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Abstract

Purpose The candidate tumor suppressor ID4 is down-

regulated in various cancers by DNA hypermethylation.

We have performed the first systematic analysis of ID4

expression and methylation in prostate cancer.

Methods ID4 mRNA expression was analyzed by quan-

titative RT-PCR in 47 carcinoma and 13 benign prostatic

tissues obtained by prostatectomy. Methylation was ana-

lyzed in an extended series of samples by methylation-

specific MS-PCR and pyrosequencing, controlled by

bisulfite sequencing.

Results ID4 expression was significantly decreased in

prostate cancers, especially in cases with adverse clinical

and histopathological features and earlier recurrence.

Hypermethylation in carcinomas was detected by MS-PCR

and pyrosequencing, but the results of the two techniques

were not fully concordant. The difference was created by

generally partial and heterogeneous methylation. Weak

methylation was also detected in benign prostatic tissue

samples.

Conclusions ID4 downregulation may contribute to

prostate cancer pathogenesis and is often accompanied by

DNA hypermethylation. The case of ID4 illustrates

exemplarily the limits and pitfalls of techniques for the

detection of methylation changes in prostate cancer tissues.

Keywords DNA methylation � Tumor suppressor �
Methylation biomarkers � Prostate cancer prognosis

Introduction

In many cancers, epigenetic alterations contribute to dis-

regulation of cell proliferation and differentiation. For

instance, DNA hypermethylation at gene promoters is often

associated with transcriptional silencing. Since it often

affects CpG islands never methylated in normal tissues,

this epigenetic alteration is particularly well suited as a

biomarker [1].

Prostate cancers harbor multiple epigenetic changes in

addition to point mutations, gene rearrangements and

chromosomal aberrations [2]. Several genes, including

GSTP1, APC, RASSF1A and RARB2, are regularly hyper-

methylated. Assays for hypermethylation at these genes

can therefore detect prostate cancer cells in biopsies and

body fluids with high sensitivity and specificity [3, 4].

Many other genes are aberrantly hypermethylated in sub-

sets of the cases. Such methylation events, singly or in

appropriate combinations, may provide prognostic or pre-

dictive markers.

A difficulty in DNA methylation diagnostics is hetero-

geneity of methylation at individual genes, with partial

methylation varying between individual tumor cells [5].

Heterogeneous DNA methylation is best revealed by

bisulfite sequencing of multiple individual alleles. Cur-

rently, this gold-standard technique is however too cum-

bersome and costly for multiple clinical samples. Most

studies have therefore used cheaper and more convenient
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techniques, especially methylation-specific PCR. This

ingenious technique employs primers designed to fit

either methylated or unmethylated sequences after bisul-

fite treatment, which converts cytosine to uracil, whereas

methylcytosine does not react. A recently emerged

alternative is bisulfite pyrosequencing, which allows a

quantitative estimate of methylation at each individual

CpG site across a short stretch of DNA, averaging across

all available alleles [6]. It is therefore more representa-

tive than traditional bisulfite sequencing but does not

reveal the patterns in individual copies of the analyzed

sequence.

We have investigated hypermethylation and expression

of ID4 in prostate cancer tissues and cell lines. ID4 is one

of four members of the inhibitor of differentiation family,

which are small proteins capable of interacting with and

blocking the activation function of various transcription

factors. They modulate cell proliferation and differentia-

tion during development and tissue homeostasis [7, 8]. In

particular, ID proteins often form inactive dimers with

transcription factors inducing terminal differentiation,

thereby maintaining cells in a precursor state. Accordingly,

overexpression of ID proteins in various human cancers

promotes cell proliferation, invasiveness and angiogenesis

and blocks differentiation [7, 8].

ID4 deviates from this general pattern [9]. Although ID4

is overexpressed in certain cancers, including urothelial

carcinomas [10], the gene is downregulated and its pro-

moter is often hypermethylated in other cancers, including

leukemias, colorectal, esophageal, mammary and gastric

carcinomas [11–16].

In prostate cancer, the best-studied family member ID1

has been reported to be upregulated and to promote pro-

liferation and survival of prostate cancer cells in vitro [17,

18] although in cancer tissues upregulation may predomi-

nantly occur in endothelial cells [19]. An immunohisto-

chemical study reported upregulation of ID1 and ID2 but

generally decreased expression of ID4 protein [20].

Somewhat paradoxically, cancers retaining nuclear ID4

staining were significantly more metastatic. The ID4 gene

promoter was found to be hypermethylated and the gene

silenced in Du145 prostate cancer cells. Reexpression of

ID4 led to cell cycle arrest and apoptosis, presumably

mediated by p21CIP1 and p27KIP1 [21]. While these data

suggest that ID4 functions as a tumor suppressor in prostate

cancer, no comprehensive investigation into ID4 mRNA

expression and methylation in prostate cancer has been

published to date.

Here, we report that ID4 mRNA expression is

commonly downregulated in prostate cancers. In addi-

tion, ID4 promoter hypermethylation occurs quite fre-

quently in prostate cancers, but it is invariably partial and

heterogeneous.

Materials and methods

Patients and tissue samples

High-quality RNA was prepared from 13 normal prostate

tissues from cancer-carrying prostates and 47 carcinomas

from patients aged 59–74 years undergoing total prostatec-

tomy as described [22]. According to the UICC 2007 TNM

classification, tumors were staged as pT2 in 20, pT3 in 25 and

pT4 in 2 cases. A Gleason score of 7 was detected in 28

tumors,\7 in 13 tumors and[7 in 8 tumors. None of the

patients had distant metastases, but 11 tumors had spread to

local lymph nodes. High-quality DNAwas available from 93

cancer tissues encompassing the specimens used for RNA

analysis. Of these, 44 were staged as pT2 and 49 as pT3 or

pT4. Sixteen patients had lymph node metastases, but none

distant metastases. Each of the 27 carcinomas was assigned a

Gleason score[7 or\7 and39 a score of 7.Median follow-up

period was 98 months. The study was approved by the ethics

committee of the Heinrich Heine University medical faculty.

Cell lines

Prostate carcinoma cell lines Du145, PC-3, LNCaP and

22Rv1 were grown in RPMI-1640 (Gibco Life Technolo-

gies, Karlsruhe, Germany) with 10% fetal calf serum and

antibiotics. Treatment with 2 lM 5-aza-20-deoxycytidine
was performed by daily addition over 3 days. Normal

prostate epithelial cells (PrEC) were cultured as recom-

mended by the supplier (Lonza, Verviers, Belgium).

RNA extraction and quantitative RT-PCR

mRNA was isolated from preconfluent cells using the

RNeasy� Mini Kit (Qiagen, Hilden, Germany). Two micro-

grams of mRNA was reverse-transcribed using SuperscriptII

(Invitrogen, Karlsruhe, Germany) with oligo-dT primers

according to the manufacturer’s protocol. Quantitative real-

time PCR for ID4 and the housekeeping gene TBP was per-

formed using Quantitect SYBR Green PCR Kit (Qiagen,

Hilden, Germany) with 0.4 lM of each primer [13, 30] in a

ABI Prism 7900HT instrument (Applied Biosystems,Darms-

tadt, Germany) with the following conditions: activation at

95�C for 15 min followed by cycles of denaturation at 94�C
for 15 s, amplification at 61�C for 30 s, elongation at 72�C for

30 s andmeasuring at 88�C for 15 s. The quality of the ampli-

fication was assured by amelting curve at 95, 60 and 99�C for

15 s each. Duplicate measurements gave\10% difference.

DNA extraction and methylation analyses

High-quality DNA was extracted as described [30]. The EZ

DNA Methylation Kit (Zymo Research, Orange, CA) was
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used for bisulfite conversion. PCRs were performed in a

50-ll reaction mixture consisting of 19 buffer, 150 lM
dNTPs, 15 pmol of each primer, 1 U Hotstar Taq poly-

merase, water and 2 ll bisulfite-converted DNA each. The

following program was used: initial Taq activation at 94�C
for 15 min, followed by denaturation at 95�C for 30 s,

annealing for 30 s, elongation at 72�C for 45 s, with a final

elongation for 10 min. For methylation-specific PCR,

amplification was performed for 37 cycles with annealing

at 58�C, for bisulfite sequencing, PCR was conducted for

37 cycles at 57�C annealing, and for pyrosequencing, with

45 cycles at 60�C annealing. PCR products were examined

by agarose gel electrophoresis. For bisulfite sequencing,

PCR products were cloned into the E. coli TOPO 10 vector

(TOPO TA Cloning Kit, Invitrogen). Individual clones

were sequenced using standard methods. Pyrosequencing

for 8 CpG sites in the promoter region was performed on

a PyroMark Q24 instrument (Qiagen) with a protocol

generated by the manufacturer’s software. Primer sequen-

ces are compiled in supplementary table 1.

Statistical methods

Statistical calculations were performed using SPSS 19.0.

Results

A highly significant (Mann–Whitney U P = 0.002)

decrease in ID4 mRNA expression was observed by quan-

titative RT-PCR in prostate cancer tissues compared to

benign tissues (Fig. 1a). Cases with Gleason grades\7 had

significantly higher expression (P = 0.045). Higher stage

([pT2) and lymph-node-positive cases tended toward lower

expression, but the difference was not statistically signifi-

cant. Biochemical recurrence occurred earlier in patients

Fig. 1 ID4 expression in

prostate cancer tissues and cell

lines. a ID4 mRNA expression

in tissue samples: ID4

expression measured by

quantitative real-time PCR in

relation to TBP in carcinoma

tissues compared to benign

tissues from prostatectomy

specimens. The P value was

derived by Mann–Whitney U

test. b Relationship of ID4

expression to biochemical

relapse in prostate cancer

patients according to Kaplan–

Meier analysis; top curve:
above median expression;

bottom curve: below median

expression. log-rank P = 0.160.

c Expression of ID4 mRNA

expression in prostate cancer

cell lines according to

quantitative real-time PCR

relative to TBP and effect of

treatment with 2 lM 5-aza-

deoxycytidine (Aza) for 3 days.

d Controls are indicated by

black bars, Aza-treated cells by

gray bars. Note the different

scale in the right panel
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with below median ID4 mRNA expression, although the

difference did not become significant (Fig. 1b).

As reported previously [21], the prostate carcinoma cell

line Du145 expressed almost undetectable levels of ID4

mRNA (Fig. 1c). Likewise, the PC-3 carcinoma cell line

displayed very low levels of ID4 mRNA, whereas the two

androgen-responsive cell lines LNCaP and 22Rv1 expres-

sed the gene at comparable levels to the bladder cancer cell

line HT1376, used as a positive control in all our experi-

ments because of its well-characterized expression [13]. In

the Du145 and PC-3 cell lines, ID4 expression was rein-

duced by treatment with the DNA methylation inhibitor

5-aza-deoxycytidine (Fig. 1c).

Methylation of ID4 was initially analyzed in cell lines

and tissues by methylation-specific PCR using normal

leukocytes and PC-3 cells as negative and positive controls,

respectively. As expected, Du145 was strongly positive in

MS-PCR, whereas LNCaP cells revealed a weak signal

with primers for methylated DNA. Out of 93 prostate

carcinoma tissues, 35 (38%) specimens displayed methyl-

ation. In addition, 10/20 benign tissues from cancer-car-

rying prostates analyzed by MS-PCR were weakly positive

for ID4 hypermethylation.

In order to more clearly define the methylation patterns

in the ID4 promoter region (Fig. 2a), selected samples

were analyzed by bisulfite sequencing. This technique

revealed intense, albeit incomplete hypermethylation in

PC-3 as well as Du145 cells (Fig. 2b). Hypermethylation

was also detectable in LNCaP cells despite the substantial

expression of the gene. In contrast, DNA from blood and

Fig. 2 Analysis of ID4
promoter DNA methylation in

prostate cancer tissues and cell

lines. a Nucleotide sequence

around the transcription start

site (arrowhead) of the ID4
gene. CpGs are underlined.
Location of the primers used is

coded as follows. Large-font
letters: bisulfite sequencing

primers, lower-case letters:
MS-PCR primers, italics:
pyrosequencing primers.

b Bisulfite sequencing results

from tissue samples and cell

lines. Each line represents one

cloned allele, each circle one

CpG dinucleotide. Open circles
symbolize unmethylated and

filled circles methylated CpG

sites. c Relation of ID4
methylation according to

pyrosequencing (mean values)

and mRNA expression in

prostate cancer tissues. Note

low expression in samples with

the highest methylation and vice

versa
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normal urothelial cells was completely unmethylated.

Benign and cancer tissues selected to represent positive and

negative results in MS-PCR showed heterogenous meth-

ylation patterns with many alleles entirely free of methyl-

ation as well as some alleles with partial or nearly complete

methylation (Fig. 2b). The results of this investigation

correlated poorly with those of the MS-PCR.

Next, we repeated the methylation analysis with a

pyrosequencing assay quantifying methylation individually

at 8 CpG sites in the promoter region (see Fig. 2a).

Methylation at the individual sites correlated well with

each other in individual samples. Typically, the sites 6–8

were more strongly methylated than sites 1–5 in cancerous

as well as benign tissues. Methylation averaged across all

sites was 9.0 ± 7.0% (range 2.7–52.0%) in cancers and

7.7 ± 1.7% (range 5.4–10.0%) in benign tissues. At each

individual site too, mean methylation was slightly higher in

tumor tissues than in benign tissues. While methylation

across all samples was therefore not significantly different

(P = 0.195), it was clearly elevated in a subset of the

cancer samples, but in none reached a dense pattern

(maximum 52% methylation). The subset of cancers with

elevated methylation did not differ significantly from the

others with respect to clinical parameters, i.e. tumor stage,

Gleason grading or recurrence.

The results obtained by pyrosequencing and MS-PCR

were best concordant in the samples with the highest and

the lowest methylation, but many discrepant results were

obtained in samples with moderately increased methyla-

tion, as measured by pyrosequencing. As a consequence,

median methylation by pyrosequencing was 11.6% in

samples identified as hypermethylated by MS-PCR as

compared to 7.4% in samples identified as unmethylated by

MS-PCR (P\ 0.05).

Finally, we investigated the relationship between

hypermethylation, as measured by pyrosequencing, and

ID4 expression in the carcinoma samples (Fig. 2c). While

samples with the highest methylation levels displayed low

expression and samples with the highest expression had

low methylation, expression and methylation were not

correlated in the bulk of the carcinoma specimens with low

or moderate methylation levels.

Discussion

We have performed the first study of mRNA expression

and ID4 hypermethylation in prostate cancer tissues. Our

data on mRNA expression accord with the results from the

earlier immunohistochemical study [20] in that ID4 mRNA

was decreased in a majority of prostate cancers compared

to benign prostate tissues. In our study, downregulation

tended to be more pronounced at higher stages and to be

associated with worse clinical course. A former study [20]

reported increased nuclear expression of ID4 in tumors

with high Gleason grade. Obviously, our analysis at the

RNA level would not detect such differences. Since in our

hands commercially available antibodies to ID4 detected

prominent additional bands on Western blots (data not

shown), we desisted from analyzing protein expression. In

cell lines, expression was higher in androgen-dependent

cell lines and silenced in the poorly differentiated PC-3 and

Du145 cell lines, in keeping with a previous analysis of ID

gene expression in prostate cancer cell lines [23]. Taken

together, these studies might indicate that ID4 downregu-

lation is frequent in prostate cancer and associated with a

more aggressive course of the disease. Moreover, previous

studies in cell lines [21, 23] suggest a function of ID4 in

antagonizing prostate cancer progression.

We confirmed hypermethylation of the ID4 promoter in

the Du145 cell line [21] and detected hypermethylation in

further carcinoma cell lines, especially PC-3. The func-

tional relevance of hypermethylation in these cells was

proven by reexpression of ID4 following treatment with a

DNA methylation inhibitor. We observed ID4 hyperme-

thylation in many prostate cancer tissues, too, although not

to the degree seen in Du145 and PC-3. Limited hyperme-

thylation most likely accounts for the lack of correlation

between ID4 mRNA expression and promoter hyperme-

thylation in the tissues. Moreover, ID4 downregulation was

more frequent than hypermethylation in carcinomas,

compared to levels in benign tissues. In keeping with

current concepts of epigenetic gene inactivation in cancer

[24], these observations suggest a vicious cycle in which

ID4 downregulation is followed by increased methylation,

which in some cases causes further repression with even-

tual transcriptional silencing. These latter cases would be

represented by cell lines like Du145 and PC-3.

Our study raises general issues on DNA hypermethyla-

tion relevant for the development of methylation-based

biomarkers in prostate cancer. Firstly, our analysis by

several techniques revealed that ID4 hypermethylation in

prostate cancers is invariably partial and heterogeneous.

Such heterogeneity can confound qualitative techniques

such as MS-PCR used in many older studies (including our

own) [5, 6]. In our analysis, MS-PCR correctly indicated

that ID4 is hypermethylated in carcinomas and that some

hypermethylation may be present in benign tissues. How-

ever, the results on individual samples were not concordant

with those from bisulfite sequencing of cloned PCR prod-

ucts and pyrosequencing, except at the highest and lowest

levels. Notably, only few previous studies on ID4 hyper-

methylation in cancers have used quantitative methylation

assays or ascertained the homogeneity of methylation. It is

therefore difficult to decide whether heterogeneous meth-

ylation at ID4 is specific to prostate cancer. A quantitative
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study revealed ID4 promoter methylation of around 40% in

CLL with heterogeneity among individual CpG sites [12].

Given that additional example, quantitative techniques

interrogating several CpG sites seem generally advisable

for studying ID4 hypermethylation.

Secondly, all three techniques used in our study identi-

fied weak ID4 methylation in benign prostatic tissues. Most

likely, this observation may reflect an epigenetic field effect

changing methylation [25, 26], imprinting [27] and

expression [28, 29] of certain genes in cancer-carrying

prostates. This field change could reflect morphologically

inconspicuous tumor cells, changes in normal cells elicited

by factors emanating from the actual cancer or a preneo-

plastic stage pervading the aging organ [30]. If the field

changes should reflect a generalized preneoplastic stage, it

would complicate the clinical application of DNA methyl-

ation assays for distinguishing carcinomas. If it is secondary

to the carcinoma, altered methylation in morphologically

normal biopsies would be useful to indicate the presence of

a cancer in the same organ. In the latter case, ID4 methyl-

ation in benign tissues, detected by appropriate quantitative

techniques, may still serve as a diagnostic marker.
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Abstract

Background: Hypermethylation of the PITX2 (paired-like homeodomain transcription factor 2) gene promoter is strongly associated
with recurrence after radical prostatectomy. We hypothesized that PITX2 hypermethylation leads to PITX2 silencing and that decreased
PITX2 expression is likewise associated with poor prognosis in prostate cancers. Moreover, it is unknown so far how PITX2 hypermeth-
ylation relates to other molecular changes in prostate cancer, such as ERG oncogenic activation in about half of all cases.

Objective: To investigate how PITX2 expression and methylation are related, whether biochemical recurrence after radical prostatec-
tomy can be predicted by PITX2 mRNA levels, and how changes in PITX2 relate to ERG overexpression.

Material and methods: We measured PITX2 and ERG expression in 45 cancerous and 13 benign tissues from patients undergoing
radical prostatectomy (age range: 59–74 years). Methylation of the PITX2 gene was analyzed in an extended series of 93 cancers. Follow-up
was performed for all patients for a 98-month median period. Additionally, expression and methylation changes of PITX2 were investigated
in prostate carcinoma cell lines. Gene expression and methylation were determined by quantitative RT-PCR and methylation-specific PCR,
respectively. Biochemical recurrence defined as a total PSA of �0.2 ng/ml on 2 consecutive tests was considered as the surrogate endpoint
for survival analysis.

Results : PITX2 expression was significantly and strongly decreased in prostate cancer compared to benign tissues. Cases with decreased
PITX2 experienced significantly earlier biochemical recurrences. PITX2 down-regulation was associated with PITX2 promoter hypermeth-
ylation in tumor samples and cell lines. PITX2 hypermethylation was more pronounced in cases with ERG overexpression.

Conclusions : PITX2 down-regulation is associated with promoter hypermethylation and is a good predictor of clinical outcomes after
radical prostatectomy. PITX2 methylation might be influenced by oncogenic ERG. © 2013 Elsevier Inc. All rights reserved.

Keywords: Prostate cancer; PITX2 hypermethylation; ERG

1. Introduction

Since the introduction of PSA as a molecular biomarker,
prostate cancers are becoming detected at earlier stages at
which they can be cured by radical prostatectomy or irra-
diation [1]. The clinical course of prostate cancer is highly
variable; a large fraction of cases would never result in
symptomatic disease during the expected lifetime of the

typically elderly patients [2]. A combination of histopatho-
logic parameters from biopsy samples, prominently Gleason
grading, clinical staging, and PSA level can predict the
likely course of the disease in general, but the prediction is
insufficiently precise for individual patients. Given this
background, there is an urgent requirement for molecular
biomarkers that can be used on biopsy, blood, or urine
samples to predict the natural course of the disease prior to
therapeutic intervention.

Insights into the molecular pathogenesis of prostate can-
cer have provided a large range of candidate molecular
biomarkers [3]. One major finding has been that many cases
harbor chromosomal translocations that lead to the activa-
tion of oncogenic ETS family transcription factors, most
commonly ERG. ERG translocations and overexpression
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are found in about half of all prostate cancers and appear to
portend a more aggressive course of disease in the majority
of studies [4–6].

Another characteristic of prostate cancers is a high prev-
alence of alterations in DNA methylation. Hypermethyl-
ation of a specific set of genes, including GSTP1, RARB2,
APC, and RASSF1A, is observed in almost all cases. There-
fore, analysis of hypermethylation of these genes may help
detecting and distinguishing prostate malignancies [7,8].
Other methylation changes, present in a smaller fraction of
cases, may mark subsets with worse prognosis. For instance,
hypermethylation of the PITX2 (paired-like homeodomain
transcription factor 2) promoter was reported to be associ-
ated with recurrence after radical prostatectomy and this
association has been confirmed in multicenter studies
[9,10]. Promoter hypermethylation usually goes in parallel
with transcriptional silencing of the affected gene.
Strangely, although PITX2 hypermethylation in prostate
cancer is a well-established phenomenon, it is so far un-
known whether it concurs with down-regulation of gene
expression and whether diminished gene expression might
also be correlated to poor prognosis. Moreover, it is un-
known how PITX2 hypermethylation relates to other typical
changes in prostate cancer, particularly ERG oncogenic
activation.

With these questions in mind, we have investigated
PITX2 expression and hypermethylation in our small, but
well-characterized set of prostate cancer specimens from
radical prostatectomies and in prostate cancer cell lines.

2. Methods

2.1. Study population and tissue samples

High quality RNA was available from 13 benign prostate
tissues and 45 cancer samples collected from patients un-
dergoing radical prostatectomy for prostate carcinoma be-
tween 1997 and 2002 in our institution as described in a
prior study [11]. TNM classification was performed accord-
ing to the International Union against Cancer from 2002.
Twenty cancers were staged as pT2 and 25 as pT3 and pT4.
Twenty-six cancer specimens had a Gleason score of 7,
13 �7 and 6 �7. At the time of surgery, no distant metas-
tases were detectable, but 11 patients had lymph node me-
tastases. The patients’ age ranged from 59 to 74 years. High
quality DNA was available from 93 cancer tissues encom-
passing the specimens used for RNA analysis. Of these, 44
were staged as pT2, and 49 as pT3 or pT4. Sixteen patients
had lymph node metastases, but no distant metastases were
detected. Each 27 carcinomas were assigned a Gleason
score �7 or �7 and 39 a score of 7. Follow-up data were
available for all patients with a median follow-up time of 98
months. The study was approved by the ethics committee of
the Heinrich Heine University medical faculty.

2.2. DNA and RNA extraction

DNA and RNA were extracted and quality-checked from
identical powdered tissues as described previously [12,13].
High molecular weight genomic DNA was isolated using
the blood and cell culture DNA kit (Qiagen, Hilden, Ger-
many). Total RNA was isolated using the RNeasy Mini Kit
(Qiagen) following guanidinium/acid phenol/chloroform
extraction (peqGOLD TriFast; peqLab, Erlangen, Ger-
many). Quality of DNA and RNA was initially checked by

Fig. 1. Expression of PITX2 in prostate cancer and benign tissues and its
relation to clinical course of disease. (A) Expression of PITX2 mRNA
relative to TBP in benign and cancerous prostatic tissues from radical
prostatectomies. Median values were 1.46 for benign tissues and 0.01 for
cancer specimens. (B) Relation of PITX2 expression to prostate cancer
recurrence. The grey line represents patients with PITX2 expression above
median (0.01) showing less and later biochemical relapse than patients with
expression below median embodied by the black line (P � 0.015). Time to
relapse is given in months.
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spectrophotometry and subsequently by agarose gel or cap-
illary electrophoresis, respectively. Only high quality DNA
and RNA preparations were used in the present study.

2.3. Tumor cell lines

Prostate carcinoma cell lines 22Rv1, LNCaP, PC-3, and
DU145 were cultured in RPMI-1640 (Gibco Life Technol-
ogies, Karlsruhe, Germany), supplemented with 10% fetal
calf serum and penicillin/streptomycin. Normal human
prostate epithelial cells (PrEC) were purchased from Lonza
(Cologne, Germany) and were propagated in the recom-
mended medium. The DNA methyltransferase inhibitor
5-aza-2=-deoxycytidine (5-aza-dC; Sigma, München, Ger-
many) was applied at a concentration of 2 �M every 24
hours for 3 days, and 2 �M suberoyl anilide hydroxamide
(SAHA) was added for the last 2 days.

2.4. Quantitative RT-PCR

Following reverse transcription by SuperScript II (Invit-
rogen, Darmstadt, Germany), quantitative real-time RT-
PCR was performed on an ABI 7900 instrument using
commercially available primers and TaqMan probes spe-
cific for the respective mRNAs (Applied Biosystems,
Darmstadt, Germany). The assay for ERG was chosen to
cover exons common to all oncogenic transcripts [14]. Each
run was standardized using a dilution series of cDNA from
a strongly expressing cell line or normal tissue. Experimen-
tal variation for each sample was below 10%. TBP was used
as a reference gene.

2.5. DNA methylation analysis

DNA was bisulfite-treated using the EZ DNA Methyl-
ation Gold Kit (Zymo Research, Freiburg, Germany). Quan-
titative PITX2 methylation analysis was performed with an
EpiTect MethyLight Assay (Qiagen, Germany) correspond-
ing to the assay used by Weiss et al. [9].

2.6. Biochemical recurrence

The endpoint for survival analysis was defined as bio-
chemical recurrence. Biochemical recurrence was defined
as a total PSA � 0.2 ng/ml on 2 consecutive tests.

Fig. 2. Methylation of PITX2 in prostate cancer and benign tissues and its
relation to clinical course of disease. (A) Percentage methylation of PITX2
in 93 prostate cancer and 13 benign tissues. Median values were �0.001%

for benign samples and 23.3% for prostate cancers. (B) Association of
PITX2 methylation with tumor stage. Blue boxes show samples with PITX2
methylation below median (23.3%) and green boxes those with methyl-
ation above median. �2 analysis shows a statistically significant difference
between the two groups (P � 0.003). (C) Association between percentage
PITX2 methylation and recurrence. The grey line represents patients with
PITX2 methylation below median (23.3%) showing less and later biochem-
ical relapse than patients with hypermethylation above median embodied
by the black line (P � 0.007). Time to relapse is given in months.
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2.7. Statistical methods

All statistical calculations were performed with SPSS
18.0. For comparisons between groups Mann-Whitney U
test was employed, correlations were evaluated by Spear-
man’s �, nominal data were evaluated by �2 test and fol-

low-up data by log-rank test.

3. Results

3.1. Expression of PITX2 in prostate cancer tissues

According to qRT-PCR, PITX2 expression was signifi-
cantly and strongly decreased in prostate cancer tissues (Fig.
1A). Only 5 cancers out of 45 retained PITX2 expression in
the range of the benign tissues and expression was unde-
tectable in many cancer specimens. Cases with loss of
expression developed significantly more and earlier recur-
rences than those with still detectable PITX2 expression
(Fig. 1B). No significant association was observed with

tumor stage or Gleason score (data not shown).

3.2. PITX2 promoter hypermethylation in prostate
cancer tissues

We employed the quantitative DNA methylation assay
described by Weiss et al. [9] to determine the methylation
status of PITX2 in an extended tissues series. Benign sam-
ples exhibited relative methylation values between �1%
and 11.7% with a median value of �0.001%. Cancer sam-
ples were significantly more strongly methylated, with a
median value of 23.3% (Fig. 2A). Hypermethylation was
more pronounced at higher stages (pT3 or pT4 vs. pT2)
(Fig. 2B). Cases with stronger methylation developed sig-
nificantly more and earlier recurrences than those with less

PITX2 methylation (Fig. 2C).

3.3. Association of PITX2 mRNA expression with
promoter hypermethylation

In the 45 cancer specimens analyzed for both PITX2
expression and methylation, hypermethylation was highly
significantly (P � 0.001) associated with down-regulation
of expression (Fig. 3A).

The prostate carcinoma cell lines PC3, DU145, and LN-
CaP showed no detectable expression of PITX2, while
22Rv1 displayed barely detectable expression (data not
shown). Treatment of the cell lines PC3 and DU145 with the
DNA methylation inhibitor 5-aza-dC led to a slight resto-
ration of mRNA expression, which was enhanced by the
combination with the histone deacetylase inhibitor SAHA
(Fig. 3B).

3.4. PITX2 mRNA expression and promoter hypermethylation
in ERG-high and ERG-low prostate cancers

Overexpression of ERG, defined as more than 2-fold
increase over the maximum of benign tissues, was present in

Fig. 3. Relation of PITX2 methylation to expression. (A) Relationship of
PITX2 expression and methylation in prostate cancer tissues. (B) Effect of
5aza-dC and SAHA on PITX2 expression in prostate cancer cell lines PC3
and DU145.
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22 of 45 carcinoma samples [15]. PITX2 expression tended
to be lower in the specimens with high ERG expression, but
the relationship was not significant (Fig. 4A). Instead,
PITX2 hypermethylation was highly significantly associated
with ERG overexpression. Only 3 tumors with high ERG
expression had low PITX2 methylation levels (Fig. 4B).

4. Discussion

Our data are consistent with the conclusion of previous
studies [9,10] that PITX2 hypermethylation is a strong prog-
nostic marker of biochemical recurrence after radical pros-
tatectomy. We demonstrate here for the first time that PITX2
expression likewise is frequently decreased in prostate can-

cers and that this decrease, too, forebodes a poor prognosis.
Moreover, our data indicate that hypermethylation contrib-
utes to PITX2 down-regulation. There was a significant
association between expression and promoter hypermethyl-
ation in prostate cancer tissues. Furthermore, combined
treatment with a DNA methyltransferase inhibitor and a
histone deacetylase inhibitor partially restored PITX2 ex-
pression in the PC3 and DU145 prostate cancer cell lines.

Corresponding changes in PITX2 methylation and ex-
pression have already been observed in breast cancer tissues
and cell lines [16–19], whereas the identification of PITX2
hypermethylation as a negative predictive marker in pros-
tate cancer followed from screening for aberrant DNA
methylation in prostate cancers rather than functional anal-
yses [20]. Our observation that PITX2 down-regulation is
common in prostate cancers and associated with worse
prognosis now suggests that PITX2 might function as an
antagonist of cancer progression. In this respect, it is in-
triguing that we observed an excellent correlation between
PITX2 methylation and ERG overexpression. Notably, the
frequency of ERG overexpression in our tumor series (49%)
is consistent with the literature reporting TMPRSS2–ERG
fusions in 30%–70% of cases [4]. ERG overexpression can
be detected in some preneoplastic high grade PINs, but
more consistently in invasive carcinomas [21], supporting a
role of ERG overexpression in promoting prostate cancer
invasion and progression. ERG may act by increasing pro-
liferation, invasiveness, and motility of prostate cancer cells
[14,22–24]. Interestingly, PITX2 has been shown to oppose
invasiveness of tumor cells by actin-myosin reorganization,
increased cell spreading, suppression of cell migration, and
strengthening of cell–cell adhesion [25]. Moreover, ERG
overexpression may alter WNT signaling [26]. PITX2 is
well established as a downstream effector of canonical
WNT signaling, modulating the expression of growth con-
trol genes like CCDN1 and CCDN2 [27]. Obviously, studies
on the function of PITX2 in prostatic cells and on its
potential interaction with ERG are warranted in the future.

5. Conclusions

We demonstrated the prognostic impact of PITX2 ex-
pression silencing in patients undergoing radical prostatec-
tomy. Moreover, PITX2 silencing was associated with ERG
overexpression. Our findings therefore call for a detailed
investigation of PITX2 expression and PITX2 function in
benign and malignant prostatic cells in future studies.
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Abstract: Overexpression of the classical homeobox transcription factor HOXC6 is 
frequent in prostate cancers and correlates with adverse clinical parameters. Since 
surprisingly many HOXC6 target genes are downregulated in prostate cancer, it has been 
posited that oncogenic effects of HOXC6 in prostate cancer may be unmasked by 
concurrent epigenetic downregulation of target genes exerting tumor suppressive effects. 
To test this hypothesis, we have studied the expression of three HOXC6 target genes, 
CNTN1 (encoding a cell adhesion protein), DKK3 and WIF1 (encoding WNT growth 
factor antagonists) as well as DNA methylation of DKK3 and WIF1. HOXC6 upregulation 
and association with poor prognosis were confirmed in our tissue series. The three target 
genes were each significantly downregulated in cancer tissues and expression of each one 
correlated inversely with that of HOXC6. Cases with lower WIF1 expression showed 
significantly earlier recurrence (p = 0.021), whereas no statistical significance was reached 
for CNTN1 and DKK3. Hypermethylation of DKK3 or WIF1 gene promoters was observed 
in a subset of cancers with downregulated expression, but was often weak. Our data 
support the hypothesis that HOXC6 target genes exerting tumor-suppressive effects are 
epigenetically downregulated in prostate cancer, but DNA methylation appears to follow or 
bolster rather than to cause their transcriptional inactivation. 

Keywords: prostate cancer; epigenetic silencing; DNA methylation; homeobox 
transcription factors; WNT signaling 
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1. Introduction  

Prostate cancer is distinguished by a profusion of epigenetic alterations, which include consistent 
hypermethylation of several genes, frequent hypermethylation of numerous others, genome-wide 
hypomethylation of repeat sequences, changes in histone modifications and altered expression of 
chromatin regulatory factors [1,2]. Some of these epigenetic changes, notably hypermethylation of 
genes like GSTP1, appear to be associated with earlier stages of tumor development, whereas others 
are rather associated with tumor progression. The latter changes include hypermethylation of additional 
genes, hypomethylation of retroelements and overexpression of the histone methyltransferase EZH2. 
Accordingly, there is considerable interest in exploiting epigenetic changes associated with early 
development for the detection of prostate cancer on the one hand and alterations associated with 
progression for classification, molecular staging and prognostic purposes on the other hand [3,4]. 

Among the prominent targets of epigenetic alterations in human cancers are classical HOX genes 
encoding transcription factors regulating cell fate and differentiation [5,6]. These genes are located in 
four clusters. Whereas normal prostate expresses predominantly posterior genes from the A and B 
clusters, genes from the C and D clusters become activated in cancer tissues [7-12]. Both the causes 
and consequences of cancer-associated changes in HOX gene expression are insufficiently understood. 
Nevertheless, it is now well established that individual classical HOX genes can act as oncogenes or 
tumor suppressors in various human cancers [6,13].  

In the prostate, specifically, there is convincing evidence for an oncogenic function of HOXC6. Its 
mRNA and protein have been found to be strongly overexpressed in many prostate cancers compared 
to their low expression in benign tissues [7,10,14,15]. The degree of HOXC overexpression parallels 
several clinical parameters of tumor progression, including Gleason scores [10,14,16]. Analyses of 
genes affected by HoxC6 knockout in murine prostates or by up- or downregulation of HOXC6 in 
human prostatic cells identified targets in the WNT and Notch signaling pathways as well as BMP7, 
FGFR2 and PDGFRA [15]. These target genes are upregulated by HOXC6 and could plausibly 
mediate its effects on prostate cancer progression and metastasis. Curiously, however, about half of the 
genes positively regulated by HOXC6 in experimental models are actually downregulated in prostate 
cancers, including three genes encoding inhibitors of WNT signaling, WIF1, DKK3 and SFRP1 [15]. 
Moreno [17] has proposed an elegant explanation for this apparent discrepancy. According to this 
hypothesis, HOXC6 can activate both target genes promoting and preventing prostate cancer 
progression, but epigenetic inactivation of its tumor-suppressive targets would restrict its effect to 
cancer-promoting genes. Indeed, all three WNT inhibitor genes have been reported to be 
downregulated or hypermethylated in prostate cancer [18-26]. Therefore, DNA methylation of these 
genes may prevent their activation by HOXC6. However, this hypothesis has not been investigated 
explicitly by studying expression of HOXC6 together with methylation and expression of these target 
genes in prostatic tissue samples. 

Here we report an expression analysis of HOXC6 and three of its target genes in a well-
characterized series of prostate cancer tissues. Our data confirm the reported correlation of HOXC6 
expression with clinical parameters of prostate cancer progression. As predicted, WIF1 and DKK3 
downregulation was related to HOXC6 overexpression. Both genes were hypermethylated in some 
prostate cancer samples, but their hypermethylation was not well correlated with downregulation. 
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Likewise, a third HOXC6 target gene, CNTN1, was concordantly downregulated. Taken together, our 
data suggest that downregulation of HOXC6 target genes are often accompanied by DNA methylation 
but can occur independently of this epigenetic modification. 

2. Results and Discussion  

2.1. Expression of HOXC6 in Prostate Cancer Tissues  

Expression of HOXC6 was determined by quantitative RT-PCR in 45 prostate cancer and 13 benign 
tissues collected from prostatectomies. The majority of cancer tissues displayed—often grossly—
elevated levels of HOXC6 mRNA resulting in an overall highly significant difference compared to 
benign tissues (Figure 1A). As reported by others, cancers with high HOXC6 expression had 
significantly higher T stage, had more often spread to lymph nodes and were assigned higher Gleason 
scores. Expression of MKI67 encoding the proliferation marker Ki67 was likewise enhanced in these 
cases (Mann-Whitney test: p = 0.004). Cancers with above median HOXC6 expression recurred 
significantly (log-rank p = 0.024) earlier than cancers with below median expression (Figure 1B). 
These data confirm previous reports on frequent HOXC6 overexpression in prostate cancer [7,10,14,15] 
and the association of increasing HOXC6 overexpression with adverse clinical parameters. 

Figure 1. Expression of HOXC6 in prostate cancer. (A) Expression of HOXC6 mRNA as 
measured by quantitative RT-PCR in 45 prostate carcinoma and 13 benign prostate tissues; 
(B) Kaplan-Meier analysis of effect of HOXC6 expression on biochemical recurrence. 

 



Cancers 2011, 3                            
 

3717 

2.2. Expression of Presumed HOXC6 Target Genes in Prostate Cancer Tissues 

In the same set of samples, expression of DKK3, WIF1 and CNTN1 was observed to be significantly 
decreased (Figures 2A–C). Expression of each gene correlated inversely with that of HOXC6 in a 
statistically significant (each p < 0.001) manner (Figures 2D–F). Accordingly, expression of each 
target gene correlated significantly positively with that of each other, with Spearman rho coefficients 
between 0.4 and 0.6. Cases with lower than median expression of each target gene, CNTN1, DKK3 or 
WIF1, showed earlier recurrence, but the association was only significant at the p < 0.05 level for 
WIF1 (Figures 3A–C). In addition, low WIF1 expression was significantly associated with lymph node 
involvement (p = 0.036) and higher Gleason scores (p = 0.026), but not with tumor stage (pT2 vs. 
pT3). Expression of CNTN1 or DKK3 was not significantly associated with any histopathological 
parameter in our series. 

Figure 2. Expression of HOXC6 target genes in prostate cancer. (A) Expression of CNTN1 
mRNA as measured by quantitative RT-PCR in 45 prostate carcinoma and 13 benign prostate 
tissues; (B) Expression of DKK3 mRNA in the same set of tissues; (C) Expression of WIF1 
mRNA in the same set of tissues; (D–F) Plots of CNTN1, DKK3 and WIF1 expression against 
HOXC6 expression. In each case, there was a highly significant (p < 0.001) inverse correlation.  
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Figure 3. Relation of HOXC6 target gene expression to prostate cancer recurrence. 
Kaplan-Meier analysis of relation of CNTN1 (A), DKK3 (B) and WIF1 (C) expression to 
progression-free survival, measured as biochemical recurrence. Samples were stratified by 
median for each gene. 

 

Our measurements confirm the reported downregulation of the WNT factor antagonists DKK3 and 
WIF1 in prostate cancer [18,21-23,25,26]. In addition, our data hint at an association of stronger WIF1 
downregulation with worse prognosis. Most importantly, our study demonstrates for the first time 
explicitly that expression of certain target genes is inversely correlated with overexpression of 
HOXC6. This is also the first report on CNTN1 in prostate cancer. The gene encodes a member of the 
contactin family which serves as a membrane receptor for chondroitin sulfate and regulates receptor 
tyrosine phosphatases. The function of contactin 1 has mainly been studied in neuronal and glial cells, 
where it regulates cell-cell and cell-substrate adhesion. Two studies in lung cancers and gliomas 
suggest that this function may also be relevant for cancer cell invasion and metastasis [27,28]. 
Investigations on the function of contactin 1 in prostate cancer and of the epigenetic regulation of its 
complex gene might therefore be rewarding.  
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2.3. Methylation of Presumed HOXC6 Target Genes in Prostate Cancer Tissues 

Methylation of DKK3 and WIF1 promoter CpG-islands was analyzed by methylation-specific PCR 
as described in previous publications [21,29]. Methylation of DKK3 was observed in 16 of the  
92 carcinoma samples, but not in benign controls. It was significantly more frequent in cases with 
lymph node involvement and significantly less frequent in cases with Gleason score < 6 (χ2 test,  
p < 0.05). However, expression of DKK3 was not significantly different between carcinoma samples 
with or without hypermethylation. WIF1 methylation was more prevalent, being detectable in 31 of  
92 carcinoma samples, but also in eight of 17 benign controls. The latter finding may relate to previous 
findings [18] suggesting that WIF1 downregulation may commence at early stages of prostate cancer. 
As for DKK3, WIF1 hypermethylation and the extent of downregulation of expression were not 
significantly related to each other. Because the bands obtained in the WIF1 MS-PCR assay with the 
methylated-specific primers were often weak (except in LNCaP cells used as a positive control), 
bisulfite sequencing was conducted across the region interrogated by the assay in prostate tissue 
samples and controls (Figure 4). The analyzed part of the WIF1 CpG-island was completely 
unmethylated in blood leukocytes, but was quite densely methylated in the prostate cancer cell line 
LNCaP which lacks WIF1 expression. In contrast, only occasional sites were methylated in the 
expressing 22Rv1 line. In all benign and carcinoma tissues, only patchy and weak methylation was 
found, as suggested by the results of the MS-PCR assay. Of note, we have previously shown that in 
this set of prostate cancer tissues GSTP1, EPB41L3 and several other genes are each hypermethylated 
at frequencies of 60%–80%, often displaying dense methylation [19,30]. Thus, DKK3 and WIF1 
hypermethylation was much less widespread than downregulation and was often weak if it occurred. 

Figure 4. WIF1 methylation in prostate cancer. Bisulfite sequencing analysis of WIF1 
promoter methylation in blood leukocytes, prostate cancer cell lines with high (22Rv1) and 
low (LNCaP) expression, benign and carcinoma prostate tissues. Each line represents one 
cloned PCR product, each circle represents one CpG site. Dark circles indicate methylated 
and light circles unmethylated sites. Some sites at the 3'-end of the sequence were difficult 
to read and are labeled by x.  
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3. Experimental Section  

3.1. Patients and Tissue Samples 

High quality RNA was prepared from 13 normal prostate tissues from cancer-carrying prostates and 
45 carcinomas from patients aged 59–74 years undergoing total prostatectomy as described [19]. 
According to the IUAC 2007 TNM classification, tumors were staged as pT2 in 20, pT3 in 23 and pT4 
in 2 cases. A Gleason score of 7 was detected in 26 tumors, < 7 in 13 tumors and > 7 in 6 tumors. 
None of the patients had distant metastases, but 11 cancers had spread to local lymph nodes. High 
quality DNA was available from 92 cancer tissues encompassing the specimens used for RNA 
analysis. Of these, 43 were staged as pT2 and 49 as pT3 or pT4. Sixteen patients had lymph node 
metastases, but none distant metastases. Each 27 carcinomas were assigned a Gleason score > 7 or < 7 
and 38 a score of 7. The median follow-up period was 98 months. The study was approved by the 
ethics committee of the Heinrich Heine University medical faculty. 

3.2. RNA Extraction and Quantitative RT-PCR 

Total RNA was isolated from preconfluent cells using the RNeasy ® Mini Kit (Qiagen, Hilden, 
Germany). Two μg RNA were reversed transcribed using SuperscriptII (Invitrogen, Karlsruhe, 
Germany) with oligo-dT primers according to the manufacturer`s protocol. Quantitative real-time PCR 
for CNTN1, DKK3, WIF1, and the reference gene TBP was performed using SYBR-Green reaction 
mix (Qiagen) with 0.4 μM of each primer in an ABI Prism 7900HT instrument (Applied Biosystems, 
Darmstadt, Germany) with the following conditions: activation at 95 °C for 15 minutes followed by  
45 cycles of denaturation at 94 °C for 15 s, elongation at 72 °C for 30 s and measuring at 88 °C for 15 s. 
Amplification lasted 30 s with temperatures at 55 °C for CNTN1, 57 °C for DKK3 and WIF1, 61 °C for 
TBP. The quality of the amplification was assured by a melting curve established by incubation at 95 °C, 
60 °C and 99 °C for 15 s each. HOXC6 expression was measured by Taqman assays Hs00171690 mL 
(Applied Biosystems). Duplicate measurements gave < 10% difference. For each gene, a standard 
curve was constructed using a reference cell line with high expression and expression in the samples 
was expressed relative to this standard. The same procedure was performed for the TBP control, to 
which the measurements were then adjusted. 

3.3. DNA Extraction and Methylation Analyses 

High-quality DNA was extracted from tissues and prostate carcinoma cell lines as described [19]. 
The EZ DNA Methylation Kit (Zymo Research, Orange, CA, USA) was used for bisulfite conversion. 
PCRs were performed in a 50 μL reaction mixture consisting of 1 × buffer, 150 μM dNTPs, 15 pmol 
of each primer, 1 U Hotstar Taq polymerase, water and 2 μL bisulfite-converted DNA each. The 
following program was used: initial Taq activation at 94 °C for 15 min, followed denaturation at 95 °C 
for 30 s, annealing for 30 s, elongation at 72 °C for 45 s, with a final elongation for 10 min. MS-PCR 
amplification was performed for DKK3 unmethylated/methylated for 36/38 cycles with annealing at 
61/65 °C, for WIF1 unmethylated/methylated MS-PCR amplification was performed for 34/36 cycles 
with annealing at 53 °C for both genes. Fully methylated and completely methylated controls were 
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carried in each reaction as described [19]. For WIF1 bisulfite sequencing PCR was conducted for  
35 cycles with annealing at 60 °C. PCR products were examined by agarose gel electrophoresis. For 
bisulfite sequencing PCR products were cloned into the E. coli TOPO 10 vector (TOPO TA Cloning 
Kit, Invitrogen). Four clones from each sample were sequenced using standard methods. Primer 
sequences are compiled in Table 1. 

Table 1. Primers Used. 

Primer names Forward 5′ → 3′ Reverse 5′ → 3′ Product size (bp) Reference 

DKK3-MS-PCR 
(meth.) 

GGG GCG GGC GGC 
GGG GC 

ACA TCT CCG CTC 
TAC GCC CG 

120 [29] 

DKK3-MS-PCR 
(unmeth.) 

TTA GGG GTG GGT 
GGT GGG GT 

CTA CAT CTC CAC 
TCT ACA CCC A 

125 [29] 

DKK3-qRT-PCR 
TTG CCA GCT TCC 
AGT ACA CC 

TGC AGT GAC CCC 
AGA CAC A 

105 
self- 

designed 

WIF1-MS-PCR 
(meth.) 

CGT TTT ATT GGG 
CGT ATC GT 

ACT AAC GCG AAC 
GAA ATA CGA 

145 [29] 

WIF1-MS-PCR 
(unmeth.) 

GGG TGT TTT ATT 
GGG TGT ATT GT 

AAA AAA ACT AAC 
ACA AAC AAA ATA 
CAA AC 

154 [29] 

WIF1-qRT-PCR 
TAA TGG AGG GAC 
CTG TTT CTA CC 

CCA TTT CGA CAG 
GGT TGT G 

102 
self- 

designed 

WIF1-Bisulfite 
sequencing-PCR 

GTT TTA GGG GTT 
TTT GAG TGT T 

CAA CTC CCT CAA 
CCA AAA CTA 

463 [31] 

3.4. Statistical Methods 

Statistical calculations were performed using SPSS 19.0. 

4. Conclusions  

We observed striking HOXC6 overexpression in our small, but well-characterized prostate cancer 
tissue series. Our findings underscore that the previously described strong association of HOXC6 
overexpression with adverse clinical parameters [7,10,14,15] is robust and deserves to be explored for 
the purposes of developing prognostic and molecular staging biomarkers. Our confirmation of these 
relationships accentuates the question of how HOXC6 contributes to oncogenesis and tumor 
progression in the prostate. Obviously, the answer is not trivial. Since HOXC6 is well-established as a 
transcription activator, it is most likely to act by regulating gene expression. Indeed, a range of 
positively regulated target genes have been defined by various experimental approaches. As reviewed 
by Moreno [17], among them are plausible candidates for promoting oncogenesis in the prostate, e.g., 
through WNT, BMP, FGF and NOTCH signaling pathways. However, it seems paradoxical that 
several genes activated by HOXC6 in experimental settings would be expected to counteract 
tumorigenesis in vivo, especially antagonists of WNT signaling like DKK3 and WIF1 [22,26,32]. 
These have indeed been reported to be downregulated or hypermethylated in prostate cancer in other 
studies [16,21,23]. One plausible explanation for the paradox is that genes antagonizing tumor 
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development become hypermethylated in prostate by independent mechanisms and are no longer 
accessible to transcriptional activation by HOXC6 (Figure 5A).  

Figure 5. Hypotheses on the function of DNA methylation in inactivation of HOXC6 
target genes in prostate cancer. (A) initial hypothesis based on ref. [14]; (B) hypothesis 
modified to explain the results of our study.  

 

Several results from the present study argue against this hypothesis in its most simple form. First, 
although we observed DKK3 and WIF1 hypermethylation in some cases, it was relatively weak and 
transcriptional downregulation was more generalized. Of note, we have previously found that 
hypermethylation of another HOXC6 target, SFRP1, is also relatively rare in our tissue series, whereas 
around 80% of the cases harbor hypermethylated GSTP1, as expected [19]. According results have 
been published by others [25]. Second, hypermethylation was not well correlated with transcriptional 
downregulation and was also observed in many benign adjacent tissues in the case of WIF1. These 
findings argue that DNA methylation is not the primary cause of transcriptional silencing of these 
genes, but may rather follow and bolster their initial downregulation by other epigenetic mechanisms 
(Figure 5B).  

Third, we found the strongest downregulation of CNTN1, DKK3 and WIF1 in cases with high 
HOXC6 expression suggesting that transcriptional silencing of these HOXC6 target genes might be 
elicited by the factor itself. This idea seems unlikely at first glance, since classical HOX factors act 
predominantly as transcriptional activators. There are however exceptions to the rule. For instance, 
HOX target genes may become repressed upon interactions with SMAD proteins that are activated by 
BMP signaling [33]. In order to explain our findings, we would like to propose the idea that the 
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changed composition of transcription factors (and cofactors) in the nuclear milieu of prostate cancer 
cells may lead to a switch of HOXC6 function at some of its target genes (Figure 5B). An analogous 
case in prostate cancer is the altered target gene spectrum of the androgen receptor caused by changes 
in the expression of interacting transcription factors like HOXB13 and FOXA1 [34,35]. Accordingly, 
our data call for further detailed research on the HOXC6 paradox in prostate cancer which should yield 
important results for clinical application as well as insights into basic mechanisms of transcription.  
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