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Abstract Recent evidence suggests that dimethylfumarate
(DMF), known as a highly potent anti-psoriatic agent, might
have anti-tumorigenic properties in melanoma. It has recently
been demonstrated that DMF inhibits melanoma proliferation
by apoptosis and cell cycle inhibition and therefore inhibits
melanoma metastasis. Nonetheless, the underlying mechanisms
remain to be evaluated. To elucidate the effects of DMF on
melanoma cell lines (A375, SK-Mel), we first performed cyto-
toxicity assays. No significant lactatedehydogenase (LDH) re-
lease could be found. In further analysis, we showed that DMF
suppresses melanoma cell proliferation in a concentration-
dependent manner. To examine whether these effects are con-
veyed by apoptotic mechanisms, we studied the amount of
apoptotic nucleosomes and caspase 3/7 activity using ELISA
analysis. Significant apoptosis was induced by DMF in both
cell lines, and this could be paralleled with bcl-2 downregula-
tion and PARP-1 cleavage. We also performed cell cycle anal-
ysis and found that DMF induced concentration-dependent ar-
rests of GO/G1 as well as G2/M. To examine the underlying
mechanisms of cell cycle arrest, we analyzed the expression
profiles of important cell cycle regulator proteins such as p53,
p21, cyclins A, Bl, and DI, and CDKs 3, 4, and 6.
Interestingly, DMF induced p53 and p21 yet inhibited cyclin
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B1 expression in a concentration-dependent manner. Other cell
cycle regulators were not influenced by DMF. The knockdown
of DMF induced p53 via siRNA led to significantly reduced
apoptosis but had no influence on cell cycle arrest. We exam-
ined the adhesion of melanoma cells on lymphendothelial cells
during DMF treatment and found a significant reduction in
interaction. These data provide evidence that DMF inhibits
melanoma proliferation by reinduction of important cell cycle
inhibitors leading to a concentration-dependent GO/G1 or G2/
M cell cycle arrest and induction of apoptosis via downregula-
tion of bcl-2 and induction of p53 and PARP-1 cleavage.
Hence, DMF might be an interesting agent in the treatment of
melanoma and is worth further investigation in vivo.

Keywords Dimethylfumarate - p21 - p53 - Melanoma - Cell
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Abbreviations

DMF Dimethylfumarate

BrdU  Bromodesoxyuridine

LDH Lactatedehydrogenase

DMSO Dimethylsulfoxide

DLEC Dermal lymphatic endothelial cells

Introduction

Fumaric acid esters have been successfully used in the treat-
ment of psoriasis for more than 40 years [1]. In 1994, a mix-
ture of monomethylfumarate (MMF) and dimethylfumarate
(DMF; Fumaderm®) was approved for the oral treatment of
psoriasis. There are limited side effects that mainly consist of
flush, mild lymphopenia, and gastrointestinal discomfort.
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Recently, it became obvious that fumaric acid esters have anti-
tumoral effects in various tumor entities [2, 3]. Loewe et al. dem-
onstrated that DMF reduces melanoma metastasis in an SCID
mouse model [4]. This was supported by Yamazoe et al., who
showed that DMF reduces cell invasion and metastasis by
inhibiting metalloproteases [5]. Additionally, Valero et al. dem-
onstrated in an SCID mouse model that DMF reduced lymph
node metastasis and lymphatic vessel density [6]. Thus, first
evidence that DMF induces apoptosis and cell cycle inhibition
in melanoma cells is provided. The underlying mechanisms of
this action have yet to be determined.

In this study, we investigated the in vitro influence of DMF
on melanoma cell proliferation and the underlying mecha-
nisms of cell cycle regulation and apoptosis.

Material and methods
Reagents

Dimethylfumarate, TNF-o« and Staurosporin were obtained
from Sigma-Aldrich (Hamburg, Germany).

Cell culture

Human melanoma cell lines (A375 and SK-Mel) were purchased
from ATCC (Manassas, USA). The cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Karlsruhe, Germany) supplemented with 10 % fetal calf serum
(FCS, Greiner, Munich, Germany), 2 mM L-glutamine, 100 pg/
ml streptomycin and 100 U/ml penicillin (Gibco/BRL,
Karlsruhe, Germany) at 37 °C in an atmosphere of 5 % CO, in
air. The cell lines were grown to 80 % confluence before each
passage using 0.25 % trypsin/EDTA solution (Invitrogen,
Karlsruhe, Germany).

Human dermal lymphatic endothelial cells (DLEC) were
purchased from AngioBio Co. (Heidelberg, Germany) and
were cultured until the eight passage at 37 °C and 5 % CO,
in Endothelial Cell Growth Medium supplemented with 10 %
human serum (Lonza, East Rutherford, NJ, USA).

Normal human skin fibroblasts were isolated from
preputia. Cells were propagated in RPMI 1640 medium
(Biochrom, Berlin, Germany) with 10 % FCS (PAA, Colbe,
Germany) and 1 % penicillin-streptomycin solution
(Biochrom KG, Berlin, Germany) at 37 °C in a 5 % CO,-
atmosphere. The medium was renewed twice a week. All
procedures performed in studies involving human tissues
were in accordance with the ethical standards of the
institutional research committee and with the 1964
Helsinki declaration and its later amendments or com-
parable ethical standards.
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Cell proliferation and cytotoxicity assay

The effect of DMF on cell proliferation was measured by quan-
tifying BrdU via a cell proliferation immunoassay from Roche
Diagnostics (Grenzach, Germany). Twenty-four hours after
seeding, cells were serum-starved for 24 h and incubated with
BrdU and DMF at the indicated concentrations for 24 h. The
cytotoxic potential of DMF was determined using an LDH-
based cytotoxicity detection kit from Roche. Twenty-four hours
after seeding, the cells were incubated with DMF for 24 h at the
indicated concentrations.

Apoptosis assay

The effect of DMF on apoptosis was analyzed using a Cell Death
Detection ELISA PLUS-Kit and the Caspase 3/7 Assay from
Roche Diagnostics (Grenzach, Germany). The assay was carried
out according to the manufacturers’ instructions.

Tumor-lymphendothelial adhesion assay

The effect of DMF on tumor-lymphendothelial adhesion was
analyzed using a commercial available CytoSelect Adhesion as-
say kit (Cell Biolabs, San Diego, USA).

Fluorescence-activated cell sorting analysis

Cells were incubated with 100 tM DMF and Ethanol as a con-
trol for 24 h after blocking the S-phase of the cell-cycle by
treatment with serum depleted-medium for 24 h. The cells were
fixed in ice-cold 70 % ethanol. Cells were incubated in PBS
containing 40 g/mL RNase A for 30 min at 37 °C and resus-
pended in PBS containing 50 g/mL propidium iodide. Analysis
of cell cycle was assessed by a BD FACScan Cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA).

Western blot analysis

Protein extracts were prepared as described previously [7].
Following SDS-PAGE and electroblotting, membranes were in-
cubated with the following primary antibodies: anti-p21, anti-
pS3, CDC2, CDK2, CDK4, CDK®6, cycline DI, cycline Al,
cycline B1, bel-2, cleaved PARP-1, bel-XL, bax, bid, AIF and
anti-tubulin (Cell Signaling, Danvers, MA, USA). Primary anti-
body application was followed by incubation with horseradish
peroxidase-conjugated secondary antibodies (anti-mouse and
anti-rabbit IgG, Amersham, Uppsala, Sweden; anti-goat, Dako,
Glostrup, Denmark). Blots were developed using an enhanced
chemiluminescence detection system (ECL) (Amersham) ac-
cording to the manufacturer’s instructions.
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Small interfering RNA

All small interfering RNA (siRNA) reagents including transfec-
tion reagents were obtained from Santa Cruz biotechnology
(Dallas,Texas, USA). Cells were transfected with non-target
siRNA (siRNA-A), used as negative control. P53 siRNA (pool
of two target-specific siRNAs) was used to knockdown p53
expression in A375 cells. The experiments were carried out fol-
lowing the manufacturer’s standard procedures. Forty-eight
hours after transfection, cells were left untreated (solvent only)
or were treated with DMF (100 uM) for 24 h. Total protein was
extracted, and western blot analysis was performed.

Statistical analysis

The data are expressed as the mean + SEM from at least three
independent experiments. Statistical analyses were performed
using the Student’s 7 test or ANOVA where applicable *p < 0.05.

Results

DMEF has no cytotoxic effects and inhibits melanoma cell
proliferation

We examined the effect of DMF on cell proliferation and inves-
tigated its cytotoxicity using two melanoma cell lines, A375 and
SK-Mel, revealing that it inhibited melanoma proliferation in a
concentration-dependent manner, as determined by the BrdU
assay (Fig. la, b). At 50 and 100 uM concentrations, DMF
reduced melanoma cell proliferation by 52 and 62 % in A375
and by 55 and 61 % in SK-Mel, respectively. These results were
not conveyed through cytotoxic effects because DMF did not
significantly increase cytotoxicity (Fig. 1c, d).

To analyze whether a normal skin cell is influenced by DMF,
we examined its effect on human primary fibroblasts extracted
from human praeputia. Here, we could demonstrate that only the
highest concentration of DMF (100 uM) suppressed the prolif-
eration by 40 % (Fig. 1e). Therefore, DMF seems to differently
affect melanoma cells and normal skin cells.

DMF induces G0/G1 and G2/M cell cycle arrest
in a concentration-dependent manner

Results reported by Loewe et al. indicated that DMF
could induce G2/M arrest [4]. Using the FACS analysis
with propidium iodide-stained A375 and SK-Mel cells,
we found that DMF treatment at a concentration of
50 uM increased the GO/G1 phase distribution from 48
to 62 % in A375 and from 67 to 81 % in SK-Mel, dem-
onstrating GO/G1 cell cycle arrest (Fig. 2a, b). Increasing
the concentration to 100 uM increased the G2/M phase
distribution from 22 to 35 % in A375 and from 16 to

25 % in SK-Mel, demonstrating G2/M cell cycle arrest
(Fig. 2a, b). This data shows that the specific cell cycle
arrest phase was concentration-dependent. To determine
the underlying mechanisms of cell cycle arrest, we exam-
ined the expression of important cell cycle regulators. As
expected in GO/G1 and G2/M arrests, p21 levels increased
in a concentration-dependent manner (Fig. 2c, see also
supplementary Figure Sla,b). To determine whether in-
ducing the cell cycle inhibitor p21 is regulated by p53, a
major regulator of p21, we determined the expression of
pS3 after treatment with DMF using western blot analysis.
Interestingly, we observed an increase in p53 protein ex-
pression in a concentration-dependent manner comparable
to the induction of p21 protein expression (Fig. 2c; see
also supplementary Figure Slc,d). Expression of cyclin
B1, an important specific activator of the G2/M phase,
was almost completely suppressed at the higher treatment
concentration, possibly explaining the concentration-
dependent G2/M cell cycle arrest (Fig. 2d; see also
supplementary Figure 1g,h). The other cell cycle proteins
did not change their expressions after DMF treatment.

DMF induces apoptosis via bcl-2 inhibition and PARP-1
cleavage

To rule out apoptotic mechanisms, we investigated the DMF-
induced release of cytoplasmic histone-associated DNA frag-
ments and caspase 3/7 activity. We found that DMF signifi-
cantly induced apoptosis in both cell lines and that caspase 3/7
activity was increased in a concentration-dependent manner
(Fig. 3a—d). To determine the underlying mechanisms of apo-
ptosis, we examined the expression of various important
apoptosis-associated proteins (Fig. 3e). We could then dem-
onstrate that expression of the anti-apoptotic Bcl-2 protein
was significantly suppressed, whereas bcl-XL, bax, bid, and
AIF remained unchanged (Fig. 3e; see supplemental
Fig. S1g,h). We also demonstrated a significant increase in
cleaved PARP-1, an important aspect for its inactivation, and
therefore a pro-apoptotic mechanism (Fig. 3e; see also
supplemental Fig. Sle,f).

Knockdown of p53 reduces DMF dependent apoptosis
significantly

To analyze whether the knockdown of DMF-induced p53
expression influences apoptosis and the G,M cell cycle
arrest we performed p53 siRNA experiments. Here, we
could demonstrate that the knockdown of p53 significant-
ly inhibits DMF-induced apoptosis. In contrast, p53
knockdown did not influence the amount of DMF-
induced G,M cell cycle arrest (Fig. 4a—c).
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DMF inhibits melanoma-lymphendothelial cell adherence

In vivo, it could be demonstrated that DMF inhibits
lymphogenic metastasis [6]. To determine whether DMF
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influences the interaction between lymphendothelial and
melanoma cells, we performed adhesion assays (Fig. Sa,
b) and found that it effectively inhibits the adherence of
both A375 and SK-Mel melanoma cells on dermal
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Fig. 1 a, b Proliferation assay for A375 and SK-Mel. Mean values from
at least four independent experiments are shown as mean + SD. ¢, d
Cytotoxicity-assay for A375 and SK-Mel. Mean values from at least three
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independent experiments are shown as mean = SD. e Proliferation assay
of primary human fibroblasts. Mean values from at least four independent

50uM 100puM

experiments are shown as mean + SD. *p < 0.05: significant
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lymphendothelial cells. This might be an important reason
for reduced metastasis.

Discussion

In vivo DMF was found to have anti-tumorigenic as well as
anti-lymphometastatic action in melanoma [4, 6]. The first
analysis by Loewe et al. demonstrated that DMF induces ap-
optosis and G2/M cell cycle arrest in melanoma cell lines [4].
Unfortunately, the underlying mechanisms remained unclear.

In this study, we demonstrated that DMF inhibited the
proliferation of melanoma cell lines via a concentration-
dependent induction of GO/G1 and G2/M arrest in a p21-
dependent manner. We also showed that it increased ex-
pression of the cell cycle inhibitor p21 and suppressed
expression of the cell cycle inductor cyclin B1. In addition,
we demonstrated that the expression of the tumor
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Fig.2 a, b Analysis of cell cycle distribution by FACS using propidium
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suppressor p53 is induced by DMF treatment.
Knockdown of p53 reduces DMF-induced apoptosis but
does not influence cell cycle arrest. We also revealed that
DMF might induce apoptosis via suppression of Bcl-2 and
increased PARP-1 cleavage. Furthermore, we demonstrat-
ed that it suppressed melanoma adherence on
lymphendothelial cells.

Thus, we in part confirmed the results of Loewe et al.
that DMF inhibits melanoma cell line proliferation [4].
We found this inhibition after 24 h rather than 3 and
6 days, as reported by Loewe et al. and our cytotoxicity
analysis excluded cytotoxic effects as the means to prolif-
eration inhibition. Loewe et al. demonstrated G2/M arrest
using 84 uM DMF [4]. We used 100 uM DMF and ob-
tained similar results, but showed a G0/G1 cell cycle ar-
rest using 50 uM DMF. We were additionally able to
demonstrate the underlying mechanism of cell cycle ar-
rest. We revealed a concentration-dependent increase in
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concentrations as indicated. Comparable results were obtained from at
least three independent experiments
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«Fig. 3 a, b Analysis of apoptosis in melanoma cell lines A375 and SK-
Mel. Mean values from at least four independent experiments are shown
as mean = SD. ¢, d Caspase 3/7 assay. Mean values from at least four
independent experiments are shown as mean = SD. *p < 0.05: significant.
e Representative western blot analyses of melanoma cell lines A375 and
SK-Mel that were treated for 24 h with vehicle or DMF for varying
concentrations as indicated. Comparable results were obtained from at
least three independent experiments

p21 expressions. Recently, DMF was shown to induce
GO0/G1 cell cycle arrest via induction of p21 in vascular
smooth muscle cells [8]. The induction of p21 by DMF
was demonstrated, up to now, only in vascular smooth
muscle cells, pre-adipocytes, and lymphendothelial cells
[8-10], and it seemed to be an important mechanism of
regulation. Our data support this. Induction of G2/M cell
cycle arrest by DMF was shown not only in melanoma
cells but also in colon carcinoma cells [11]. We showed
that cyclin B1, an important cell cycle activator at the G2/
M boundary, was almost completely suppressed after
treatment with 100 uM DMF. Kedinger et al. demonstrat-
ed that suppression of cyclin Bl in melanoma cells leads
to effective inhibition of melanoma metastasis in a B16-
F10 murine melanoma metastasis model [12]. Therefore,

a

we postulate that the combination of cyclin B1 suppres-
sion and p21 induction induces G2/M arrest at higher
DMF concentrations in melanoma cells, whereas the ex-
clusive induction of p21 at lower concentrations induces
GO0/G1 arrest. Comparable results were demonstrated by
Lee et al. in HT29 cells, where lower concentrations of
cordycepin induced G2/M arrest, and higher concentra-
tions induced G0/G1 arrest [13]. Miyanaga et al. showed
that low docetaxel concentrations induced GO/G1 arrest,
whereas higher concentrations induced G2/M arrest [14].
Therefore, cell cycle inhibition by DMF seems to be not
only cell type-specific but also concentration-dependent
when the blocked cell cycle boundary is involved.
Loewe et al. demonstrated that DMF induces apoptosis
in human melanoma cell lines, but failed to demonstrate
the underlying mechanisms [4]. We could demonstrate
that the DMF treatment led to inhibition of the anti-
apoptotic protein bcl-2 and increased cleavage of PARP-
1. Inhibition of bcl-2 is an important way to suppress
melanoma cell proliferation [15]. Recently, Tsubaki et al.
demonstrated that DMF induces apoptosis in
hematopoetic tumor cells, in part via inhibition of bcl-
XL expression, another protein of the bcl-group with
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anti-apoptotic effects [16]. In our melanoma cells, the ex-
pression of bcl-XL was unchanged. Our results are com-
parable to those obtained by Treumer et al., who demon-
strated that DMF suppresses bcl-2 expression in human T
cells and effectively induces apoptosis [17]. We addition-
ally demonstrated a significant increase in PARP-1 cleav-
age, leading to its inactivation. This is an important pro-
apoptotic mechanism. Inhibition of PARP-1 is a promis-
ing target of further anti-tumor strategies, and there are
various studies under way to prove the efficacy of
PARP-1 inhibitors in clinical practice [18]. Chevanne
et al. demonstrated that inhibition of PARP-1 leads to
sustainable growth impairment in melanoma cells [19].
Staibano et al. demonstrated that in melanomas of the
head and neck, overexpression of PARP-1 is associated
with more aggressive cell behavior [20]. We showed that
DMF facilitates PARP-1 cleavage and is therefore a new
PARP-1 inhibitor. Promising clinical phase II studies are
underway in ovarian cancer using the PARP-1 inhibitor
Olaparib, demonstrating anti-tumor activity [21, 22].

To analyze whether DMF dependent p53 expression
increase is relevant concerning apoptosis and cell cycle
arrest, we performed p53 knockdown experiments reveal-
ing that DMF-induced p53 increases apoptosis but does
not influence G,M cell cycle arrest. P53 is an important
regulator of apoptosis as well as the cell cycle [23].
Interestingly, suppression of DMF-induced p53 does not
influence cell cycle arrest in our melanoma cell lines. This
might be due because of the effective induction of the cell
cycle inhibitor p21 and the suppression of cyclin B1.

Finally, we demonstrated that DMF suppresses adherence
of both melanoma cell lines on primary dermal
lymphendothelial cells. This action might be an additional
anti-lymphometastatic action of DMF, and if it is, this
strengthens the in vivo results of Valero et al., who demon-
strated inhibition of lymphatic metastasis by DMF [6].
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In summary, we have elucidated the underlying mecha-
nisms of DMF-induced apoptosis and cell cycle inhibition in
melanoma cell lines and have shown that lymph endothelial
adherence in melanoma cells is reduced. Suppression of bcl-2
and inactivation of PARP-1 could demonstrate a significant
increase in p21 and p53 expression and cyclin B1 suppression.
These data now explain, in part, the anti-tumorigenic action of
DMF in melanoma.
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