
Inhibition of urokinase-type plasminogen activator
receptor induces apoptosis in melanoma cells by
activation of p53
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The urokinase-type plasminogen activator receptor (uPAR) is involved in several biological processes, including proteolysis,
adhesion, migration and inflammation. Increased expression of uPAR is associated with metastasis in several tumor types.
We studied the biological role of uPAR in melanoma and found that inhibition of uPAR via RNA interference induced massive
death in three different metastatic cell lines. Annexin-V staining and caspase activation analysis revealed induction of the
mitochondrial apoptotic pathway. The expression of members of the Bcl-2 family (Bax, Bcl-2, Bak and Bcl-xL) was changed in a
pro-apoptotic manner. uPAR inhibition induced the expression of the tumor suppressor p53 and of its downstream target gene
p21. Inhibition of p53 rescued cells from apoptosis indicating that p53 was critical for apoptosis induction. Apoptosis was
observed in melanoma cells carrying activating BRAF mutations and occurred in the presence of extracellular signal-regulated
kinase (ERK) phosphorylation. uPAR can activate focal adhesion kinase (FAK), which is implicated in adhesion-dependent tumor
cell survival. However, inhibition of FAK did not induce apoptosis. Our data suggest a new function of uPAR acting as a survival
factor for melanoma by downregulating p53. Inhibition of uPAR induces a pro-apoptotic signalling pathway via p53 that is
independent of ERK or FAK signalling. These findings may offer new treatment strategies for metastatic melanoma.
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Establishment of cancer requires the transformation into a
malignant cell phenotype with characteristic features includ-
ing independence from growth signals, deficiency in apopto-
sis, sustained angiogenesis, tissue invasion and metastasis.1

The urokinase-type plasminogen activator receptor (uPAR) is
a molecule that has been implicated in several processes
contributing to malignant transformation.
It is part of the proteolytic plasminogen activator system.

Many cell types synthesize and secrete the urokinase-type
plasminogen activator (uPA), which binds to uPAR. This leads
to activation of cell surface bound plasminogen, which in turn
cleaves many extracellular matrix components providing
pericellular proteolysis. Proteolysis of matrix components
supports cell migration, for example, during metastasis.
Interference with the plasminogen activator system reduces
the invasive and metastatic behavior of various tumors as
demonstrated in an extensive array of studies2,3 and inhibition
of uPAR reduced metastasis in several types of cancer.4–6

Besides its role in proteolysis, uPAR is involved in cell
adhesion. uPAR associates with several integrins (e.g., a3b1,
a5b1 or aMb2) and modulates their binding behavior to cell
surface ligands or to extracellular matrix molecules.7–9 Since
cell migration is a process that includes tightly regulated steps
of adhesion and de-adhesion, the counteracting effects of
proteolysis and adhesion mediated by uPAR may play a key
role in cell migration and tumor cell invasion andmetastasis.10

Furthermore, the ability of uPAR to associate with other
cell surface proteins can alter intracellular signalling path-
ways. For example, uPAR is found in focal adhesion sites
containing integrins and caveolin that mediate signal trans-
duction via focal adhesion kinase (FAK) or Src kinases.11

In cell clones derived from an epidermoid carcinoma cell line
uPAR association with a5b1 integrin activated signalling
through FAK and Src kinases. Inhibition of uPAR decreased
phosphorylation of FAK, reduced active RAS and ERK and
induced dormancy of certain tumor cells.12 Upon binding to
fibronectin, complexes of uPA, uPAR, a5b1 and fibronectin
activated the EGF receptor independently of secreted growth
factors.7

Melanoma, due to its tendency towards lymphogenic and
hematogenous metastasis, is the most aggressive form of
skin cancer. Several studies support an important role of
uPAR and the plasminogen activator system in this tumor
type. Expression of uPA correlates with the metastatic
potential of melanoma cells and the expression of uPA and
uPAR is increased in late stage melanocytic tumors.13,14

Especially in hypoxic areas of melanoma, high uPAR
expression was found.4

To study the biological role of uPAR in melanoma, we
inhibited expression of uPAR via RNA interference in three
metastatic melanoma cell lines. Unexpectedly, inhibition of
uPAR induced massive cell death via apoptosis. Cell death
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was accompanied by activation of caspase 3 and caspase 9
suggesting activation of the mitochondrial apoptotic pathway.
Expression of members of the Bcl-2 family was changed in a
pro-apoptotic manner. uPAR inhibition activated the tumor
suppressor p53 and its downstream target gene p21 and
inhibition of p53 rescued cells from apoptosis. Apoptosis was
induced in cells carrying activating BRAF mutations and
occurred without significant reduction of ERK phosphoryla-
tion. The observed cell death was not mediated by FAK
signalling because inhibition of FAK by RNA interference did
not induce apoptosis. We conclude that uPAR expression is
essential for survival of melanoma cell lines. Inhibition of
uPAR induces a new pro-apoptotic signalling pathway that is
activated by p53 and that is independent of FAK signalling and
of MAP kinase signalling involving ERK.

Results

Design and activity of uPAR-targeting siRNAs. The
uPAR mRNA was screened for suitable siRNA targets.
Several sequences were identified and siRNAs were
designed (see Materials and Methods). Their efficacy to
inhibit uPAR expression was evaluated by transfection into
1205Lu metastatic melanoma cells and subsequent
quantitative RT-PCR. All siRNAs efficiently reduced uPAR
mRNA by 84–94% compared to control siRNAs (Figure 1a).
siRNA UP4 was most effective and was used throughout
the experiments. A second siRNA, UP3, was also used
throughout the experiments to exclude sequence-specific
effects of siRNA UP4 other than RNA interference.15 On
the protein level, siRNA UP3 and UP4 reduced the total
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Figure 1 Design and efficacy of uPAR-targeting siRNAs. (a) Efficacy of different uPAR siRNAs was assessed by quantitative RT-PCR. RNA of 1205Lu melanoma cells
was prepared 24 h after siRNA transfection. Two independent transfection experiments are shown and represented with light and dark bars, respectively. (b) Inhibition of
uPAR protein. Upper panel: uPAR immunoblots of 1205Lu cells treated with uPAR siRNAs UP3 and UP4, control siRNAs (C1 or C2) or transfection reagent without siRNA (no
siRNA) for 3 days. Bands or smears in uPAR immunoblots correspond to different glycolysated forms of uPAR protein.46 Detection of b-actin served as loading control. One
representative of three independent experiments is shown. Lower panel: FACS analysis of cell surface uPAR 3 days after transfection. One representative of three
independent experiments is shown. (c) Efficacy of uPAR siRNAs in two other metastatic melanoma cell lines (WM9, WM239A). Quantitative RT-PCR for uPAR mRNA was
carried out 24 h after siRNA transfection (upper panel). uPAR expression of cells treated with transfection reagent, but without siRNA, was set to 100%. Mean7S.D. of three
independent experiments. uPAR immunoblots of cells treated with siRNAs for 3 days (lower panel). Detection of b-actin served as loading control. One representative of three
independent experiments is shown. (d) Immunostimulatory activity of uPAR siRNAs. 1205Lu cells were analyzed by quantitative RT-PCR for induction of IFNa mRNA after
treatment with siRNAs for 10 h. Treatment with 400 ng poly(I:C) for 10 h served as positive control. Mean7S.D. of three independent experiments is shown
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amount of uPAR as detected in Western blots (Figure 1b,
upper panel). To test whether uPAR inhibition was
also accompanied with a reduction of cell surface-
bound uPAR, cells were analyzed by FACS. Extracellular
uPAR was significantly decreased by different siRNAs and
most prominently with siRNA UP4 (Figure 1b, lower panel).
Similar results were obtained in two other metastatic
melanoma cell lines on RNA and protein level (Figure 1c).
To exclude off-target effects due to immunostimulatory
activity,16 siRNAs were examined for their potential
to activate IFNa. When 1205Lu cells were treated
with siRNAs for 10 h, no significant induction of IFNa
mRNA was observed, whereas treatment with positive
control poly(I:C) led to an approximately 100-fold increase
in IFNa mRNA (Figure 1d). Similar results were obtained
for other melanoma cell lines WM9 and WM239A (data not
shown).
Taken together, the results demonstrate an efficient

inhibition of uPAR by RNA interference in melanoma cells
with siRNA UP4 being more effective than UP3. Immuno-
stimulatory activity of siRNA in melanoma cells was not
detected.

Inhibition of uPAR reduces the amount of viable cells
and leads to melanoma cell death. After extended
exposure to uPAR siRNAs, reduced cell numbers were
observed. Time-course experiments with three different
metastatic melanoma cell lines revealed a reduction of cell
viability between day 3 and day 4 after transfection
(Figure 2a). In a further set of experiments, viable cells
were quantified at time points at which growth suppression
was clearly discernible in the respective cell lines. uPAR
siRNAs revealed a significantly reduced amount of viable
cells (Figure 2b). The siRNA UP4 was found to be more
effective than UP3 leading to a decrease in viable 1205Lu
or WM239A cells to 25–30% after 5 days. WM9 cells were
found to be more sensitive to uPAR inhibition with a reduction
to 18% on day 4 after transfection.
Microscopic evaluation for longer time periods suggested

that cell death contributed to the reduction of viable cells.
When transfected with siRNA UP4 1205Lu cells displayed
a more rounded phenotype on day 3 and only a few cells
remained on day 6 (Figure 2c, left panel). siRNAUP3 reduced
cell numbers to approximately 50% on day 6 and almost
complete cell death was observed on day 9. Other uPAR-
targeting siRNAs (UP1, UP2 andUP5) also led tomorphologic
changes and reduced cell numbers (data not shown). Similar
results were obtained with other melanoma cell lines

(Figure 2c, right panel). Consistent with the cell viability
assays,WM9 cells weremost sensitive to uPAR inhibition with
marked reduction of cell numbers already 3 days after
transfection.
Cell death was confirmed and quantified by propidium

iodide staining (Figure 2d). Depending on the cell line, the
number of propidium iodide positive cells was significantly
increased (two- to four-fold) in siRNA UP4-treated cells,
resulting in 30–80% propidium iodide positive cells. Again,
siRNA UP3 treatment was less effective, resulting in a 1.5–
2-fold increase.

Inhibition of uPAR induces apoptosis in melanoma
cells. To delineate the mechanisms responsible for the
observed cell death, cells were analyzed for an apoptotic
phenotype by Annexin-V staining. A significant increase in
apoptotic cells was observed in 1205Lu cells with siRNA UP4
(Figure 3a). 1205Lu (28.7%) cells were positive for Annexin-V
and the number of apoptotic cells was approximately 10-
fold lower when cells were treated with control siRNAs.
Treatment with siRNA UP3 also increased the number of
apoptotic cells, however to a less extent than UP4. These
experiments were extended also to other melanoma cell lines
(Figure 3b). In WM239A cells, the number of apoptotic cells
was increased by approximately seven-fold by siRNA UP4,
resulting in 25% apoptotic cells. WM9 cells showed a 2.5-fold
increase in apoptotic cells. The number of apoptotic cells in
cell line WM9 was lower (10%) suggesting a different kinetic
of the apoptotic process.
Next, cells were analyzed for caspase activation

(Figure 3c). When effector caspase 3 was analyzed, the
amount of active caspase 3 subunits was increased in all
cell lines treated with siRNA UP4. To characterize the type
of apoptosis initiation, caspase 9, representative for the
mitochondrial apoptosis pathway, and caspase 8, typically
involved in receptor-mediated apoptosis,17 were analyzed.
The amount of active caspase 9 was clearly increased in all
cell lines transfected with siRNA UP4. Analysis of caspase 8
revealed a less consistent activation pattern. In 1205Lu cells,
low amounts of procaspase 8 and no active subunits were
detected. In WM9 cells, activation of caspase 8 was observed
in cells after treatment with siRNA UP4, whereas in WM239A
only a small amount of active caspase 8 subunits was
detectable.
Taken together, these results suggest that inhibition of

uPAR induces apoptosis in melanoma cell lines. Caspase
activation suggests that the apoptotic process is initiated
predominantly by the mitochondrial pathway.

Figure 2 siRNA-mediated inhibition of uPAR reduces the amount of viable melanoma cells and induces cell death. (a) Time course of cells transfected with uPAR siRNAs
UP3 and UP4 (black boxes) or control siRNAs C1 and C2 (white boxes). Viable cells were quantified daily. Day of transfection was termed day 0. Additionally WM9 and
WM239A cells were re-transfected on day 5. (b) Quantification of viable melanoma cells treated with uPAR or control siRNAs on day 5 (1205Lu, WM239A) or day 4 (WM9)
after transfection. The amount of viable cells treated with transfection reagent, but without siRNA, was set to 100%. Mean7S.D. of three independent experiments. *P¼ 0.05;
**P¼ 0.01 compared to any of the control siRNAs. (c) Microscopic pictures of melanoma cells. Left panel: 1205Lu cells before (0 day) and after transfections (6 day, 9 day)
with siRNA UP3, UP4 or control siRNAs (C1, C2). Right panel: WM9 before (0 day) and on day 3 after transfection (upper right panel) and WM239A before (0 day) and on day
6 after first transfection (lower right panel). First transfection was on day 0; transfection was repeated on day 6 for 1205Lu and WM239A. Insets show cell morphology at a four-
fold higher magnification. One representative among three independent experiments. (d) Cells were transfected with siRNAs and dead cells were assessed by propidium
iodide staining and flow cytometry on day 5 (1205Lu and WM239A) or day 4 (WM9). Mean7S.D. of three independent experiments. *P¼ 0.05; **P¼ 0.01 compared to any of
the control siRNAs
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uPAR inhibition changes expression of Bcl-2 family
members. Proteins of the Bcl-2 family were analyzed next,
because they are typically involved in mitochondrial
apoptosis and the ratio between pro- and antiapoptotic

members is an important indicator for the commitment to
undergo apoptosis or not.18 In uPAR-inhibited cells, levels
of the pro-apoptotic Bax were elevated, most prominently in
1205Lu cells (Figure 4). In contrast, protein levels of

a

2000

4000

6000

8000

b

vi
ab

le
 c

el
ls

  [
flu

or
es

ce
nc

e]

1205Lu WM9

UP4 C1 C2UP3

20

40

60

80

100
WM239A

vi
ab

le
 c

el
ls

 [%
]

days
0 1 2 3 4 5 6

days
0 1 2 3 4 5 6

days
0 1 2 3 4 5 6

UP4 C1 C2UP3 UP4 C1 C2UP3

1205Lu WM9 WM239A

*

****
**

***

WM9

10

20

30

40

P
I-

po
si

tiv
e 

ce
lls

 [%
]

1205Lu WM239A

UP4UP3 C1 C2 no
siRNA

UP4UP3 C1 C2 no
siRNA

UP4UP3 C1 C2 no
siRNA

20

40

60

80

10
20
30
40
50
60100

d

**

* *

UP4

UP3

C1

C2

1205Lu

WM239A

WM9

6d 9d0d UP4

C1

UP4

C1

c 3d0d

6d0d

UP3
UP4
C1
C2

UP3
UP4
C1
C2

UP3
UP4
C1
C2

3d0d

6d0d

6d 9d0d

6d 9d0d

6d 9d0d

Inhibition of uPAR induces apoptosis in melanoma
R Besch et al

821

Cell Death and Differentiation



antiapoptotic Bcl-2 were reduced in cells treated with uPAR
siRNAs. Additionally, protein levels of pro-apoptotic Bak and
antiapoptotic Bcl-xL were analyzed and, consistently, a pro-
apoptotic change in expression of these Bcl-2 family
members was observed. The results were similar for all
three cell lines (Figure 4).

Apoptosis in uPAR-inhibited cells is mediated by the
tumor suppressor p53. In an attempt to identify
intracellular pathways relevant for the observed cell death,
an array-based screening for cancer-associated mRNAs was
carried out. In these experiments, an increased expression of
Bax and p21 mRNA was identified. Since both molecules are
targets of p53, p53 was analyzed and a strong increase was
found in 1205Lu cells when treated with uPAR-targeting
siRNAs. Likewise, p21 RNA and protein were strongly
elevated after uPAR siRNA treatment (Figure 5a, upper
panel). When other melanoma cell lines were analyzed,

strong induction of p53 and p21 was observed to a similar
degree (Figure 5a, lower panel).
If apoptosis is mediated by p53, inhibition of p53 should

rescue uPAR-inhibited cells from apoptosis. Therefore, a
p53-targeting siRNA was designed and transfected alone or
together with siRNA UP4 (Figure 5b). At 24 h after transfec-
tion, the efficacy of cotransfected siRNAs was evaluated by
RT-PCR. Each siRNA inhibited its corresponding gene
efficiently and cotransfection with siRNA UP4 and siRNA
p53 reduced mRNA levels of both p53 and uPAR (Figure 5b,
upper panel). When the respective proteins were analyzed
3 days after siRNA transfection, uPAR protein was reduced in
cells treated either with siRNA UP4 alone as well as together
with siRNA p53, confirming the results on RNA level
(Figure 5b, lower right panel). When p53 protein was
analyzed, siRNA p53 reduced basal as well as uPAR-induced
p53 levels (Figure 5b, lower left panel). Five days after
transfection, 1205Lu cells were examined for apoptosis
(Figure 5c). Whereas UP4 alone induced apoptosis, cotrans-
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Figure 3 Inhibition of uPAR induces apoptosis. (a) FACS analysis of 1205Lu cells on day 5 after siRNA transfection. Apoptotic cells were determined by Annexin-V
staining and counterstaining with propidium iodide. One representative of three independent experiments. (b) Quantification of apoptotic melanoma cells after uPAR inhibition.
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8 and 9. Cells were analyzed on day 3 after transfection with siRNAs. Activation was assessed with antibodies that are specific both for procaspases and for their respective
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fection with siRNA p53 reduced the amount of apoptotic cells
to almost basal levels. To further evaluate the role of p53 in
regulation of p21, expression of p21 was analyzed in 1205Lu
cells treated with p53- and uPAR-targeting siRNAs. Treat-
ment with siRNA p53 reduced basal, as well as siRNA UP4-
induced levels of p21 mRNA and protein (Figure 5d).
Taken together, these data suggest that uPAR inhibition

activates p53 leading to increased expression of p53 targets,
for example, p21. Blocking expression of p53 reduced uPAR
siRNA-mediated p53 induction, decreased induction of p21
and rescued cells from apoptosis. This suggests that uPAR
promotes melanoma cell survival by downregulation of p53.

Signalling of ERK and FAK is not involved in apoptosis
of uPAR-inhibited melanoma cells. Previously, high uPAR
expression was shown to support cell proliferation via activation
of MAP kinase signalling in an epidermoid carcinoma cell line.7

High expression of uPAR leads to phosphorylation of ERK
mediated by FAK.12 Activation of ERK plays an important role
in cell proliferation and survival and high activity of ERK was
found to be critical for survival of melanoma cells.19 We,
therefore, assessed the activation status of ERK in uPAR-
inhibited cells. Surprisingly, immunoblots of uPAR siRNA-
treated cells showed only slightly reduced amounts of
phosphorylated ERK suggesting that uPAR-induced apoptosis
is not critically mediated by ERK signalling (Figure 6a).
Besides its effect on ERK activation, FAK is an important

transducer of adhesion-dependent cell survival signalling.
High FAK activity is observed in many malignancies including
melanoma20 and inhibition of FAK can support apoptosis of
tumor cells.21 FAK can directly interact with p53 and is able to
prevent cells from p53-mediated apoptosis.22

Since inhibition of uPAR can reduce FAK activity,12 we
reasoned that apoptosis of melanoma cells may be caused by
reduced FAK signalling that leads to activation of p53. When

FAK activation was analyzed by immunoblotting in uPAR-
inhibited cells, a slight to marked reduction of phosphorylated
FAKwas observed (Figure 6b). Interestingly, total FAK protein
was decreased as well, indicating that a transcriptional
downregulation of FAK may be involved in uPAR-inhibited
cells. Activation of p53 in uPAR-inhibited cells may contribute
to that effect because p53 can suppress FAK expression by
binding to the FAK promoter.23

To test whether FAK signalling is indeed relevant for
apoptosis in melanoma cell lines, we inhibited FAK by RNA
interference. Two FAK-targeting siRNAs were designed and
Western blotting revealed strong suppression of total and
phosphorylated FAK to lower levels than observed in uPAR-
inhibited cells (Figure 6c). Melanoma cells were transfected
with FAK or control siRNAs and analyzed for apoptosis
(Figure 6d). In contrast to uPAR siRNA treatment, cell viability
was not affected by inhibition of FAK, whereas treatment with
siRNA UP4 resulted in a decrease in viable cells to 20–40%
(Figure 6d, upper panel). Furthermore, in contrast to siRNA
UP4-treated cells, the number of apoptotic cells was not
increased by FAK siRNAs in 1205Lu and WM239A cells
(Figure 6d, lower panel). These results were confirmed by
analysis of caspase 3 activation (data not shown). In contrast,
in WM9 the number of apoptotic cells was increased by
FAK inhibition, suggesting that FAK is partially involved in
apoptosis of these cells. Because the number of viable WM9
cells was not significantly decreased, this effect seems to play
a minor role in cell death of WM9.
Taken together, these data suggest that apoptosis induced

by uPAR inhibition occurs in the presence of active ERK
suggesting anERK-independent survival pathway inmelanoma.
Furthermore, FAK-associated survival pathways play a
minor role in apoptosis since FAK activity was only slightly
decreased by uPAR inhibition and inhibition of FAK by RNA
interference did not induce apoptosis.
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Inhibition of uPAR reduces tumor growth in human
melanoma skin reconstructs. To assess the influence of
uPAR inhibition in a more natural context, human skin
reconstructs were utilized. This model provides the analysis
of growth and invasion of melanoma cells in a context similar
to human skin. Skin reconstructs consist of a collagen matrix
containing primary fibroblasts, representing the dermis,
and a multilayer of keratinocytes on the collagen matrix,
representing the epidermis.24

When 1205Lu cells treated with siRNA UP4 were included
in the skin reconstruct, tumor growth was significantly reduced
compared to cells treated with control siRNA. Representative
histological sections are shown in Figure 7. Four independent

skin reconstructs for each siRNA were analyzed and the
average volume of tumor nests was found to be approximately
three-fold smaller. Furthermore, tumor spread and tumor
thickness were found to be decreased by approximately 50%.
This indicates that inhibition of uPAR reduces tumor growth

of melanoma cells in a three-dimensional (3D) environment
that resembles human skin in vivo.

Discussion

Here, we report that uPAR, a receptor that is associated with
proteolysis and cell migration, acts as a survival factor in
melanoma. Effective inhibition of uPAR by RNA interference
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experiments with b-actin serving as loading control. (b and c) Inhibition of p53 rescues melanoma cells from apoptosis induced by uPAR inhibition. 1205Lu cells were
transfected with p53 siRNA, uPAR siRNA UP4, both siRNAs or with control siRNA C2. (b) Analysis of p53 and uPAR inhibition by quantitative RT-PCR 24 h after siRNA
treatment (mean7S.D. of three independent experiments) and by immunoblots for p53 and uPAR on day 3 after transfection. Blots are representative of three independent
experiments. (c) Quantification of apoptotic cells by FACS on day 5 after transfection. Apoptotic cells were defined as Annexin-V positive but propidium iodide negative cells.
Mean7S.D. of three independent experiments. (d) Analysis of the p53 target gene p21 by quantitative RT-PCR and immunoblotting. RNA analysis was carried out 3 days
after transfection (mean7S.D. of three independent experiments) and immunoblots 4 days after transfection. Blots are representative of three independent experiments
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induced apoptosis leading to near complete cell death after
4–14 days depending on the inhibitory strength of the different
siRNAs. To our knowledge, such a critical role of uPAR for
tumor cell survival has not been described previously. Cell

death by uPAR inhibition was observed with two different
siRNA sequences in three different metastatic melanoma cell
lines. In addition, potential off-targets effects of the siRNAs
were addressed by (i) testing the immunostimulatory activity
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represented by induction of IFNa (Figure 1d) and (ii) by
lowering the siRNA concentration: A four-fold reduced siRNA
concentration resulted in a similar efficiancy of uPAR
inhibition, p53 induction and apoptosis thereby minimizing
the probability of off-target effects, which would rather apear
at high siRNA concentrations (data not shown).
Our data suggest that uPAR inhibition induced cell death via

apoptosis. Reduction of invasive and metastatic as well as
mitogenic properties due to uPAR inhibition has been
documented in various tumors,25 but induction of apoptosis
by uPAR inhibition has only been described in two other cell
types: (i) in a glioma cell line, inhibition of uPAR induced
apoptosis26 and led to tumor regression in mice.5 Since
melanocytic cells derive from the same precursors in the
neural crest as neuronal cell types, the survival function of
uPAR might be similar in both cell types. (ii) Recently,
induction of apoptosis was observed in a prostate cancer
cell line by inhibition of both uPAR and uPA.27 Several of our
findings argue for a different mechanism in melanoma: (i)
inhibition of uPAR alone, without inhibition of uPA, was
sufficient to induce apoptosis; (ii) inhibition of binding of uPA to
uPAR with small molecule inhibitors did not result in cell death
(data not shown); and (iii) ERK activation was only slightly
reduced in some uPAR-inhibited melanoma cells (Figure 6a),
but strongly reduced in the prostate cell line.
The tumor suppressor p53 plays a central role in cellular

responses to stress stimuli by triggering cell cycle arrest or
apoptosis. In human cancer p53 is often mutated leading to
apoptosis deficiency and to genetic instability of tumor cells.28

Surprisingly, in melanoma, p53 is rarely mutated despite the
marked resistance of melanoma cells to irradiation or other
stress stimuli. Studies suggest impaired functionality of p53
in melanoma because overexpression of p53 did not induce
apoptosis and irradiation led to p53 accumulation but not to
apoptosis.29 On the other hand, inactivation of p53 contributes
to the development of melanocytic tumors in mice30 and a

recent study demonstrated p53-mediated apoptosis of mela-
noma cells in a 3D context.31 Our study suggests intact
functionality of p53 in melanoma: (i) p53 accumulates in
uPAR-inhibited melanoma cells and apoptosis is initiated via
the mitochondrial pathway that is typical for p53-mediated
apoptosis;32 (ii) the induction of p53 correlated with an
increased expression of its target gene p21; and (iii) inhibition
of p53 rescued cells from apoptosis mediated by uPAR
inhibition.
Overexpression of Bcl-2 can prevent p53-dependent

apoptosis, leading to cellular senescence33 and high intrinsic
expression of Bcl-2 has been observed in melanocytic cells.34

We found that expression of Bcl-2, as well as antiapoptotic
Bcl-xL, was not increased, but reduced by uPAR inhibition,
again pointing towards an antiapoptotic effect of uPAR.
In a recent study, p53-mediated apoptosis was observed

in cells with low avb3 integrin expression when cultivated in
collagen gels.31 Since uPAR can activate several integrins
including av,35 inhibition of uPAR may reduce activation of
integrin av thereby contributing to apoptosis. Despite the
observation of apoptosis in melanoma cells in this and our
study, several differences exist: (i) in the study by Bao et al.,
activation of p53 was induced by post-translational modifica-
tion with constant amounts of p53 protein, whereas we
observed increased amounts of p53; (ii) the expression
pattern of p53 targets and apoptosis-related proteins was
different, for example, the expression of Bax and Bcl-2 was
not altered in that study; (iii) apoptosis was dependent on
reduced ERK activity, whereas we observed apoptosis in the
presence of active ERK; and (iiii) apoptosis was only induced
when cells were cultivated in a collagen gel, whereas we
observed apoptosis under conventional cultivation conditions.
Nevertheless, reduced av integrin activation in uPAR-inhibited
melanoma cells may have contributed to apoptosis in
skin reconstructs, for example, by post-translational p53
modification.

UP4 C2

50x

100x

50x

100x

Figure 7 uPAR inhibition reduces tumor growth in human melanoma skin reconstructs. Histological sections of 15 days old melanoma skin reconstructs with normal
human fibroblasts, keratinocytes and siRNA-treated melanoma cells. 1205Lu melanoma cells were treated with siRNA UP4 (left panel) or control siRNA C1 (right panel).
Tumor nests are indicated with black arrowheads. Representative sections of four independent skin reconstructs are displayed (� 50 upper panel, � 100 lower panel)
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Activated ERK can rescue cells from apoptosis and
inhibition of ERK signalling can induce apoptosis in melano-
ma.19 Inhibition of uPAR is known to reduce ERK activity.7,12

Surprisingly, ERK phosphorylation was only slightly reduced
in uPAR-inhibited cells (Figure 6a), yet, these cells underwent
apoptosis.This could be due to other activation mechanisms
in melanoma, for example, autocrine growth factor stimulation
or BRAF mutations.36,37 Sequencing analysis revealed that
1205Lu and WM9 carried the more common V600E, whereas
WM239A carried a V600D mutation (data not shown), both
activating mutations.37 At any rate, our results do not support
that ERK is important for apoptosis in uPAR-inhibited
melanoma cells and suggest that an ERK-independent
survival pathway is activated by uPAR.
FAK is an important mediator of adhesion-dependent

survival.38 In several tumor types, high activity of FAK can
promote survival and may contribute to anchorage-indepen-
dent growth.21,39 Our data showed that FAK was reduced in
some uPAR-inhibited melanoma cells (Figure 6b). However,
reduction of FAK to lower levels than observed in uPAR-
inhibited cells did not induce apoptosis (Figure 6c and d).
These results suggest that FAK is not important for survival of
melanoma cells. Since high activity of ERK can rescue cancer
cells from apoptosis induced by FAK inhibition,39 it may be
speculated that constitutive BRAF activation compensates
reduced FAK signalling in melanoma.
We aimed at testing the effect of uPAR inhibition in an in

vivo model to evaluate tumor growth and invasion of uPAR-
inhibited cells. The application of siRNAs in animal models
suffers from low stability and high elimination rates. We,
therefore, utilized human skin reconstructs. This model
resembles the natural skin environment, that is, cell–cell or
cell–matrix cross-talk and allows to analyze growth and
invasion of uPAR-inhibited melanoma cells. siRNA-mediated
inhibition of uPAR was very effective, because a single
treatment with siRNA resulted in reduction of tumor growth
and invasion after 15 days. Additional apoptosis-promoting
mechanisms may have contributed to the observed effect, for
example, due to the cultivation of cells under 3D conditions in
the skin reconstruct.31We also analyzed the skin reconstructs
for apoptosis and cell proliferation by immunhistochemistry
and found no difference between siRNA UP4-treated and
control melanoma cells (data not shown). This may be due to
the late time point of analysis, which was 15 days after start of
3D cultivation as opposed to 5 days when onset of apoptosis
was observed in 2D cultivation.
In conclusion, we found that uPAR is an essential survival

factor for melanoma cells. uPAR inhibition results in massive
cell death via apoptosis. Apoptosis was mediated by p53
and occurred in the presence of active ERK signalling in
melanoma cells that carry activating BRAF mutations. This
pathway is independent of FAK signalling, because inhibition
of FAK did not induce apoptosis in melanoma cells. These
results are of particular importance because active ERK
can rescue tumor cells from various apoptotic stimuli and
is constitutively activated in melanoma. Therefore, the
identification of new ERK-independent cell death-promoting
pathways is of interest for the understanding of melanoma
biology and may open new strategies for the treatment of
melanoma.

Materials and Methods
Reagents and antibodies. Anti-uPAR (II7D) antibody was a kind gift of V
Magdolen (Technical University of Munich, Germany) or was from R&D Systems
(Wiesbaden-Nordenstadt, Germany). Anti-Bax (2D2), anti-ERK1/2, antiphospho-
ERK1/2 (E-4), anti-p21 (F-5) antibodies and HRP-conjugated goat anti-rabbit IgG
were purchased from Santa Cruz Biotechnology (Heidelberg, Germany). Anti-
caspase 3, anti-caspase 8 (1C12), anti-caspase 9, anti-FAK, anti-Bak, anti-Bcl-xL

and HRP-conjugated horse anti-mouse IgG were obtained from New England
Biolabs (Frankfurt, Germany). Anti-Bcl-2 (Ab-1) and anti-p53 (Ab-6) antibodies were
from Merck Biosciences (Schwalbach/Ts., Germany), anti-b-actin (AC-15) antibody
was from Sigma (Taufkirchen, Germany) and antiphospho-Y397 FAK antibody was
from Biosource (Solingen, Germany). Small interfering RNAs (siRNAs) were
purchased from Thermo Electron (Ulm, Germany) or MWG Biotech (Ebersberg,
Germany). PCR primers were obtained from MWG Biotech.

siRNA Design. siRNAs targeting uPAR (RefSeq number NM_002659) FAK
(RefSeq number NM_005607) or p53 (RefSeq number NM_000546) were designed
according to the published guidelines.40,41 30 overhangs were carried out as dTdT.
Sequences of non-silencing control siRNAs were designed to contain random
sequences that do not match within the human genome. According to
recommendations,15 two siRNAs and two control siRNAs were used for most
experiments. The sequences of the 19 nt sense strand of each siRNA are:
UP1: CGGACUGGCUUGAAGAUCA; UP2: GCCGUUACCUCGAAUGCAU; UP3:
CAUUUCCUGUGGCUCAUCA; UP4: GAUCCAGGAAGGUGAAGAA; UP5: CCAA
UGGUUUCCACAACAA; FK1: ACACCAAAUUCGAGUACUA; FK2: GAAGUCUAA
CUAUGAAGUA; C1: GCGCAUUCCAGCUUACGUA; C2: GCGCUAUCCAGCUU
ACGUA; C3: UUCUCCGAACGUGUCACGU and p53; CUACUUCCUGAAAA
CAACG.

Cell culture. Human melanoma cell lines were a kind gift of M Herlyn (Wistar
Institute, Philadelphia, PA, USA). All were metastatic and isolated from clinically and
histologically defined lesions. WM239A and WM9 cells are derived from lymph
nodes and 1205Lu was isolated from a lung metastasis. They were maintained in a
culture medium consisting of MCDB153 (Sigma) with 20% Leibovitz’s L-15 (PAA
Laboratories, Coelbe, Germany), 2% FBS (PAA Laboratories), 1.68 mM CaCl2
(Sigma) and 5 mg/ml insulin (Sigma). For analysis, cells were detached as
described42 with 0.2% EDTA in PBS in order to maintain intact uPAR on the cell
surface. Keratinocytes and fibroblasts used in skin reconstructs were isolated from
neonatal human foreskins and cultivated as described.43

Transfection with siRNAs. siRNA (240 pmol) diluted with Opti-MEM
(Invitrogen, Karlsruhe, Germany) to a final volume of 100 and 6ml
Oligofectamine (Invitrogen) in 30 ml Opti-MEM were mixed and incubated for
30 min at room temperature for complex formation. Transfection mixture was added
together with culture medium to cells in 3.5 cm dishes to give a final volume of
1 ml. Transfection with FITC-labelled siRNA revealed approximately 90% of cells
with increased fluorescence when analyzed by FACS after 24 h. Preliminary
experiments showed that medium replacement strongly decreases cellular
fluorescence as well as inhibitory activity of siRNA. Therefore, an individual
transfection scheme was established that was appropriate for each cell line in longer
lasting experiments. Unless indicated otherwise, 1205Lu and WM239A cells
were re-transfected on day 3 after first transfection by adding new transfection
mixture in 1 ml culture medium, whereas WM9 cells were transfected only once.
Cotransfection studies in Figure 5b were carried out with 120 pmol of the respective
inhibiting siRNAs (siRNA p53 and UP4) or 240 pmol of control siRNA (C2).

RNA extraction and quantification. Total RNA was extracted from cells
using Trizol (Invitrogen) as described by the manufacturer and analyzed by
quantitative RT-PCR. RNA (1 mg) was reverse transcribed using Expand Reverse
Transcriptase (Roche Diagnostics, Mannheim, Germany) and poly(dT)
oligonucleotide (Roche) according to the manufacturer’s protocol. Quantitative
PCR was performed using the FastStart DNA Master SYBR Green I Kit (Roche) with
2 ml of cDNA and 10 pmol of each primer as described.44 Relative gene expression
was expressed as a ratio of the expression level of the gene of interest to that of
Hypoxanthine-phosphoribosyl-transferase (HPRT) RNA determined in the same
sample. Reaction conditions were 4 mM MgCl2 (951C for 10 s, 611C for 15 s, 721C
for 30 s) for uPAR (P1: GCTGTACCCACTCAGAGAAGAC; P2:
GTCACCACATCCAGGCACTGTT), 2 mM MgCl2 (951C for 10 s, 551C for 15 s,
721C for 15 s) for IFNa (P1: GTGAGGAAATACTTCCAAAGAATCAC; P2:
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TCTCATGATTTCTGCTCTGACAA) and 2 mM MgCl2, (951C for 10 s, 501C for
15 s, 721C for 25 s) for HPRT (P1: GACTTTGCTTTCCTTGGTCA; P2:
GGCTTTGTATTTTGCTTTTCC). Specific amplification was controlled by melting
curve analysis and by gel electrophoresis.45

Immunoblot analysis. Adherent and supernatant cells were lyzed in a buffer
containing 50 mM Tris; pH 7.4, 0.25 M NaCl, 1 mM EDTA, 0.1% Triton X-100,
0.1 mM EGTA, 5 mM Na3VO4, 50 mM NaF and protease inhibitors (Complete, Mini,
EDTA-free, Roche). Gel electrophoresis and blotting were carried out with 5–10 mg
denatured protein lysate utilizing the Xcell SureLock Mini-Cell apparatus with
4–12% Gels in MES SDS buffer and PVDF membranes, according to the
manufacturer’s protocol (Invitrogen). After blocking (Western blocking reagent in
PBS, Roche), blots were incubated with primary antibodies for 1 h at room
temperature or overnight at 41C. Following washes with 0.1% Tween-20 (Sigma) in
PBS and 1 h of incubation with HRP-conjugated secondary antibodies, blots were
washed and visualized (ECL plus Western Blotting Detection System, Amersham
Pharmacia Biotech, Freiburg, Germany). Protein levels of b-actin were analyzed as
a control for constant loading and transfer.

Quantification of viable cells. Viable cells were quantified in six-well dishes
utilizing a fluorimetric assay (CellTiter-Blue Cell Viability Assay, Promega,
Mannheim, Germany). Viable cells with intact metabolism are determined by their
ability to reduce cell-permeable resazurin to fluorescent resorufin. Medium was
replaced with 750ml of culture medium and 150ml of CellTiter-Blue reagent. After
1 h incubation at 371C fluorescence was measured.

Quantification of apoptotic and dead Cells. Adherent and supernatant
cells were analyzed by staining with FITC-labelled Annexin-V (Roche) and
propidium iodide (Sigma). Annexin-V staining was performed according to the
manufacturer’s instructions. Propidium iodide was added to a final concentration of
0.5mg/ml and cells were analyzed by flow cytometry and CellQuest software
(Becton Dickinson, Heidelberg, Germany).

Skin reconstruction. Skin reconstructs were prepared as described with
modifications.43 Three days before seeding, 1205Lu melanoma cells were
transfected with siRNAs. 6� 105 keratinocytes were mixed with transfected
melanoma cells at a ratio of 8:1 and seeded on each contracted collagen gel.
Experiments were terminated 15 days after seeding. Tumor growth in the
reconstructs was evaluated by microscopic determination of the size and invasion of
each tumor nest. Tumor invasion was defined by the maximum invasion of the tumor
cells into the dermis, that is, collagen matrix.

Statistical analysis. For statistical analysis Student’s t-test was used to
assess the significance of mean differences between uPAR and control siRNA-
treated cells. Differences were considered significant at a P-value of 0.05, two-
tailed.
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