
Abstract. Background: Protein expression during prostate
tumour progression in transgenic TRAMP mice was studied,
with the aim of identifying proteins associated with tumour
progression and castration resistant tumour growth.
Materials and Methods: Protein expression was compared
between normal mouse prostate, primary TRAMP tumours
and peripheral metastases in long-term castrated TRAMP
mice using 2-dimensional differential in-gel electrophoresis
and MALDI TOF/TOF analysis. Results were verified with
Western blot analysis and immunohisto-chemistry in the
TRAMP model and samples from patients. Results: The
active form of cathepsin S (Cat S) was identified as being
significantly up-regulated in poorly differentiated TRAMP
tumours and in castration-resistant metastases compared to
normal mouse prostate and well-differentiated tumours.
Increased Cat S levels were also found in high Gleason
grade tumour areas in patients. Cat S was primarily
expressed by tumour-infiltrating macrophages, as shown by
double staining of Cat S and CD68 expressing cells. A
significantly higher number of Cat S expressing
macrophages was found in castration-resistant than in
hormone naïve high grade tumours in patients. No relation
was found between Cat S levels and suggested Cat S
regulated, matrix-derived fragments of collagen IV or
laminin 5 γ2. Conclusion: Macrophage-secreted Cat S levels
increase during prostate cancer progression and could be
an interesting target for therapy.

The standard therapy for advanced prostate cancer is
androgen ablation. In most patients this treatment leads to a
reduction in growth of the primary tumour and probably also

of metastases. Unfortunately, the effects are temporary and
tumours, predominantly at metastatic sites, start to grow
again despite a lack of circulating testosterone. The
mechanisms behind tumour metastasis and castration-
resistant tumour growth are largely unknown. 

Recent studies have shown that tumour dissemination is
probably an early event in prostate cancer, as well as in other
forms of cancer, as dormant tumour cells can be found in up to
60%  of prostate cancer patients without clinically detectable
metastases, reviewed in (1). Accordingly, recurrent tumour
growth is seen in about one third of patients treated with
radical prostatectomy today (2, 3). Notably, tumour recurrence
after therapy prostatectomy or palliative androgen-ablation
therapy, is often seen at sites of distant metastasis, e.g. in bone,
and not at the primary site. In line with this, we found that
primary tumours in transgenic mice with adenocarcinoma of
the mouse prostate, TRAMP (4) showed a marked response
to castration, but micrometastases did not respond (5). The
therapy effect was sustained for a long time in the primary
tumours, while relapse at distant sites was frequently seen
during the study period. Our results indicate that TRAMP
cancer cells disseminate at an early stage of the disease and,
furthermore, that castration therapy controls prostate cancer
cells more efficiently in the prostatic milieu than at distant
sites, thus similarly to what is observed in the clinic. 

We have therefore used the TRAMP model and two-
dimensional differential in-gel electrophoresis (2-D DIGE)
technique to study protein expression during prostate tumour
progression, with the aim of identifying differentially
expressed proteins related to tumour progression and
castration-resistant tumour growth. Protein expression was
compared between normal mouse prostate, primary TRAMP
tumours with different histological grade and peripheral
metastases in long-term castrated TRAMP mice. 

Among approximately 300 differentially expressed
proteins, cathepsin S (Cat S) was identified as one protein
of special interest. Cat S belongs to a family of cysteine
proteases generally known as lysosomal-activated proteins
which mediate bulk proteolysis (reviewed in 6). Recent
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studies have however revealed many other functions for
cathepsins (reviewed in 7) and there is emerging evidence
that they play an important role during tumour progression
by remodelling the extracellular matrix in the tumour
microenvironment, thereby promoting tumour invasion and
metastasis (8-10). Cat S-deficient mice show defective
microvessel formation during wound healing (11) and Cat S
deficiency has also been shown to impair tumour
angiogenesis in the RIP1-Tag2 tumour model (12, 13).
Angiogenesis-stimulating effects of Cat S could partly be
caused by elimination of type IV collagen-derived
angiogenesis inhibitors arresten and canstatin, and/or by
enhancing the production of pro-angiogenic γ2 subunits (γ2’
and γ2χ) from laminin-5 (13). High levels of Cat S have
been reported in some human malignancies including
glioma, astrocytoma, and lung and prostate cancer (14-17),
but very little is known about Cat S expression during
prostate tumourigenesis.

Materials and Methods

Animal samples. The TRAMP tumour model was developed by Dr.
Greenberg and co-workers by using a region of the androgen-
regulated probasin promoter to target expression of the semian virus
40 (SV 40) early-region tumour genes (T and t, Tag) to the prostate
epithelium. The Tag antigens have the ability to induce transformation
in vivo. Female C57Bl/6 TRAMP mice heterozygous for the Probasin
SV-40 Tag transgene were kindly provided by Dr. Greenberg, Baylor
College of medicine, Houston, TX, USA, and bred with non-
transgenic C57Bl/6 males (Taconic M&B, Ry, Denmark). Tail DNA
was isolated from all mice, and transgenic animals were identified via
polymerase chain reaction (PCR) based screening, as previously
described (4, 18). Transgenic mice were randomly assigned into
groups and sacrificed after 17, 24 or 36 weeks. 

In order to study long-term effects of castration, 24-week-old
TRAMP mice were anesthetized with a cocktail containing
hypnorm:dormicum:H2O (1:1:2, 0.2 ml/30 g) and castrated via scrotal
incision and then followed to about 52 weeks of age, or until
symptoms appeared and large abdominal tumours were found at
palpation. The dorsolateral and ventral lobes of the prostate (DLP and
VP) and macroscopic lesions, suspected to be tumour metastases, were
dissected during anaesthesia, weighed and fixed in phosphate-buffered
formalin and paraffin embedded or frozen in liquid nitrogen and stored
at –70˚C. For histological evaluation paraffin-embedded and frozen
sections (4 μm) were routinely stained with Mayer’s hematoxylin and
eosin (H&E). The prostatic tissues were histologically evaluated and
graded as normal, prostatic intraepithelial neoplasia, or well,
moderately, or poorly differentiated adenocarcinoma, according to the
grading system previously described (5, 19). Macrometastases
detected after long-term castration were defined as relapsed
metastases. The design of this study was approved by the Animal
Ethical Committee in Umeå, Sweden. 

Patient samples. Fresh radical prostatectomy samples were cut into
0.5-cm thick slices. From these slices, samples from non-malignant
and tumour tissue were punched using a 0.5 cm steel cylinder. The
samples were taken from 9 patients with Gleason score 7 tumours

and frozen at –70˚C within 30 minutes after surgical removal of the
prostate gland. The prostatectomy specimens were thereafter fixed
in 4%  phosphate-buffered formalin and embedded in paraffin.
Tumour and morphologically benign areas were identified in 4 μm
H&E-stained sections. The tumour areas were graded as Gleason
grade 3 or 4 by one pathologist (A.B.). Proteins were extracted from
corresponding parts of the frozen biopsies.

In the immunohistochemical studies, formalin-fixed tumour
sections from patients as described above were used together with
formalin-fixed tumour specimens from two series of patients treated
with transurethral resection due to voiding symptoms and no earlier
history of prostate cancer (20), or due to voiding symptoms at local
tumour relapse after surgical castration therapy (21), respectively.
Tumours were randomly selected to include 22 tumours of high
grade (GS 8-10) from hormone-naïve patients and 8 tumours of
high grade (GG8-10) from castration-resistant patients. Local
tumour relapse was suspected on increased serum PSA levels
coupled with the appearance of lower urinary tract symptoms or an
increased prostate size and histologically verified as substantial
tumour growth including tumour cell proliferation indices greater
than those in biopsies taken shortly after castration (21).

Informed consent was obtained from all patients and the
Research Ethical Committee of Umeå University Hospital approved
of the study.

Sample preparation and 2-D DIGE analysis. Tissue samples from
normal DLP (n=4), well (n=5) and poorly (n=4) differentiated
primary TRAMP tumours and relapsed metastases (n=5) were
homogenized in 200 μl of ice-cold lysis buffer (7 M urea, 2 M
thiourea, 4%  CHAPS and 30 mM Tris pH 8.5) using an Ultra
Torrax mixer and then sonicated for 30 s. Two μl of benzonase were
added and samples were centrifuged at 12,000 rpm for 10 min. The
supernatants were isolated and the protein concentration was
determined using a 2-D Quant kit (Amersham Biosciences, Uppsala,
Sweden) according to the manufacturer’s protocol. Each protein
sample was labelled with 250 pmol of CyDy DIGE Flour (Cy 3 or
Cy 5) per 50 μg of protein according to the manufacturer’s protocol.
An internal standard, a mixture of equal amounts of protein from all
samples included in the experiment, was labelled with Cy 2 and
included in all gels. IPG strips (24 cm, pH 3-10 NL; Bio-Rad
laboratories, Hercules, CA, USA) were rehydrated with labelled
samples overnight with DeStreak rehydration solution and IPG buffer
to a total volume of 450 μl/strip. Fifty μg of two different samples
together with 50 μg of internal standard were loaded onto each strip.
First dimension (IEF) was carried out using Protean IEF cell (Bio-
Rad laboratories) for a total of 70 kVh. The strips were then
equilibrated in a solution containing 50 mM Tris pH 8.8, 6 M urea,
30%  glycerol, 2%  SDS and 1%  w/v DTT for 10 min and then the
same solution containing 2.5%  w/v iodoacetamide instead of DTT
for 10 min. Before being applied to 12 %  polyacrylamide gels,
strips were rinsed in running buffer (24 mM Tris base, 0.2 M
glycine and 0.1 %  SDS). Second dimension was performed using
Ettan DALT Six System under the following conditions: 5 W/gel for
30 min and then 17 W/gel for 4-5 hours. The CyDy-labelled images
were acquired on a Typhoon 9400 scanner. 

The quantification of protein expression was performed using
DeCyder 5.0 software. Protein spots were detected in the Cy2, Cy3
and Cy5 images for each gel with the differential in-gel analysis
module and normalized spot volumes were calculated. The biological
variation analysis module was used to match spot maps between
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different gels and to determine differences between groups.
Significantly differentiating volume ratios were identified by two
independent approaches. First, univariate analysis using the DeCyder
5.0 software was performed: Student’s t-test was used and
differences with a p-value <0.05 together with at least 100%  change
between compared groups were defined as significant. Secondly,
normalized volume ratios were exported and multivariate statistical
evaluation was performed using orthogonal projections to latent
structures discriminant analysis (OPLS-DA) (22), with the aim of
separating the relapsed metastases from poorly-differentiated primary
tumours. OPLS-DA separates the systematic variation in the data
into predictive variation (correlated to class separation) and
orthogonal variation (uncorrelated to class separation). Proteins with
high loading values for predictive OPLS-DA component were
considered significant for differentiating between the tumour groups.

Protein identification. Preparative gels were loaded with 500 μg
of protein. After electrophoresis the gels were fixed in 10%
MeOH, 7%  acetic acid for one hour and stained with SYPRO
Ruby overnight (400 ml/gel, Bio-Rad Laboratories). Spots of
interest were excised and digested with trypsin (Promega modified
trypsin) at 20 μg/ml in 50 mM ammonium bicarbonate before
being extracted with 50%  acetonitrile (ACN), 0.1%  trifluoroacetic
acid (TFA) and dried in a Speed Vac Concentrator. Protein
identification was carried out at the Uppsala Biomedical Centre as
outlined below.

Dried protein digest was dissolved in 5 μl of 10%  ACN with
0.1%  TFA, and 0.5 μl sample was mixed with 0.5 μl of a saturated
solution of alpha-cyano-4-hydroxy cinnamic acid on the MALDI
target. Mass spectrometry (MS) and MS/MS spectra were obtained
by an Ultraflex TOF/TOF MALDI mass spectrometer (Bruker
Daltonic, Germany). The instrument was calibrated with peptide
Standard II (Bruker Daltonic, Germany) and each spectrum was
internally calibrated with trypsin auto-digestion products. Spectra
were background subtracted with signals from a blanc trypsin
digestion. The MS spectra were used for searches in NCBInr
database using Mascot (MatrixSciences.com) search engine. 

Protein extraction and Western blot analysis. Human tissue samples
were homogenized using a Micro Dismembrator (B. Braun Biotech
International GmbH, Melsungen Germany) at 2000 rpm for 30 s.
The samples were suspended in ice-cold lysis buffer (1%  Triton®

X-100, 40 mM sodium acetate, 1 mM EDTA pH 5.5) and incubated
for 30 min on ice, pulse-sonicated, incubated on ice for another 30
min and centrifuged at 4˚C, 14,000 rpm for 30 min. Protein
concentration in the collected supernatant was determined by using
BCA Protein assay reagent Kit (Pierce Chemical Co., IL, USA). 

The samples (20 μg protein) were separated by 7.5 or 12%  SDS-
PAGE under reducing conditions and subsequently transferred to a
Hybond-P PVDF membrane (Amersham Biosciences). The membrane
was blocked in 5%  milk or 2%  bovine serum albumin followed by
primary antibody incubations: Cat S (1:500, C-19; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), actin (1:7000; SIGMA, Saint
Louis, MO, USA), arresten (1:1,000; Mab1, Wieslab AB, Sweden),
laminin-5 γ2 (1:1000, C-20, Santa Cruz Biotechnology), and laminin
clone D4B5 (1:500; Chemicon International, Temecula, CA, USA) all
diluted in 1%  BSA/PBST, and secondary anti-mouse (Amersham
Biosciences), anti-goat (Jackson Laboratory, Pierce Biotechnology, IL,
USA), and anti-rabbit IgG (Amersham Biosciences) antibody
incubations (dilution 1:5,000-1:50,000). Protein expression was

visualized using Enhanced Chemiluminiscence Advanced or Plus
(Amersham Biosciences) and quantified using ChemiDoc scanner and
Quantity One 4 (Bio-Rad laboratories). The C-19 laminin-5 γ2
antibody was blocked with 1:20 (w/w) excess of blocking peptide (sc-
7652P, Santa Cruz Biotechnology), overnight at 4˚C, before being used
in the Western blotting experiment to investigate antibody specificity. 

Immunohistochemistry. Four μm paraffin sections were de-paraffinated
and rehydrated according to standard procedures before being
incubated with 3%  H2O2 in methanol for 20 min. Sections were then
boiled in 1 mM EDTA, pH=8, for 1 h in 2100 Retriever (HistoLab,
Frölunda, Sweden) before being incubated with the Cat S antibody
overnight (diluted 1:50 with DAKO diluent, DAKO, Stockholm,
Sweden) and developed with SuperPicture detection kit (Zymed
laboratories, South San Fransisco, CA, USA) with diaminobenzidine
(DAB) as chromogen. Staining for CD68 was performed after boiling
of sections in 10 mM Tris, 1 mM EDTA (pH=9) by antibody
incubation overnight (Clone KP1, DAKO, diluted 1:2,000 with DAKO
diluent) and visualization using the Enhanced Alkaline Phosphatase
(AP) kit and Permanent Red as chromogen (Ventana, Tucson, AZ,
USA). In the double staining procedure for Cat S and CD68, Cat S
was detected as above and sections were thereafter directly incubated
with the CD68 antibody after washing in distilled water and then
visualized as above. In the double staining procedure for Cat S and
F8-40, sections were first boiled in Target 1 (DAKO) for 1 hour and
blocked with protein blocking agent (DAKO) before incubated with
the F8-40 antibody overnight (AbD Serotec, diluted 1:100 with DAKO
diluent) and developed using Envision AP kit and Permanent Red.
Thereafter, sections were boiled in 1 mM EDTA, pH=8, for 5 min in
a micro oven, incubated with the Cat S antibody and visualized as
described above. 

The volume density (percentage) of tumour tissue (epithelium
and stroma) occupied by CD68- or Cat S-positive macrophages was
assessed as follows: number of graticule-crossing points overlaying
positive macrophages and hits over reference space were counted
using a 121-point square lattice mounted in the eyepiece of a light
microscope (20). Ten randomly chosen fields were evaluated in each
tumour section, at ×400 magnification.

Statistics. In Western blotting and IHC analysis experiments, groups
were compared by the Mann-Whitney U-test and paired observation
with the Wilcoxon signed rank test. Correlations between
continuous variables were analyzed using the Spearman rank test.
A p-value of less than 0.05 was considered statistically significant.

Results

2-D DIGE analysis identified increased levels of cathepsin S
among many differentiating proteins during tumour
progression in TRAMP mice. The 2-D DIGE analysis of
normal DLP, well and poorly differentiated primary TRAMP
tumours and relapsed TRAMP metastases resulted in gels
where more than 2,000 different protein spots could be
detected in each gel (Figure 1). Univariate analysis showed
about 300 differently expressed spots according to our
criteria (p<0.05 together with at least 100%  change between
compared groups) and of these 26 proteins were identified
(Table I). Multivariate analysis of the 2-D data using OPLS
yielded a ranking list sorted by the grade of which the
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individual spots contributed to the separation of poorly
differentiated primary TRAMP tumours and relapsed
metastases. We analysed the first 30 spots on the list and 13
of them were positively identified by MS/MS (Table II). 

Enolase A and Cat S were found to be of primary interest
as i) their levels increased from poorly differentiated primary
TRAMP tumours to relapsed metastases (2.12- and 1.75-
fold, respectively) and ii) they could represent important
phenotypic changes of tumour cells during tumour
progression regarding cell metabolism and degradation of
extracellular matrix, respectively (23, 24). The enolase A
protein expression was verified by Western blotting to be at
higher levels in poorly differentiated tumours compared to
normal tissue and well differentiated tumours, and then
further increased in relapsed metastases (data not shown).
Similar levels of increased enolase A has been previously
shown in poorly differentiated TRAMP tumours (25).
However, by using IHC, we found enolase A expression to
be clearly associated with necrotic tumour areas in the
TRAMP mice and in patients (results not shown) and
enolase A was thereafter not further evaluated. 

Cat S exists in an inactive pro-form (35-38 kDa) and in an
active form (24 kDa), and on the basis of the 2-D spot
localisation we concluded that it was probably the active form
of Cat S that was identified as increased in the relapsed
TRAMP metastases. This result was partly verified by Western
blot analysis. Using an antibody which purportedly detects both
the pro- and the active form of Cat S, we found significantly
higher levels of active Cat S in the poorly differentiated
primary tumours and in the relapsed metastases compared to
normal tissue and well-differentiated tumours (Figure 2 A, C),
while the level of the pro-form was unchanged (data not
shown). However, the difference in Cat S expression between
poorly differentiated primary tumours and relapsed metastases
seen in the 2-D experiment was not detected by Western blot
analysis, and the reason for this is unknown. 

Western blot analysis of Cat S, arresten and laminin-5 γ2 in
human prostate cancer. To evaluate if increased levels of Cat
S are observed also during prostate cancer progression in
patients, we used Western blot analysis to investigate levels of
the active Cat S form in protein extracts from GS 7 tumours
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Figure 1. Representative 2-D DIGE gel of a standard tissue sample. Fifty μg of protein extract were labelled with CyDye, multiplexed, and underwent
isoelectric focusing on 24 cm pH 3-11 IPG strips. Proteins were subsequently separated on 12%  polyacrylamide gels. Labeled spots were identified
and numbered according to Tables I and II. 



from 9 patients treated with radical prostatectomy. We found
significantly higher levels of active Cat S in the GG4 tumour
areas than in non-malignant prostate tissue areas (p=0.023,
Figure 2 B, D). Active Cat S levels were also higher in GG4
than in GG3 tumour areas, with borderline significance
(p=0.056, Figure 2 C, D). Arresten was abundantly expressed
in all samples investigated (Figure 3), but we could not find
any obvious relation between this matrix-derived angiogenesis
inhibitor and active Cat S levels (data not shown). Neither did
we find any association between active Cat S levels and pro-
angiogenic laminin-5 γ2 subunits; an 80 kDa band (probably

γ2’) was detected in the prostate samples by immunoblotting
that could be blocked by pre-incubation of the laminin-5 γ2
antibody with excess of peptide (C-20 antibody, Figure 4), but
the intensity of this protein band did not significantly differ
between groups or in relation to active Cat S levels (data not
shown). Similar results were obtained when using the clone
D4B5 laminin-5 γ2 antibody (results not shown).

Cat S is expressed by tumour-infiltrating macrophages and
the volume density of Cat S-expressing macrophages is
increased in castrated-resistant tumours in patients. We
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Table I. Differentiatinga proteins during TRAMP tumor progression identified with 2D DIGE, univariate data analysis, and MALDI-TOF/TOF. 

Spot no. Protein name Accession Change Mascot Number of Predicted 
no. score peptides mass (kDa)

WD/N R/PD

1 Experimental autoimmune prostatitis antigen 1 Q8K460 –47.75 –2.13 167 18 76
2 ARMET protein Q80ZP8 –5.42 –1.24 82 6 19
3 Protein disulfide-isomerase A6 precursor Q922R8 –3.97 –1.03 161 13 48
4 Endoplasmin precursor P08113 –3.35 2.72 162 23 93
5 Interleukin 25 Q9CPT4 –2.67 1.09 95 4 18
6 Endoplasmic reticulum protein ERp29 precursor P57759 –2.65 1.36 162 23 93
7 Peroxiredoxin 6 O08709 –1.81 –1.07 137 10 25
8 Ubiquitin carboxy-terminal hydrolase L1 Q6P9V8 –1.45 –4.53 76 8 25
9 Alpha enolase P17182 1.31 2.12 221 21 47
10 Retinol-binding protein I, cellular Q00915 2.14 1.56 69 6 16
11 Heterogenous ribonucleoprotein A/B Q9D6G1 2.49 1.33 75 6 30
12 Heterogenous nuclear ribonucleoprotein L Q8R081 2.75 –1.35 109 12 61

ap<0.05 according to Student’s t-test and with at least 100%  change between compared groups; normal dorso-lateral prostate (N), well-differentiated
tumors (WD), poorly differentiated tumors (PD) and relapsed peripheral metastases (R).

Table II. Differentiatinga proteins during TRAMP tumor progression identified with 2D DIGE, multivariate data analysis, and MALDI-TOF/TOF.

Spot no. Protein name Accession Change Mascot Number of Predicted 
no. score peptides mass (kDa)

WD/N R/PD

13 Pyruvate kinase M P52480 –1.6 –3.65 116 8 58
14 Tubulin, beta 2C P68372 1.06 –1.95 159 18 50
15 Lamin-A/C P48678 –1.47 –1.68 74 11 65
16 Malate dehydrogenase, cytoplasmic P14152 1.07 –1.47 74 9 37
17 Glutathion-disulfide reductase Q3TWI5 1.48 1.24 82 6 51
18 Protein disulfide isomeras ass prot Q99LF6 –2.29 1.5 252 26 57
19 14-3-3 zeta P63101 1.47 1.68 81 5 28
20 Cathepsin S Q3UBR4 –1.16 1.75 88 6 38 / 24b
21 Ubiquinol-cytochrome c reductase Q9CR68 1.13 1.76 94 6 30
22 Tropomyosin 3, gamma P21107 1.52 1.81 114 15 33
23 Cytokeratin 8 P11679 1.29 2.78 89 13 53
24 Annexin A1 Q4FJV4 1.51 3.95 140 11 39

aData were analyzed using OPLS-DA in order to find proteins that separated poorly differentiated tumors (PD) from relapsed peripheral metastases
(R). N: Normal dorso-lateral prostate, WD: well differentiated tumors. bPredicted weight of active cathepsin S.
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Figure 2. Immunoblotting analysis of cathepsin S. An inactive pro-form (approximately 35 kDa) and an active form of cathepsin S (approximately
24 kDa) were detected in TRAMP mice (A) and in tumours from patients treated with radical prostatectomy (B) by Western blotting analysis
(arrows). Relative levels of active cathepsin S were significantly increased in poorly differentiated (PD) primary tumours and in relapsed (R)
peripheral metastases compared to well-differentiated (WD) tumours and normal dorso-lateral prostate in TRAMP mice (*p=0.023) (C). Relative
levels of active cathepsin S were also increased in Gleason grade (GG) 4 tumour areas compared to normal areas (*p<0.05) and GG3 tumour
areas (*p=0.056) in patients (D). n=4-9 samples per group.

Figure 3. Immunoblotting analysis of arresten in tumour areas from
patients treated with radical prostatectomy. A 25 kDa proteolytic
fragment of the type IV collagen α1-chain, arresten, was detected by
Western blotting analysis. The protein bands of approximately 50 and
75 kDa are presumed to correspond to dimers and trimers, respectively,
of the 25 kDa protein (arrows). N: Morphologically normal prostate;
GG3 and 4: Gleason grade 3 and 4 tumour areas.



used IHC to investigate the cellular origin of the increased
Cat S levels seen in prostate tumours. Normal DLP in mice
and non-malignant prostate areas in patients showed no or
very few Cat S-positive cells (results not shown). Cat S-
positive cells were occasionally found in well- and
moderately-differentiated TRAMP tumours (Figure 5A) and
in GG3 prostate tumour areas in patients (Figure 5B). High
numbers of Cat S-positive cells were seen in high-grade
tumours in TRAMP animals and in patients (GG4-5, Figure
5 C-F), and double staining of Cat S and F8-40 or CD68,
respectively, revealed Cat S immunostaining primarily in a
fraction of tumour-infiltrating macrophages (Figure 5 C-F,
insets). Notably, Cat S-positive macrophages were
frequently seen around vessels. Positive Cat S staining was
occasionally seen also in other stroma cell types in TRAMP
tumours and in castration-resistant tumours in patients
(results not shown). Tumour epithelial cells remained
negative in TRAMP mice and in patients (Figure 5).
Interestingly, castration-resistant tumours in patients showed
an increased volume density of Cat S-expressing

macrophages compared to high-grade tumours in hormone-
naïve patients (p=0.006), while no difference in CD68-
stained macrophages was detected between those groups
(Figure 6). 

Discussion

In this paper we have identified increased levels of Cat S
during prostate cancer progression in TRAMP mice and in
patients, probably originating from a subset of tumour-
infiltrating macrophages. In accordance with our results,
previous studies have shown high levels of Cat S in tumour-
infiltrating immune cells in a mouse model for pancreatic
islet cell carcinogenesis (RIP1-Tag2) (26), and null mutation
of Cat S impaired both angiogenesis and tumour growth in
this tumour model (12, 13). Moreover, tumour-infiltrating
macrophages have previously been associated with a poor
clinical outcome in prostate cancer patients (20) and
macrophage depletion has been shown to reduce
angiogenesis and tumour growth in an orthotopic rat model

Lindahl et al: High Levels of Cathepsin S in Prostate Cancer

155

Figure 4. Immunoblotting analysis of laminin-5 γ2 in tumour areas from patients treated with radical prostatectomy. Several protein bands were
detected by Western blotting analysis. Control experiments using excess of recombinant peptide (P) specifically blocked detection of a band of
approximately 80 kDa, presumed to be laminin-5 γ2’, and two unknown protein bands of lower weight (arrows). N: Morphologically normal prostate;
GG3 and 4: Gleason grade 3 and 4 tumour areas.
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Figure 5. Immunohistochemical staining of cathepsin S (Cat S) in TRAMP tumours (A, C, E) and in tumours areas from patients treated with radical
prostatectomy (B, D) or surgical castration (F) at ×400 magnification. High numbers of Cat S-positive cells are shown in a poorly differentiated
primary TRAMP tumour (C), in a GG4 tumour area from a patient treated with radical prostatectomy (D), in a relapsed kidney metastasis in a
TRAMP animal treated with orchiectomy 24 weeks earlier (E), and in one castration-resistant tumour from a patient treated with surgical castration
therapy 31 months earlier (F). Well-differentiated tumour areas show few Cat S-positive cells in TRAMP animals (A), as well as in patients (B).
Double staining of Cat S (brown) and F8-40 (A, C, E insets) or CD68 (B, D, F insets), respectively (red), at ×800 magnification, show Cat S
staining in macrophages. Note the location of Cat S positive macrophages nearby micro-vessels in high grade tumours in TRAMP mice and in
patients (C-F and insets). 



of prostate cancer (27). Taken together, these results indicate
that secretion of Cat S by a subset of tumour-infiltrating
macrophages, often located close to tumor blood vessels,
could be an important contributor to tumour growth in
prostate cancer.

Cathepsin S is believed to regulate angiogenesis at least
partly by proteolytic cleavage and clearance of the type IV
collagen-derived anti-angiogenic fragments arresten and
canstatin, as demonstrated by Wang and co-workers (13).
Moreover, proteolytic cleavage of basement membrane-derived
laminin 5 γ2 by Cat S into pro-angiogenic γ2’ and γ2χ has
been reported by the same group (13). We, however,  could not
find any correlation between levels of Cat S and arresten, or
the γ2 subunits in this study. However, due to a lack of
compatible antibodies, the potential effect of Cat S on the
matrix-derived angiogenic substances was only investigated in
the patient material and not in the TRAMP tumours. 

According to the protein weight of Cat S detected in the
2-D and Western blot analyses, it is the active Cat S form
that increases during prostate cancer progression, while the
level of its pro-form does not markedly change. The
inactive Cat S pro-form is normally activated in the acidic
environment of lysosomes and requires an acidic
environment for optimal activity (6). Prostate tumours are
often hypoxic (28) and hypoxia creates an acidic milieu.
Hypothetically, active Cat S could therefore be produced
in fast growing, hypoxic prostate cancer areas, resulting in
Cat S stimulation of tumour angiogenesis, invasiveness,
and metastasis. Interestingly, Cat S is able to degrade the
epithelial cell adhesion molecule E-cadherin in vitro (12).
E-cadherin is believed to function as an invasion

suppressor (29, 30) and low tumour levels of E-cadherin
have been associated with metastasis and poor prognosis
in prostate cancer (31). Proteolytic cleavage of E-cadherin
could thereby be one way for macrophage-derived Cat S
to stimulate epithelial cell invasion and migration, and, due
to its perivascular location, to promote migration into
blood vessels. 

Increased levels of several other cathepsins: Cat B, D, H
and X, have been associated with prostate cancer as well (14,
32-35) and, the ratio of Cat B to its endogenous inhibitor
stefin A has been shown to predict pelvic lymph node
metastasis (36). Furthermore, decreased levels of the
endogenous cathepsin inhibitor cystatin C have been reported
for GG 4 and 5 tumours compared to GG 2 and 3 tumours
(37). We can therefore not exclude that other cathepsins
could be important for prostate cancer development and
progression, but still conclude that Cat S would seem to be
an interesting target in prostate cancer therapy. The broad-
spectrum cathepsin inhibitor JPM-OEt reduced tumour
angiogenesis, invasion and growth in the RIP1-Tag2 mouse
model for pancreatic cancer, at all stages of tumour
development (26), and selective Cat K inhibitors have been
shown to reduce bone metastasis in animal models (38).
Selective Cat S inhibitors have been developed by several
companies during recent years, primarily for the treatment
of autoimmune conditions such as rheumatoid arthritis and
psoriasis (reviewed in 39), but their anti-tumour effects have
to our knowledge not yet been tested. Functional studies of
anti-Cat S therapy in prostate cancer models have therefore
been undertaken in our laboratory. The best effects of anti-
Cat S therapy would be expected in individuals with
increased tumour Cat S activity (26, 40, 41) and in
combination with other therapies, such as chemotherapy, as
recently demonstrated in the RIP1-Tag2 tumour model for
pancreatic cancer (42).
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