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a b s t r a c t In a mouse melanoma metastasis model it has been recently shown that ADAM15 overexpression in melanoma cells signiﬁcantly reduced the number of metastatic nodules on the lung. Unfortunately, the expression of ADAM15 in human melanoma tissue has not been determined so far. In our study, we characterized the expression of ADAM15 in tissue micro-arrays of patients with primary melanoma with melanoma metastasis. ADAM15 was expressed in melanocytes and endothelial cells of benign nevi and melanoma tissue. Importantly, ADAM15 was signiﬁcantly downregulated in melanoma metastasis compared to primary melanoma. We further demonstrate that IFN-c and TGF-b downregulate ADAM15 protein levels in melanoma cells. To investigate the role of ADAM15 in melanoma progression, we overexpressed ADAM15 in melanoma cells. Importantly, overexpression of ADAM15 in melanoma cells reduced the migration, invasion and the anchorage dependent and independent cell growth of melanoma cells. In summary, the downregulation of ADAM15 plays an important role in melanoma progression and ADAM15 act as a tumorsuppressor in melanoma. Ó 2010 Elsevier Inc. All rights reserved.



1. Introduction Disseminated melanoma is a radiation- and chemotherapyrefractory neoplasm where no palliative standard therapy currently exists. Although melanomas are curable if detected at an early stage, late stage melanomas are notoriously aggressive, which is in part due to resistance to therapy [1]. Recently, we have characterized the expression of ADAM10, a member of the ADAM (A Disintegrin And Metalloproteinase) family in melanoma tissue. ADAM10 was signiﬁcantly upregulated in melanoma metastasis compared to primary melanoma and the knockdown of ADAM10 reduced melanoma cell migration and invasion [2]. In contrast to the tumorpromoting function of ADAM10 in melanoma, ADAM15 seems to have tumorsuppressing functions in melanoma. ADAM15 is the only member of the ADAM family with a RGD (Arg-Gly-Asp) binding motif, which enables ADAM15 to the binding of integrins [3]. One important function of members of the ADAM family is the cleavage of growth factors, cytokines and adhesion molecules,



releasing soluble bioactive forms of the respective proteins [4]. In response to growth factor deprivation ADAM15 was able to cleave E-Cadherin in breast cancer cells and soluble E-Cadherin bound and stimulated ErbB receptor signaling in breast cancer cells [5]. In addition, by using cDNAs and tissue micro-arrays it was shown that ADAM15 was upregulated during breast cancer progression [6]. In contrast to breast cancer, a tumorsuppressor function of ADAM15 in melanoma has been proposed. It has been reported, for example, that injection of mouse melanoma cells in combination with the recombinant disintegrin domain of ADAM15 signiﬁcantly reduced the formation of lung metastasis in mice [7]. To determine the expression and function of ADAM15 in melanoma in detail we analyzed the expression of ADAM15 in benign nevi and melanoma tissue and characterized its role in melanoma progression. 2. Materials and methods 2.1. Skin samples, tissue micro-arrays and cell line array



⇑ Corresponding author. Address: Pharmazentrum Frankfurt, Klinikum der Johann Wolfgang Goethe-Universität Frankfurt, Theodor-Stern-Kai 7, D-60590 Frankfurt am Main, Germany. Fax: +49 69 6301 79 42. E-mail address: [email protected] (P. Gutwein). 0006-291X/$ - see front matter Ó 2010 Elsevier Inc. All rights reserved. doi:10.1016/j.bbrc.2010.09.055



Three different tissue micro-arrays (TMAs) representing 44 primary melanomas and 137 melanoma metastasis were used for immunohistochemical analysis. All melanoma had a Breslow
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tumor thickness >/=1.0 mm. Twenty of the 44 patients had a Breslow tumor thickness from 1 to 2 mm, while tumor thickness in 24 patients was over 2 mm. The metastases array included 21 lymph node and 116 organ metastases. Furthermore, we analyzed a cell line array of 52 melanoma patients. Cell lines derived from 16 primary cutaneous melanomas and 31 metastasis. Five cell lines were of unknown origin. Metastasis and melanoma cell lines were not related to the initially described malignant melanomas. Cell lines were grown and cell line array and TMAs were constructed as previously described [8]. Approval for the use of the reported melanoma TMAs was obtained from the ethical commission in Zurich (StV 16-2007). In addition patients provided written informed consent on the use of their tissue samples for the establishment of melanoma cell cultures (EK 647 and EK 800). 2.2. Immunohistochemistry Immunohistochemical stainings on TMAs and melanoma metastases were performed using an automated immunostainer (Ventana Medical Systems, Tucson, AZ, USA), utilizing the antibodies against ADAM15 (Dako A/S, clone D2-40, dilution 1:50) and the Ki-67 proliferation antigen (Dako A/S) clone MIB-1, dilution 1:20). 2.3. Evaluation of ADAM15 and MIB-1 expression in tissue samples To determine the expression frequencies of ADAM15, a semiquantitative scoring system was applied following the German Immunohistochemical Scoring (GIS) system. Percentage of positive cells was graded as follows: 0, negative; 1, up to 10% positive cells; 2, 11–49%, 3, 50–80%; 4, >90%. Staining intensity of 0, negative; 1, weakly positive; 2, moderately to strongly positive. The extent of KI-67 staining was recorded as the Ki-67 Labeling Index (number of marked nuclei per 100 melanoma cells). All stainings were evaluated by an experienced pathologist (D.M.-P.). 2.4. Cell culture The human melanoma cell lines SkMel5, MeWo and NW1539 were a kind gift of Dr. Claudia Bürger (Dermatology, Goethe University Hospital Frankfurt) and were cultured in RPMI1640 medium supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin. The human primary malignant melanoma cell line M010403 was provided by Dr. Med. Marie Zipser (Zürich) and was cultured in RPMI1640 supplemented with 10% FCS, 1% pyruvate and 1% penicillin/streptomycin. Human epidermal melanocytes were purchased from Promocell (Heidelberg, Germany) and cultured in specialized M2 medium containing growth medium and supplement. 2.5. siRNA transfection For downregulation of ADAM15 expression, the following siRNA duplex (MWG Biotech AG, Ebersberg, Germany) was used: 50 -GAUCUACUCUGGGAGACAA (dTdT)-30 . As a negative control, unspeciﬁc scrambled siRNA duplexes (50 -AGGUAGUGUAAUCGC CUUGTT-30 ) were used. At 24 h before the transfection 5  104 cells were seeded in six-well plates. Transfection of siRNA was carried out using Oligofectamine (Invitrogen, Karlsruhe, Germany) and 10 nM siRNA duplex (MWG Biotech AG) per well. Transfection was performed as previously described [9]. Speciﬁc silencing of targeted genes was conﬁrmed by at least three independent experiments. 2.6. Western blot Cell extracts were prepared and processed at the indicated times. Western blot membranes were incubated with a rabbit Ab



against human ADAM15 at a dilution of 1:2000 (Abcam, Cambridge, USA) in 2% nonfat dry milk dissolved in TBST buffer (20 mM Tris, 150 mM NaCl, pH 7.5, 0.1% Tween 20). Blots were developed using the ECL system (Amersham Pharmacia, Buckinghamshire, UK). To conﬁrm equal loading, blots were re-probed with an b-actin antibody (Sigma, Deisenhofen, Germany). 2.7. Nucleofection Cells were nucleofected using materials supplied in the Amaxa Cell Line Optimization Nucleofector Kit V (Lonza, Cologne, Germany). Transfection was performed according the Amaxa manufacturing protocol with 5 lg ADAM15-pcDNA3.1 plasmid DNA (a kind gift from Dr. Beate Böhm, Frankfurt, Germany). Control cells were transfected with 5 lg empty pcDNA3.1 plasmid DNA. 2.8. Regulation of ADAM15 expression in melanoma cells To investigate the role of interferon-a (IFN-a, PeproTech, London), Interferon-c (INFN-c, PeproTech, London), Interleukine-2 (IL-2, R&D Systems 202-IL) and tumor growth factor-b1 (TGF-b1, PeproTech, London) on ADAM15 expression in melanoma cells, cells were seeded in six-wells (2.5  105) and grown overnight. 2.9. FACS analysis Melanocytes and melanoma cells were incubated for 30 min with mAbs against ADAM15 (R&D Systems, Wiesbaden, Germany) or E-Cadherin (Santa Cruz Heidelberg, Germany). After washing the cells twice with PBS, a FITC-conjugated goat anti-mouse Ab (Dako, Hamburg, Germany) was added to the cells and incubated in the dark for 20 min. After washing the cells twice with PBS, stained cells were analyzed using a FACS Canto II cell analyzer (Becton Dickinson, Heidelberg, Germany) using FlowJo Software (Tree Star). 2.10. Fluorescence microscopy Fluorescence staining was performed as previously described [10]. The anti-human ADAM15 ectodomain Ab (1:200 dilution) was used as the primary antibody followed by the appropriate Cy3 or Alexa-Fluor 488-coupled secondary Ab. 2.11. RT-PCR Isolation of melanoma mRNA was performed according to the RNeasyÒ kit protocol from Qiagen. The Fermentas cDNA-synthesis kit was used to transcribe mRNA into complementary DNA (cDNA). RT-PCR was performed to detect different splicing variants of ADAM15. Denaturation of the cDNA was performed at 93 °C for 7 and 0.5 min to melt the double stranded DNA to single stranded DNA. Primer annealing was performed at 60 °C for 0.5 min, and the extension reaction was done at 72 °C for 1 min. PCR was performed for 29 cycles. The following sequences were used: ADAM15 matrix metalloproteinase domains (MMP): forward, 50 -TCACTTTG GGGACCTGGAGC-30 ; reverse, 50 -TCCTACCTGTCTGG CACTGG-30 ; ADAM15A: forward, 50 -CAGGACCTCCGCAGAG-30 ; reverse, 50 -GCAG GCAGTGGCTTCCTT-30 ; ADAM15B: forward, 50 -GCCTGACCCTGTGT CCAA-30 ; reverse, 50 -GC AGGCAGTGGCTTCCTT-30 ; ADAM15C: forward, 50 -C TGACCCGGTGGTG AGAAG-30 ; reverse, 50 -GCAGGCAGTG GCTTCCTT-30 ; ADAM15D: forward, 50 -GCGACTCTGCCAGC TCAA-30 ; reverse, 50 -GCAGGCAGTGGCTTCCTT-30 , b-actin: forward, 50 -GGACT TCGAG CAAGAGATGG-30 ; reverse, 50 -AGCACTGTGTTGGCGT ACAG30 . The PCR products were analyzed in a 2% Agarose gel electrophoresis containing Gel RedÒ (Biotrend, Cologne, Germany).
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2.12. Proliferation assay At 24 h after the transfection with ADAM15-pcDNA3.1, the MeWo cells or SKMel 5 cells were seeded into 96-well plates. For evaluation of the anchorage-independent cell growth, plates were coated with poly-2-hydroxyethyl methacrylate (Sigma, Deisenhofen, Germany). Cell growth was monitored after 24, 48 and 72 h
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using a CellTiter 96 Non-Radioactive Cell Proliferation Assay (Promega GmbH). The formation of formazan through cleavage of the MTT tetrazolium salt assay in metabolically active cells was measured at the absorbance of 570 nm using a spectrophotometer. Each assay was performed in triplicates and repeated at least thrice. Data are presented by means ± SD. Statistical and signiﬁcant differences were determined using Student’s t-test.



Fig. 1. ADAM15 expression in benign nevi, primary melanoma and melanoma patients with metastasis. Double immunoﬂuorescence analysis on tissue sections of patients was performed to investigate the expression of ADAM15 in melanocytes and endothelial cells of benign nevi (A and B) and melanoma tissue (C and D). ADAM15 expression was visualized by monoclonal ADAM15 antibody (Ab) followed by Alexa Flour 488-coupled secondary Ab (green, A and C) or Cy3–coupled secondary Ab (red, B and D). The melanocyte marker S100 was detected by polyclonal S100 Ab and Cy3–coupled secondary Ab (red, A and C). For visualizing endothelial cells the tissue sections were stained with CD31 polyclonal Ab followed by Alexa Flour 488-coupled secondary Ab (green, B and D).Nuclei of melanoma cells were visualized by DAPI staining. Tissue micro-array of melanoma patients and patients with melanoma metastasis were immunohistochemically analyzed for ADAM15 expression. In (E) is a predominant moderate immunostaining for ADAM15 (arrowhead) in primary melanoma with few melanoma cells with strong ADAM15 expression (thick arrow) shown. Accentuation of the positive immune staining to the membrane could be demonstrated by positive granulocyte (thin arrow; 400). Absence of ADAM15 immunostaining in melanoma lymph node metastases (F) and a cell line of a primary melanoma (400) is documented in (G). In (H) melanoma brain metastasis with moderate and strong ADAM15 expression in over 50% of the tumor cells is shown.
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2.13. Cell migration assay The overexpression of ADAM15 on melanoma cell migration was measured as the ability of cells to migrate through Transwell ﬁlters (6.5 mm diameter, 5 mm pore size). Transwell ﬁlters were coated with ﬁbronectin (10 mg/ml in PBS) or Matrigel for 1.5 h before adding the cells. At 8 h after ADAM15 transfection, cells were detached by trypsinization and 1  105 cells were seeded into Transwell ﬁlters in the 100 ml starvation medium. Cells were migrated for 10 h. The migration assay was performed as previously described [10]. Data are presented by means ± SD. Statistical and signiﬁcant differences were determined using Student’s t-test. 3. Results To investigate the localization of ADAM15 in nevi and melanoma tissue sections, we performed double immunoﬂuorescence staining of ADAM15 with S100, a melanocyte marker and CD31 an endothelial cell marker. ADAM15 was expressed in melanocytes and endothelial cells of benign nevi (Fig. 1A and B) and melanoma tissue (Fig. 1C and D). In addition, immunohistochemical analysis



in tissue micro-arrays of patients with melanoma and melanoma metastasis revealed a heterogenous ADAM15 expression. The tumor samples (primary melanoma versus melanoma metastasis) were not matched. We found absent, weak, moderate and strong ADAM15 expression in melanoma tissue (Fig. 1E–H). The tumor cells showed a cytoplasmatic positivity with accentuation to the cell membrane. Neutrophyl granulocytes with strong ADAM15 expression were used as positive internal control (Fig. 1E, thin arrow). Primary melanoma had a signiﬁcant higher ADAM15 expression as compared to melanoma metastasis (p = 0.0001). In 16 of 44 primary melanomas (40%) ADAM15 was not expressed. In contrast, in melanoma metastasis 104 of 137 (75%) did not show any ADAM15 expression. 15 of 44 (32%) primary melanomas showed high ADAM15 expression as compared to 10 of 137 (7%) in melanoma metastasis. There was no correlation found between ADAM15 expression and the proliferation index of primary melanoma or melanoma metastasis. In addition, no association between Breslow tumor thickness and ADAM15 expression was observed. Next we investigated the expression of ADAM15 in melanoma patient derived cell lines. Only 5 of 52 (10%) melanoma cell lines showed a weak and 1 of 52 (2%) a strong ADAM15 expression.



Fig. 2. ADAM15 expression in melanocytes and melanoma cells. (A) The expression of ADAM15 was analyzed by Western blot analysis of total cell lysates of the melanoma cell line SkMel5 and primary melanocytes w. b-Actin was used to determine equal sample loading. (B) ADAM15 expression levels of the four melanoma cell lines NW1539, M010403, SkMel5 and MeWo were determined by ADAM15 speciﬁc Ab. b-Actin levels were determined as a loading control. (C) Cell surface expression of ADAM15 (left panel) in human melanocytes and the melanoma cell lines NW1539, MeWo and SkMel5 were determined by FACS analysis. Flow cytometry histograms represent number of cells (cell counts, y-axis) and the ﬂuorescence intensity (x-axis) of ADAM15 and isotype-matched control IgG Ab (ﬁlled peak). Localization of ADAM15 was investigated by immunoﬂuorescence staining with ADAM15 speciﬁc antibodies followed by Cy3 coupled antibodies (red) in melanocytes (D) and the melanoma cell lines M010403 (E), MeWo (F) and SkMel5 (G). The cells were stained with DAPI to visualize nuclei (blue). (For interpretation of color mentioned in this ﬁgure the reader is referred to the web. version of the article.)
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Three cell lines with weak ADAM15 expression consisted of melanoma metastasis, two of primary melanomas and one of unknown origin. The cell line with strong ADAM15 expression was from a patient with primary melanoma. To achieve a more detailed characterization of ADAM15 expression in melanoma cells we analyzed the melanoma cell lines NW1539, M010403, SkMel 5 and MeWo for protein expression, mRNA levels and cell surface expression of ADAM15 (Fig. 2). Western blot analysis revealed different expression levels of ADAM15 in melanoma cells. Interestingly, melanocytes showed a considerable stronger expression of ADAM15 as SkMel 5 cells. In contrast the surface expression of ADAM15 was not signiﬁcantly changed between both cell lines (Fig. 2C). It has been shown that different splice variants of ADAM15 are existing [11]. With PCR we could demonstrate that in melanoma cells the variant ADAM15D was the predominant isoform of ADAM15 (data not shown). To investigate the regulation of ADAM15 we treated melanoma cells with different cytokines and investigated the ADAM15 expression by Western blot analysis. The combined treatment of melanoma cells with TGF-b + IFN-c and TGF-b alone reduced ADAM15 protein levels. In contrast IL-2 did not reduce ADAM15
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protein levels in NW1539 melanoma cells (data not shown). By immunoﬂuorescence analysis we could conﬁrm that TGF-b + IFNc treatment signiﬁcantly reduced ADAM15 levels in SkMel 5 (Fig. 3B) and MeWo cells (Fig. 3C). By RT-PCR we found that TGFb and IFN-c reduced ADAM15 also on mRNA level (Fig. 3D). To investigate the role of ADAM15 in melanoma progression we overexpressed ADAM15 in MeWo and SkMel 5 cells (Fig. 4A). Compared to pcDNA3.1 transfected control cells, ADAM15 overexpressing melanoma cells showed a signiﬁcant reduced migration towards Matrigel (p < 0.01, Fig. 4B) and ﬁbronectin (p < 0.05, Fig. 4C) coated transwells. In addition, overexpression of ADAM15 protein led to a signiﬁcant reduction of the anchorage dependent (Fig. 4D) and independent cell growth (Fig. 4E) of melanoma cells. 4. Discussion Malignant melanoma is a type of tumor which is resistant against chemotherapy and radiation. Although a lot of research has been done to cure metastatic melanoma patients, no successful attempt has been published. To develop new therapeutic strategies



Fig. 3. IFN-c and TGF-b downregulate ADAM15 in melanoma cells. (A) MeWo cells were left untreated (control) or treated for 24 h with IFN-c, TGF-b or the combination of IFNc and TGF-b. Afterward cell lysates were prepared and ADAM15 expression was determined by Western blot analysis. In addition b-actin speciﬁc Western blot was used to show equal protein loading. ADAM15 expression was determined by immunoﬂuorescence analysis of untreated (control) or IFN-c and TGF-b treated NW1539 (B) or SkMEL5 (C) cells. Cells were stained after the cytokine treatment with ADAM15 speciﬁc antibodies followed by Cy3 coupled secondary antibodies (red). Cells were stained with DAPI to visualize nuclei (blue). (D) Different splice variants of ADAM15 (ADAM15A–D) and total ADAM15 mRNA levels (MMP-domain) were investigated in untreated and IFN-c and TGF-b treated NW1539 cells by RT-PCR. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web. version of this article.)
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Fig. 4. ADAM15 overexpression inhibits migration and proliferation of melanoma cells. (A) SkMel5 and MeWo melanoma cells were transfected with ADAM15 containing pcDNA3.1 and an empty pcDNA3.1 vector as control. Western blot analysis of transfected cells demonstrated ADAM15 overexpression. SkMel5 or MeWo cells were seeded on Matrigel (B) or ﬁbronectin (C) coated transwells. The black bar represents the control cells and the gray bar represents the ADAM15 overexpressing cells. **p < 0.01 and *p < 0.05 considered statistically signiﬁcant compared with empty pcDNA3.1 vector transfected melanoma cells. ADAM15 overexpression was analyzed in anchorage dependent (D and F) and independent cell growth assays (F). Twenty four hours after the transfection of pcDNA3.1 or ADAM15 pcDNA3.1 plasmid DNA, SkMel5 (D and F) and MeWo (E) were cells were analyzed for 72 h by the proliferation assay as described in Section 2. (F) Adhesion independent proliferation was investigated 24 h after the overexpression of ADAM15 in SkMel5 cells. ***p < 0.005 and **p < 0.01 considered statistically signiﬁcant compared with empty pcDNA3.1-transfected melanoma cells. Statistical signiﬁcance was calculated via Students t-test.



it is important to identify molecular targets, which play crucial roles in the progression of melanoma. Members of the ADAM family are often found to be overexpressed in cancer and play important roles in cancer progression [12]. ADAM15 expression, for example, has been shown to be signiﬁcantly elevated in prostate and breast cancer and was associated with tumor progression [6]. Motility and invasive behavior are key factors for the progression of malignant and metastatic melanoma cells. In our study we provide clear evidence that ADAM15 was signiﬁcantly downregulated in patients with melanoma metastasis compared to primary melanoma. Importantly, we found that ADAM15 overexpression signiﬁcantly reduced the migration and the invasion of melanoma cells. In this line, it has been shown in CHO cells that overexpression of ADAM15 suppressed cell motility by inducing a5b1 integrin surface expression and concomitant Erk inactivation [13]. The integrin a5b1 is the main receptor of ﬁbronectin and it has been shown that ADAM15 can bind in a RGD dependent manner to a5b1 and avb3 [3,14,15]. The decreased migration of ADAM15 overexpressing melanoma cells observed in our study may be explained by an upregulation of a5b1 and increased adhesion to ﬁbronectin. Most importantly the same group demonstrated that overexpression of ADAM15 in mouse melanoma cells reduced the number of melanoma metastatic nodules [13]. This result is in good agreement with our data showing that ADAM15 was signiﬁcantly downregulated in tissue sections of patients with melanoma metastasis. Furthermore it has been shown that in the presence of the recombinant ADAM15 domain (RDD) 74% fewer B16F10 melanoma metastatic nodules were formed in the lungs of C57/BL6 mice [7]. In summary our data and the before mentioned studies demonstrate



that ADAM15 expression has a tumorsuppressing function in melanoma. Further experiments investigating the signaling pathways of ADAM15 have to be performed to determine how ADAM15 inhibits the proliferation, migration and invasion of melanoma cells. Interestingly, the total mRNA levels of ADAM15 in normal mammary glands and breast cancer tissue did not vary, but increased expression of the ADAM15B splice variant correlated with shorter breast cancer patients survival [16]. Melanoma cell lines expressed all four ADAM15 splice variants (ADAM15A–D), but splice variant ADAM15D was the predominant form. Overexpression of the different splice variants in melanoma cells will identify their role in the proliferation, migration and invasion of melanoma cells. We suggest, that ADAM15 variants may exert their different effects by acting as platforms for assembly of distinct signaling complexes and therefore overexpression of speciﬁc isoforms may have consequences for processes associated with tumor growth, invasion and metastasis. One other important result of our study is that we identiﬁed TGF-b as one major factor in downregulating ADAM15 expression in melanoma cells. TGF-b, after binding to its receptor can phosphorylate SMAD2 and SMAD3 proteins which constantly shuttle between the nucleus and cytoplasm and function as transcription factors [17]. Several studies have shown that melanoma cells compared to normal melanocytes secret increased levels of TGF-b [18– 20] and increased TGF-b1 and TGF-b2 plasma levels are observed a later stages of tumor development [21]. Therefore, during the development of melanoma, TGF-b could be in vivo responsible for the downregulation of ADAM15. In summary we present compelling evidence that ADAM15 has tumorsuppressing functions in melanoma by inhibiting the proliferation, migration and invasion
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of melanoma cells and may represent an important protein for the treatment of melanoma.
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