic staining as shown previously (13,

18). During our initial optimization of IGF1R immunostaining on

tissue samples, we found that sections of radical prostatectomy blocks

and TURP chips gave inconsistent results because of variable tissue

fixation (not shown). In contrast, staining of small caliber (1–2 mm)

fine-needle biopsies provided consistent results, reflecting uniform

fixation and tissue preservation.

IGF1R immunostaining was predominantly localized to the glan-

dular epithelium (Fig. 2a), with lower levels in the stroma and more

intense staining in neurovascular bundles (not shown). No significant

staining was seen when the IGF1R antibody was preabsorbed with the

IGF1R peptide to which it had been raised (Fig. 2, a and b). There was

a difference in the distribution of IGF1R immunoreactivity at the

tissue and cellular levels. Within individual epithelial cells, the stain-

ing was predominantly on the luminal aspect of benign cells and was

more diffuse in the malignant epithelial cells (Fig. 2, c and d). At the

tissue level, IGF1R staining was predominantly focal in benign epi-

thelium, and diffuse (i.e., involving most/all areas of epithelium) in

the malignant biopsies (Figs. 3 and 4). Fig. 3 shows representative

examples of immunostained fine-needle biopsy sections from benign

prostate that were scored as 1� (Fig. 3a) and 2� (Fig. 3b) and from

malignant prostate that were scored as 3� (Fig. 3c) and 4� (Fig. 3d).

The results of analysis of all 44 cases are shown in Fig. 4. Of the 22

benign biopsies, 17 (77%) showed negligible (1�) or light (2�)

staining for IGF1R. In contrast 21 (95%) of the 22 samples of

malignant prostatic epithelium showed moderate (3�) or heavy (4�)

staining. This indicates significant overexpression of the IGF1R in

malignant versus benign prostatic epithelium (P � 0.05).

Fig. 1. Use of formalin-fixed cell pellets to validate the specificity of immunostaining

for IGF1R, IRS-1, and PTEN. a, R� cells stained for IGF1R; b, R� cells stained for

IGF1R; c, LNCaP cells stained for IRS-1; d, DU145 cells stained for IRS-1; e, PC3 cells

stained for PTEN; f, DU145 cells stained for PTEN. �400.

Fig. 2. Specificity and distribution of IGF1R immunostaining in fine-needle biopsies of

prostate. a, section of prostate cancer showing diffuse brown staining predominantly in

the epithelium, with lighter staining in the less cellular stroma (�200). b, adjacent section

showing no significant staining using IGF1R� antibody after preincubation with 5-fold

molar excess of peptide to which the antibody was raised (�200). c, section of benign

biopsy showing accentuation of IGF1R staining at the luminal surface of the epithelium

(�400). d, section of malignant epithelium showing diffuse intracellular staining for

IGF1R (�400).
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We assessed whether there was any correlation between the level of

IGF1R staining and serum PSA or Gleason grade. There was a trend

toward higher PSA values in patients with tumors staining 3� to 4�

for IGF1R, reflecting the predominance of malignant prostate biopsies

in this group. However, there was a wide range of PSA values in each

staining group, and statistical analysis showed no significant differ-

ence between mean PSA values in tumors staining 1� to 4� for

IGF1R. Similarly, there was no evidence that the IGF1R staining

intensity was related to Gleason grade in the prostate cancer biopsies.

However within the individual areas used for scoring, the major

component had Gleason grades of 3 or 4; this point could be clarified

by performing IGF1R immunohistochemistry on malignant biopsies

spanning a wider range of Gleason grades.

To verify that the IGF1R antibody did not cross-react with other

tissue antigens, fresh prostate tissue lysates were analyzed by immu-

noblotting with the same IGF1R� antibody used for immunohisto-

chemistry. This confirmed that the antibody was indeed detecting the

Mr 98,000 IGF1R �-subunit, without significant cross-reaction with

other proteins. There was a trend toward higher IGF1R levels in the

cancer lysates than in the benign samples (not shown). However, these

samples had not been microdissected, and this result could be influ-

enced by benign epithelium and stromal elements contaminating the

carcinoma biopsies.

To compare IGF1R expression at the protein and RNA levels we

performed in situ hybridization on prostate biopsy tissue. Initial eval-

uation of sections of fine-needle biopsies indicated poor hybridization

to the �-actin probe, perhaps because of overfixation (not shown).

Therefore, we used uniformly fixed, prospectively collected biopsies

for in situ hybridization. Immunohistochemical analysis of adjacent

sections showed that IGF1R expression in these prospectively col-

lected specimens followed the pattern seen in the archival fine-needle

biopsies described above. All of the benign biopsies stained either nil

or light (1� to 2�), and the IGF1R staining in the malignant tissue

was light, moderate, or heavy (2� to 4�). In situ hybridization

analysis of these prospectively collected biopsies revealed detectable

and appropriate hybridization to the �-actin probe, with strong label-

ing of vascular smooth muscle cells and lymphocyte aggregates, and

variable labeling of other cell types (Fig. 5, a and e). The sense IGF1R

probe did not hybridize to any tissue sections (not shown). The

antisense IGF1R probe gave weak-to-moderate signal over areas of

benign epithelium (Fig. 5, b–d). More intense hybridization was seen

in areas of malignant epithelium that corresponded to areas of in-

creased IGF1R protein detected by immunohistochemistry (Fig. 5,

f–h). These results are consistent with the regulation of IGF1R ex-

pression at the transcriptional level.

IRS-1 Is Expressed by Benign and Malignant Prostatic Epithe-

lium. To check the specificity of IRS-1 immunostaining, we prepared

cell pellets from human prostate cancer cell lines DU145 and LNCaP.

Fig. 3. Immunohistochemical staining of IGF1R

expression in fine-needle biopsies of prostate. Rep-

resentative sections are shown (�400) to illustrate

staining that was scored as a, 1� (benign biopsy);

b, 2� (benign); c, 3� (malignant); d, 4� (malig-

nant).

Fig. 4. Analysis of immunohistochemical IGF1R staining of primary prostate cancer.

The pattern of staining was recorded as focal or diffuse. The staining intensity was scored

using a 4-point scale: 1�, none or minimal; 2�, light; 3�, moderate; 4�, heavy, as

described previously (13).
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Both of these cell types express the IGF1R, detectable by immuno-

blotting and immunostaining (not shown). DU145 cells also express

IRS-1, but LNCaP cells reportedly lack IRS-1 because of promoter

methylation (9). Indeed, we were unable to detect IRS-1 by immuno-

staining of LNCaP cells, whereas DU145 cells showed clear mem-

branous and cytoplasmic staining (Fig. 1, c and d). Immunoblotting

with the same IRS-1 antibody revealed a single band of Mr �180,000

in DU145 cells, and no band in LNCaP cells (not shown).

IRS-1 expression was assessed in a subset of the fine-needle

biopsies used for analysis of IGF1R immunostaining, including 11

sections of malignant prostate that had the highest expression of

IGF1R (3� or 4�) and the 11 sections of benign prostate that had

the lowest IGF1R levels (1� or 2�). We also assessed IRS-1

expression in the 10 prostate biopsy chips that we had prospec-

tively collected for analysis of IGF1R expression by in situ hy-

bridization. Fig. 6 shows representative sections of benign and

malignant prostate biopsies stained for IGF1R and IRS-1. The

results for all specimens are shown in Table 1, including the 22

retrospectively collected and 10 prospectively collected biopsies.

In both the benign and malignant prostate biopsies there was a

Fig. 5. Analysis of IGF1R expression by in situ

hybridization. a–d, sections of a benign biopsy;

e–h, sections of a prostate adenocarcinoma. a and

e, hybridization to �-actin probe (8-day exposure);

b and f, immunohistochemical analysis of IGF1R

protein expression; c and g, bright-field illumina-

tion; d and h, dark-field illumination, showing hy-

bridization to antisense IGF1R probe (8-day expo-

sure). �100.
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trend toward higher IRS-1 staining in biopsies with high IGF1R

levels. However, the difference in intensity of IRS-1 staining

between benign and malignant epithelium was less marked than

was the difference in IGF1R staining, and failed to reach statistical

significance.

IGF1R and IRS-1 Are Infrequently Down-Regulated in Meta-

static Prostate Cancer. To assess any changes in IGF1R and IRS-1

expression in metastatic prostate cancer, we analyzed IGF1R and

IRS-1 levels by immunostaining in 12 cases, in which we were able

to obtain paired biopsies of primary and metastatic tumor (Table 2).

The interval between the diagnostic and metastatic biopsies was

5–108 months (median, 19.5 months). In 4 patients with early relapse

(5–8 months after initial biopsy), the prostate tumor showed evidence

of high grade-disease with neurovascular invasion (cases 3, 5, 9, and

11 in Table 2). There were 6 cases (1–6 in Table 2) in which IGF1R

levels were unchanged or higher in the metastasis compared with the

primary tumor. In the other six, IGF1R levels appeared to be lower in

the metastatic deposit than in the primary. In two of these (cases 7, 8)

the reduction was from 4� to 3� intensity, indicating persistence of

significant IGF1R expression in the metastasis. Fig. 7(a, d) shows

representative sections from case 7. In the remaining 4 cases (9–12 in

Table 2), IGF1R levels fell from 2� - 4� in the primary tumors to 1�

- 2� in the metastases (Fig. 7g, j). Table 2 also shows the results of

semiquantitative analysis of IRS-1 expression in these paired tumor

biopsies. As before the levels of IRS-1 staining tended to parallel the

intensity of IGF1R staining. There were 4 cases (nos. 1, 10, 11, 12)

where IRS-1 expression fell to 1� (nil/negligible) in the metastatic

deposit (Fig. 7 h, k); all other cases retained significant (�2�) IRS-1

expression (Fig. 7b, e). Therefore our results show significant reten-

tion and in some cases up-regulation of IGF1R and IRS-1 in meta-

static deposits of prostate cancer.

Down-Regulation of IGF1R and IRS-1 Can Be Associated with

Loss of PTEN Expression. Finally we assessed the presence of

PTEN immunoreactivity. Initially we stained sections made from cell

pellets of the DU145 cell line (one wild type PTEN allele), and the

PC-3 cell line (homozygous PTEN gene deletion), which were pre-

viously identified as appropriate positive and negative controls re-

spectively (27, 28, 39). Indeed the DU145 cells showed definite

granular cytoplasmic staining for PTEN, whereas PC-3 cells showed

no detectable staining (Fig. 1e, f). Immunohistochemical staining of

primary prostate biopsies revealed that PTEN was undetectable in two

primary tumors (17%, cases 1 and 3 in Table 2), although it was

detected in the metastasis from case 3. The remaining 10 primary

tumors had detectable PTEN staining that was of uniform intensity but

variable extent (Fig. 7c, i). Three cases (25%) showed mixed staining

(1� in Table 2), with some tumor cells positive and some negative for

PTEN. In 7 cases (58%) all of the tumor cells were positive (2�) for

immunoreactive PTEN. This compares with a previous report of 109

cases of primary prostate cancer in which PTEN staining was negative

in 20%, mixed in 65% and positive in 15% (28). The complete

absence of PTEN correlated significantly with a Gleason score of �7,

and with advanced (T3b and T4) stage (28). In our series the two

primary tumors which lacked PTEN had total Gleason scores of 6

(case 1) and 7 (case 3). In most of the cases where PTEN was present

in the primary, we were able to detect PTEN in the metastasis at

similar or increased levels (Fig. 7f). However there were three tumors

that had apparently lost PTEN expression during the progression to

androgen-independent metastatic disease (Fig. 7l, cases 10–12 in

Table 2). It was notable that all three of these cases had shown

Fig. 6. Semiquantitative immunostaining for IGF1R and IRS-1 in

fine-needle biopsies of the prostate. Comparison of benign (a and b)

and malignant (c and d) prostate biopsies for IGF1R (a and c) and for

IRS-1 (b and d) staining (�200). IRS-1 shows positive staining in

the cytoplasm of epithelial cells, with strong staining in stromal

macrophages.

Table 1 Semiquantitative analysis of IRS-1 expression in prostate biopsies

The staining intensity was scored as for IGF1R expression using a 4-point scale: 1�,

none or minimal; 2�, light; 3�, moderate; 4�, heavy. The Table records staining for 16

benign (B) and 16 malignant (M) biopsies, including 11 benign and 11 malignant

retrospectively collected fine-needle biopsies used for IGF1R analysis, and 5 benign, 5

malignant prospectively-collected samples.

IGF1R

IRS-1

1� 2� 3� 4�

B M B M B M B M

1� 1 0 6 0 3 0 0 0

2� 0 0 1 0 4 2 1 0

3� 0 0 0 2 0 3 0 4

4� 0 0 0 0 0 4 0 1
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significant reduction in both IGF1R and IRS-1 expression in the

metastasis compared with the primary biopsy.

DISCUSSION

We used a previously validated semiquantitative immunohisto-

chemical method (13) to show that there is diffuse increased expres-

sion of the IGF1R in localized human prostate cancer. This result

conflicts with previous reports using immunostaining and immuno-

blotting to quantify IGF1R levels in prostate cancer (18, 20). It may

be difficult to interpret results of analysis of IGF1R levels by the

immunoblotting of tissue lysates, because of contaminating stromal

elements and benign epithelium in the malignant biopsies. In a few

samples, we found a trend toward higher IGF1R levels in lysates made

from malignant biopsies, but the magnitude of the difference between

benign and malignant epithelia was less marked than was apparent by

immunostaining.

It seems likely that technical factors could explain why our

results differ from those of previous studies. We undertook pre-

liminary optimization of immunostaining, which proved important

in obtaining reliable staining results for IGF1R and PTEN. The

intensity of staining can be affected by the size of biopsy and hence

the adequacy of formalin-fixation, which has an important influ-

ence on the rate of decay of immunoreactivity (34). The outcome

can also be influenced by the choice of “normal” tissue controls,

the use of antigen-retrieval techniques, and by the type and amount

of antibody used for staining. We found that the use of the IGF1R�

antibody at a higher concentration than 1:750 was sufficient to

abolish apparent differences in IGF1R staining between benign and

malignant prostate epithelium (not shown). The results can also be

influenced by the choice of secondary reagents used to detect

bound primary antibody. We used the Envision system, which is

more sensitive than the standard ABC kit (Ref. 40 and our unpub-

lished observations). We used the appropriate cell controls to guide

our choice of antibody dilution for staining studies and incorpo-

rated positive and negative controls into each staining run. These

factors may explain the discrepancies between our findings and

those of previous reports (18, 19).

The results of immunohistochemical analysis were reinforced by

in situ hybridization, which showed that the increase in IGF1R

expression in prostate cancer was attributable to enhanced expres-

sion at the level of gene transcription. This result concurs with that

of Kurek et al. (41), who used quantitative reverse transcription-

PCR to show a 10-fold up-regulation of IGF1R expression in

primary prostate cancer versus benign prostatic epithelium. A trend

to IGF1R up-regulation in prostate cancer was also reported by

Figueroa et al. (42). The finding of IGF1R overexpression has been

reported in other tumor types (10, 11), and also tallies with the

ability to inhibit prostate cancer growth by blocking expression or

function of the IGF1R (31, 43). However, IGF1R up-regulation has

not been reported in recent studies using gene arrays to profile

prostate cancer (44 – 47). In one of these studies, the on-line

supplementary material indicated that IGF1R levels were similar in

the primary cancers to the control samples of normal prostate.

However, IGF1R levels in the BPH samples were generally lower

than in the normal samples, which illustrates the influence of the

selection of nonmalignant control tissues. Compared with BPH,

there was an apparent increase in IGF1R expression of �25% in

primary prostate cancer and �50% in metastatic disease (44).

Furthermore, differential expression of IGF-II and IGF BP2 and

-BP5 was observed in prostate cancer (44, 47) and differential

expression of IGF BP4 was observed in prostatic intraepithelial

neoplasia (45), supporting the importance of this growth factor

pathway.

There is little information on IGF1R expression in advanced pros-

tate cancer. One study reported that the IGF1R was undetectable in

bone metastases (19), and IGF1R levels have been reported to fall in

lymph node metastases in the TRAMP model (22). It should be noted,

however, that SV40 immortalization has itself been shown to influ-

ence cellular IGF-I and IGF1R levels (48, 49). This model does not

recapitulate all of the cellular and molecular changes involved in

prostate cancer pathogenesis. Indeed, transgenic rats, expressing

SV40 T antigen driven by the probasin promoter, develop prostate

carcinomas that are strictly androgen dependent (50). These studies

have, however, led to a consensus view that IGF1R levels are down-

regulated in metastatic disease (4, 24, 51). As outlined above, Dr.

Baserga’s group has proposed that IRS-1 loss might favor metastasis,

in which case, IGF1R down-regulation is necessary to avoid Shc-

mediated terminal differentiation (4, 9, 52). In this setting, activation

of the phosphatidylinositol triphosphate pathway is achieved by PTEN

mutation (27).

Our analysis of paired primary and metastatic prostate cancer

biopsies revealed some cases in which the IGF1R was down-

regulated in metastatic disease, compatible with findings in the

TRAMP model (22). This was associated with down-regulation of

IRS-1 and with significant reduction/loss of PTEN immuno-

staining. This pattern was relatively uncommon, occurring in 3 of

12 cases that we analyzed. Thus, our study provides limited sup-

port for the relevance of the cellular and molecular changes oc-

curring in model systems of prostate cancer. However, most of the

tumors that we studied continued to express IGF1R and IRS-1

during the development of advanced, androgen-independent met-

astatic disease. In support of this finding, Nickerson et al. (53)

have reported significant up-regulation of both IGF-I and the

IGF1R during progression to androgen-independent growth of

LNCaP and LAPC-9 tumors in vivo. These findings confirm that

the IGF axis plays an important role in prostate cancer biology and

Table 2 Immunohistochemical staining for IGF1R, IRS-1, and PTEN in paired biopsies

of primary and metastatic prostate cancer

Table shows staining intensity (IGF1R and IRS-1) and extent (PTEN) in paired

primary (P) and metastatic (M) human prostate cancer tissue. For IGF1R and IRS-1,

staining intensity was scored as for Fig. 3 and Table 1. The extent of PTEN staining was

scored as 0 (no staining), 1� (mixed, some tumor cells positive, some negative) or 2� (all

tumor cells positive), as described previously (28).
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support the concept of IGF1R targeting as a potential treatment for

metastatic prostate cancer.
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