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Background: Novel biomarkers for prostate cancer (PC) are urgently needed. This study investigates the expression, epigenetic
regulation, and prognostic potential of ANPEP in PC.

Methods: Aminopeptidase N (APN; encoded by ANPEP) expression was analysed by immunohistochemistry using tissue
microarrays representing 267 radical prostatectomy (RP) and 111 conservatively treated (CT) PC patients. Clinical end points were
recurrence-free survival (RFS) and cancer-specific survival (CSS), respectively. The ANPEP promoter methylation levels were
determined by bisulphite sequencing or MethyLight analysis in 278 nonmalignant and PC tissue samples, and in cell lines.

Results: The APN expression was significantly downregulated in PC compared with nonmalignant prostate tissue samples.
Aberrant promoter hypermethylation was frequently observed in PC tissue samples, and 5-aza-20-deoxycytidine induced ANPEP
expression in three hypermethylated prostate cell lines, suggesting epigenetic silencing. Negative APN immunoreactivity was
significantly associated with short RFS and short CSS in the RP and CT cohort, respectively, independently of routine
clinicopathological predictors. Combining APN with a known angiogenesis marker (vascular endothelial growth factor or
microvessel density) improved risk prediction significantly in both cohorts.

Conclusion:Our results suggest negative APN immunoreactivity as a new independent adverse prognostic factor for patients with
clinically localised PC and, furthermore, that epigenetic mechanisms are involved in silencing of ANPEP in PC.

Improved diagnostic and prognostic biomarkers for prostate
cancer (PC) are needed to prevent overtreatment of indolent
tumours, and to ensure early detection of aggressive PC that
requires treatment. Tissue microarrays (TMAs) have been widely
used for discovery of new candidate biomarkers in cancer. Also,
there has been increasing focus on the importance in cancer
development/progression of epigenetic changes, potentially reg-
ulating protein expression. Thus, hypermethylation of promoter-
associated CpG islands is closely linked to gene silencing in cancer.

Alanyl membrane aminopeptidase (ANPEP) encodes a mem-
brane-bound zinc-dependent protease termed aminopeptidase N
(APN; aka neutral aminopeptidase, CD13) that belongs to a group
of widely expressed ectopeptidases (Carl-McGrath et al, 2006). The

multifunctional APN is responsible for postsecretory processing of,
for example, neuropeptides, regulating their access to cellular
receptors. The APN is also involved in intracellular cell signalling
and seems to play important roles in invasion/metastasis of various
malignancies, including PC (Menrad et al, 1993; Ishii et al, 2001;
Hashida et al, 2002). Moreover, APN is important for neoangio-
genesis (Petrovic et al, 2007).

Although previous reports have shown that APN is down-
regulated in PC cells compared with nonmalignant prostate
epithelial cells (Bogenrieder et al, 1997; Liu et al, 2004; Dall’Era
et al, 2007), the mechanism of ANPEP silencing in PC cells has not
been previously studied. Furthermore, significant prognostic value
has been demonstrated for ANPEP in several malignancies, but
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remains to be investigated for PC. High expression of APN in
cancer cells is associated with poor survival in pancreas (Ikeda et al,
2003) and colon cancer (Hashida et al, 2002). Likewise, high APN
expression in tumour-associated endothelial cells predicts poor
prognosis in non-small cell lung cancer (Tokuhara et al, 2006). In
these cancers, APN expression correlates positively with angiogen-
esis, as determined by microvessel density (MVD) and/or vascular
endothelial growth factor (VEGF) expression, an aspect that has
also not been investigated for PC before this study.

In the present study, we investigated the prognostic biomarker
potential of ANPEP for PC by immunohistochemical (IHC)
analysis of two tissue microarrays representing (1) a PC patient
cohort treated by radical prostatectomy (n¼ 267) and (2) a
conservatively managed PC patient cohort (n¼ 111). All patients
were diagnosed with clinically localised PC. We also examined if
ANPEP was hypermethylated in PC, and hence could be a novel
epigenetic biomarker candidate.

Our results showed that ANPEP downregulation in PC was
frequently associated with aberrant promoter hypermethylation,
suggesting that epigenetic mechanisms are involved in silencing of
ANPEP in PC cells. In addition, we identified high APN expression
on tumour cells as a favourable prognostic factor for clinically
localised PC in two treatment regimens: curatively intended radical
prostatectomy (RP) and conservative treatment (CT) with no
intend to cure.

MATERIALS AND METHODS

Tissue microarrays. Two TMAs were used, representing RP and
CT PC patient cohort, respectively. Tissue specimens were
obtained from the Institute of Pathology, Aarhus University
Hospital (Aarhus, Denmark). The study was approved by the local
Scientific Ethics Committee. For TMA construction, all tissue
specimens were evaluated by a pathologist to identify representa-
tive areas; Gleason score and tumour stage (RP cohort only) were
reassigned according to Epstein et al (2005).

The RP cohort TMA (Heebøll et al, 2008) contained 386
formalin-fixed, paraffin-embedded (FFPE) tissue samples, includ-
ing 267 RP specimens (Table 1) and several primary tumour
specimens from patients with metastatic prostate cancer (MPC),
castrate-refractory prostate cancer (CRPC) samples, lymph node
metastases (LNMs), cancer-adjacent nonmalignant (AN) prostate
tissues, and benign prostatic hyperplasia (BPH) samples
(Supplementary Table S1). All RP patients were treated at the
Department of Urology, Aarhus University Hospital, from 1998 to
2005.

The CT cohort TMA (Abildgaard et al, 2012) contained tumour
specimens from 111 PC patients diagnosed with clinically localised
PC from 1979 to 1983 in Aarhus County, Denmark (Table 1). This
cohort has been described previously in detail (Borre et al, 1997).
All cases were detected incidentally at transurethral resection of the
prostate for BPH or from patients suspected of having PC based on
objective findings or symptoms. Prostate-specific antigen (PSA)
testing was not used at the time. The CT patients were managed
conservatively, that is, followed expectantly and palliated (endo-
crine treatment; estrogens or orchiectomy) at symptoms only. All
patients were followed retrospectively from the time of diagnosis
until death (41% died from PC and 59% from other causes).

Immunohistochemistry. Citrate buffer was used for epitope
demasking. For primary staining, monoclonal mouse anti-human
APN/CD13 Ab-3 antibody (clone 38C12; Thermo Fisher Scientific,
Slangerup, Denmark) was diluted 1 : 40 in TBS buffer with 1% BSA.
This antibody has been characterised in several previous studies
(Rocken et al, 2005; Terauchi et al, 2007; Mawrin et al, 2010). For
secondary staining, we used the anti-mouse EnVisionþ System

(Dakocytomation, Glostrup, Denmark) with HRP-labelled polymer
and DAB solution (Kem-En-Tec, Taastrup, Denmark). Kidney was
used as positive control and ovary as negative control for APN
(data not shown). As an additional negative control, primary
antibody was omitted. Blinded scoring for APN immunoreactivity
(score¼ 0 (negative); score¼ 1þ (weak); score¼ 2þ (strong
intensity)) was performed by a pathologist (BPU) and a medical
doctor (MOA) with expertise in prostate histopathology. In
cases of disagreement, cores were reassessed to reach a consensus
score. The k-statistics showed good interobserver agreement
(k index¼ 0.92; Po0.0001).

Cell culture. The LNCaP and DU145 prostate adenocarcinoma
cells, and BPH1 benign prostatic hyperplasia cells, were cultured as
previously described (Abildgaard et al, 2012). Cell lines were
treated with 1 to 4mM 5-aza-20-deoxycytidine (5-aza-dC; Sigma)
for 48 h. The media was changed daily and cells were harvested at
day 5 for extraction of RNA and DNA.

RNA extraction, cDNA synthesis, and quantitative
RT–PCR. See Supplementary Materials and Methods.

Bisulphite sequencing and quantitative methylation-specific
PCR analysis. See Supplementary Materials and Methods

Statistical analyses. STATA version 10.1 (StataCorp, College
Station TX, USA) was used for all statistical analyses. The
P-values of o0.05 were considered significant. Differences in
median expression and methylation levels were analysed by the
Mann–Whitney U-test. Statistical associations between clinico-
pathological and IHC data were evaluated by two-sided Fisher’s
exact and (w2) tests. Statistical correlations between ANPEP/
MYOD1 methylation and APN immunoreactivity were assessed by
Spearman’s rank test and logistic regression analysis. For the RP
cohort, time to PSA recurrence (cutoff X0.2 ngml� 1) was selected
as the end point. For the CT cohort, cancer-specific (CSS) survival
was used as the end point. Survival curves were calculated by the
Kaplan–Meier method and evaluated by two-sided log-rank
statistics. For recurrence-free survival (RFS) analysis, RP patients
were censored at their last tumour-free clinical follow-up visit.
Uni- and multivariate Cox regression analyses were used to test the
prognostic value of APN immunoreactivity. The proportional
hazards assumption was verified by the log-negative-log survival
distribution function for all variables.

RESULTS

APN is downregulated in PC. Using microarray-based transcrip-
tional profiling, we have previously (Sørensen et al, 2009) listed
ANPEP as one of the most significantly downregulated genes in PC
(Figure 1A). Here, to investigate the expression pattern of APN in
detail, we performed IHC analysis of a TMA containing 386
nonmalignant and PC tissue samples (RP cohort TMA;
Supplementary Table S1). After exclusion of lost specimens and
cores without epithelial cell content, 313 cores (81%) were scored
for APN staining (Figure 1B and C).

The staining intensities of APN were significantly lower in
clinically localised PC (RP specimens) compared with BPH and
adjacent nonmalignant (AN) prostate tissue samples (Figure 1B),
confirming that APN is downregulated in PC. The vast majority
(485%) of benign prostate glands had positive membranous
staining (IHC score¼ 1þ or 2þ ) oriented towards the glandular
lumen (Figure 1Ca), whereas most (55%) of the clinically localised
PC samples showed no staining (IHC score¼ 0; Figure 1Cb). The
remaining 45% of clinically localised PC samples were positive
(weak or strong intensity) for APN (Figure 1Cc and d), whereas
virtually all hormone-naive metastatic PC, castrate-refractory PC,
and lymph node metastasis samples were APN negative
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(Figure 1B), indicating that APN is significantly downregulated in
metastatic compared with localised disease.

Hypermethylation of ANPEP in PC. We used genomic bisulphite
sequencing to investigate if downregulation of ANPEP in PC was
associated with hypermethylation of its promoter-associated CpG
island (CGI; Figure 2A). ANPEP was significantly hypermethylated
in cancer compared with nonmalignant prostate tissue samples
(P¼ 0.0023; Mann–Whitney U-test) in a clinical sample set
consisting of 10 localised PC (LPC), 10 metastatic PC (MPC),
and 10 nonmalignant prostate tissue samples (5 AN and 5 BPH;
Figure 2B and Supplementary Figure S1). There was no significant
difference in ANPEP methylation levels between BPH and AN

prostate tissue samples (P¼ 0.29), nor between LPC and MPC
(P¼ 0.53). A single BPH sample had high-density methylation
(70%) and originated from a patient diagnosed with PC after 2
years. These results suggest that hypermethylation may be a
frequent mechanism for silencing of APN in PC.

For validation, we designed a quantitative methylation-specific
PCR assay (MethyLight; Figure 2A) and measured ANPEP
promoter methylation in 248 nonmalignant and PC tissue samples
also analysed on the RP cohort TMA. A region of MYOD1 not
containing CpG sites was used for normalisation (represents total
input of bisulphite converted DNA). Methylation of ANPEP/
MYOD1 was significantly higher in cancer (LPC, MPC, and CRPC)
compared with nonmalignant (AN and BPH) prostate tissue

Table 1. Clinicopathological characteristics of PC patient cohorts

Radical prostatectomy (n¼267)a Conservative treatment (n¼111)a

Median age, years (range) 62 (46–72) 75 (55–95)

Gleason score, n (%)

4–6 111 (41.6) 37 (33.3)
7 128 (47.9) 20 (18.0)
8–10 28 (10.5) 53 (47.7)
Unknown — 1 (0.5)

T stage b, n (%)

T1 — 91 (82.0)
T2 159 (59.6) 20 (18.0)
T3–4 108 (40.5) 0 (0)

PSA at diagnosis, n (%)

o10ngml�1 73 (27.3) —
X10ngml�1 193 (72.3) —
Unknown 1 (0.4) 111 (100)

Nodal status, n (%)

pN0 249 (93.3) —
pN1 7 (2.6) —
Unknown 11 (4.1) 111 (100)

Metastasis status c, n (%)

M0 267 (100) 111 (100)
M1 0 (0) 0 (0)

Surgical margin status, n (%)

Negative 185 (69.3) NA
Positive 78 (29.2)
Unknown 4 (1.5)

Early endocrine treatment, n (%)

No 267 (0) 68 (61.3)
Yes 0 (0) 43 (38.7)

APN IHC, n (%)

Score 0 130 (48.7) 69 (62.2)
Score 1þ 79 (29.6) 22 (19.8)
Score 2þ 27 (10.1) 4 (3.6)
Not determined 31 (11.6) 16 (14.4)
Median follow-up time, months (range) 53 (1–131) 61 (1–180)

Abbreviations: APN¼ aminopeptidase N; IHC¼ immunohistochemistry; NA¼not applicable; PC¼prostate cancer; PSA¼prostate-specific antigen.
aBoth cohorts were based on all consecutive patients visiting the clinic within a specified time period and diagnosed with clinically localised PC, where tissue blocks were available and informed
consent obtained (see Materials and Methods for additional information).
bPathological for radical prostatectomy (RP) cohort and clinical for conservative treatment (CT) cohort.
cM0 includes patients without suspicion of metastases at bone scan or X-ray examination as well as patients clinically regarded as having organ-confined disease without objective verification.
M1 includes patients with metastases verified by bone scan or X-ray examination as well as patients with manifest clinical symptoms of metastases but without objective verification.
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samples (P¼ 0.0025; Mann–Whitney U-test), but not significantly
different between AN and BPH (P¼ 0.14), LPC and MPC
(P¼ 0.19), or MPC and CRPC (P¼ 0.95; Figure 2C). There was
a significant inverse correlation between APN immunoreactivity
and ANPEP/MYOD1 methylation levels in this sample set (logistic
regression OR¼ 0.016, Po0.001; Spearman rho¼ � 0.36,
Po0.001), indicating that APN downregulation in PC is associated
with hypermethylation (Supplementary Figure S2A). Together, our
results from two independent patient sample sets (Figure 2B
and C) indicate that ANPEP is a frequent target of aberrant
promoter hypermethylated in PC.

In further support of epigenetic mechanisms controlling ANPEP
gene activity in at least some PC cells, treatment with DNA
methylation inhibitor 5-aza-dC induced ANPEP transcription
significantly in the two hypermethylated PC cell lines LNCaP (10
to 39 times) and DU145 (8 to 17 times) as well as in the
hypermethylated BPH1 cell line with undetectable endogenous
expression (Figure 2D). Drug-induced gene activation was
associated with promoter demethylation in all cell lines
(Figure 2D).

In clinical samples, ANPEP/MYOD1 methylation was signifi-
cantly higher in pT3 vs pT2 tumours and in pN1 vs pN0 tumours
(P¼ 0.0051 and P¼ 0.039, respectively; Mann–Whitney U-test;
Supplementary Figure S2B). There was no significant correlation
with age at diagnosis, PSA, or Gleason score (data not shown).
Although low ANPEP/MYOD1 methylation seemed moderately
associated with RFS in the RP cohort, the trend was not significant
(Supplementary Figure S3). This may suggest that in addition to

promoter hypermethylation other mechanisms contribute to the
regulation of ANPEP in PC.

Association between APN immunoreactivity, clinicopathological
parameters, and angiogenesis markers. Possible correlations
between APN expression in PC and routine clinical parameters
were analysed for the RP cohort (n¼ 267) and for the CT cohort
(n¼ 111) by IHC using tissue microarrays. A total of 236 out of 267
(88%) and 95 out of 111 (86%) cores, respectively, were assessed for
APN expression after exclusion of lost specimens and cores without
tumour cell content (Supplementary Table S2). Because of few
patients with IHC score 2þ , all cases positive for APN (IHC scores
1þ and 2þ ) were merged into a single group. Loss of APN
seemed weakly associated with characteristics of aggressive
tumours, that is, high Gleason score in both cohorts and advanced
pT stage in the RP cohort (Supplementary Table S3), although these
trends were only borderline significant. To investigate possible
correlations between APN expression and tumour angiogenesis, we
used existing VEGF IHC and MVD (CT cohort only) data from
these cohorts (Borre et al, 1998; Vergis et al, 2008). There was a
significant inverse correlation between APN and VEGF immuno-
reactivity in the CT cohort (P¼ 0.018; Fisher’s exact test), but no
other significant correlations were observed (Supplementary
Table S3). These results for PC are in contrast to reports from
other solid tumours, where high APN expression correlates
positively with angiogenesis (Hashida et al, 2002; Ikeda et al,
2003; Tokuhara et al, 2006).
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Figure 1. (A) The expression of ANPEP in 10 adjacent nonmalignant prostate (white bars) and 15 PC tissue samples (grey bars) determined by
Affymetrix (Santa Clara, CA, USA) Exon Array analysis (data from Thorsen et al, 2008). Horizontal dotted lines indicate median expression in
each group. The P-value for Mann–Whitney U-test is given. (B) Distribution of APN immunoreactivity scores relative to tissue specimen types.
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prostatectomy specimen from patient with clinically localised PC; MPC¼primary tumour from patient with hormone-naive metastatic PC;
CRPC¼primary tumour from patient with castrate-refractory prostate cancer; LNM¼ lymph node metastasis. The P-values for Fisher’s exact tests
are given. (C) Representative images of nonmalignant prostate gland (a) and PC (b–d) tissue specimens stained with monoclonal anti-APN
antibody. Size bars, 100mm. (Ca) Nonmalignant prostate tissue sample with strong intensity APN staining (score¼2þ ). (Cb) Prostate cancer (PC)
tissue sample negative for APN (score¼ 0). (Cc) Prostate cancer tissue sample showing weak APN staining (score¼1þ ). (Cd) Prostate cancer tissue
sample with strong intensity APN staining (score¼2þ ).
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Univariate and multivariate survival analyses. To assess the
possible prognostic value of APN, we performed PSA-based RFS
analysis for the RP cohort. By univariate analysis, negative APN
immunoreactivity was significantly associated with short RFS
(Figure 3A; P¼ 0.0019). Other variables associated with short RFS
in the RP cohort were high preoperative PSA, high Gleason score,
advanced T stage, positive lymph nodes, positive surgical margins,
and high VEGF staining (Table 2). Except for nodal status and T
stage, all variables remained significant in a multivariate model
(Table 2), indicating that APN immunoreactivity is a significant
independent prognostic factor for PC patients with clinically
localised disease. Risk stratification (low/intermediate/high) in the
RP cohort was significantly improved by combining APN and
VEGF in a simple two-marker model (Figure 3B).

Using the same cut-off (negative vs positive immunoreactivity),
the prognostic value of APN for clinically localised PC was
successfully validated in the independent CT cohort (Figure 3C

and D and Table 3). In this cohort, negative APN was significantly
associated with short CSS by univariate (Figure 3C; P¼ 0.0065) as
well as multivariate analyses (Table 3). High Gleason score and
high MVD were also significantly associated with short CSS in the
CT cohort by uni- and multivariate analyses (Table 3). VEGF
immunoreactivity was significant only by univariate analysis in the
CT cohort. Prediction of CSS was significantly improved by
combining APN immunoreactivity and MVD (Figure 3D). There
was no significant association between APN staining and overall
survival in the CT cohort (data not shown).

DISCUSSION

In summary, our results based on two distinct PC patient cohorts
indicate that negative APN immunoreactivity is a significant
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independent adverse prognostic factor for patients diagnosed with
clinically localised PC. Although further validation is needed, this
indicates that a simple IHC test for APN may add significant
prognostic value to currently used routine predictors for PC patient
outcome.

Furthermore, we identified ANPEP as a novel common target
of aberrant promoter hypermethylated in PC. Hypermethylation
correlated inversely with APN expression, indicating that ANPEP
is epigenetically silenced in PC cells. To our knowledge, this is the
first report of aberrant ANPEP hypermethylation in PC. As further
experimental evidence for epigenetic regulation of ANPEP
expression, 5-aza-dC treatment resulted in promoter

demethylation and transcriptional reactivation in three hyper-
methylated prostate cell lines. Recently, hypermethylation and
downregulation of ANPEP were reported for some malignant
melanoma cells (Wulfanger et al, 2012).

The methylation levels of ANPEP did not have significant
prognostic value in the RP cohort (it was borderline significant,
but failed to validate in an independent patient cohort (data
not shown)). A likely explanation is that other mechanisms, in
addition to promoter hypermethylation, contribute to down-
regulation of ANPEP in PC cells. Absence of essential transcription
factor activities may prevent transcription from unmethylated
promoters, and the repressive histone mark H3K27me3 can
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Figure 3. Kaplan–Meier plots of RFS for the RP cohort (A and B) and CSS for the CT cohort (C and D). The P-values for two-sided log-rank statistics
are given, comparing patients with negative (IHC score¼0) or positive (IHC score¼ 1þ or 2þ ) APN immunoreactivity (A, C), as well as patients
with positive/negative APN staining in combination with low/high VEGF staining (score 0–2 vs score 3–5) in the RP cohort (B), or low/high
microvessel density (MVD; dichotomised at median) in the CT cohort (D). *Significant P-values.

Table 2. Cox regression analyses for RP cohort (recurrence-free survival)

RP cohort (n¼267) Univariate Multivariate (global model) Multivariate (final model)

Variable (characteristics) HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value
Age at diagnosis (p62 vs 462 years) 1.05 (0.73–1.50) 0.80 — — — —

Preoperative PSA (continuous) 1.05 (1.04–1.07) o0.001 1.04 (1.03–1.06) o0.001 1.04 (1.03–1.06) o0.001

Gleason score (5–6 vs 7-10) 2.81 (1.83–4.31) o0.001 1.60 (0.99–2.60) 0.056 1.72 (1.08–2.75) 0.023

Tumour stage (pT2 vs pT3) 3.35 (2.30–4.88) o0.001 1.54 (0.88–2.69) 0.13 — —

Nodal status (pN0 vs pN1) 3.36 (1.56–7.24) 0.002 1.68 (0.71–3.98) 0.24 — —

Surgical margins (neg vs pos) 3.05 (2.11–4.41) o0.001 1.77 (1.03–3.04) 0.038 2.38 (1.61–3.52) o0.001

VEGF (low vs high) 2.84 (1.97–4.11) o0.001 2.12 (1.41–3.20) o0.001 2.05 (1.38–3.06) o0.001

APN IHC (neg vs pos) 0.55 (0.37–0.80) 0.002 0.64 (0.42–0.98) 0.039 0.54 (0.36–0.80) 0.017

Abbreviations: APN¼ aminopeptidase N; CI¼ confidence interval; HR¼ hazard ratio; IHC¼ immunohistochemistry; PSA¼prostate-specific antigen; RP¼ radical prostatectomy;
VEGF¼ vascular endothelial growth factor.
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silence genes independently of DNA methylation (Sharma et al,
2010). Future studies should elucidate in more detail the
transcriptional regulation of ANPEP in normal and PC cells.

Our TMA analysis results expand and confirm results from
previous IHC studies of APN in nonmalignant and PC tissue
samples (Bogenrieder et al, 1997; Liu et al, 2004; Dall’Era et al,
2007). Significant correlations between APN protein expression
and PC prognosis have not been demonstrated before this report,
possibly because of insufficient sample sizes in the former studies.
Recently, low ANPEP transcript levels were associated with PSA
recurrence after RP in a set of 29 PC patient samples, but no
independent validation was provided (Larkin et al, 2012). Hence,
the present study is the first to conclusively demonstrate a
significant independent prognostic value of ANPEP expression in
PC.

The anti-APN antibody (38C12) used here does not work on
cryosections, whereas the antibodies (WM15 and F23) used in
previous reports (Bogenrieder et al, 1997; Liu et al, 2004; Dall’Era
et al, 2007) do not work with FFPE samples. Furthermore, the
38C12 antibody did not work for western blotting in our hands
(data not shown), as also experienced by others (Mawrin et al,
2010). In summary, however, highly similar results have now been
obtained by IHC analysis with three different monoclonal anti-
APN antibodies, strongly supporting the validity of our findings.
Reduced APN immunoreactivity in PC is in agreement with
transcriptional downregulation of ANPEP, as reported in micro-
array studies (Liu et al, 2006; Tamura et al, 2007; Thorsen et al,
2008). Consistent with previous reports (Bogenrieder et al, 1997;
Liu et al, 2004; Dall’Era et al, 2007), we detected APN staining of
the luminal cell membrane in nonmalignant secretory epithelial
cells, whereas basal cells were APN negative. Loss of APN may be
associated with dedifferentiation of normal prostate epithelial cells,
potentially promoting prostate carcinogenesis. Notably, ANPEP is
downregulated in colon epithelial cell subpopulations enriched for
intestinal stem cells (Jung et al, 2011).

Downregulation of APN in metastatic compared with localised
PC may suggest a potential role for APN also in tumour
progression. Although APN stimulates invasion of the PC3
prostate cancer cell line (Ishii et al, 2001), which shares
characteristics of small cell neuroendocrine PC (Tai et al, 2011),
the exact function of APN in normal and prostate adenocarcinoma
cells remains unclear. In fact, the observed downregulation of APN
in clinical PC and its association with poor prognosis may suggest
that APN plays a predominantly tumour-suppressive role in
clinical prostate adenocarcinoma. Reports for several other cancer
types indicate that APN functions in a highly cell type- and
context-specific manner. Thus, low APN expression is associated
with aggressive disease in meningioma and gastric cancer
(Kawamura et al, 2007; Mawrin et al, 2010), whereas high

expression is an adverse prognostic factor for lung, pancreas and
colon cancer (Hashida et al, 2002; Ikeda et al, 2003; Murakami
et al, 2005; Tokuhara et al, 2006). Future studies should resolve the
biological function(s) of APN in prostate cells and determine
whether downregulation of APN is a driver or passenger aberration
in PC.

Overall, our results suggest that an IHC test for APN in prostate
tumour specimens may add significant prognostic value at the time
of diagnosis, and thereby potentially could aid in treatment
decision making for clinically localised PC. The fact that a simple
two-marker test (APN and VEGF, or APN and MVD) had even
stronger prognostic power in the RP and CT cohorts suggest that a
combined test may have superior clinical utility. The results
presented here confirm our previous findings that (1) MVD, but
not VEGF, has significant independent prognostic value for CSS in
the CT cohort (Borre et al, 1998, 2000) and (2) VEGF is an
independent predictor of RFS in the RP cohort (Vergis et al, 2008).
The data for MVD were unavailable for the RP cohort. Several
conflicting reports exist regarding the prognostic power of VEGF
and MVD for PC (Green et al, 2007; Revelos et al, 2007; Mucci
et al, 2009; Boxler et al, 2010), and it is possible that other markers
of angiogenesis can improve PC risk stratification beyond the
findings in this study.

An IHC test for Nestin/Ki-67, reflecting immature vascular
proliferation, was recently found superior to MVD and VEGF for
outcome prediction in PC patients (Gravdal et al, 2009). Another
study highlighted vascular morphology (size and irregularity of
tumour-associated vessels) as a more accurate predictor of PC-
specific death than MVD (Mucci et al, 2009). Future studies should
investigate if these or other emerging markers of angiogenesis will
improve risk stratification further if combined with APN. Finally, it
is important to note that our approach used prostatectomy
specimens for the RP cohort and TURP specimens for the CT
cohort. It will be interesting to investigate if the prognostic value of
APN alone or in combination with a marker of angiogenesis can be
transferred to prostate biopsies at the time of diagnosis.

In conclusion, our findings suggest that a simple and
inexpensive IHC analysis for APN combined with a marker of
angiogenesis may be used together with routine prognostic
variables (T stage, PSA, Gleason score) to stratify patients into
low-, intermediate-, and high-risk groups. Notably, the combined
test (APN plus MVD) identified a significant subpopulation (18%)
of CT patients with very low risk (o10%) of dying from PC (see
Figure 3D). Although further validation is needed, these results
suggest that an APN-based test may be particularly useful for
guiding the selection of PC patients for watchful waiting or active
surveillance. These are becoming preferred treatment options for
the increasing number of patients diagnosed with low-risk
clinically localised PC as a result of widespread PSA testing.

Table 3. Cox regression analyses for CT cohort (cancer-specific survival)

CT cohort (n¼111) Univariate Multivariate (global model) Multivariate (final model)

Variable (characteristics) HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value
Age at diagnosis (p74 vs 474 years) 0.94 (0.53–1.68) 0.84 — — — —

Gleason score (5–6 vs 7–10) 4.08 (1.72–9.69) 0.001 3.16 (1.08–9.27) 0.036 3.48 (1.20–10.1) 0.021

Endocrine treatment (yes/no) 0.97 (0.54–1.75) 0.93 — — — —

Microvessel density (continuous) 1.09 (1.05–1.14) o0.001 1.08 (1.02–1.13) 0.005 1.09 (1.03–1.14) 0.001

VEGF (low vs high) 2.34 (1.28–4.27) 0.006 1.61 (0.76–3.43) 0.213 — —

APN IHC (neg vs pos) 0.17 (0.04–0.72) 0.017 0.27 (0.06–1.19) 0.084 0.23 (0.06–1.00) 0.049

Abbreviations: APN¼ aminopeptidase N; CI¼ confidence interval; CT¼ conservative treatment; HR¼hazard ratio; IHC¼ immunohistochemistry; VEGF¼ vascular endothelial growth factor.
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