
Review

The capacity of tumour cells to metastasise is con-
sidered the primary cause of breast cancer mortality.

Numerous observations have indicated that the
matrix remodelling urokinase system is vital in dis-
tant spread of breast cancer. Key to this is the finding
that a high level of the urokinase-type plasminogen
activator (uPA) in primary breast tumour tissue is a
strong indicator of poor prognosis in patients afflicted
with breast cancer [1,2]. The urokinase system,
including uPA and its plasminogen activator
inhibitor-1 (PAI-1), has now reached the highest level
of evidence (LOE-1) regarding its clinical relevance
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Abstract of the original article
Purpose: Urokinase (uPA) is expressed in a number of highly invasive malignancies including breast cancer.
Because production of uPA is associated with breast cancer progression and can serve as a useful prognostic
marker, the purpose of this study was to examine the role of uPA promoter methylation as an indicator of uPA
production in breast cancer patients. 

Experimental design: We examined the methylation status of the uPA promoter and the levels of uPA
expression in normal human breast epithelial cells and several human breast cancer cells by bisulfite sequenc-
ing analysis and reverse transcription-PCR. We also analyzed the methylation status of the uPA promoter in
surgical biopsy samples from patients with breast cancer of different grades, as determined by the Elston–Ellis
histological grading system.

Results: Expression of uPA mRNA was only detected in the highly invasive estrogen receptor-negative breast
cancer cell lines, where the promoter was completely demethylated. In normal and low invasive breast cancer
cells, the uPA promoter was methylated, resulting in lack of uPA mRNA expression. Analysis of biopsy samples
showed that demethylation of the uPA promoter is associated with malignant transformation. Reverse transcrip-
tion-PCR analysis revealed that this demethylation of the uPA promoter is directly associated with induction of
uPA mRNA expression, which is well known to be associated with poor prognosis in breast cancer patients. 

Conclusions: This study indicated that uPA expression in breast cancer patients is under epigenetic control
via methylation of its promoter. Determination of uPA promoter methylation can therefore serve as an early 
reliable indicator of uPA production in breast cancer patients.
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and can be considered an approved prognostic
marker for breast cancer progression [3]. Hence, 
it is not surprising that a synthetic inhibitor to uPA,
WX-UK1, has entered clinical trials in patients with
advanced cancer [4,5].

Promoter DNA methylation is a booming field in
cancer biology [6] since it has become apparent that
this epigenetic type of gene regulation contributes
to many aspects of cancer biology such as tumour
initiation, tumour aggressiveness and the tumour’s
behaviour during endocrine and chemotherapy [7].
DNA methylation is an epigenetic alteration of the
genetic information that is involved in gene silencing
[8]. It occurs only on cytosines of cytosine–guanine
dinucleotides (CpGs). In normal cells, generally only
repetitive and intergenic genomic regions are methy-
lated while regulatory regions, except for a limited
number of tissue-specific genes, are not [9–11]. In
cancer, DNA methylation shifts towards the regula-
tory regions of genes resulting in silencing of tumour
suppressor genes [12,13]. In addition, the overall
genome is destabilized due to global DNA hypomethy-
lation [14]. Several properties make epigenetic
changes at the level of the DNA attractive as diag-
nostic targets. First, DNA methylation is very stable,
even allowing detection in poorly conserved clinical
material. Second, the DNA methylation tag can be
amplified allowing sensitive and quantitative detec-
tion. Finally, detection of DNA methylation is appli-
cable to fixed, paraffin-embedded material allowing
rapid transfer of a diagnostic test to clinical routine.
Although DNA methylation markers have not found
their way into the clinic yet, they could be important
and powerful diagnostic, prognostic or predictive
markers not far ahead.

In a series of interesting papers, the research group
led by Prof Rabbani has explored the importance 
of uPA promoter DNA methylation in breast cancer
proposing it possesses prognostic significance.
Their initial preliminary work [15] showed that the
uPA promoter is methylated in non-invasive breast
cancer cell lines (MCF-7 and T-47D) that do not
express uPA messenger RNA (mRNA), while the uPA
promoter was not methylated in the highly invasive
MDA-MB-231 cell line that does express uPA mRNA.
We have replicated these results [16]. Furthermore,
the work showed that uPA mRNA silencing was 
5-azacytidine sensitive indicating that promoter DNA
methylation was causally involved. Recently, the ini-
tial experiments of Xing et al. (1999) were extended
to clinical breast tumour tissue samples [15]. In this
study, over 30 CpG sites around the transcription
start site of the uPA gene were analysed by bisul-
phite sequencing. Methylation of at least one CpG
was found in 20 tumours, whereas 23 samples were
found to be completely unmethylated. Notably, the

observed pattern was quite heterogeneous, and
none of the CpGs was consistently methylated in
the majority of the tumours. Of all CpG positions
analysed, the percentage of CpG positions that
showed methylation varied from 0% to 6.8%. This
percentage is surprisingly low but may be an under-
estimation since the DNA used in the study was iso-
lated from total tissue and not from micro-dissected
tumour cells or stromal cells. Urokinase promoter DNA
methylation in these breast cancer specimens was
furthermore strongly negatively associated with
tumour grade and mainly present in oestrogen recep-
tor (ER)-positive tumours. Since ER-positive tumours
represent a subgroup of tumours that is probably
derived from the luminal epithelial cell lineage [18],
the finding of Pakneshan et al. [17] might imply that
the uPA promoter is methylated in this cell lineage.
In a similar study, Chen et al. [19] detected uPA pro-
moter methylation in 28% of the 93 primary breast
cancer specimens was analysed. Due to the differ-
ence in approach the results of these two studies
cannot be directly compared but both suggest a
not-to-be-ignored role for uPA promoter DNA
methylation in breast cancer. The consistent obser-
vation that DNA methylation of the uPA promoter is
present in ER-positive tumours in both studies reas-
sures this. Although not directly relevant to this short
review but potentially relevant from a therapeutic
perspective, Rabbani’s group reported in a third
paper on this subject that hypermethylation of the
uPA promoter, leading to loss of uPA expression,
can be induced by the pharmacological agent 
S-adenosyl-L-methionine [20].

Although it has been well established that uPA is 
an important prognostic marker [1,2] and DNA methy-
lation of its promoter occurs in breast cancer, it is not
established yet that the DNA methylation status of 
the urokinase promoter properly reflects uPA protein
expression. The work from Rabbani and co-workers
shows that promoter DNA methylation is an existing
way to control uPA gene expression in breast cancer.
The mRNA for uPA tends to be expressed only in
those tumour samples which do not show methy-
lation. However, not all tumours with a completely
unmethylated copy of uPA express uPA mRNA, indi-
cating additional regulatory mechanisms of uPA
expression. Several transcription factor-binding sites
(i.e. PAE-3/ETS, AP-1, NF-�B, and RelA) are present
in the human urokinase promoter [21,22]. Some of
them (ETS-1) also have prognostic impact and might
be directly involved in uPA regulation [23]. In addition,
growth regulatory factors (insulin growth factor-1,
IGF-1) [24], heregulin [25], epidermal and fibroblast
growth factors (EGFs and FGFs, respectively) [26],
oestrogens [27], and integrins [28] regulate uPA
expression in breast cancer cells in vitro. However,
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none of these factors have been causally linked to
uPA expression in human breast cancer. In addition,
post-transcriptional regulation of uPA has been
reported [29], but again its clinical significance
remains a matter of debate. Another issue not to be
ignored is the stromal contribution to urokinase pro-
duction. Studies have shown that not only breast
cancer cells themselves but also the adjacent stromal
cells, and particularly myofibroblasts, produce uPA
[30]. The significance of stromal uPA is underlined in a
mouse model that is deficient for uPA since in these
mice the growth of transplanted human tumours is
significantly impaired [31]. In addition, a small study
by us [16], suggests that DNA methylation of the uPA
promoter does not contribute to the regulation of uPA
expression in tumour-associated breast fibroblasts,
while several cytokines, growth factors as well as 
cellular aging were capable of regulating stromal uPA
expression [16,32].

Concluding, the fact that DNA methylation is
involved in controlling uPA expression is an intrigu-
ing finding that justifies to be pursued in a more
extensive series of primary breast cancer specimens
with homogeneous treatment and well-documented
clinical follow-up. In addition, the concrete func-
tional consequences of DNA methylation of individ-
ual sites and regions in the uPA promoter regarding
gene expression also require further studies. It
remains to be shown if the promising results of the
small series of clinical samples studied so far can 
be extended, and whether, ultimately, the prognostic
impact of uPA promoter DNA methylation is as 
powerful as that of the uPA protein itself.
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