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ABSTRACT 
 

Melanoma observed at an early stage can often be treated with surgery, but the prognosis is 

significantly worsened if the tumor is invasive or has sent metastases. Membrane-type matrix 

metalloproteinases (MT-MMP), often associated with cancer invasiveness, have been extensively 

studied, but their individual roles in melanoma are still unclear. In melanoma, MT3-MMP is often 

expressed in the most aggressive nodular type of tumors. MT1-MMP, on the other hand, promotes 

invasive cell movement between basement membrane and type I collagen tissues. 

Here MT3-MMP expression was examined by quantitative PCR (qPCR) from lymph node metastases 

and metastatic cell lines. The functions of MT1-MMP and MT3-MMP in cell invasiveness were 

studied by siRNA silencing and invasion assay in fibrin and collagen. 

MT3-MMP appeared to inhibit MT1-MMP-directed melanoma cell invasion in three-dimensional 

collagen, but in conjunction caused an MT1-MMP-dependent increase in invasive growth in the fibrin 

matrix and caused nodular-type cell colonies to form. MT3-MMP overexpression was also 

significantly visible in human melanoma metastasis specimens. In cell lines, silencing MT3-MMP 

increased invasiveness to collagen. The results demonstrate the ability of MT3-MMP to modify 

cancer cell functions during the progression of invasive melanoma. 

Treatment options for patients with metastatic melanoma (MM), including immunotherapy, 

checkpoint inhibitors, and BRAF inhibitors, have increased over the past decade. Yet many patients 

do not receive effective medication after failed standard treatments or the development of drug 

resistance. It is therefore important to develop methods for advancing personalized and translational 

medicine. The patient's own cells are closer to the in vivo conditions for this purpose than commercial 

cell lines. 

In this study, different cell types from patient-derived melanoma samples were isolated from each 

other and validated. We compared patient-derived normal cells (NFs), activated fibroblasts (CAFs), 

and cancer cells (PDC) from an NRAS Q61-positive MM patient and evaluated the response of these 

patient-derived cells and two commercial NRAS-positive and two BRAF-positive cell lines in a 527-

oncology drug panel for drug sensitivity and resistance. Healthy bone marrow and patient-derived 

fibroblasts were used as controls. The function of normal cells and CAFs as control cells were 

compared with normally used bone marrow control. 

Preoperative medication and culturing stromal-based cells made isolation more complicated. From 

six melanoma samples, we succeeded in creating three melanoma patient-derived primary cell lines 

and three patient-derived fibroblast cell lines for further studies. Drug Sensitivity Assay NRAS Q61-

positive PDCs and cell lines showed a strong response to MEK, ERK, and RAF inhibitors. In addition, 

PI3K/mTOR, mTOR, and PLK1 inhibitors had a drug response in cell lines as well as PDC. 

The application of a patient’s own cancer cells and fibroblasts to ex vivo medical testing allows for 

the identification of effective patient-specific drugs and can improve treatment outcomes for 

individual MM patients while reducing side effects caused by ineffective treatments. DSRT can help 

find individualized treatment planning for patients with metastatic melanoma whom conventional 

therapies have failed.  
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TIIVISTELMÄ 

 

Varhaisessa vaiheessa havaittua melanoomaa voidaan usein hoitaa leikkauksella, mutta ennuste 

heikkenee merkittävästi, jos kasvain on invasiivinen tai siihen liittyy metastaaseja. Kalvotyyppinen 

matriisimetalliproteinaasi (MT-MMP) liittyy usein syövän invasiivisuuteen, sitä on tutkittu laajasti, 

mutta niiden yksittäiset toiminnat melanoomassa ovat edelleen epäselviä. Melanoomassa MT3-MMP 

ilmentyy usein aggressiivisimmissa nystyrä tyyppisissä kasvaimissa. MT1-MMP puolestaan edistää 

solujen invasiivista liikkumista tyvikalvon ja tyypin I kollageenikudosten välillä. 

Tässä työssä MT3-MMP ilmentymistä tutkittiin qPCR: llä imusolmukemetastaaseista ja 

metastaattisista solulinjoista. MT1-MMP: n ja MT3-MMP: n toimintoja solujen invasiivisuudessa 

tutkittiin siRNA-vaimennuksella ja invaasio-testillä fibriinissä ja kollageenissa. MT3-MMP näytti 

estävän MT1-MMP: n ohjaaman melanoomasolun invaasion kolmiulotteisessa kollageenissa, mutta 

samalla se aiheutti MT1-MMP: stä riippuvan invasiivisuuden kasvun fibriinissä aiheuttaen 

nystyräisten solupesäkkeiden muodostumista. MT3-MMP:n kohonnut ilmentyminen näkyi 

merkittävästi myös ihmisen melanoomametastaaseista otetuissa koepaloissa. Solulinjoissa MT3-

MMP hiljentäminen lisäsi invasiivisuutta kollageeniin. Tulokset todistavat MT3-MMP:n omaavan 

kyvyn modifioida syöpäsolujen invasiivisuutta melanooman etenemisen aikana. 

Metastaattista melanooma (MM) sairastavien potilaiden hoitovaihtoehdot ovat lisääntyneet viimeisen 

vuosikymmenen aikana immunoterapian, tarkastuspisteen-estäjien ja BRAF-estäjien ansiosta. 

Potilailla ei kuitenkaan usein löydy tehokasta lääkitystä epäonnistuneiden standardihoitojen tai 

lääkeresistenssin kehittymisen jälkeen. Siksi on tärkeä kehittää menetelmiä henkilökohtaisen ja 

translationaalisen lääketieteen eteenpäin viemiseksi. Tähän tarkoitukseen soveltuvat potilaan omat 

solut huomattavasti paremmin kuin kaupalliset solulinjat tai eläinmallit. 

 

Tässä tutkimuksessa eristettiin ja validoitiin potilasperäisten melanomanäytteiden eri solutyyppejä 

toisistaan. Vertailemalla potilaasta peräisin olevia normaalisoluja (NFs), syövän aktivoimia 

fibroblasteja (CAFs) ja syöpäsoluja (PDC) NRAS Q61 -positiiviselta MM-potilaalta ja arvioitiin 

näiden potilasperäisten solujen ja kahden kaupallisen NRAS-positiivisen ja kahden BRAF-

positiivisen solulinjan vastetta 527 onkologisella lääkeainepaneelilla lääkeherkkyys ja 

resistenssitesteillä (DSRT). Kontrollina käytettiin tervettä luuydintä sekä potilasperäisiä fibroblasteja. 

Normaalisolujen ja CAFen toimivuutta kontrollisoluina vertailtiin luuydinkontrollin kanssa. 

 

Syöpäsolumallien luominen, osittain leikkausta edeltävän lääkityksen vuoksi ja osittain viljelmän 

stroomapohjaisten solujen vuoksi ei kaikkien näytteiden kohdalla onnistunut. Kuudesta 

melanoomanäytteestä eristimme 3 potilaspåeräistä melanooma primäärisolulinjaa ja 3 potilasperäistä 

fibroblasti solulinjaa jatkotutkimuksia varten. Lääkeherkkyys testissä NRAS Q61 -positiiviset PDC: 

t ja solulinjat osoittivat vahvaa vastetta MEK-, ERK- ja RAF-estäjille. Lisäksi PI3K / mTOR-, 

mTOR- ja PLK1-estäjillä oli lääkevastetta solulinjoilla sekä PDC:llä. Potilaan omien syöpäsolujen ja 

fibroblastien soveltaminen lääketieteelliseen testaukseen ex-vivo mahdollistaa potilaskohtaisten 

tehokkaiden lääkeaineiden tunnistamisen ja voi parantaa yksittäisten MM-potilaiden hoitotulosta ja 

vähentää tehottomien hoitojen aiheuttamia sivuvaikutuksia. DSRT:tä voi löytyä apua niiden 

metastaattista melanoomaa sairastavien potilaiden yksilöllisessä hoitosuunnittelussa, joilla 

tavanomaiset hoidot ovat epäonnistuneet. 
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1 Introduction 

 

Significant breakthroughs in cancer treatment have been achieved in recent years, such as 

immunotherapy, checkpoint inhibitors and BRAF inhibitors. New targeted drugs have been 

developed for cancers in which an effective genetic mutation has been identified. The specific drug 

is then labeled in the underlying mechanisms of the cancer. It is very important to be able to provide 

a specific medication for the patient who benefits most from it. Based on literature, new targeted 

drugs are being introduced, especially for the treatment of melanoma and other solid cancers. 

In this study, we focus on the challenges of creating patient-derived cell lines and testing drug 

susceptibility in melanoma. Methods used are basically very similar between solid cancers. Each 

patient sample is unique, but the same methods is used on each. The one media may not work in every 

case. Sometimes patient-derived cancer cells adapt very well to laboratory culture conditions and 

divide indefinitely, creating a stable primary cancer cell line. Thus, in addition to identifying potential 

drugs for an individual patient, it is possible to gather information to develop other treatments for the 

same type of cancer. From the results of these experiments, valuable information can be extracted 

about cancers of different genetic backgrounds and their drug susceptibilities, knowledge which is 

very important for the scientific and medical community as well as for the corresponding potential of 

patients. 

This work compares the drug sensitivity of patient-derived melanoma, fibroblast, and control cells 

with bone marrow control and commercial cell lines. The research collaboration utilizes the intensive 

screening method for the development of researchers at FIMM and the Cancer Center of Helsinki 

University Central Hospital, which enables rapid determination of the efficacy of more than five 

hundred drugs. 

The ultimate goal of this research is to combine data from cancer models and drug testing of a 

melanoma patient to obtain rapid clinical translation and improve patient care. The project was 

performed as a collaboration between Dr. Micaela Hernberg, Dr. Siru Mäkelä and Dr. Laura 

Kohtamäki from melanoma clinics at the Comprehensive Cancer Center of Helsinki University 

Hospital and the Institute for Molecular Medicine Finland (FIMM). Testing the effectiveness of 

anticancer drugs can help predict, identify, and help identify patient care, prioritize available drugs, 

and tailored drug combinations. 

 

2 Precision medicine in melanoma 

 

 Malignant melanoma 

 

Malignant melanoma (MM) is the deadliest and most aggressive form of skin cancer, which develops 

gradually as result of mutations in pigment-producing melanocyte cells. About 1,400 people get 

melanoma in Finland every year. The most significant risk factor for the development of melanoma 

is repeated burning of the skin when exposed to ultraviolet radiation from the sun.  
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The most important factor behind MM progression is most often mutations in the serine/threonine-

protein kinase B-Raf (BRAF) and proto-oncogene (NRAS). BRAF mutations are found in about 50% 

and NRAS mutations in about 20% of melanoma cases. In addition, a smaller proportion of melanoma 

patients have wild-type mutations for BRAF and NRAS. Both BRAF and NRAS mutations lead to 

the constitutive activation of the MAPK oncogenic signaling pathway [1]. 

New options for the treatment of MM have emerged over the last ten years, thanks to targeted drugs 

and checkpoint inhibitors. Checkpoint inhibitors such as nivolumab, ipilimumab, and pembrolizumab 

are effective in approximately 20–30% of MM patients [2], [3], [4]. The median survival time after 

diagnosis for MM patients still remains short at about 7–8 months, and only 10–15% of patients are 

alive after 3 years [5]. 

Of the new drugs, BRAF inhibitors such as vemurafenib and dabrafenib have also been shown 

effective in MM patients, although they often develop resistance during treatment. The combination 

of MEK inhibitors with BRAF inhibitors has been shown to enhance the therapeutic effect by 

stopping the progression of melanoma for an even longer time. Not all patients respond to checkpoint 

inhibitor therapy, and there are no good biomarkers to predict which patients would benefit from 

these treatments. 

The NRAS is found to be mutated in approximately 20% of MMs and is characterized by aggressive 

disease course and association with poor prognosis [6], [7]. Most common is the NRAS Q61 

mutation. The large number of genetic mutations in melanoma explains the challenges of treatment 

planning and the need for change. Of the large number of anticancer drugs available, only a few are 

for the treatment of melanoma, none of which have yet been approved for the treatment of NRAS-

positive melanoma [8], [9]. 

There is some evidence that NRAS-mutated melanomas respond to MEK inhibitors [10], [11] such 

as binimetinib [6]. There have been 37 clinical trials in NRAS-mutated melanoma. One active phase 

II study is ongoing with the Mek162 inhibitor and NRAS-mutated MM. Clinical trials with NRAS-

mutated MM have mostly tested MEK inhibitors. For example, MEK inhibitors A2d6244, Mek162, 

and pimasertib alone have been studied or pimasertib vs. dacarbazine (a chemotherapy drug). In 

clinical trials also MEK inhibitor Mek162 vs. dacarbazine or combination therapies such as the 

MEK162 + CDK4/6 inhibitor have been tested. Immune-based therapies can help those with NRAS 

mutations. In particular, the combination of the immune system and targeted therapy may play a role 

in the future, although related clinical trials are still at an early stage. (https://clinicaltrials.gov/). 

 

 

 Fibroblast in the tumor microenvironment 

 

Normal fibroblasts help in the production of extracellular matrix components such as collagens and 

are therefore vital for tissue repair and wound healing. However, cancer-associated fibroblasts 

(CAFs) derive from either normal fibroblasts, pericytes, smooth muscle cells, fibrocytes, or 

mesenchymal stem cells where apoptosis is often impaired. These CAFs can support tumor growth 

by secreting growth factors such as vascular endothelial growth factors and chemokines that stimulate 
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angiogenesis and tumor growth. Fibroblasts are an important source of ECM-degrading proteases like 

metalloproteinases (MMPs) [12]. 

Tumorigenesis is a complex process between malignant cells and surrounding stromal cells. Normal 

fibroblasts have functions that suppress the progression of cancer; the loss of these functions is a 

significant step in tumor progression. The conversion of normal fibroblasts to cancer-associated 

fibroblasts (CAFs) by tumor cells, in turn, triggers changes in normal tissue architecture [13]. 

The tumor-suppressive and pro-tumor effects of fibroblasts are also of interest from the perspective 

of drug susceptibility assays for their effect on different treatment responses. For example, in prostate, 

breast and lung cancers, elevated stromal signatures may correlate with poorer prognosis [14], [15] 

and resistance to chemotherapeutic treatment in breast cancer [16], suggesting that anti-stromal agents 

may offer new ways to overcome resistance to chemotherapy.  

In melanoma, some of the mechanisms of resistance development are associated with CAF-mediated 

reactivation of the MAPK pathway. As an example of this, increased resistance to BRAF inhibitors 

has been observed in melanoma, suggesting that cytokines and chemokines produced by CAFs may 

be responsible for the development of resistance, for example,  in BRAF inhibitor treatments [17]. 

The potential to restore fibroblast-dependent anticancer growth tissue structure may open new 

windows for cancer treatments. The tumor gene of CAFs has been extensively studied, as evidenced 

by more than 5,000 published scientific articles. Studies emphasize the role of the CAF cancer cell in 

tumor growth, metastasis, and CAF-induced resistance to various anticancer drugs and treatments. 

Therefore, a combination of CAF and cancer cell therapies and their simultaneous study may prove 

beneficial. The challenge is CAFs’ heterogeneity and lack of specific markers to identify them [14]. 

 

 MMPs in melanoma invasion 

 

If melanoma is detected early enough, it can be treated with surgical resection, but the prognosis 

worsens significantly with invasion and metastasis. The extracellular matrix (ECM) is an important 

substrate for tumor cell migration, but it also acts as a physical barrier to cell invasion. Matrix 

metalloproteinases (MMPs) as well as transmembrane membrane-type matrix metalloproteinases  

(MT-MMPs) are a family of secreted catalytic enzymes capable of cleaving ECM proteins and other 

substrates [18].  

MMPs have been studied widely (50,000 articles in a public search) because MMPs, in particular 

MMP-2 and MMP-9, have been implicated in cancer progression, neoangiogenesis, and metastases. 

MMP expression and activation increased in almost all cancers, and this often correlates with poor 

prognosis [19]. Cancer cells produce some MMPs, such as matrilysin, while cancer stromal 

fibroblasts produce others, such as gelatinase. It has been found that an imbalance between MMP and 

MMP inhibitors allows the destruction of the extracellular matrix and increases the ability of tumor 

cells to grow and metastasize [20]. 

Degradation of basement membranes and interstitial ECM is an essential step in melanoma cell 

invasion and metastasis formation. Matrix metalloproteinases (MMP-1, MMP-2, MMP-9, MMP-13, 
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and MMP-14) and their tissue inhibitors (TIMP-1, TIMP-2, and TIMP-3) play an important role in 

melanoma processes [21]. 

The role of MT-MMPs in cancer has been extensively studied. These enzymes are often associated 

with the invasive properties of tumor cells due to their ability to degrade all extracellular matrix 

(ECM) and basement membrane protein components. MT1-MMP, also called MMP-14, is a 

particularly important pro-invasive factor in many cancer types and its expression often correlates 

with invasion and metastasis [22]. MT1-MMP is capable of cleaving a wide variety of ECM proteins, 

including type I-IV collagen, laminin 1 and 5, and fibronectin [23]. MT3-MMP, also called MMP16, 

is a close homologue of MT1-MMP that cleaves fibrin but not type I collagen. MT3-MMP is not so 

commonly linked with different cancers although it still is in some cases with the worst predicted 

nodular type melanoma [24, 25]. 

Studies have shown that MT-MMP has an effect on early stages of tumor development, cell 

stimulation and angiogenesis, and on the other hand, some MT-MMPs have a tumor-suppressor role 

[19]. 

 

 MMP inhibitors in melanoma treatment 

 

MMPs and their tissue inhibitors (TIMPs) are both involved in cancer tumor progression and 

metastasis. Researchers thought that by inhibiting MMP synthesis, angiogenesis and metastasis could 

also be prevented. Promising pre-clinical studies were often followed by failure. In clinical trials, 

MMP inhibitors often did not progress beyond Phase I due to their toxicity and serious side effects 

[26], [27]. 

However, there are two categories of inhibitors: synthetic and endogenous. The development of 

synthetic inhibitors remains a major challenge due to the high toxicity and stagnation of clinical trials. 

Endogenous inhibitors also have the problems of lack of selectivity and side effects. None of the 

designed synthetic MMP inhibitors have yet passed clinical trials and entered the market. One MMP 

inhibitor, Marimastat BB-2516, has entered Phase III trials. However, Marimastat has failed in 

clinical trials because it showed little therapeutic effect and patients developed musculoskeletal 

toxicity [28]. 

The latest selective MMP inhibitors are not known to cause musculoskeletal syndrome, a common 

side effect of broad-spectrum MMP inhibitors. Only certain functions of individual MMPs are 

blocked. The MONT inhibitor and several MMP inhibitors have been involved in clinical trials 

targeting a variety of diseases, including gastric cancer, diabetic foot ulcers, and multiple sclerosis 

[29]. 

Some of the most recent studies have focused on target-specific protein-based MMP inhibitors with 

high selectivity. For example, Raeeszadeh-Sarmazdeh et al. (2020) describe how MMPs have great 

potential for developing pro-drugs, nanoparticles that get triggered in a tumor environment, yet 

remain harmless in normal cells. 
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 Functional precision medicine in oncology 

 

Genomic analysis of tumor samples, and thereby identification of mutations, is still considered 

precision medicine. But in recent years, more evidence from pioneering studies supports that drug 

testing with patient-derived cancer cells adds valuable information and allows physicians to select 

what drugs would be effective for individual patients. The precision medicine approach is most 

advanced for leukemia [30], [31]. 

The in vitro susceptibility and resistance test (DSRT) is performed using patient-derived cancer cells. 

A panel of selected drugs determines the susceptibility and resistance of each individual cancer. 

Utilizing DSRT in conjunction with molecular information helps to profile the nature of the disease 

and the potential for targeted treatment. The number of drugs and the design of the well plate may 

vary depending on the method. Using 384 plates, the number of drugs tested with a small number of 

cells is already over 50. Testing tumor cells with a larger library may reveal cancer susceptibility to 

experimental drugs or compounds that would not normally be prescribed for this type of cancer [30], 

[31]. Testing more than 500 drugs in solid tumors is often challenging due to the limited number of 

cells available in the test and the need for strong enzymatic degradation of the tumor. In most cases, 

only surgery yields enough cells, so needle biopsies [32] are often too small for this purpose, 

especially if the samples are also subjected to pathology and genetic profiling. 

The use of a patient's own cancer cells in functional precision medicine has recently gained more 

popularity in animal models due to improvements in cell culture protocols but also due to the rapid 

change in drug testing scaling. Drug testing of patient-derived cells already been used successfully to 

select effective therapies for patients with hematologic malignancies [33], [34]. Promising results 

have also been found for solid cancers—for example, Villman et al. in breast cancer [35], Brigulova 

et al. in ovarian cancer [36], Iwadate et al. in glioblastoma [37] and Noguchi et al. in 435 gastric 

cancer patients [38]. At their best, they have tested the sensitivity of patient-derived cancer cells with 

more than 500 experimental and approved drugs, but in some cases, only a few. 

In general, DSRT is performed on primary cancer cells, but it would be critical to test cancer cells for 

metastasis because their drug response may differ from the primary tumor and represent the most 

dangerous cell population causing death [39]. 

In addition, a second test obtained from a patient after the first treatment or recurrence would help 

identify cells resistant to the first treatment and find compounds that may be effective against them 

[18]. Testing can reduce unnecessary side effects and the risk of developing treatment resistance. The 

in vitro drug sensitivity of metastatic tumors can be lower compared to the sensitivity of primary 

tumors. The more advanced and invasive the cancer, the more resistant it often is; this also correlates 

with clinical findings [38]. 

Drug resistance and sensitivity testing can significantly improve the development of individualized 

care, especially for patients who do not benefit from traditional drug therapies. Currently, DRST is 

not used in clinics other than in active research by collaborating physicians. 
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 Patient material consensus 

Medical research dealing with human material requires the favorable opinion of the Ethics 

Committee. An ethical permit should always be applied for before sampling and starting the study. 

In addition to the opinion of the Ethics Committee, research always requires a research permit. 

Permits must also be valid as long as the material being process and the article written. 

Both were applied for electronically in the Researcher's Desk system (https://www.tukija.fi/etusivu). 

The required attachments in Finnish are: (1) Research plan, which can also be in English, (2) 

Summary of the research plan, (3) Statement of the person in charge of the research on the benefits 

and disadvantages of the research, (4) Plain language research bulletin and informed consent, (5) 

Research Register Privacy Statement, (6) Data Protection Impact Assessment the suitability of the 

corresponding researchers (PIs) of the research centers with their curricula vitae. A negative opinion 

of the Ethics Committee can be appealed to Fimea. (https://www.fimea.fi) 

Tissue samples taken for medical or diagnostic purposes may be used in a medically significant study 

with the permission of Fimea if samples are not available from the biobank. In this case, appropriate 

facilities, equipment and personnel must be available for the study. The protection of individuals' 

privacy must not be compromised. Fimea must give a favorable opinion from the ethics committee. 

The application must be accompanied by the necessary explanation of the tissue samples and cells to 

be used in the study and the studies to be performed on the tissue samples along with information on 

who is responsible for the various stages of processing of samples, tissues and cells, the extent and 

continuity of activity (https://www.fimea.fi/valvonta/kudosluvat). 

Other requirements are a biobank statement on the availability of samples if additional biobank 

samples are required for the study and biobank consent if the collected samples are to be stored later 

in the biobank. In addition, the TUKIJAN transfer decision and the researcher's information package 

needed in the clinical trial of the medicine, which explains, among other things, the possible effects 

of the medicine are necessary for the research to proceed. 

 

3 Aims of the study 

New targeted drugs have been developed for cancers in which a genetic change affecting melanoma 

has been identified. The specific drug then targets the mechanisms underlying melanoma. Genetically 

dividing different types of cancers before treatment makes it possible to target certain drugs to the 

patients who will benefit most from them. Of the large number of anticancer drugs available, only a 

few are for the treatment of melanoma, none of which have yet been approved for the treatment of 

NRAS-positive melanoma. Our goal is to demonstrate that DSRT is a valuable aid in planning the 

treatment of advanced MM patients. 

The aim of the study is to screen the larger panel among the most promising approved and 

experimental drug candidates for further studies and to compare the drug susceptibility of patient-

derived fibroblasts and melanoma cells to commercial cell lines. The research collaboration utilizes 

an intensive screening method developed by researchers at FIMM and the Cancer Center of Helsinki 



15 
 

University Central Hospital, which is used to quickly determine the efficacy of more than five 

hundred drugs. In this project, the efficacy and mechanisms of action of drugs are elucidated using 

melanoma cells derived from a patient. 

Patients in the study have been identified in collaboration with clinical physicians, and fresh tissue 

samples collected to establish primary cancer models and control fibroblasts, a tissue sample, and a 

DNA sample for genetic mutation profiling. Representative cancer cells and fibroblasts are used in 

large-scale drug susceptibility testing (DSRT). DSRT data are integrated into mutation genomics to 

understand the mechanisms of drug responses and to identify potentially active drugs and drug 

combinations. 

The interaction between melanoma and normal cells affects tumor progression; proteins that regulate 

the connections between melanoma cells and the extracellular matrix facilitate tumor penetration and 

spread. The aim of the study is to elucidate the mechanism of membrane-type metalloproteinases 

MT1-MMP and MT3-MMP in melanoma invasiveness. In addition, their potential role as prognostic 

or predictive markers. 

 

4 Materials and methods 

 

 Melanoma cell lines 

NRAS-mutated SK-MEL-2 (EMEM, 10% FBS Gibco) was a kind gift from Satu Mustjoki. Human 

Bowes melanoma cell line, superficially spreading melanoma, was obtained from Dr. D.B. Rifkin 

(Rockefeller University, New York, USA). The other human melanoma cell lines used have been 

established at the Wistar Institute (Philadelphia, PA) from primary superficially spreading melanoma 

(G361 and WM793), nodular melanoma metastases (WM852 and WM164), or metastasis of 

superficially spreading melanoma (WM165 and WM239). Melanoma cells were cultivated in Eagle’s 

Minimal Essential Medium (MEM) containing 10% heat-inactivated fetal calf serum (FCS). The 

Mycoplasma Detection Kit-QuickTest (Biotool) and TaKaRa PCR Mycoplasma Detection Set (# 

6601) were used to check the purity of the cell line. Cell lines authenticated by STR profiling 

(GenePrint24 System, Promega). 

 

 Ethical and research permits 

The opinion of the HUS Ethics Committee and the study permit were requested before receiving 

patient samples. Fimea received a favorable opinion from the Ethics Committee on the receipt of 

tissue samples for examination. The protection of individuals' privacy was ensured by coding patient 

samples so that only the attending physician has the ability to combine research samples with personal 

data. The patient consent form asks for permission to use cell models for research purposes, but not 

for commercial ones. This project is based on research protocols approved by the Helsinki Ethics 

Committee (Dnro 160/13/03/02/16). 
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 Establishment of patient-derived primary melanoma cultures 

Figure 1. Establishment of malignant melanoma patient-derived cancer cells (PDCs). Melanoma 

biopsies are transported from the hospital to the laboratory in a 50 ml tube containing HBSS buffer 

on ice. The tumor biopsy is cut into smaller pieces and dissociated by enzymatic digestion at 37 °C 

for 2 hours. Melanoma PDCs are cultured in various media to identify the optimal medium for cancer 

cell growth. At the same time, stromal fibroblasts are separated from the primary culture by 

trypsinization and cultured separately. 

Tumor biopsies were collected from six MM patient cases at the Helsinki University Central Hospital. 

Fresh tumor tissue was transported from the hospital to the laboratory on ice in HBSS buffer. For the 

RNA sample, a small piece of tumor sample was placed in the RNAlater ® TissueProtect Tubes (# 

76154, Qiagen). To isolate genomic DNA, a small piece of tumor was cut into a 22x2 mm Eppendorf 

tube containing 360 ALT degradation buffer + proteinase K and incubated at 56 °C with shaking 

overnight (QIAGEN, DNeasy Tissue and Blood kit, # 69504) . A small portion of the tumor biopsy 

was frozen in FBS + 7.5% DMSO and stored in liquid nitrogen for later use. For paraffin block and 

IHC tissue staining, pieces of cancer tissue were placed between biopsy pads in a 1-tray cassette and 

kept in O/N 10% formalin before embedding in paraffin. 

In order to obtain single cell suspension, tumor tissue was enzymatically digested using Miltenyi´s 

tumor dissociation kit. The tumor biopsy was cut with a scalpel into the smallest possible pieces in a 

10 cm petri dish. Following the GentleMacs Dissociator tumor program; h_tumor_01, 02 and 03. 

Tubes are incubated at + 37 °C for 30 minutes between mechanical dissociator steps. Red Blood Cell 

Lysis Solution (Miltenyi Biotec # 130094183) was used to remove erythrocytes from the sample 

according to the manufacturer´s protocol. The sample was passed through a 70-μm cell strainer 

(Corning® cell strainer # CLS431751) to obtain a unicellular suspension. 

Initially, the primary cells were put into culture in three different cell-culturing media so that we could 

identify what would be the optimal media for the particular cancer model. Media one included 

DMEM/F-12 (Gibco) with B27 (Gibco), 20ng/ml EGF (Invitrogen), 10ng/ml FGF (Sigma-Merck), 

1.68mM CaCl2 (Sigma-Merck), bovine insulin (Sigma-Merck) 5ug/ml BPE (Gibco) and 2% FBS. 

Media two included RPMI-1640 medium (Gibco), supplemented with 0,5ug/ml hydrocortisone 

(Sigma-Merck), 5% FBS and primocin (InvivoGen). Media three included MCDB-153/L-15, 80%/ 
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20%, 2% FBS and 1.67mM CaCl2, according to the NCCD Cancer Center (wistar.org/Rockland-

inc.com) protocol, was also used. 

The culture continued with media where the cells prospered the most. Melanoma cells started serum 

free or 2% FBS and serum level was increased to 5% after the sample was purified from fibroblasts. 

Fibroblasts were grown in RPMI-1640 5% FBS (Gibco). 1% gelatin (Sigma-Merck) coating or 

Primaria (Corning) plates helped melanoma cells to attach and grow. A sample flow of starting an 

establishment of malignant melanoma patient-derived cancer cells (PDCs) culture is illustrated in 

Figure 1. 

 

4.3.1 Fibroblast separation 

Fibroblasts often grow rapidly and easily occupy the entire slower-growing melanoma culture. 

Different cell types are separated to obtain a pure cancer line. There are several methods to try. The 

Anti-Fibroblast MicroBeads kit (Miltenyi Biotec Inc., USA) was used to remove fibroblasts during 

the formation of primary tumor cell lines and to prevent fibroblast overgrowth in tissue culture. 

Purification was performed using a fibroblast-specific antigen. Fibroblasts were labeled and 

magnetically bonded to the column, during washing steps. The melanoma cell population is first 

collected and after removal of the magnet, a fibroblast fraction obtained. 

For purification of a melanoma patient sample culture, fibroblast removal with geneticin was also 

tested: 48–72h in MCDB medium, 2% FBS, low calcium, w/o pen/strep, 20ng/ml and 50 ng/ml 

genetic in (G418, # 10131-019) [40] 

Double trypsinization or exploitation of different attachment speeds can be performed to distinguish 

different cell populations. A lower serum concentration (2% FBS) was used to prevent fibroblast 

overgrowth in melanoma culture. 

 

4.3.2 Mutation detection and sample validation 

Genomic DNA was isolated from melanoma tissue samples, primary cells, and cell lines using the 

DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) and the germline control blood sample from 

the Gentra Puregene Blood kit (Qiagen, Hilden, Germany) according to the protocol. Melanoma 

cancer cells were subjected to the mutation analysis using a narrower cancer panel sequencing; 

mutational and copy-number variations (CNV) were analyzed.  About 50 ng of DNA was used for 

library preparation (ThruPLEX Plasma Seq; Rubicon Genomics). A custom pan-cancer panel (Roche 

NimbleGen) enabled detection of somatic alterations in coding sequence (289 genes) and genome‐

wide copy number variants (CNVs) were used. The captured libraries were sequenced using the 

HiSeq 2500 instrument (Illumina). 

The NRAS mutation status of the cultured cell and the detection of the fusion gene were confirmed 

by sequencing. Total RNA was isolated from PDC using the RNeasy total kit (Qiagen). The quantity 

and quality of RNA samples were evaluated with a QubitTM RNA BR (Thermo Fisher Scientific) 
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and a Bioanalyzer (Agilent Technologies). A high capacity cDNA reverse transcriptase kit (Applied 

Biosystems, USA) generated cDNA. A Phusion Flash High-Fidelity PCR master mix (Thermo Fisher 

Scientific) performed a qRT-PCR. Verification of the fusion gene by capillary sequencing was 

performed at the FIMM Technology Center. 

 

 Immunohistochemistry (IHC) 

Immunohistochemistry (IHC) staining was used to confirm the cancer concentration in the melanoma 

tissue and cell culture sample. In paraffin block preparation, pieces of cancer tissue were placed 

between biopsy pads in a 1-tray cassette and O/N 10% formalin kept before paraffin embedding. To 

prepare the cytoblock, the cells were trypsinized, washed with PBS and pelleted. The cell pellets were 

re-suspended in a 4% paraformalin fixative and incubated for 20 minutes at room temperature. The 

cell pellet was re-suspended in 2 x TBS. After centrifugation, cells were treated using the Shandon 

Cytoblock Cell Block Preparation System (Thermo-Fisher) before immersion in paraffin. Melanoma-

specific immunomarker staining was performed using the in-house multiplex immunohistochemistry 

method. To confirm melanoma, HMB-45, MART-1 (Melan-A), tyrosinase antibodies were used and 

fibroblast staining αSMA, fibroblast-associated protein (FAB), fibroblast-specific protein 1 

(FSP1/S100) antibodies were tested. 

 

 Anchorage-independent growth assay 

An anchorage-independent growth assay, modified from Bio-protocol [41], was performed to see 

colony growth ability of patient-derived cells compared to the WM165 cell line. Shortly, a bottom 

layer of 0.5% Noble agar (Merck # A5431-250g) with 2 x complete media solidified first to the 

bottom of the 6-well plate followed by an upper layer containing 5000 cells /well of cells suspension 

in medium 0.3% Noble agar mixture. To prevent agar from drying out, 300μl of fresh medium was 

added twice a week. Colony formation was monitored and pictures taken once a week. The 

experiment lasted for 2–3 weeks. 

 

 Colony forming assay (CFA) 

 

FM-MEL-3 cells (8x103) were seeded in triplicates in a well of the 12-well plate. After 24h, 2nM and 

20nM trametinib or 20nM, 200nM afatinib was added. Medium and drugs were refreshed every 3 

days for 14 days. Colonies were fixed with methanol/acetic acid (7:1) and stained with 0.5% of crystal 

violet (Sigma-Merck). After washing with PBS, plates were air dried overnight and scanned. 

Representative images of confluence where taken with the IncuCyte HD (Essen Bioscience) and 

colonies were quantified with ImageJ software. 
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 Invasion assay 

 

The ability of cancer cells to invade collagen and fibrin tested as described [42]. Type I collagen 

(Corning, Collagen I, rat-tail) was mixed with 2 x MEM and the pH was adjusted to ~7.4. Collagen 

was poured into the upper chambers of Falcon cell culture inserts in 24-well plates. Fibrin gels were 

pipetted into the inserts by combining 75 μl of plasminogen-free human fibrinogen (Calbiochem) in 

Hank's balanced salt solution (HBSS) and 75 μl of HBSS (pH 7.4) containing 4 U/ml human thrombin 

(Sigma-Merck) and 400 μg/ml aprotinin (Sigma-Merck). Cells were added to the gel in media 

containing 1% FCS. HGF (25 ng/ml) and medium containing 10% FBS were added as a 

chemoattractant to the lower chamber, with the medium changed every three days. After a 7-day 

culture period, cells were fixed with 4% PFA and paraffin sections subjected to HE staining (with 

hematoxylin and eosin). Sections were photographed with an Axiovert 200 microscope (Carl Zeiss) 

and analyzed using ImageJ software 

 

 RNA interference and cDNAs 

 

Small interfering RNAs (siRNA) targeting MT1-MMP and MT3-MMP and non-silencing control 

siRNAs (Qiagen) were transfected using LipofectamineTM 2000 (Life Technologies). Short hairpin 

RNA (shRNA) targeting MT3-MMP or nontargeting scrambled shRNA (Open Biosystems) were 

used. Lentiviral transduction was used to transfect cell as Tatti O et al. (2011) described in more 

detail. Puromycin (5 mg/ml) was used to select transfected cells. The knockdown efficiency was 

confirmed by quantitative PCR (qPCR) after 48 h. Expression vectors for MT3-MMP are found in 

Matrix-Dependent Melanoma Invasion PLoS ONE | www.plosone.org 10 December 2011 | Volume 

6 | Issue 12 | e28325.  

MT3-MMP, MT1-MMP and MT1-MMP with inactivating E240A point mutation (MT1E/A) and 

HA-tagged MT1-MMP have been earlier described [43], [44], [45] and were transfected using 

FuGENE (Roche). Inactive MT3-MMP E247A construct (MT3E/A) was kindly provided by Dr. D. 

Pei [46]. MT3-MMP with double silent mutations in shMT3-2 binding sequence rescMT3-1 (T822C-

T825C) and rescMT3-2 (T831C-A836C) were generated with primers described in more detail by 

Olga Tatti et al (2011). 

 

 Drug sensitivity and resistance testing 

 

Primary melanoma cells and established cell lines were dispensed into 384-well preprinted plates to 

study drug sensitivity and resistance (DSRT). The high-throughput drug testing was performed with 

MM PDCs and established cell lines using FIMM Oncology library FO5A, which contains 527 

approved drugs and investigational compounds (Fig. 2). The drugs and compounds were dissolved in 

100% dimethyl sulfoxide or water and plated in five concentrations covering a 10,000-fold range on 

384-well flat clear bottom tissue culture treated microplates (Corning) using an Echo 550 acoustic 

dispenser (Labcyte). DMSO was used as a negative control and benzethonium chloride (BzCl) as a 

positive control in measuring cell viability. Primary cells and cell lines were dispensed on pre-
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drugged plates with the Multidrop dispenser (Thermo Fisher Scientific) and incubated for 72 hours 

at 37°C at 5% CO2. Cell viability was measured with Luminescence-based CellTiter-Glo Cell 

Viability Assay (Promega). CTG lysed all cells and released cellular ATP, resulting in the production 

of a luminescence signal from metabolically active living cells detected with a PHERAstar FS plate 

reader (Labtech) (Fig. 3). 

Quantitative dose-response curves for each drug were generated and the drug efficacy was quantified 

with a modified area-under-the-curve measurement called drug sensitivity score (DSS), calculated as 

previously described [30], [47].  

 

Figure 2. Overview of the FIMM Oncology (FO5) drug library consisting of 527 drugs of which 150 

are approved, 291 investigational and 87 probes. 

Preprinted drug plates remain in low oxygen store pods for a minimum of three months. If the cell 

count is small or you want to test only approved drugs, there are smaller 100 drug FO2 panel available. 

The compounds are diluted in DMSO or water. The drug susceptibility and resistance test tube in 

FIMM's high-performance Biomedical Unit, Finnish Institute for Molecular Medicine, is described 

in [30], [31] 
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Figure 3. Overview of the drug resistance and sensitivity testing (DSRT) platform. Melanoma 

PDCs, cell lines and fibroblasts are seeded with the Multidrop to the 384-well pre-plated drug 

plates, where each drug has been printed in five concentrations covering 10,000-fold range using 

Labcyte to dispense. Plates with cells are incubated for 72h at 37 °C, followed by CellTiter-Glo 

(CTG) luminescent readout with PHERAStar and analyzed using Breeze software. 

 

 Statistical analysis 

Data on drug susceptibility and resistance testing (DSRT) were analyzed using in-house BREEZE 

analysis software (breeze.fimm.fi). The application combines quality control and dose response, and 

calculates drug sensitivity score (DSS) [47]. Selective DSS was calculated based on differential DSS 

with healthy bone marrow controls or comparison with patient-derived normal or fibroblast culture. 

Percent inhibition or activation is calculated by comparing the raw values of a particular concentration 

of a given drug with the positive and negative control values of the same plate. The percent inhibition 

calculated by the formula: dose-response curve fit. DSRT results can be compared to genome 

sequencing data to identify genetic mutations and associated signaling pathways. 

 

5 Results 
 

 Patient-derived melanoma and stromal fibroblast culture  

 

A total of six patients with advanced MM were included in this study. The age distribution of patients 

ranged from 52 to 76 years. All patients, with the exception of FM-MEL-3, had received 

immunotherapy before tumor removal. PDCs were initiated from all MM cases of which three were 

successful and were named FM-MEL-2, FM-MEL-3, and FM-MEL-6 respectively.  On average, it 
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took 30 days to establish a PDC and to have enough cells for the functional high-throughput drug-

testing assay. 

 

The creation of melanoma cell models was slow and melanoma cells often grew more slowly than 

stromal fibroblasts. In most of these cases, the fibroblast background required cell culture purification 

by double trypsinization as well as a fibroblast labeling column. Faster attachment of fibroblasts to 

the medium compared to melanoma cells was utilized to differentiate between different cell 

populations. Geneticin treatment was tested with a small number of patient-derived melanoma and 

fibroblast cells and appeared to function at very low levels of FBS and CaCl2 but not in completely 

serum-free media. 

 

 

Figure 4. Melanoma patient-derived culture purification using geneticin and separation using TrypLE 

Express. A, B, C: Melanoma fibroblast sample treated with geneticin 48h. D, E, F: melanoma cancer 

cells treated with geneticin 2 x 48h. Low CaCl2 and 2% FBS without pen/strep [48], [40]. G,H: mixed 

culture where short 2min trypsinization loosens and removes fibroblast cells first. 

 

I will focus on describing the FM-MEL-3 patient sample in more detail, as it grew best and isolated 

normal cell and fibroblasts in addition to melanoma cells (Fig. 5 A, B, C). Melanoma were clearly 

triangular shaped, seen by shining light under a microscope (Fig. 5A). Fibroblasts were again long 

and often almost transparent. There were clearly morphologically two different types of fibroblasts. 

The sample in Figure 5B was a cell grown among the melanoma sample, potential cancer-associated 

fibroblasts (CAFs)-type cells, designated FM-MEL-3Fibro cells. A cell grown from healthy-looking 

tissue at the edge of the sample biopsy (Fig. 5C) was named as FM-MEL-3Ctrl cells. Based on 

appearance alone, it is not yet possible to draw precise conclusions about cell types. 
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Figure 5. Melanoma patient-derived cells from FM-MEL-3 sample; A: Melanoma, B: 

fibroblast/CAFs, C: normal skin fibroblast. Pictures taken 5 x magnification. 

 

5.1.1 Characterization of patient-derived melanoma PDCs  

 

A NRAS Q61 mutation was confirmed in all three FM-MEL PDCs. Molecular profiling of the 

original tumor tissues and PDCs by cancer panel sequencing confirmed that the PDCs have retained 

changes in the NRAS Q61 mutation and driver copy number. FM-MEL-3-PDC was found to have 

PTEN loss and CDKN2A homozygous deletion. 

 

Expression of melanoma markers in the MM tumor samples and PDCs grown from them was 

confirmed by immunohistochemistry (IHC) analysis using a specific antibody cocktail, including 

MART-1, S-100, Melan-A, and fibroblast staining αSMA-associated, αSMA, FAB, fibroblast-

specific protein 1 (FSP1/S100) antibodies were tested. 

  

 

5.1.2 Identification of novel therapeutic possibilities for NRAS-mutated MM by DSRT 

In order to identify patient-specific drug response profiles, MM PDCs and cell lines were applied to 

the DSRT FO5 platform that covers 527 approved (150) and investigational (291) drugs. Library 

includes all approved chemotherapy drugs (59) and kinase inhibitors (255) (Fig. 2). As control we 

used both stromal cells established from original tumor biopsies and the healthy bone marrow control 

samples. 

We limited the DSS labeling threshold to a 10, moderately strong, drug response. FM-MEL-3 grew 

as a cell line and its drug response (94 drugs with DSS greater than 10) was numerically comparable 

to the NRAS-mutated cell lines WM852 (59) and SK-MEL-2 (70). The FM-MEL-3Fibro (61) sample 

had a slightly higher sensitivity than FM-MEL-3Ctrl (45). FM-MEL-3 had the most sensitive profile 

from PDCs and for all tested samples the number of sensitive drugs range was 58–134. 

Simultaneous identification of response profiles for individual drugs in the same class indicates how 

specific the drugs in this group are and whether they are toxic from a stromal/fibroblast sample from 

a patient or from healthy bone marrow samples. 
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The response profile of the FM-MEL-3Fibro sample was very similar to that of the FM-MEL-3Ctrl 

(Fig. 6). The mean of the two samples has been calculated for bone marrow control. Bone marrow 

control is much more sensitive (81, DSS >10) than patient-derived fibroblast samples. In particular, 

FM-MEL-3Ctrl cells (45, DSS >10) isolated from normal-looking tissue were less sensitive to drug 

panel compounds. FM-MEL-3fibro cells are sensitive to kinase inhibitors erdafitinib, midostaurin 

and lucitanib. Lucitanib is under investigation in clinical trials for the treatment of advanced solid 

tumors. DeBraud et al. (2014) describe how lucitanib can block the VEGF receptors and fibroblast 

growth factor receptor. 

 

Figure 6. FM-MEL-3Fibro and FM-MEL-3Ctrl cell DSS values compared to the BM control.   

 

Figure 7. FM-MEL-3 patient sample DSS values compared to BM control, FM-MEL-3Fibro and FM-

MEL-3Ctrl fibroblast cells. 

All PDCs had a high response to MEK inhibitors. Comparing DSRT results all FM-MEL PDCs and 

cell lines clustered together according drug responses. Bowes and BRAF positive WM165 cell lines 

exhibited lower sensitivity towards MEK inhibitors. 

FO5 drug library includes six MEK inhibitors, including two clinically approved drugs, trametinib 

and selumetinib. Of the MEK inhibitors in the panel, binimetinib and GDC-0623 are in the Phase II 

clinical trial; however, there are 255 different kinase inhibitors in the panel (Fig. 2). A similar pattern 
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of drugs was seen when comparing FM-MEL-3 DSS values to fibroblast, control cells or MB control 

(Fig. 7). For trametinib and cobimetinib, the clearest difference between the cancer sample and the 

controls is seen in Figure 8. 

All approved drugs with DSS greater than 10 in FM-MEL-3 samples were selected for analysis and 

compared to BM, FM-MEL-3Fibro, and FM-MEL-3Ctrl control samples. The analysis shows that 

some drugs have more response to control cells, especially BM control, than to melanoma cells (Fig. 

7). 

 

Figure 8. Top hits (DSS) of approved drugs of melanoma sample compared to CAFs, fibroblast and 

BM control. 

NRAS Q61-positive melanoma cell lines SK-MEL-2 had sensitivity to MEK inhibitors similar to the 

FM-MEL-3 patient sample, while the WM852 cell line showed lower sensitivity to MEK inhibitors. 

Chemotherapeutic drugs are generally toxic to all cells, but even more toxic to rapidly dividing cancer 

cells than to normal cells. In addition to MEK inhibitors, MM PDCs were also sensitive to 

regorafenib, targeting B-Raf, c-Kit, and VEGFR2 pathway. The panel used also contains one MMP 

inhibitor, BB2516 marimastat, which has been in phase III studies. This MMP inhibitor did not appear 

to have a response (DSS <1) in cancer cells or controls. 

5.1.3 Anchorage independency of PDC cultures 

 

To identify the anchorage-independent growth, tumorigenic and metastatic potential, a soft agar 

colony formation assay was performed. All PDCs formed fine colonies as well as the WM852 nodular 

melanoma cell line (Fig. 9). Assay is modified from Bio-protocol [41]. 
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Figure 9. Soft agar colony 

formation assay was 

performed to see the 

anchorage-independent 

growth ability of patient-

derived melanoma cells. 

Colony formation was 

monitored and media added 

every other day; pictures 

were taken once a week, with 20x pictures taken day 7 and day 14. Nobel agar 0.5% bottom and 0.3% 

top with melanoma WM852 cells were used in this experiment picture. 

We did not include a fibroblast sample in this experiment. However, normal human fibroblasts, which 

have been considered to be completely anchorage-dependent for proliferation, can be grown in 

suspension or on a semisolid medium if the levels of hydrocortisone and serum are high enough. 

However, colony formation is due to distribution and not aggregation [49]. Fibroblast anchorage-

independent colony growth is usually linked to some disease like cancer [13] or fibrosis [50]. 

 

5.1.4 Drug sensitivity validation 

 

The efficacy of trametinib to inhibit FM-MEL-3 cancer cell growth was assessed with the colony 

formation assay (CFA). (Fig. 10). Trametinib gave a clear response in NRAS-mutated SK-MEL-2 

(DSS ~ 18) and FM-MEL-3 (DSS ~ 27). A similar result was obtained for colony formation in a 

longer 12d experiment even at very low drug concentrations of trametinib. 

Colony formation assay was used to validate some DSRT results. A colony-forming assay was 

performed on FM-MEL-3 cells while testing for susceptibility to afatinib and trametinib. In all FM-

MEL cells, the afatinib response was very low in DSRT, DSS <1, whereas trametinib gave a clear 

response in NRAS-mutated SK-MEL-2 (DSS ~ 18) cell line and patient-derived FM-MEL-3 (DSS ~ 

27). A similar result was obtained for colony formation in a longer 12d experiment even at very low 

drug concentrations of trametinib (Fig 10). Colony-forming assay can detect drug cytotoxicity and 

can be performed in soft agar assay as well [51].  
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Figure 10. Validating trametinib response from DSRT results. For colony-forming assay 8000 FM-

MEL-3 cells per well in 6-well plate were used and incubated 1d. The next day the drug treatments 

were started with trametinib, using afatinib as a control. Cells were incubated at 37 °C for 1–3 weeks 

until cells in control plates formed colonies. Experiment’s total length was 12 days and fresh media 

and drugs were added 3 times a week. Cells were fixed with 0.5% crystal violet solution and incubated 

at room temperature for 15 min–2 hours. Washed with PBS 2 x 5min, air-dried and scanned [52]. 

 

 MT3-MMP enhances MT1-MMP-dependent invasion 

 

MT1-MMP and MT3-MMP expression levels are elevated in different types of melanoma [21].  MT3-

MMP overexpression especially is linked with the most aggressive nodular melanoma [53]. MT3-

MMP overexpression in human melanoma metastases and metastatic melanoma cell lines were tested 

using mRNA expression analysis. Tested melanoma metastases (77) samples showed >8 fold increase 

in lymph node metastases compared to the normal skin. MT3-MMP levels were increased also in 

melanoma metastases to lung (4 fold), small intestine (6 fold) and in one brain metastasis (4.5 fold). 

Four metastatic melanoma cell lines WM852, WM165 and WM239 had increased MT3-MMP 

expression and WM164 with lower MT3-MMP expression. Bowes, G361 and WM793 from non-

metastatic superficially spreading primary melanoma cell lines expressed MT1-MMP.  

Melanoma cells invasive activity was tested in fibrin and type I collagen 3D assay using nodular-type 

WM852 and superficially spreading Bowes melanoma cell lines. Northern blotting showed that 

WM852 and Bowes cells both express MT1-MMP, but only WM852 expressed high levels of MT3-

MMP. Cells were cultured in a 7-day experiment atop 3D gels of type I collagen, or fibrin. Light 

microscope pictures of fibrin and collagen in cross-sections visualized the invasion of WM852 and 

Bowes cells. Bowes cells were invading both Fibrin and collagen, but interestingly MT3-MMP 

expressing WM852 cells invaded fibrin, though their ability to invade type I collagen was more 

limited. MMP-inhibitor GM6001 was blocking invasion in both cases. 
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MT3-MMP expression was associated with rapid fibrin invasion and poor collagen invasion.  An 

MT1-MMP and MT3-MMP-specific siRNA experiment was used to verify MT3-MMP and MT1-

MMP-specific roles in this phenomenon. Silencing both MT1-MMP or MT3-MMP inhibits fibrin 

invasion. In addition, MT1-MMP silencing inhibits WM852 cells invasion in both fibrin and collagen. 

MT3-MMP silencing inhibits invasion in fibrin but unexpectedly showed an increase in collagen. To 

prove this, we transfect Bowes cells to express higher levels of MT3-MMP. These MT3-MMP-

expressing Bowes cells showed an 80% decrease in collagen invasion. MT3-MMP also enhances 

fibrin invasion and MT1-MMP-dependent nodular-type cell growth when WM852 cells in 3D 

collagen cultures are tested. MT1-MMP and MT3-MMP co-expression led the MT1-MMP-dependent 

nodular cell colonies to form in 3D collagen. 

 

6 Discussion 

 

 MT1-MMP and MT3-MMP in melanoma cell invasion 

 

Pro-invasive MT1-MMP is widely overexpressed in aggressive and metastatic tumors, in contrast to 

MT3-MMP, which has been reported in only a few cancers and nodular melanoma [24, 25], which is 

the worst predicted type of melanoma. Our study found that MT3-MMP expression was increased 

more than 8 fold in all 77 human melanoma lymph node metastases we tested. 

MT3-MMP is a close homologue of MT1-MMP that cleaves fibrin but not type I collagen. We found 

MT3-MMPs expressing nodular melanoma distance from one WM852 cell to another, growing on 

3D type I collagen gels as nodular-type colonies. These colonies had a limited ability to penetrate 

collagen. Surprisingly, we found this cell phenotype to be dependent on MT3-MMP because 

suppression of its expression increased MT1-MMP-driven collagen invasion. 

We found that nodular-type growth phenotype was restored by siRNA silencing. To prove that, MT3-

MMP is not only unable to support type I collagen invasiveness, but also limits MT1-MMP activity. 

In addition, MT3-MMP alone or in combination with MT1-MMP increased cellular invasiveness to 

fibrin.  

Silencing of MT3-MMP has been shown to reduce lymphatic invasion but induce blood vessel 

invasion of melanoma cells over ~10-fold [55]. If MT3-MMP-expressing melanoma cells invade 

lymphatic vessels more readily than the blood vascular system, it can be associated with metastatic 

spread in melanoma, and MT3-MMP expression may serve as a new prognostic factor in melanoma. 

  

 Challenges of the DSRT 

 

In most publications, DSRT is often performed only once, and although the method is at best well 

reproducible, validation is often necessary before a treatment recommendation can be introduced. In 

addition, it would be important to test drug combinations in DSRT because combination therapies 

have been shown to be more effective compared to individual drugs [56]. It is often effective after a 

broader drug screening to do a validation screening with a smaller panel of selected drugs or by testing 
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a combination of drugs. Experiments with immune cells alone or in combination often need to be 

performed on a smaller scale and on a fresh sample, as immune cells cannot withstand prolonged 

growth. 

 

The in vitro DSRT test can predict the most common tumor cell type’s response to the drug. However, 

due to tumor heterogeneity and clonal evolution, some cancer cells that did not respond to the first 

treatment may proliferate further and cause disease recurrence. When performing DSRT before and 

after treatment, drug susceptibility can be observed in new-onset cancer populations. 

 

In general, DSRT is performed on primary tumor cells but it would be critical to test cancer cells from 

metastases because their drug response may differ from the primary tumor and represent the most 

dangerous cell population that usually cause 90% of deaths [39]. 

 

Currently, we have a larger DSRT performed on eight 384-well plates, requiring 1000–5000 cells per 

well, or 5–25 million cells per test. This is the reason why extensive screening for needle biopsies 

and metastases does not always work but requires a larger tumor to surgically remove to achieve the 

required starting material. The long growth period required to obtain a larger number of cells is not 

always successful or the cell population no longer corresponds to the original tumor. 

 

DSRT in solid tumors is more challenging compared to blood cancers due to the low baseline cell 

count. Enzymatic degradation and growth of tissue takes time, so the use of a smaller panel of drugs 

is often recommended to achieve faster translation. 

Over the past decade, the 3D cell culture model has gained popularity because it is considered more 

representative of the in vivo situation. Tumor spheroids and organoids are the most commonly used 

3D cell models in oncology. Organoids or organotypic multicellular beads made from a fresh tumor 

biopsy closely resemble the tissue from which they derived, including cell heterogeneity and the 

presence of various cell types such as fibroblasts. 

 

Studies using patient-derived tumor spheroids or organoids for DSRT and other precision drug studies 

are already found in most cancer models [57], [58], [59], [60], [61], [62]. Several 3D DSRT drug 

screens have already been successfully performed [63]. However, the larger DSRT focused on 2D 

because the 3D model is more expensive and obtaining large sample material quantities is more 

laborious. The results of the 3D model DSRT are also more difficult to determine and analyze. In 

particular, the data and benefits of larger DSRT tests need to balance against the cost of the test and 

the time spent.  

 

 Alternative treatments for melanoma 

 

For those patients who lack the BRAF mutation, who fail first-line immunotherapy, and for those 

who develop resistance to targeted treatment, it is clear that more effective treatment options are 

needed. In addition, it is important to test drug combinations by the DSRT method because 

combination therapy is often found more effective than monotherapy. Finding an effective treatment 

for RAS mutant tumors has been difficult. Direct targeting of RAS has not led to significant success. 
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MEK and ERK belong to the MAPK pathway activated by mutant NRAS. The MEK inhibitors 

trametinib, cobimetinib, binimetinib, selumetinib, and GDC-0623 and the ERK inhibitors SCH 

772984, ulixertinib, mirdametinib, and ravoxertinib showed activity in PDC. The results, which 

suggest the efficacy of MEK and ERK inhibitors, are consistent with previous studies, for example, 

binimetinib (MEK162) in NRAS mutant-melanoma cell lines [64]. 

 

There are already a large number of approved targeted drugs whose effects are not yet known. There 

are also new drugs under development in the drug panels. If it appears there is an effective drug for 

cancer among the approved drugs, unnecessary experimentation and the side effects that many drugs 

may have can be avoided. MEK inhibitors have limited effects as single drugs, and resistance can 

easily develop in the long run. An SHP099/MEK inhibitor combination, according to literature, might 

have therapeutic value in melanoma and other malignancies [65]. 

BRAF inhibitors also have been shown to be effective in patients with metastatic melanoma, even 

though they often develop resistance during treatment. The combination of MEK inhibitors with 

BRAF inhibitors has shown to enhance the therapeutic effect by stopping the progression of 

melanoma for a long period. Monotherapy programs typically lead to drug resistance, leading to the 

need to test drug combination therapies. Although the toxicity of targeted treatment combinations has 

limited their use, DSRT may assist in the selection of combination strategies for clinical trials [56]. 

 

  Fibroblasts in combination culture, control or drug target 

 

Co-culture of tumor cells with healthy cells in drug susceptibility testing provides a more accurate 

assessment of the clinical response [66]. Determination of drug sensitivity of normal cells and CAFs 

DSRT provides valuable information on the toxicity of drugs and in the identification of appropriate 

drug concentrations. Testing a patient’s healthy cells can increase the effectiveness of treatment, 

reduce side effects, and improve survival prognosis. In the extended DSRT, the sensitivity of CAF 

cells to anticancer drugs can be tested, as well as their toxicity to healthy cells in the body. The drug 

toxicity can be described with an LC90 value, a lethal concentration of drug that kills 90% of the cell 

population. The ratio of LC90 between cancer and normal cells can be used in drug development to 

evaluate the efficacy and safety of experimental drug compounds as well as to identify an appropriate 

drug concentration [67]. 

There is some evidence that different subtypes of fibroblasts either promote or inhibit tumor 

progression and that separate cell profiles can predict the outcome of a patient’s treatment. In addition, 

primary tumor tissue samples are profiled for fibroblasts and their various subtypes [14]. The local 

division of fibroblasts and associated fibrosis can inhibit cell entry and activity and thus can affect 

checkpoint inhibitor treatment in melanoma [12]. CAFs are known to stimulate angiogenesis, tumor 

formation, and thus the proliferation of cancer cells and metastases. Drug resistance in cancer may be 

due to CAFs; therefore their interaction needs to be investigated more for possible anticancer 

therapies. There are many types of CAFs and they are difficult to distinguish from each other due to 

the lack of markers and specific antibodies [12]. Therefore, it cannot be said with certainty whether 

FM-MEL-3fibro cells are CAFs and FM-MEL-3Ctrl cells are normal or cancer-associated without 

further studies. 
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7 Perspective 
 

Melanoma treatment is constantly developing in a more individual direction to keep side effects to a 

minimum and to make treatment as effective as possible. Often, the goal is to determine the biological 

and genetic characteristics of melanoma as accurately as possible and to tailor treatment based on this 

information. However, more research data are needed on cellular properties that can be used to predict 

the efficacy of different drugs in treating an individual patient. 

So far, the drugs are tested on the patient. If living tissue samples are accepted as credible aids, they 

can used to determine which drug is effective against a particular tumor. This reduces unnecessary 

animal and human trials with toxic drugs, speeds up finding the right drug, and shortens the time it 

takes for clinical trials and the drug approval process. 

Without doctors, research results cannot be applied in favor of the patient. However, the attending 

physician is responsible for the patient’s life, so on light grounds, the treatment decision will not 

change from the recommended one. However, in some cases the doctor has the option of giving so-

called experimental treatment to a patient whose disease is not treatable with traditional medicines. 

Currently, PDCs DSRT is performed primarily in research laboratories that work in conjunction with 

hospitals. DSRT should be even less inexpensive, simpler, and performed in small cell counts in order 

to be accepted as a standard prognostic test in cancer drug clinics. If patients are selected using 

molecular biology and genetics, the patients who are most likely to benefit can be selected for the 

study. 
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A B S T R A C T   

Therapy options for patients with metastatic melanoma (MM) have considerably improved over the past decade. 
However, many patients still need effective therapy after unsuccessful immunotherapy, especially patients with 
BRAF-negative tumors who lack the option of targeted treatment second line. Therefore, the elucidation of 
efficient and personalized therapy options for these patients is required. In this study, three patient-derived 
cancer cells (PDCs) were established from NRAS Q61-positive MM patients. The response of PDCs and five 
established melanoma cell lines (two NRAS-positive, one wild type, and two BRAF V600-positive) was evaluated 
toward a panel of 527 oncology drugs using high-throughput drug sensitivity and resistance testing. The PDCs 
and cell lines displayed strong responses to MAPK inhibitors, as expected. Additionally, the PDCs and cell lines 
were responsive to PI3K/mTOR, mTOR, and PLK1 inhibitors among other effective drugs currently undergoing 
clinical trials. Combinations with a MEK inhibitor were tested with other targeted agents to identify effective 
synergies. MEK inhibitor showed synergy with multikinase inhibitor ponatinib, ABL inhibitor nilotinib, PI3K/ 
mTOR inhibitor pictilisib, and pan-RAF inhibitor LY3009120. The application of the patients’ cancer cells for 
functional drug testing ex vivo is one step further in the process of identifying potential agents and agent com-
binations to personalize treatment for patients with MM. Our preliminary study results suggest that this approach 
has the potential for larger-scale drug testing and personalized treatment applications in our expansion trial. Our 
results show that drug sensitivity and resistance testing may be implementable in the treatment planning of 
patients with MM.   

Introduction 

The treatment of metastatic melanoma (MM) has profoundly 
changed over the last decade by the introduction of checkpoint in-
hibitors and targeted therapies. Checkpoint inhibitors deliver durable 
responses in approximately 10–40% of patients with MM [1,2]. In 

BRAF-mutated melanomas, targeted combination treatment with BRAF 
(BRAFi) and MEK inhibitors (MEKi) is effective, leading to responses in 
60–70% of patients. However, the majority of patients treated with 
targeted agents eventually progress due to acquired resistance [3–5]. 

Approximately half of all melanomas are BRAF mutants, and 20% are 
NRAS mutant [6, 7]. NRAS-mutant MM typically has an aggressive 
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clinical course and a poor prognosis [8, 9]. Evidence suggests that these 
melanomas may respond to MEKi [10]. KIT mutations are present in 
15–25% of mucosal or acral melanomas, which may be sensitive to 
tyrosine kinase inhibition [11–13]. The vast amount of genetic alter-
nations found in melanoma account for the challenges and complexity of 
treatment planning [7, 14]. The absence of reliable predictive markers 
underlines the need for new personalized treatment strategies. 

Traditionally, drug testing and other functional experiments have 
been performed using xenograft or genetically engineered mouse 
models. At present, mural models are irreplaceable as they produce 
significant information on gene function and drug efficacy in vivo. 
However, they are time-consuming, their application for routine clinical 
work is challenging and are unsuitable for simultaneous testing of a wide 
selection of drugs. Therefore, the development of other drug screening 
platforms is needed. The application of patients’ tumor cells to a func-
tional precision-medicine setting has recently gained popularity due to 
improvements in cell culturing protocols and fast turnaround of the drug 
testing platform. Ex vivo drug testing platforms have successfully been 
applied in selecting effective clinical therapeutic options for patients 
with hematological malignancies [15,16], with promising results shown 
in solid cancers [17–19]. This platform enables the testing of 
patient-derived cancer cells (PDCs) with over 500 experimental and 
approved cancer-associated drugs. 

In this study, we established MM PDCs, which together with mela-
noma cell lines were applied to a functional drug testing platform 
covering 527 approved and investigational oncologic drugs to identify 
patient-specific treatment options for patients with BRAF wild-type MM. 
Promising drugs were also tested in combinations. 

Materials and methods 

Patient samples and establishment of patient-derived primary melanoma 
cultures 

This study was approved by the local ethics committee and con-
ducted in accordance with the Declaration of Helsinki. All patients 
provided written informed consent prior to any procedures related to the 
study. Patients were eligible if they had a metastatic BRAF wild-type 
melanoma, superficial accessible metastasis, progressive disease, and 
failed standard therapy. Altogether, six patients with unresectable MM 
treated at the Comprehensive Cancer Center of Helsinki University 
Central Hospital were included. The patient’ clinical characteristics are 
summarized in Table 1. The mutational status of patients’ melanoma 
tissue samples was determined by next-generation sequencing as part of 
the routine analysis covering ten cancer genes, including BRAF, NRAS, 
and KIT, at the HUS Diagnostic Center (HUSLAB) at Helsinki University 
Hospital. Fresh melanoma samples were obtained for this study from 
easily accessible subcutaneous or lymph node metastases under local 
anesthesia. Tissue sample examination was performed by a dermato-
pathologist to confirm that the biopsy contained melanoma cells before 
proceeding with the establishment of the primary cancer model. The 
tissue samples were transported to the laboratory on ice in Hank’s 
balanced salt solution (HBSS) and processed with a tumor dissociation 
kit (Miltenyi Biotec) to obtain a single cell suspension according to the 
manufacturer’s protocol. Different media previously applied by others 
to culture MM primary patient-derived cancer cells were tested to 
establish PDCs, from which RPMI-1640 medium (Gibco) supplemented 
with 0.5 g/mL hydrocortisone (Sigma-Aldrich), 2% FBS, and primocin 
(InvivoGen) was chosen to maintain and propagate FM-MEL-2 PDCs 
[20]. Another media optimized by professor Meenhard Herlyn and 
colleagues at the Wistar Institute, Philadelphia, US is based on 
MCDB153 medium (Sigma-Aldrich, USA) containing 20% Leibovitz L-15 
medium (Life Technologies), 5 μg/mL insulin, 15 μg/mL bovine pitui-
tary extract, 5 ng/mL epidermal growth factor, 1.68 mM calcium chlo-
ride, 2% FBS, and primocin (InvivoGen). Using this media, we were able 
to establish FM-MEL-3 and FM-MEL-6 PDCs [21]. Due to poor viability Ta
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of the melanoma cells, and overgrowth by fibroblasts, PDCs from the 
other three MM biopsies could not be established. 

Immunohistochemistry 

Tumor tissue samples were fixed in formalin and embedded in 
paraffin wax in the Pathology department following standard proced-
ures. Hematoxylin and eosin staining were examined by a dermatopa-
thologist to confirm the quality of the samples. Sections of the tumor 
tissue and PDCs were stained with a melanoma-specific antibody cock-
tail containing HMB-45, MART-1 (Melan A), and tyrosinase (#904H, 
Cell Marque). Images were captured using a high-resolution whole-slide 
scanner (Pannoramic 250 Flash III, 3DHISTECH). 

DNA extraction and cancer panel sequencing 

In order to ascertain that the cancer cells that we were using for 
functional assays such as drug sensitivity testing is representative of the 
original tissue, we did cancer panel sequencing with the original tumor 
and DNA of the PDCs to compare the somatic mutation and copy number 
profiles. Genomic DNA was isolated from MM tissue biopsies and early 
passage PDCs using the DNeasy blood and tissue kit (Qiagen), and from 
the patient́s peripheral blood using the Gentra Puregene Blood kit 
(Qiagen) according to the manufacturer’s protocols. DNA was quantified 
using a Qubit fluorometer (Thermo-Fisher). Detection of somatic alter-
ations in coding sequences (289 genes) and genome-wide copy number 
variants was performed using targeted sequencing. For the library 
preparation, in-solution hybridization-based capture and sequencing 
were performed as previously described [20]. Briefly, the library was 
prepared using a ThruPLEX DNA-seq kit (Rubicon Genomics) and targets 
were enriched using a custom pan-cancer panel (Roche NimbleGen). The 
samples were sequenced in rapid mode on a HiSeq 2500 sequencing 
instrument (Illumina). Details of bioinformatic analysis, including basic 
quality control and identification of somatic mutations and copy number 
variants, was performed as previously described [22]. 

Anchorage-independent growth assay 

The anchorage-independent growth assay was performed as 
described previously [23]. Briefly, in a 6-well plate, PDCs or WM165 cell 
line (5 × 103) were resuspended in sample-specific complete medium (1 
mL, with 2% FBS and 0.3% Noble agar (#A5431, Merck)) and plated 
over a layer of solidified 2 × complete medium (3 mL, with 2% FBS and 
0.5% Noble agar). The cultures were incubated at 37 ◦C, in 5% CO2 for 
3–4 weeks, and fresh medium was added twice a week. Images of the cell 
growth were captured once a week. 

Cell lines 

The human melanoma cell line Bowes and WM852 were kindly 
provided by Dr. Kaisa Lehti, University of Helsinki; and cell lines SK- 
MEL-28 and WM165 by Prof. Satu Mustjoki, University of Helsinki. 
The SK-MEL-2 cell line was purchased from ATCC. The Bowes cell line 
was cultured in MEM, WM852 in DMEM, SK-MEL-28, and WM165 in 
RPMI-1640 and SK-MEL-2 in EMEM medium. All the above cell line 
media were supplemented with 10% FBS, 100 U/mL penicillin, and 
streptomycin and cultured at 37 ◦C in 5% CO2. All cell lines were 
authenticated by short-tandem repeat analysis (GenePrint24 System, 
Promega) and screened for mycoplasma contamination using the PCR 
Mycoplasma Detection Set test kit (TaKaRa). 

Drug sensitivity and resistance testing (DSRT) 

DSRT was performed with melanoma PDCs and cell lines as 
described previously [15] using the FIMM oncology drug library FO5, 
which includes 527 approved and investigational oncology compounds 

(Supplemental Table S1A). Additionally, available drug testing data 
from two healthy bone marrow samples were used as controls [24]. 
Bone marrow aspirates from healthy donors were obtained after an 
informed consent and were collected at the Helsinki University Hospital 
following protocols approved by a local ethics committee and in 
accordance with the Declaration of Helsinki. Drugs were dissolved in 
DMSO or water and plated in 384-well plates in five increasing con-
centrations over a 10,000-fold concentration range. The PDCs were 
resuspended in media and 1000–1500 cells (5000 cells for BM controls) 
were dispensed into wells of the pre-drugged plates with the Multidrop 
dispenser (Thermo Fisher Scientific) and incubated for 72 h at 37 ◦C. As 
a readout for drug efficacy, the luminescence-based measurement of cell 
viability (CellTiter-Glo, Promega) was performed using a PHERAstar FS 
plate reader (BMG Labtech). The assay was carried out similarly for 
measuring the drug responses in 3D spheroid culture conditions except 
that the PDCs were seeded on ultra-low attachment 384-well round 
bottom cell culture plates (Corning) pre-plated with drugs. Drug efficacy 
was quantified using a modified area-under-the-curve measurement 
called the drug sensitivity score (DSS), which was calculated as previ-
ously described [25]. In short, DSS was calculated for each drug by 
taking into account multiple dose-response parameters such as the IC50 
value, slope, and the area under the curve (AUC) and by comparing the 
drug response curve in patient cells to the drug response curve of healthy 
cells. We used healthy bone marrow samples as controls. An in-house 
drug testing data analysis software called Breeze was used to calculate 
IC50 and perform curve fitting [26]. Drug synergy testing was per-
formed using 8 × 8 drug concentration matrix and cell viability was 
assessed with CellTiter-Glo 2.0 assay (Promega). For synergy assess-
ment, the Zero Interaction Potency (ZIP) model was applied, using the 
R-package SynergyFinder [27]. 

Western blotting 

FM-MEL-3 and FM-MEL-6 PDCs were plated onto a 6-well plate and 
the next day treated with indicated drug or drug-combination for 24 h. 
Cells were then lysed in ice-cold Triton-X lysis buffer (50 mM Tris-HCL 
pH 7.4, 10% glycerol, 50 mM NaCl, 1% Triton-X, 20 mM NaF) supple-
mented with protease and phosphatase inhibitor cocktails (Bimake). Cell 
lysates were incubated 15 min on ice, clarified by centrifugation (+4 ◦C, 
20 min, 16,000 × g), resuspended in 2XSDS sample buffer and boiled at 
95 ◦C for 5 min. Samples were then run onto an SDS-PAGE gel and 
Western blotting was done using the following primary antibodies: 
phospho-ERK1/2 Thr202/Tyr204 (#9101), ERK1 (#4696), and tubulin 
(#2146) from Cell Signaling Technology were used at 1:1000 dilution. 
IRDye 800CW Donkey anti-Mouse IgG or IRDye 680RD Donkey anti- 
Rabbit IgG (LI-COR) was used as a secondary antibody at 1:10,000 
dilution. Blots were scanned with Odyssey CLx Imaging System (LI-COR) 
and images were analyzed with Image Studio Lite (LI-COR). 

Results 

Patient cases and characterization of MM patient-derived cancer cells 
(PDCs) 

PDCs from six patients with unresectable MM were included in this 
pilot study. Four PDCs were NRAS p. Q61 mutant, and the two 
remaining ones were BRAF, NRAS, and KIT wild type. We successfully 
established PDCs from three patient cases with NRAS-positive MM, 
designated as FM-MEL-2, FM-MEL-3, and FM-MEL-6, respectively. One 
of these patients had no prior systemic therapy, whilst the other two had 
only one line of anti-PD1 therapy before sampling. The establishment of 
cell lines for the remaining three patients was unsuccessful. One of these 
patients (FM-MEL-1) responded to anti-PD1 therapy directly after 
sampling; thus, the cells did not grow in culture. The melanoma cells 
from FM-MEL-4 did not grow due to stromal cell contamination. Cells 
from patient FM-MEL-5 failed to grow ex vivo. Immunohistochemical 
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analysis of the original tumor sample and the PDCs confirmed the 
expression of melanoma markers (HMB-45, MART-1 (Melan A), and 
Tyrosinase) in the PDCs (Supplemental Fig. S1A). All three PDCs 
exhibited triangular dendritic or elongated dendritic morphology, 
characteristic of cutaneous melanoma cultures (Supplemental Fig. S1B). 
Molecular profiling of the tumor sample and PDCs using the cancer 
panel sequencing further confirmed that all three PDCs retained the 
oncogenic driver mutation, specifically FM-MEL-2 and FM-MEL-3, 
which exhibited p. Q61K; and FM-MEL-6 exhibited p. Q61R NRAS mu-
tation (Table 1). Somatic mutation and copy number variation analysis 
revealed that FM-MEL-2 PDCs had an MSH3 mutation, and FM-MEL-3 
PDCs had a PIK3R1 mutation and homozygous deletion of PTEN and 
CDKN2A. FM-MEL-6 PDCs carried an aberrant TP53 and an amplifica-
tion of TOP1 in chromosome 20, which is associated with aggressive 
clinical behavior and poor prognosis [28]. Additionally, these cells 
exhibited amplification of the transcription factor NFATC2, which is a 
recently-discovered gene controlling the EMT-like/invasive melanoma 
program by regulating downstream targets such as c-Myc, FOM1, and 
EZH2 [29] (Supplemental Fig. S2). To assess the anchorage-independent 
growth of FM-MEL-2, FM-MEL-3, and FM-MEL-6 PDCs in semisolid 
media, the primary cells were subjected to the colony forming assay in 
which all three samples and control melanoma cell line WM165 formed 
distinct colonies over four-weeks (Supplemental Fig. S3). The assay 
confirmed the malignant transformation potential of the primary cells. 

Drug efficacies of 527 agents to melanoma PDCs and cell lines 

To identify melanoma-specific drug responses, the three PDCs and 
five established cell lines were subjected to high-throughput DSRT with 
a panel of 527 investigational and clinically approved oncologic com-
pounds (Fig. 1A). Among other anticancer drugs, the library includes all 
conventional chemotherapeutic drugs (N = 59), kinase inhibitors (N =
255), and apoptotic modulators (N = 23) (Supplemental Table S1A and 
S1B). Based on the overall drug responses to 527 drugs, three MM PDCs 
and three cell lines, including two NRAS-positive cell lines, grouped 
together in the principal component analysis, whereas the Bowes (wild 
type) and WM165 (BRAF V600-positive) cell lines displayed outlier 
profiles (Fig. 1B). Spearman’s correlation analysis indicated a strong 
correlation among melanoma PDCs (FM-MEL-2 vs. FM-MEL-3, R =
0.806; FM-MEL-2 vs. FM-MEL-6, R = 0.811; and FM-MEL-3 vs. FM-MEL- 
6, R = 0.779) (Supplemental Fig. S4). We defined the drug sensitivity 
score (DSS) ≥ 10 as a threshold to classify a drug response as moderate 
to strong.  In general, a DSS value of 10 is considered to define a 
moderate-to-strong drug response sensitivity, and thus it was chosen in 
our studies. DSS values lower than 10 would define a low drug response 
sensitivity and is usually not taken into consideration. According to this, 
up to 134 drugs exhibited an effect in at least one sample (Fig. 1C). The 
BRAF V600E positive cell line WM165 exhibited the highest response to 
the drugs (134 drugs with DSS ≥ 10) followed by the wild-type cell line, 
Bowes (98 drugs with DSS ≥ 10). FM-MEL-3 had the most sensitive 
profile among the PDCs as the number of effective drugs with DSS ≥ 10 
was 93. Across all tested samples, the median number of sensitive drugs 
was 69 (range, 58–134). To identify drugs that were selectively sensi-
tive, we next compared DSSs of MM PDCs and cell lines to the DSSs of 
white blood cells derived from healthy donor bone marrow samples and 
excluded drugs that showed high efficacy also in healthy bone marrow 
(Fig. 1D, Supplemental Table S1C). Unsupervised clustering of the 
samples and drugs revealed several drugs that showed selective efficacy 
in MM PDCs and cell lines. 

NRAS mutated melanoma PDCs displayed similar drug response profiles 

We identified response profiles, its specificity, and possible toxicity 
to healthy bone marrow samples of individual drugs belonging to the 
same drug class in parallel (Fig. 1D). The drug library contains 17 drugs 
that target different components of MEK-Ras-Raf (MAPK) signaling, a 

key pathway that plays a role in melanoma progression. A total of six 
MEKis are represented in the panel, including three clinically approved 
drugs used as part of BRAF V600-positive MM treatment (trametinib, 
cobimetinib, and binimetinib). Four MEKis (cobimetinib, PD0325901, 
trametinib, and selumetinib) had similar response profiles across sam-
ples, whereas binimetinib and GDC-0623 displayed lower efficacies 
(Fig. 2A). From these MEKis, cobimetinib was chosen for combination 
testing due to its efficacy shown in our PDC DSRT. All PDCs showed a 
high efficacy for MEKis, whereas NRAS Q61-positive melanoma cell 
lines, SK-MEL-2 and WM852, exhibited low responses between DSSs. 
ERK inhibitor SCH772984 showed the most potent efficacy (median DSS 
of 15) in the majority of samples compared to that of the other ERK 
inhibitors in the library, all of which are in the investigational phase 
(Fig. 2A-B). The pan-RAF inhibitor LY3009120 exhibited the highest 
sensitivity in NRAS-mutated PDCs and BRAF V600E mutant cell lines. 
Dabrafenib and encorafenib showed specific responses in BRAF-positive 
melanoma cell lines. Regorafenib, a multi-kinase inhibitor, had a mod-
erate effect on melanoma cell lines. 

Drug responses to other drug classes and individual drugs 

In addition to the constitutive activation of the RAS-RAF-MAPK 
pathway, NRAS mutations trigger other key pathways such as PI3K- 
AKT [8]. The drug library includes PI3K/mTOR inhibitors, of which 
dactolisib, omipalisib, and NVP-BGT226 resulted in similar responses 
across samples with a median DSS of 13 (Fig. 2A-B). However, the re-
sults were not FM-PDC-specific as the control samples had similar re-
sponses. AZD8055, an mTOR inhibitor, showed a selective response in 
all samples, apart from the bone marrow control samples, with a median 
DSS of 15. Polo kinase inhibitors showed varying responses. Prexasertib, 
a checkpoint kinase inhibitor in the developmental phase, exhibited a 
high response in several samples (including FM-MEL-6 and FM-MEL-3) 
with the highest DSS of approximately 30. The CDK inhibitor palboci-
clib elicited in a weak response in all tested samples, whereas dinaciclib 
had a median DSS of 20. However, control samples were equally sen-
sitive to both drugs; thus, the results were unspecific for PDCs (Fig. 2A). 

Patient-specific drug responses 

Thirteen of the tested targeted and chemotherapeutic agents are in 
clinical use as treatment for MM either as single agents or in combina-
tion. Of the three MEKi, trametinib, cobimetinib, and binimetinib 
showed significant selective responses in all three FM-MEL PDCs, con-
firming the dependency of these models on RAS signaling (Fig. 3). 
Moreover, we identified other targeted drugs showing selective re-
sponses in PDCs, such as ABL inhibitor nilotinib, and SMAC mimetic 
NVP-LCL161 in FM-MEL-2 PDCs, IGF1R inhibitor BMS-754807 and 
CHK1 inhibitor prexasertib in FM-MEL-3 PDCs, mTOR inhibitor 
AZD8055, prexasertib, and Wee1 inhibitor AZD1775 in FM-MEL-6 
PDCs. 

In order to substantiate our findings, we chose fifteen drugs from 
different classes for further validation in 2D and 3D conditions. We 
focused on MEK inhibitors trametinib, cobimetinib, binimetinib, and 
selumetinib; ERK inhibitors SCH772984, and ulixertinib; pan-Raf in-
hibitor LY3009120; pan-tyrosine kinase and BCR-ABL inhibitor niloti-
nib; FLT3 inhibitor quizartinib; mTOR/PI3K inhibitors dactolisib, 
omipalisib, and AZD8055; Wee1 inhibitor AZD1775, Chk1 inhibitor 
prexasertib and ROCK2 inhibitor KD025.  The validation experiments 
were performed with all three PDCs in 2D and 3D conditions in tripli-
cates for each drug concentration (Supplemental Table S2). As shown in 
Supplemental Fig. S5, most of the 15 drugs showed PDC-specific drug 
sensitivities that were similar to those observed during initial drug 
sensitivity testing, and the expected drug responses were observed in 
addition to 2D also in 3D spheroid models.  Some of the tested hits 
showed sensitivity only in one PDC model, like for example FLT3 in-
hibitor quizartinib - the validation experiments confirmed a FM-MEL-2 
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Fig. 1. Drug response profiles of NRAS-positive FM-MEL patient-derived cancer cells (PDCs) and melanoma cell lines to 527 compounds. A) The schematic overview 
of the drug testing platform where MM PDCs and cell lines are added to pre-drugged 384-well plates and incubated for 72 h followed by cell viability analysis. Results 
were quantified as a selective drug sensitivity score (sDSS) to identify selective cancer cell killing compared to healthy, normal bone marrow and fibroblast cells. The 
median time from the sampling to the drug sensitivity and resistance testing (DSRT) experiment was approximately 6 weeks, depending on the sample. The results 
from the DSRT were available for the clinicians within 4 d. B) Principal component analysis (PCA) of drug responses from MM PDCs and cell lines to 527 drugs. C) 
Number of drugs with DSS ε 10 in each sample. D) Drug response heatmap for FM-MEL PDCs and melanoma cell lines in comparison to the healthy bone marrow 
samples. Unsupervised clustering of overlapping drugs from FIMM drug panel with a DSS of 10 or higher, in at least one sample. Columns represent samples and rows 
represent drugs. Red indicates a positive sDSS, while blue indicates negative sDSS in relation to the average of two healthy bone marrow samples. 
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Fig. 2. Drug efficacies of NRAS-positive FM-MEL PDCs and melanoma cell lines across different drug classes. A) DSSs for individual drugs across samples to MEK, 
ERK, pan-RAF, BRAF, PI3K/mTOR, mTOR, PLK1, Chki, and CDK inhibitors. The average DSS for melanoma-associated fibroblasts and healthy bone marrow controls 
is also shown. B) Dose response curves for selected drugs across all samples. The DSS value for each sample is indicated in parenthesis. 
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specific response for this drug. ROCK2 inhibitor KD025 exhibited 
sensitivity in FM-MEL-2 and FM-MEL-3 PDCs but validation screen 
confirmed the response of this drug only for FM-MEL-2 PDCs. Chk1 in-
hibitor prexasertib showed high sensitivity in the initial drug screen for 
FM-MEL-3 and FM-MEL-6 PDCs, however, the validation of 2D and 3D 
screens were able to confirm this finding only for FM-MEL-3 PDCs. 

Cobimetinib in combination with other targeted drugs 

As monotherapy regimens lead faster to the development of acquired 

resistance, combination regime testing was a reasonable way to proceed. 
We sought to identify potentially effective drug combinations that 
would synergize with MEKi by combining a single concentration of 
MEKi (cobimetinib) to FO5 drug panel. Cobimetinib was chosen as the 
MEKi backbone because of superior efficacy in our PDCs and due to 
other published preclinical and clinical combination results from cobi-
metinib together with other targeted agents [30], [31]. 

To validate these findings, we selected ten drugs to be tested in drug 
combination matrices where seven different concentrations of two drugs 
were combined in an 8 × 8 matrix. The selected ten drugs included Abl, 

Fig. 3. The most effective drugs for FM-MEL-2, FM-MEL-3, and FM-MEL-6 PDCs based on selective DSS in comparison to bone marrow control samples, presented in 
descending order. 
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PI3K, PI3K/mTOR, ERK, pan-RAF, HSP90, PLK1 and CDK4/6, and multi 
kinase inhibitors (Fig. 4A, Supplemental Table S3). 

Ponatinib is a multi-tyrosine kinase inhibitor and is known to have 
efficacy in chronic myeloid leukemia [32]. Combining it to BRAFi was 

found beneficial in a preclinical model for anaplastic thyroid cancer 
[33]. Nilotinib is an ABL inhibitor, which seems to have potency to 
reverse and even prevent resistance from developing to BRAF and MEK 
inhibitor therapy in a xenograft model [34]. The combination of 

Fig. 4. MEK inhibitor cobimetinib in combination with other targeted drugs synergistically inhibits growth of FM-MEL PDCs and cell lines. A) The ZIP synergy scores 
for each cobimetinib combination are shown as a heatmap. The data is shown from one representative experiment of at least two replicates. As an examples the 
individual synergy plots for FM-MEL-6 PDCs presenting cobimetinib and nilotinib combination (B) and FM-MEL-3 PDCs presenting cobimetinib and LY3009120 
combination (C) are shown. Synergy plots for all the other combinations can be found in the Supplemental Fig. S6. D) Western blots for phospho-ERK1/2 and total 
ERK1/2 levels in lysates of FM-MEL-3 and FM-MEL-6 PDCs treated for 24 h with DMSO, cobimetinib (100 nM), nilotinib (1000 nM), LY3009120 (100 nM) or 
combination of cobimetinib either with nilotinib or LY3009120 as indicated. Tubulin was used as a loading control. The values indicate the quantification of pERK 
levels in ratio to the total ERK levels. 
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cobimetinib and ponatinib or nilotinib showed synergistic responses 
across all tested samples, with highest effect in FM-MEL-3 PDCs (Fig. 4A 
and B, Supplemental Table 2). Moreover, our Western blot results 
showed a strong inhibition of pERK levels in FM-MEL-3 and FM-MEL-6 
PDC samples treated with a combination of cobimetinib and nilotinib 
compared to single treatment (Fig. 4D) confirming our drug-synergy 
data and offering a molecular basis of the identified combinatorial 
drug effect. 

Pictilisib is a selective pan-inhibitor of class I PI3K and a weak in-
hibitor of class II, III, and IV PI3K and has shown efficacy preclinically in 
BRAF and KRAS mutant cell lines combined to MEKi [35]. The inhibition 
of MAPK signaling can lead to PI3K/AKT route activation creating a 
rationale for the combination of MEKi and PI3Ki [36]. Pictilisib showed 
synergy with cobimetinib across all our samples, whereas the combi-
nation of Pi3K/mTOR inhibitor gedatolisib and cobimetinib had less 
effect in FM-MEL-2 and FM-MEL-6 PDCs. Similarly, the combination of 
cobimetinib with pan-RAF inhibitor LY3009120 resulted in a synergistic 
effect and a total inhibition of pERK levels as shown by Western blot 
analysis in FM-MEL-3 and FM-MEL-6 PDCs (Fig. 4D), whereas single 
treatments had lesser effect on pERK inhibition. Combination of HSP 
inhibitor ganetespib and cobimetinib showed the highest synergy in 
FM-MEL-3 PDCs. PLK1 inhibitor BI2536 and CDK4/6 inhibitor palbo-
ciclib together with cobimetinib resulted in synergy in FM-MEL-3, 
FM-MEL-2, and FM-MEL-6 PDCs (Fig. 4A and B, Supplemental 
Table 2). Similarly, in our PDCs, PLK1i BI2536 together with cobime-
tinib resulted in synergy (Fig. 4A and B, Supplemental Table 2, Sup-
plemental Fig. S6). 

Discussion 

Melanoma is a heterogeneous disease with an extensive genetic va-
riety and occasionally unpredictable course. Approximately 40% of 
patients treated with immunotherapy are long-term survivors [37,38]. 
In the majority of BRAF-positive melanoma patients, combination 
therapy with BRAFi and MEKi eventually leads to the development of 
acquired resistance [39]. For BRAF wild-type patients in whom immu-
notherapy is unsuccessful, no 2nd line therapy options with survival 
benefit exist. Consequently, there is still a substantial unmet need to 
develop effective treatment options particularly for BRAF wild-type 
patients. 

Approximately 20% of melanoma patients have NRAS-mutant tu-
mors [7]. Due to difficulties in direct targeting of RAS [40], efforts have 
been made to target its downstream pathways including MAPK and 
PI3K/AKT/mTOR. Monotherapy with MEKi has shown some efficacy in 
NRAS mutant melanoma in preclinical and phase I setting [41,42]. 
However, the NEMO trial assessing binimetinib efficacy resulted in only 
minor improvement of progression-free survival and showed no survival 
benefit compared to dacarbazine [10]. In clinical practice, drug resis-
tance is a common problem occurring during single-agent targeted 
therapy. In BRAF-mutated melanoma, the combination of MEKi and 
BRAFi has increased treatment efficacy significantly [43,44]. Combi-
nations of targeted agents may increase efficacy in NRAS-mutant mel-
anoma cell lines [45,46], but despite promising preclinical testing other 
combinations than BRAFi and MEKi have led to disappointments due to 
dose-limiting toxicity in phase I trials limiting their use in the clinic [31, 
47]. 

As expected, we found that high-throughput drug testing with three 
NRAS-positive PDCs revealed strong responses of PDCs to MAPK 
pathway inhibitors, allowing to explore various MEK specific drug 
combinations. In addition, also a new observation was that the NRAS 
mutant PDCs were sensitive to the ABLi nilotinib alone as well as in 
combination with cobimetinib. In order to enhance treatment efficacy 
and to prevent development of resistance, combination regimens need to 
be explored [5,48]. Our results with drug combinations show significant 
synergy improving efficacy. Ponatinib, nilotinib, and pictilisib were 
each combined with cobimetinib. All of these duplet combinations 

resulted in substantial synergy in two of our PDCs (FM-MEL-2 and 
FM-MEL-6). These combinations would be interesting to evaluate 
further in a clinical trial setting. 

Studies on PDCs from glioblastoma, ovarian, and hematological 
cancer patients indicate that DSRT is a promising treatment stratifica-
tion platform [18,49,50]. In our study, the cultured PDCs were ready for 
drug testing approximately six weeks after excision, and then the DSRT 
results were available to the clinicians within a median of 4 days. Since 
melanoma patients often have cutaneous, subcutaneous, or lymph node 
metastases that are easily excised, DSRT may be implementable in the 
individual treatment planning of patients with metastatic melanoma for 
whom standard therapies have failed. 

The number of patients was small in our study; hence, drawing 
conclusions must be made with caution and in accordance with other 
similar findings [19]. The PDCs from FM-MEL-5 with several lines of 
anticancer therapy did not grow ex vivo. Considering that previous 
treatments may have a negative effect on ex vivo cell growth, sampling in 
clinical practice should preferably be done as soon as possible after the 
diagnosis of metastatic disease, or at the latest after unsuccessful 
first-line immunotherapy. Additionally, early sampling would provide 
more time for cell culture establishment and DSRT conduction. 

We acknowledge the limitations of the DSRT approach. The avail-
ability of experimental drugs can be challenging. At present, the tumor 
microenvironment is not cloneable; hence, DSRT is likely to portray 
more optimistic results than in vivo. Monotherapy with targeted agents 
typically leads to drug resistance, resulting in the need for testing 
combinations. Toxicity resulting from targeted therapy combinations is 
a challenge and can only be evaluated in an early phase clinical trial 
setting by testing sequential or intermittent drug administration. Since 
the toxicity of targeted therapy combinations has limited their use, 
DSRT could facilitate the selection of potential combination strategies 
for clinical trials. In the case where DSRT would indicate multiple 
effective therapy options for a patient in need of therapy, the selection of 
treatment would probably be made taking into account both the drug 
availability and the toxicity profile of the selected drug. 

To substantiate and expand on our findings, we are recruiting new 
patients. As melanoma cells are consistently chemotherapy-resistant, we 
plan to modify the drug panel incorporating only targeted therapy 
agents. In this study, we used a broader panel of drugs to elucidate the 
most effective potential drugs. Fewer drugs on the testing panel will 
reduce costs and reduce the need for viable tumor cells, shortening the 
incubation period of the PDCs. Furthermore, within this study we aim to 
offer participating patients without standard treatment options in need 
of new therapy a single agent treatment based on the patient’s DSRT 
panel test results. Testing of combinations could only be done within an 
early phase dose escalation trial in order to safely evaluate the toxicity 
profile. 

For patients with BRAF wild-type MM whose first-line immuno-
therapy was unsuccessful, the need for further effective treatment op-
tions is imminent. According to our preliminary results, ex vivo drug 
testing with PDCs may provide a step closer in the process for identifi-
cation of personalized treatment options for these patients. The results 
of our approach indicate potential for larger-scale drug testing and 
personalized treatment applications within our expansion trial. 
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Abstract

In primary human melanoma, the membrane-type matrix metalloproteinase, MT3-MMP, is overexpressed in the most
aggressive nodular-type tumors. Unlike MT1-MMP and MT2-MMP, which promote cell invasion through basement
membranes and collagen type I-rich tissues, the function of MT3-MMP in tumor progression remains unclear. Here, we
demonstrate that MT3-MMP inhibits MT1-MMP-driven melanoma cell invasion in three-dimensional collagen, while yielding
an altered, yet MT1-MMP-dependent, form of expansive growth behavior that phenocopies the formation of nodular cell
colonies. In melanoma cell lines originating from advanced primary or metastatic lesions, endogenous MT3-MMP expression
was associated with limited collagen-invasive potential. In the cell lines with highest MT3-MMP expression relative to MT1-
MMP, collagen-invasive activity was increased following stable MT3-MMP gene silencing. Consistently, MT3-MMP
overexpression in cells derived from less advanced superficially spreading melanoma lesions, or in the MT3-MMP
knockdown cells, reduced MT1-MMP-dependent collagen invasion. Rather than altering MT1-MMP transcription, MT3-MMP
interacted with MT1-MMP in membrane complexes and reduced its cell surface expression. By contrast, as a potent
fibrinolytic enzyme, MT3-MMP induced efficient invasion of the cells in fibrin, a provisional matrix component frequently
found at tumor-host tissue interfaces and perivascular spaces of melanoma. Since MT3-MMP was significantly upregulated
in biopsies of human melanoma metastases, these results identify MT3-MMP as a matrix-dependent modifier of the invasive
tumor cell functions during melanoma progression.
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Introduction

Cancer-related mortality is generally associated with the

development of metastatic lesions. During the progression to

metastatic cancer, tumor cells invade through extracellular matrix

(ECM) barriers such as the basement membrane and interstitial

stroma, enter vascular or lymphatic vessels, extravasate, and

colonize distant organs [1,2]. Comparisons between the gene

expression profiles of non-metastatic and metastatic cancers have

revealed distinct genetic footprints for each disease state [3]. In

such analyses, the proteolytic enzyme, membrane-type matrix

metalloproteinase 1 (MT1-MMP, MMP14), is often linked to the

metastatic disease [4,5] with the protease upregulated in tumor

cells as well as surrounding stromal cells [6–9]. The strongest

MT1-MMP induction often correlates with the transition of tumor

cells to a rapidly invasive mesenchymal phenotype [10], and its

elevated expression in cancer tissues correlates frequently with

disease aggressiveness and poor prognosis [5,7].

The MT-MMP family comprises six members, MT(1–6)-

MMPs. Each of the proteases have been implicated in tumor

progression, although their expression pattern and known

functions appear distinct [11–14]. MT1- and MT2-MMP

(MMP15) can each drive tumor cell invasion through basement

membranes and the collagen type I-rich interstitial stroma

[10,15], while MT3-MMP (MMP16) cannot efficiently cleave

native collagen type I or confer cells with collagen-invasive ability

in vitro or in vivo [15–17]. However, when overexpressed, both

MT1- and MT3-MMP mediate cell invasion in cross-linked fibrin

gel, a provisional form of extracellular matrix commonly

deposited within tumor tissues and perivascular spaces in vivo

[18]. Unlike wide MT1-MMP expression in different cancers,

notable MT3-MMP mRNA levels have been detected in

relatively few types of cancer, such as gliomas, hepatocellular

carcinoma, gastric cancer and melanoma, where its translation

efficiency, protein expression and function remain poorly defined

[11,19–22].
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Metastatic melanoma has a poor prognosis with a 5-year

survival rate ranging between 5–10% due to its resistance to

available cancer therapies [23]. As such, understanding the

molecular mechanisms that underlie melanoma metastasis is

essential for the development of new prognostic indicators as well

as strategies for disease treatment. Consistent with the central role

played by MT1-MMP in mediating the pericellular ECM

degradation necessary for cell invasion, the expression of the

protease has been linked to the development of metastatic lesions

in melanoma [4]. Interestingly, MT3-MMP is specifically

upregulated in nodular melanoma, the most aggressive melanoma

type, comprising about 15% of all melanoma cases [24,25]. Unlike

the more common, superficially spreading form of melanoma that

is characterized by a pattern of slow radial growth eventually

followed by vertical growth phase and metastasis, nodular

melanomas grow rapidly in thickness, and are often metastasized

at the time of diagnosis [26]. As the functional contribution of

MT3-MMP in melanoma progression has remained undefined, we

have here examined its function using gene-silencing and

overexpression in different types of melanoma cells. The invasive

and growth properties of these cells were defined within the

confines of the three-dimensional (3D) type I collagen or fibrin

matrices that typify the surrounding host ECM environment.

Results

MT3-MMP is overexpressed in human melanoma
metastases and metastatic melanoma cell lines

MT1-MMP is frequently overexpressed in different types of

melanoma [4,27], whereas mean MT3-MMP expression is not

increased in primary melanoma compared to normal skin

(GeneSapiens, www.genesapiens.org; [28]). However, increased

levels of MT3-MMP are associated with the most aggressive

nodular melanoma [24,25]. To assess if MT3-MMP expression is

more generally linked to melanoma progression, we analyzed

MT1-MMP and MT3-MMP mRNA expression in human tissue

biopsies of normal skin (n = 8), benign nevi (n = 11), and

melanoma metastases (n = 77). Significantly, MT3-MMP was

.8-fold upregulated in the lymph node metastases as compared

to normal skin (p = 0.028; Fig. 1A) whereas low MT3-MMP

expression observed in benign nevi was comparable to normal skin

(Fig. 1A). MT3-MMP was also upregulated in melanoma

Figure 1. MT3-MMP is expressed in melanoma lymph node metastases and metastatic cell lines. MT3-MMP (A) and MT1-MMP (B) mRNA
expression levels in human tissue biopsies from normal skin (n = 8), nevus (n = 11), and melanoma metastases (n = 77) were assessed by qPCR. cDNAs
were normalized against beta-actin. Soft tissue comprise metastases obtained from subcutaneous tissue of groin (n = 2), pelvis (n = 1) and thigh
(n = 1). Other organs comprise single or double biopsies from melanoma metastases to skin, stomach, liver, mediastinum, ovary, kidney and brain.
*p = 0.028 (p = 0.031 if the highest outlying lymph node metastasis value of 84.4 is excluded). (C) Relative values of average MT1-, MT2- and MT3-MMP
mRNA expression were analyzed by qPCR in 7 melanoma cell lines as indicated. (D) The melanoma cells were embedded inside 3D collagen type I
gels. After 4-d culture, the 3D cell/matrix constructs were fixed and stained with TRITC-phalloidin (red) and DAPI (blue). Fluorescence micrographs of
the collagen gels show representative cell colonies.
doi:10.1371/journal.pone.0028325.g001

MT3-MMP in Matrix-Dependent Melanoma Invasion
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metastases to lung (,4-fold), small intestine (,6-fold) and in a

single tissue sample of brain metastasis (,4.5-fold). In contrast,

notable MT1-MMP mRNA levels were detected in several of the

normal skin samples, and the slightly increased expression in both

lymph node metastases and benign nevi were not statistically

significant (Fig. 1B).

Furthermore, four different metastatic melanoma cell lines

tested (WM852, WM164, WM165 and WM239) as well as the

Bowes, G361 and WM793 cells derived from non-metastatic

primary melanoma all expressed MT1-MMP, whereas MT3-

MMP was expressed in three cell lines originally isolated from

metastatic melanomas (WM852, WM165 and WM239) and

WM793 cell line isolated from advanced primary melanoma

(Fig. 1C). To investigate the growth and invasion of these cells,

they were implanted as single cells in cross-linked collagen matrix

that typifies the surrounding ECM environment in collagen-rich

skin. Under these conditions, MT1-MMP expression remained

high or was even enhanced as compared to cells in monolayer

culture or inside a 3D fibrin matrix (Fig. S1). Significant MT3-

MMP expression remained unaltered and restricted to the same

cells in the monolayer and 3D cultures (Fig. S1). During a 4-d

culture within collagen, Bowes, G361 and WM164 cells all devoid

of significant MT3-MMP expression grew and invaded efficiently

in elongated morphology (Fig. 1D, upper panel). In contrast, the

MT3-MMP expressing cells grew as either non-invasive sphere-

shaped colonies or groups of rounded cells within collagen (Fig. 1D,

lower panel), suggesting that MT3-MMP could have an effect on

melanoma cell invasion.

MT3-MMP expression is associated with rapid fibrin
invasion and poor collagen invasion

WM852 cells, isolated from the metastatic lesions of nodular

melanoma, and Bowes cells, derived from early stage superficially

spreading melanoma [29–31], were used to begin characterizing

the functions of MT1-MMP and MT3-MMP in melanoma. These

cells expressed MT1-MMP at comparable levels (Fig. 1C and 2A).

By contrast, only WM852 cells expressed significant levels of

MT3-MMP (Fig. 1C and 2A), while neither Bowes nor WM852

cells expressed MT2-MMP (Fig. 1C). To asses the relative invasive

activities of the cells, they were cultured atop 3D gels of type I

collagen, or fibrin, which deposition is enhanced at perivascular

sites as well as tumor-host interfaces of melanoma [32]. During a

7-d culture period, WM852 cells efficiently invaded fibrin gels, but

displayed only minor collagen-invasive activity (Fig. 2B and C). By

contrast, Bowes cells readily invaded both collagen and fibrin

matrices (Fig. 2B and C). In accordance with previously described

functions for MT-MMPs in cell invasion [15,18,33], the ability of

either Bowes or WM852 cells to infiltrate collagen or fibrin gels

was blocked completely by the synthetic MMP-inhibitor, GM6001

(Fig. 2B and C). Taken together, these results suggest that MT3-

MMP expression is compatible with rapid tumor cell invasion into

fibrin, whereas in WM852 cells it was associated with the limited

ability of MT1-MMP to support collagen invasion.

MT3-MMP knockdown enhances WM852 melanoma cell
invasion into collagen

To define the effects of MT3-MMP on the melanoma cell

invasion, we assessed the impact of silencing endogenous MT1-

MMP or MT3-MMP expression by specific siRNAs in WM852

cells (over 80% silencing efficiencies by qPCR; Fig. 3A). The

down-regulation of MT1-MMP or MT3-MMP protein was

confirmed by immunoblotting (Fig. 3B and C). MT3-MMP,

which was detected as the major 65 kDa protein in both control

cells expressing endogenous protease and cells transiently

transfected with MT3-MMP cDNA, was markedly suppressed

by MT3-MMP siRNAs (Fig. 3C). Likewise, endogenous MT3-

MMP detected by surface biotinylation followed by MT3-MMP

immunoprecipitation in control WM852 cells was barely detect-

able after transfection with the most efficient MT3-MMP siRNA

(Fig. 3D). When plated atop the collagen matrices, the control

siRNA-transfected cells displayed only minor invasive potential

during a 5-d assay, which was completely abrogated by MT1-

MMP silencing as expected (Fig. 3E). By contrast, MT3-MMP

knockdown unexpectedly enhanced collagen invasion (1.760.3

fold, n = 3, p = 0.05), whereas fibrin invasion was inhibited by

silencing either MT1-MMP or MT3-MMP (Fig. 3E).

Figure 2. MT3-MMP expressing WM852 melanoma cells invade
readily fibrin but have limited ability to invade collagen type I.
(A) MT1- and MT3-MMP mRNA expression in WM852 cells from nodular
melanoma and Bowes cells from superficially spreading melanoma
were analyzed by Northern blotting. GAPDH mRNA levels served as an
internal standard. (B) The cells were allowed to invade 3D fibrin and
type I collagen for 7 d. Quantitative results are expressed as the number
of invasive cells per microscopic field (n = 3). The number of invasive
cells in fibrin was set to 100%. (C) Light micrographs of fibrin and
collagen cross-sections visualize the invasion of WM852 and Bowes
cells. GM6001 (10 mM) was added where indicated. White dotted lines
mark the surface of the matrix.
doi:10.1371/journal.pone.0028325.g002

MT3-MMP in Matrix-Dependent Melanoma Invasion
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MT3-MMP facilitates Bowes melanoma cell invasion into
fibrin but restricts collagen invasion

Given the increased collagen-invasive activity of WM852 cells

after MT3-MMP silencing, we next sought to define the effects of

stable MT3-MMP expression on the invasion of Bowes melanoma

cells, which normally display almost undetectable levels of the

transcript. Stable transfectants increased MT3-MMP mRNA

expression ,9-fold (a level ,50% lower than endogenous

expression in WM852 cells) while stimulating fibrin invasion

2.560.3 fold (n = 3; p = 0.02; Fig. 4A and B). Importantly,

increasing MT3-MMP expression markedly reduced collagen

invasion by ,80% (0.1760.07, n = 3; p = 0.021; Fig. 4A), thus

shifting the invasive phenotype of Bowes cells towards that

displayed by WM852 cells.

In these stable Bowes cells, MT3-MMP was detected predom-

inantly as a ,37 kDa cleaved fragment by immunoblotting

(Fig. 4C), and GM6001 enhanced the levels of 60–65 kDa

proteins that most likely correspond to the full-length and

activated or differentially glycosylated forms of MT3-MMP

protein (Fig. 4C; [34]). After inhibition of lysosomal degradation

by bafilomycin A, mostly the cleaved 37-35 kDa fragments of

MT3-MMP were increased (Fig. 4C). Nevertheless, the major

MT3-MMP form exposed to biotinylation on the surface of Bowes

cells was the full-length/activated MT3-MMP, whereas only a

faint band corresponding to the 37 kDa fragment was detectable

by surface biotinylation (Fig. 4D). Notably, the cleavage to 37-

35 kDa fragments was inhibited in tandem with dramatically

increased full-length/activated MT3-MMP by simultaneous

treatment with GM6001 and bafilomycin A (Fig. 4C). Since both

GM6001 and the inactivating E247A mutation (MT3E/A, Fig.

S2) that stabilized the 60–65 kDa MT3-MMP also enhanced the

levels of MT3-MMP on the cell surface (Fig. 4D and E), these

results suggest that constitutive autocatalytic processing of the cell

surface MT3-MMP followed by internalization and lysosomal

degradation of the membrane-bound fragments resulted in

unexpectedly rapid MT3-MMP turn-over.

MT3-MMP also slightly reduced the levels of endogenous

MT1-MMP protein in cells cultured on fibrin by ,26%

(0.7460.2), which was reversed by the MMP inhibitor GM6001

(1.1460.2; Fig. 3C). Likewise, MT3-MMP enhanced the cleavage

of MT1-MMP to inactive 37–43 kDa fragments, which were

observed after bafilomycin treatment (1.760.2 -fold increased

processed/total ratio relative to mock; Fig. 4C). Moreover, MT3-

MMP, but not MT3E/A, induced the processing of overexpressed

MT1-MMP mainly to the ,37 kDa fragment after transient co-

transfection (Fig. 4F). This raised the possibility of in trans

processing of the MT-MMPs by a mechanism that would resemble

the autocatalytic cleavages in MT1-MMP homo-dimers or

oligomers [35,36]. Since such processing would require close

physical proximity or interactions, co-immunoprecipitation anal-

yses were carried out. Consistently with an MT1-MMP cleavage

by MT3-MMP, MT1-MMP was co-immunoprecipitated in the

same complexes with MT3-MMP and MT3E/A (Fig. 4F).

However, MT1-MMP expression was less affected by MT3-

MMP in cells cultured on collagen (,20% reduction of 60 kDa

MT1-MMP; 1.460.2 -fold increased processed/total ratio),

suggesting that the regulation of MT1-MMP protein levels may

not be the only mechanism how MT3-MMP alters collagen

invasion.

MT3-MMP reduces cell surface MT1-MMP and functions
as a matrix composition-dependent effector of cell
invasion

To define the interrelated functions of MT1-MMP and MT3-

MMP in cell invasion, COS-1 cells, which are largely devoid of

endogenous MMPs, were engineered to express MT1-MMP,

Figure 3. MT3-MMP silencing inhibits fibrin invasion and enhances collagen invasion of WM852 cells. (A) MT1-MMP and MT3-MMP
mRNA expression in WM852 cells transfected with control siRNA (Ctrl) or siRNAs targeting MT1-MMP (siMT1) or MT3-MMP (siMT3-1 and siMT3-2) were
quantified by qPCR (n = 3). (B and C) The protein levels of MT1-MMP (B) and MT3-MMP (C) were assessed by immunoblotting after transient
transfection of the siRNAs or MT3-MMP cDNA (MT3-MMP) as indicated. MT1-MMP was detected as a 60 kDa band and MT3-MMP as 65/60 kDa bands
that were downregulated by the corresponding siRNAs. An additional MT3-MMP fragment of 37 kDa in size was detected in the cells after transient
transfection with MT3-MMP cDNA. Ponceau-staining served as a loading control. Asterix marks a non-specific band. (D) Cell surface MT3-MMP was
detected by surface biotinylation of cells transfected with control siRNA or the most efficient MT3-MMP siRNA (siMT3-1), followed by
immunoprecipitation. Asterix marks a non-specific band. (E) Light micrographs of fibrin and collagen cross-sections visualize the invasion of WM852
cells transfected with the indicated siRNAs. The cells were plated atop 3D fibrin and type I collagen 1 d after siRNA transfections and allowed to
invade for 5 d. Quantitative results are expressed as the number of invasive foci per microscopic field (n = 3).
doi:10.1371/journal.pone.0028325.g003
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MT3-MMP, or both proteases in combination. Consistent with

the fact that both MT1-MMP and MT3-MMP can degrade fibrin

[18], either MT1-MMP or MT3-MMP conferred the cells with

the ability to invade fibrin gels and displayed additive effects when

co-expressed (Fig. 5A). In contrast, while MT1-MMP alone

induced COS-1 cell invasion into collagen matrices, MT3-MMP,

Figure 4. MT3-MMP induces fibrin invasion but inhibits collagen invasion of Bowes melanoma cells. (A) The stable cell pools transfected
with MT3-MMP cDNA (MT3-MMP) or mock vector (Mock) were allowed to invade 3D fibrin or collagen gels for 5 d. Quantitative results are expressed
as the number of invasive cells per microscopic field relative to the mock-transfected cells (n = 3, *p = 0.02). White dotted lines in the representative
light micrographs of fibrin and collagen cross-sections mark the level below which the invaded cells were counted. (B) Chart shows average MT1-
MMP and MT3-MMP mRNA expression relative to mock-transfected cells as assessed by qPCR. (C) The stable mock or MT3-MMP expressing cells were
treated with GM6001 (10 mM) and bafilomycin A (100 nM) for 16 h as indicated, followed by MT3-MMP and MT1-MMP detection by immunoblotting.
Full-length and processed forms of MT3-MMP were detected as 65/60 kDa and 37 kDa bands, respectively, and MT1-MMP as 60 kDa and 37–43 kDa
bands. Tubulin served as a loading control. Asterix marks a non-specific band. (D) Cell surface MT3-MMP was detected by surface biotinylation of the
stable cells on fibrin and collagen or cells transfected with cDNA for MT3-MMP or catalytically inactive MT3-MMP (MT3E/A) followed by MT3-MMP
immunoprecipitation and detection with peroxidase-conjugated streptavidin. Cells were treated with GM6001 (10 mM) for 16 h prior to surface
biotinylation where indicated. Asterix marks a non-specific band. (E–F) Bowes cells expressing the indicated cDNAs were lysed, followed by
immunoblotting or immunoprecipitation. GM6001 (GM, 10 mM) was added where indicated. Ponceau staining and tubulin served as a loading
control. Asterix marks non-specific bands.
doi:10.1371/journal.pone.0028325.g004

MT3-MMP in Matrix-Dependent Melanoma Invasion

PLoS ONE | www.plosone.org 5 December 2011 | Volume 6 | Issue 12 | e28325



which is ineffective type I collagenase, suppressed MT1-MMP-

dependent collagen invasion upon co-expression (Fig. 5A), a result

consistent with the conclusion that MT3-MMP interfered with the

collagen-invasive activity of MT1-MMP in melanoma cells.

In COS-1 cells cultured on either fibrin or collagen the effects of

MT3-MMP co-expression on total MT1-MMP protein levels were

minor (Fig. 5B). In these co-transfected cells, MT1-MMP instead

reduced the levels of full-length MT3-MMP with a concomitant

increase in the processed, 37 kDa fragment of the protease via a

process that was blocked by GM6001 (Fig. 5B). The catalytically-

inactive MT1E/A did not induce MT3-MMP processing (Fig. 5B),

indicating that the increased MT3-MMP cleavage required MT1-

MMP activity. Furthermore, MT3-MMP slightly enhanced the

processing of MT1E/A in the cells cultured on collagen (Fig. 5B).

Figure 5. MT3-MMP regulates cell invasion in a matrix-composition dependent manner by driving fibrin invasion, while reducing
the cell surface levels and collagen invasive activity of MT1-MMP. (A) COS-1 cells transiently transfected to express MT1-MMP (MT1), MT3-
MMP (MT3), or both in combination, were allowed to invade 3D fibrin or collagen gels for 5 d. Quantitative results are expressed as the number of
invasive foci per microscopic field (n = 3). (B–C) MT1-MMP, inactive MT1-MMP (MT1E/A), MT3-MMP, and MT3E/A were expressed alone or in different
combinations in COS-1 cells for 48 h followed by immunoblotting and immunoprecipitation as indicated. GM6001 (GM, 10 mM) was added where
indicated. Ponceau-staining and tubulin served as loading controls (n = 3). Asterix marks a non-specific band. (D) Cell surface MT1-MMP was detected
from the transfected cells by surface biotinylation followed by immunoprecipitation. Asterix marks a non-specific band. (E) The transfected cells were
fixed and stained for MT1-MMP with an antibody against its catalytic domain. Arrows indicate MT1-MMP staining on the cell surface in the cells
expressing MT1-MMP alone or with inactive MT3E/A, as opposed to the perinuclear staining (arrowheads) in the cells co-expressing MT1-MMP and
MT3-MMP. (F) The transfected cells were embedded in 3D collagen or fibrin as single cell suspension and allowed to grow for 5 d. Relative sizes of
invasive areas per colony were calculated using ImageJ software (n = 3). (G) Fluorescence micrographs visualize representative colonies of COS-1 cells
cultured inside collagen or fibrin and stained for filamentous actin.
doi:10.1371/journal.pone.0028325.g005
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Consistent with the interaction in Bowes cells, both MT3-MMP

and MT3E/A were co-precipitated with MT1-MMP (Fig. 5C).

Interestingly, when 3-fold higher amount of cDNA for MT3-

MMP than for MT1-MMP was transfected, MT1-MMP process-

ing to 37–43 kDa fragments was increased also in COS-1 cells

(Fig. 5C) suggesting that a dose-dependent competition may at

least partially dictate the order of the cleavages between these MT-

MMPs. Furthermore, even after equal transfection of the MT1-

MMP and MT3-MMP cDNAs, MT3-MMP notably enhanced the

processing of the fraction of MT1-MMP and MT1E/A exposed to

cell surface biotinylation (Fig. 5D). Accordingly, MT3-MMP, but

not the catalytically-inactive MT3E/A, decreased cell surface

MT1-MMP in tandem with intracellular MT1-MMP accumula-

tion as detected by immunofluorescence (Fig. 5E and S3).

Since MT1-MMP surface levels can affect 3D growth and

invasion pattern of the cells [37–39], we assessed next the impact

of MT1-MMP and MT3-MMP on 3D cell growth and mode of

invasion. As such, COS-1 cells transiently transfected to express

MT1-MMP, MT3-MMP, catalytically-inactive MT3E/A, or

MT1-MMP and MT3-MMP in combination, were embedded as

single cells in either type I collagen or fibrin gels. During a 5-d

culture period, mock-transfected cells formed small colonies which

were not invasive in either matrix (Fig. 5F and G). As expected,

MT3-MMP-expressing cells invaded only in fibrin (21.666.0 -fold

increase in invasive area compared to mock cells, with a negligible

increase in collagen invasion), whereas MT1-MMP-expressing

cells generated both invasive colonies characterized by multicel-

lular sprouts as well as clusters of cells invading in a single-cell

fashion in either collagen or fibrin gels (in collagen, 9.960.4 –fold

increase in invasive area as compared to mock-transfected cells,

and in fibrin, 17.064.6 –fold increase compared to mock-

transfected cells; Fig. 5F and G). Interestingly, the co-expression

of MT3-MMP with MT1-MMP resulted in weakly sprouting or

sphere-shaped colonies in collagen (Fig. 5F and G), while

increasing fibrin-invasive activity of the cells (28.565.9 –fold

increase compared to mock-transfected cells; Fig. 5F and G). By

contrast, the expression of MT3E/A did not inhibit collagen

invasion or induce fibrin invasion (Fig. 5F and G). These results

indicate that MT3-MMP-dependent proteolytic activity promoted

fibrin invasion, but resulted in decreased MT1-MMP surface levels

and inhibition of collagen invasion.

MT3-MMP enhances fibrin invasion and MT1-MMP-
dependent nodular-type cell growth in 3D collagen

To assess next the impact of the endogenous proteases on

melanoma cell growth and pattern of invasion, WM852 cells were

cultured within 3D collagen gel. The control cells grew as compact

nodular cell colonies, while in 3D fibrin the cells formed invasive

colonies with multicellular sprouts (Fig. 6A and B). As expected,

3D growth in collagen was blocked when MT1-MMP expression

was silenced, a result consistent with previous reports (Fig. 6A;

[37]). Remarkably, following MT3-MMP knockdown by siRNAs

or by lentiviral shRNAs (Fig. S4A), the cell colonies in collagen

became irregular in outline and displayed invasive activity, while

the average size of the colonies was less affected (Fig. 6A and B,

Fig. S4B). Concomitantly with increased collagen invasion, MT1-

MMP levels on the cell surface were increased after MT3-MMP

knockdown, as assessed by surface biotinylation and immunoflu-

orescence (6C and D), while MT1-MMP mRNA remained

unaffected (Fig. S4A). In contrast, efficient MT3-MMP silencing

by shMT3-1 and shMT3-2 significantly reduced both colony size

and invasive sprout formation in 3D fibrin (Fig. 6A and B). These

changes correlated with the dose of MT3-MMP, as the modest

MT3-MMP knockdown by shMT3-3 had only minor effects on

the matrix composition dependent 3D growth and invasion

(Fig. 6B and S4A). Likewise, stable MT3-MMP knockdown in

the MT3-MMP expressing WM165 melanoma cells (Fig. S4C) led

to increased cell elongation and invasive sprouting of cell colonies

in collagen (Fig. 6B and S4D). Unexpectedly, MT3-MMP

knockdown reduced the invasion of WM852 cells in fibrin even

more efficiently than MT1-MMP knockdown (Fig. 6A; relative

colony size 0.6060.04, and invasion 0.4160.1 for siMT1-MMP

transfected cells; size 0.4660.04, and invasion 0.2060.02 for

siMT3-MMP transfected cells, n = 3). MT3-MMP silencing also

dramatically reduced the invasive growth of WM165 cell colonies

in fibrin (Fig. 6B and S4D). In contrast, the invasion and growth of

WM793 cells with higher MT1-MMP to MT3-MMP expression

ratio was only slightly affected in 3D collagen by MT3-MMP

knockdown (Fig. 1, S4E and S4F). The MT3-MMP knockdown

also did not alter growth or invasion of Bowes cells in 3D collagen

or fibrin, consistent with the low expression levels of endogenous

MT3-MMP in these cells (Fig. S5A–D).

To confirm the specific invasion regulating functions of MT3-

MMP in collagen and fibrin matrices, we constructed two MT3-

MMP rescue plasmids with silent mutations in the shMT3-2

targeting sequence (rescMT3-1 and rescMT3-2; Fig. 7A). Tran-

sient transfection of these constructs in the MT3-MMP knock-

down WM852 cells diminished collagen invasion and facilitated

fibrin invasion (over 70% transfection efficiency in the shMT3-2

cells using TransIT-2020), indicating that the observed 3D cell

phenotypes were indeed MT3-MMP-dependent (Fig. 7B and C).

Likewise, the enhanced collagen invasion of the MT3-MMP

knockdown cells was reversed to the level seen in scrambled

shRNA expressing cells after transient expression of the rescue

constructs in the knockdown cells (Fig. 7D). Taken together, these

results suggest that MT3-MMP, essential for WM852 and WM165

melanoma cell invasion in fibrin, is a strong negative regulator of

melanoma cell invasion within 3D collagen, where it induced

adhesive nodular-type growth pattern.

Discussion

Unlike the strongly pro-invasive MT1-MMP that is widely

overexpressed in the aggressive and metastatic tumors, MT3-

MMP expression has been reported in only a few tumor types

[11,19–21]. These include nodular melanoma, the most aggressive

melanoma subtype characterized to date [24,25]. Consistent with

the compact sphere-like growth pattern characteristic for nodular

melanoma, we found that WM852 cells, originally derived from a

nodular melanoma metastasis, and the other MT3-MMP

expressing cell lines from advanced melanomas grew within 3D

type I collagen gels as nodular-type adhesive cell colonies. These

colonies displayed a limited ability for invasion of the surrounding

collagen matrix as single cells or multicellular sprouts. Unexpect-

edly, this cell phenotype was dependent on MT3-MMP as

silencing its expression enhanced MT1-MMP-driven collagen

invasion. Since the nodular-type growth phenotype was rescued

when MT3-MMP was overexpressed in the knockdown cells,

MT3-MMP is not only unable to support type I collagen-invasive

activity [16,17], but also restricts the proinvasive activity of MT1-

MMP in our 3D experimental model. By contrast, MT3-MMP –

both alone and in combination with MT1-MMP – conferred cells

with prominent fibrin-invasive activity.

In addition to invasion, MT1-MMP is required for tumor

growth within the confines of cross-linked matrices of type I

collagen, a hydrogel whose structural and mechanical character-

istics mimic those of most interstitial tissues in vivo [33,37]. The

pattern of tumor cell growth in collagen can occur either invasively
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or as an expansive, adhesive mass, which may in part depend on

MT1-MMP surface levels and activity [38]. In contrast,

recombinant MT3-MMP is a poor type I collagenase [16] and

unable to drive cell invasion through native polymerized collagen

type I matrix [17,33], although MT3-MMP itself has also been

implicated in the remodeling of 3D collagen [40,41]. In our

experiments, Bowes cells derived from superficially spreading

melanoma invaded rapidly in 3D collagen as single cells as well as

multicellular sprouts in an MT1-MMP dependent manner. As

such, MT1-MMP activity could support both local superficial

spreading in epidermal and upper dermal tissues as well as

invasion into deeper portion of the dermis. However, the collagen-

invasive phenotype of Bowes cells was reduced following co-

expression of catalytically-active MT3-MMP. These observations

are not confined to melanoma cells as COS-1 cells expressing

MT1-MMP alone were also highly invasive in 3D collagen, while

cells expressing both MT1- and MT3-MMP exhibited only limited

collagen invasive ability. By restricting single cell invasion and

sprouting, MT3-MMP co-expression led to the MT1-MMP-

dependent expansion of nodular cells colonies in 3D collagen.

Given the inability of MT3-MMP to degrade native collagen

type I directly and the importance of MT1-MMP homodimeriza-

tion for its activity in collagen degradation [42], we considered the

possibility that MT1-MMP/MT3-MMP heterodimers might form

a complex that fails to support collagen adhesion or unwinding.

However, although both catalytically active and inactive MT3-

MMPs co-immunoprecipitated with MT1-MMP, the catalytically-

inactive MT3-MMP mutant did not suppress MT1-MMP-

mediated collagen invasion. Alternatively, MT3-MMP could

suppress collagen invasion by cleaving MT1-MMP to inactive

fragments, or indirectly by catalyzing the processing of other co-

operative or invasion regulating proteins such as cell surface

Figure 6. MT3-MMP promotes invasion in 3D fibrin and adhesive, nodular-type cell growth in 3D collagen. (A) WM852 cells transfected
with the siRNAs against MT1-MMP (siMT1-MMP) and MT3-MMP (siMT3-MMP) were embedded in 3D collagen type I or fibrin gels as single cell
suspension. Light micrographs show representative cell colonies that were formed after 5-d assay. Chart on the right shows the relative sizes of the
cell colonies (n = 3). (B) Stable WM852 and WM165 cell pools expressing control scrambled shRNA (scr) or MT3-MMP targeting shRNAs (shMT3-1,
shMT3-2 and shMT3-3) were allowed to grow inside 3D collagen or fibrin gels for 14 d. The fixed 3D cultures were stained with TRITC-phalloidin and
photographed (see Fig. S4D for representative micrographs of WM165 cell colonies). Chart shows relative areas of invasive sprouts. (C) Cell surface
MT1-MMP and MT3-MMP were detected by surface biotinylation of stable WM852 cells expressing the most potent shRNA against MT3-MMP (shMT3-
2) or scrambled shRNA (Scr), followed by immunoprecipitation using MT1-MMP and MT3-MMP antibodies. WM852 cells after transient transfection
with MT3-MMP cDNA (MT3-MMP) were used as a control for the immunoprecipitation of endogenous MT3-MMP. (D) Epifluorescence micrographs
visualize the increased MT1-MMP (green) on the surface of shMT3-2 expressing cells. The cells were counterstained with DAPI for nuclei (blue) and
phalloidin for filamentous actin (red).
doi:10.1371/journal.pone.0028325.g006
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adhesion receptors and/or their ligands [43,44]. In both COS-1

and Bowes cells, MT3-MMP overexpression decreased cell surface

MT1-MMP concomitantly with increased MT1-MMP processing

to the inactive fragments. In contrast, such processing of

endogenous MT1-MMP or MT3-MMP was less evident in

WM852 cells, which could be at least partially due to the higher

expression levels of TIMP2 and TIMP3 that could inhibit and thus

stabilize the MT-MMPs in these cells [29]. However, MT1-MMP

levels were increased also on the WM852 melanoma cell surface

after knockdown of endogenous MT3-MMP. Thus, the reduced

MT1-MMP surface localization was a consistent property of the

growing, but modestly invasive cell phenotype induced by MT3-

MMP in 3D collagen.

Stabilized intratumoral fibrin networks have been implicated in

the progression of several human neoplasms, including brain

tumors that are almost devoid of type I collagen [45,46]. Since

MT3-MMP expression is upregulated frequently in tumors that

arise in collagen-poor tissues ([28,47]; www.oncomine.org; www.

genesapiens.org), and the effects of MT1-MMP and MT3-MMP

were additive promoting invasion in fibrin, MT3-MMP expression

in primary tumors associated with fibrin accumulation may

promote local tumor spread. This hypothesis and the importance

of MT3-MMP for fibrin invasion is strongly supported by our

finding that silencing endogenous MT3-MMP in two different

melanoma cell lines reduced dramatically their ability to invade

and form sprouts in 3D fibrin. Although melanoma arises in

collagen-rich skin, abundant fibrin accumulation is frequently

found in these tumors within perivascular spaces as well as the

vascular and lymphatic vessel-rich tumor-host tissue interface [32].

Within these fibrin-rich sites, MT3-MMP-dependent proteolysis

could enhance the passage of melanoma cells into lymphatic

vessels, where discontinued basement membranes do not form

significant barriers for cell invasion [48,49].

In addition to primary tumor sites, the accumulation of fibrin-

rich provisional matrices around the circulating melanoma cell

embolus promotes their metastatic capacity in lungs and lymph

nodes [50,51]. As such, MT3-MMP could further accelerate the

metastatic process in such environments via its ability to affect

pericellular fibrin remodeling. Consistent with these proposed pro-

metastatic functions, MT3-MMP expression was increased in

biopsies of human melanoma metastasis. While the nodular vs.

superficially spreading origin of the biopsied tissues of the

metastatic lesions had not been defined, MT3-MMP expression

was not restricted to nodular melanoma-derived cell lines. Rather,

WM165 and WM239 cells derived from the metastases of

superficially spreading melanoma as well as in WM793 cells

isolated from vertical growth phase primary melanoma also

expressed the protease. In this regard, it is interesting to note that

the formation of metastatic foci may also depend on the ability of

tumor cells to form adhesive expansively growing colonies [52].

Since MT3-MMP had similar effects in the invasive activities of

WM852 cells from nodular melanoma metastases and WM165

cells originated from superficially spreading melanoma metastases,

we postulate that the protease may play previously unappreciated

role in the metastatic process.

To date, minimal information is available about any functions

of endogenous MT3-MMP in tumor cells, and the relevant ECM

and non-ECM substrates for MT3-MMP remain poorly defined.

As supported by a recent report of Nogo receptor 1 shedding by

endogenous MT3-MMP in neurons [53], MT3-MMP may

modulate also melanoma cell invasion by cleaving transmembrane

or pericellular proteins. Like MT1-MMP, MT3-MMP is also

efficient cell surface activator of proMMP2 [21]. However, MMP2

is inefficient in driving cell invasion in collagen or fibrin alone

[15,18]. In addition, current results revealed opposing effects of

MT3-MMP on fibrin, that is its own substrate, and on collagen

type I, that is a poor substrate for MT3-MMP but is instead

efficiently cleaved by MT1-MMP. Since MT3-MMP concomi-

tantly reduced MT1-MMP from the surface and MT1-MMP-

dependent collagen invasion, current results suggest that MT3-

MMP restricts the proinvasive MT1-MMP activity and cell

invasion in type I collagen-rich tissues, thus promoting the

expansion of nodular melanoma cell colonies. However, as

endogenous MT3-MMP activity remains unaffected by MT1-

MMP, its fibrinolytic potential could provide melanoma cells with

Figure 7. Transient MT3-MMP expression in the MT3-MMP
knockdown cells rescues nodular-type growth in collagen in
conjunction with increased fibrin invasion. (A) MT3-MMP was
detected by immunoblotting in COS-1 cells transiently expressing mock
vector (Mock), MT3-MMP (MT3), or rescue constructs rescMT3-1 and
rescMT3-2. Ponceau staining served as a loading control. Asterix marks
non-specific bands. (B) WM852 cells stably expressing MT3-MMP
targeting shRNA (shMT3-2) transfected to express MT3-MMP rescue
vectors (rescMT3-1 and rescMT3-2) or mock vector were embedded in
3D collagen type I and fibrin gels. Chart shows relative percentage of
invasive colonies formed after 5 d, n = 3. (C) Fluorescent micrographs
show representative colonies stained for F-actin (red) to visualize the
cells. (D) WM852 cell pools after lentiviral expression of scrambled
shRNA (Scr) and shMT3-2 as well as knockdown cells transfected with
MT3-MMP rescue vectors (rescMT3-1 and rescMT3-2) were allowed to
invade into collagen type I gels for 7 d followed by imaging and
quantification, n = 3.
doi:10.1371/journal.pone.0028325.g007
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the means to infiltrate perivascular spaces and remodel the tumor

cell surrounding provisional matrices during melanoma progres-

sion.

Materials and Methods

Antibodies and reagents
The following antibodies were used: rabbit polyclonal antibod-

ies against MT1-MMP cytoplasmic tail [35] or hinge domain

(RP1, Triple Point Biologics; Ab6004, Chemicon), mouse

monoclonal antibodies against MT1-MMP catalytic domain

(LEM2-15/8; Millipore) and hemagglutinin (HA; Covance).

Rabbit polyclonal antibodies against MT3-MMP hinge domain

were from Abcam (ab38968), or kindly provided by Dr. R.

Fridman (Wayne State University, Detroit, USA; Ab318). The

MMP inhibitor, GM6001 (Calbiochem), phalloidin-TRITC,

collagen type I from rat tail (Sigma-Aldrich), bafilomycin A1

(Calbiochem) and recombinant human HGF (R&D systems) were

also used.

Cell culture
Human Bowes melanoma cell line, derived from radial growth

phase superficially spreading melanoma [30], was obtained from

Dr D. B. Rifkin (Rockefeller University, New York, USA). The

other human melanoma cell lines used have been established at

the Wistar Institute (Philadephia, PA; [29]). They were originally

derived from primary superficially spreading melanoma (G361

and WM793), nodular melanoma metastases (WM852 and

WM164), or metastasis of superficially spreading melanoma

(WM165 and WM239; [31,54,55]). Melanoma cells were

cultivated in Eagle’s Minimal Essential Medium (MEM) contain-

ing 10% heat-inactivated fetal calf serum (FCS). COS-1 monkey

kidney cells were cultured according to the instructions (American

Type Culture Collection). To generate stable cell pools, transfect-

ed Bowes cells were selected using G418 (400 mg/ml; Calbio-

chem).

RNA isolation from human tissues and cultured cells
Total mRNAs were extracted from representative microdissect-

ed samples of archival paraffin-embedded biopsies of benign

intradermal or compound melanocytic nevi (n = 11) and of

adjacent normal skin (n = 2) using High Pure RNA Paraffin Kit

(Roche) or from cultured cells using RNeasy Mini kit (Qiagen).

The nevus biopsies had been removed for diagnostic purposes and

the histological diagnosis had been confirmed by the university

hospital dermatopathologist. For RNA isolation from 3D cultures,

collagen and fibrin were first digested using collagenase type 2

(Worthington) and trypsin (Sigma-Aldrich), respectively (both

2 mg/ml). The cells were then collected by brief centrifugation

and lysed for RNA isolation using the RNeasy Mini kit. Reverse

transcription was carried out with Random hexamer primers

(Invitrogen) and Superscript III reverse transcriptase (Life

Technologies). In addition, TissueScan Melanoma Tissue qPCR

Arrays I and II (OriGene Technologies) containing cDNAs from

human tissue biopsies of normal skin (n = 6) and melanoma

metastases (n = 77) were used for the quantification of the MT-

MMP transcripts.

qPCR
The cDNAs were amplified on GeneAmp 7500 Sequence

Detector thermal cycler (Applied Biosystems) using TaqMan

Universal PCR Master Mix and validated primers (MT1-MMP;

Hs 01037006_gH, MT2-MMP; Hs 00233997_m1, MT3-MMP;

Hs 00234676_m1, Applied Biosystems). The expression levels

were normalized with mRNA for TATA-binding protein (TBP).

Cell invasion and growth in collagen
Cell invasion was assessed essentially as described [33,56].

Briefly, type I collagen (4.8 mg/ml, rat tail) was mixed with equal

amount of 26MEM, and pH was adjusted to ,7.4 by NaOH.

Collagen was cast in the upper chambers of Falcon cell culture

inserts in 24 well plates and incubated at 37uC for 1 h to allow

gelling. Cross-linked fibrin gels were cast in the inserts by

combining 75 ml plasminogen-free human fibrinogen (6 mg/ml;

Calbiochem) in Hank’s Balanced Salt Solution (HBSS) and 75 ml

HBSS (pH 7.4) containing 4 U/ml human thrombin and 400 mg/

ml aprotinin (both from Sigma-Aldrich). Cells were seeded atop

the matrix in the upper chamber in medium containing 1% FCS.

GM6001 (10 mM) was added to both upper and lower chambers

when used. HGF (25 ng/ml) and medium containing 10% FCS

served as chemoattractants in the lower chambers, with medium

changed every third day. After a 5–7 d culture period, the cells

were fixed with 4% PFA, and paraffin sections were stained with

hematoxylin and eosin (H&E-staining). Sections were photo-

graphed, and the invaded cells were counted from 8 random

sections of each sample. Each assay was performed in triplicate.

For 3D growth/invasion assays, collagen (2.4 mg/ml) and fibrin

were prepared as above. 5000 cells were suspended in 40 ml

hydrogel, the suspension were transferred to a 24-well plate, and

incubated for 1 h at 37uC to allow complete gelling. After 4–16 d

incubation in complete growth medium, cultures were fixed and

photographed using Axiovert 200 microscope (Carl Zeiss).

Alternatively, collagen or fibrin gels were stained with phalloi-

din-TRITC to visualize filamentous actin, and photographed

using Axioplan upright epifluorescence microscope (Carl Zeiss).

The invasive areas were calculated from 20 random phase-

contrast or epifluorescence images of 6 separate gels (49–163

colonies/transfected cell line, n = 3) using ImageJ software.

Northern hybridization
Total cellular RNA (10 mg) was fractioned by formaldehyde-

agarose gel electrophoresis and transferred to a Zeta probe

membrane (Bio-Rad) in 206 SSC (16 SSC: 150 mM NaCl,

15 mM sodium citrate, pH 7.0) and fixed by UV crosslinking.

cDNA probes corresponding to full-length MT1-MMP and MT3-

MMP cDNA were labeled with [32P] dCTP by the random

priming method (Amersham Pharmacia Biotech). The membranes

were hybridized in ExpressHyb hybridization solution (Clonetech)

at 58uC for 16–24 h. Washing was carried out in 0.26 SSC

containing 0.1% SDS at 63uC. RNA for glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as an internal

standard.

RNA interference and cDNAs
Small interfering RNAs (siRNA) targeting MT1-MMP

(59CAGCGATGAAGTCTTCACTTA93 and 59TGGCGGGT-

GAGGAATAACCAA93), MT3-MMP (59CCGCCACATACTG-

TACTGTAA93 and 59AAGCACATCACTTACAGTATA93) and

non-silencing control siRNAs (Qiagen) were transfected using

LipofectamineTM 2000 (Life Technologies). Short hairpin RNA

(shRNA) targeting MT3-MMP (shMT3-1, TRCN0000052249;

shMT3-2, TRCN0000052250; and shMT3-3, TRCN0000052251)

or nontargeting scrambled shRNA (Open Biosystems) in pLKO.1

vector were delivered into the cells using lentiviral transduction as

described [57]. For stable shRNA expression cells were selected

using puromycin (5 mg/ml). The knockdown efficiency was assessed

by quantitative PCR (qPCR) after 48 h. Expression vectors for
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MT3-MMP, MT1-MMP, MT1-MMP with inactivating E240A

point mutation (MT1E/A) and HA-tagged MT1-MMP have been

described [17,18,58] and were transfected using FuGENE (Roche)

or TransIT-2020 (Mirus). Inactive MT3-MMP E247A construct

(MT3E/A) was kindly provided by Dr. D. Pei [34]. Rescue

constructs for MT3-MMP with double silent mutations in shMT3-2

binding sequence rescMT3-1 (T822C-T825C) and rescMT3-2

(T831C-A836C) were generated with primers (59CTACAGT-

GAATTAGAAAATGGCAAACGCGACGTGGATATAACC93

and 59GGTTATATCCACGTCGCGTTTGCCATTTTCTAA-

TTCACTGTAT93) and (59GGCAAACGTGATGTGGACAT-

CACCATTATTTTTGCATCTGG93 and 59CCAGATGCAAA-

AATAATGGTGATGTCCACATCACGTTTGCC93), respec-

tively, using QuikChangeH Site-Directed Mutagenesis Kit (Strata-

gene).

Immunoblotting
Cells were lysed with RIPA buffer (50 mM Tris-HCl pH 7.4,

150 mM NaCl, 1% NP-40, 0.5% NaDOC, 0.1% SDS)

containing CompleteH protease inhibitor cocktail (Roche).

Protein contents of the lysates were determined by bicinchoninic

acid protein assay (Sigma-Aldrich). Equivalent quantities of

protein were size-fractionated by gradient (4–20%) SDS-PAGE

followed by transfer to polyvinylidene difluoride membranes. The

non-specific protein binding sites were saturated with 5% non-fat

milk in TTBS-buffer (TBS containing 0.05% Tween-20) for

30 min. The membranes were washed with TTBS and incubated

with primary antibodies overnight, and with biotinylated

secondary antibodies (Dako) for 30 min. After incubation with

horseradish peroxidase –conjugated streptavidin for 20 min (GE

Healthcare), the bound antibodies were detected using enhanced

chemiluminescence (Promega). All experiments were repeated for

2–4 times.

Immunoprecipitation
Endogenous or recombinant MT1-MMP and MT3-MMP were

immunoprecipitated from cell lysates by incubation with specific

rabbit polyclonal antibodies for MT3-MMP (against hinge

domain; Ab38968) or MT1-MMP (against cytoplasmic tail [35]

or hinge region; AB6004, Chemicon) and G protein sepharose

(GE Healthcare) for 2 h at 4uC. The sepharose particles were then

pelleted by centrifugation and washed extensively with PBS. The

proteins were eluted with the sample buffer and separated for

immunodetection by SDS-PAGE.

Cell surface labeling
Cell surface biotinylation was performed as described [35].

Briefly, cells were rinsed twice with PBS and incubated with

0.5 mg/ml biotin (Pierce) in PBS on ice for 1 h. The reaction was

terminated by washing 3 times for 10 min with 150 mM glycine/

TBS. The cells were then lysed and subjected to immunoprecip-

itation with rabbit polyclonal MT1-MMP or MT3-MMP

antibodies. The immunoprecipitated material was resolved by

SDS-PAGE, and detected with horseradish-peroxidase-conjugated

streptavidin (Daco).

Immunofluorescence
The cells on glass coverslips were fixed with 4% PFA followed

by staining with the indicated primary antibodies and Alexa Fluor-

labeled secondary antibodies (Invitrogen). The coverslips were

finally mounted on glass slides using Vectashield anti-fading

reagent (Vector Laboratories) and examined using the Axioplan

microscope.

Gelatin zymography
MMP-2 was transiently expressed in COS-1 cells, and the

conditioned medium was harvested after 18 h. Aliquots of the

conditioned medium were incubated with COS-1 cells overex-

pressing MT1- and MT3-MMPs for 24 h. Aliquots of conditioned

medium were then subjected to the gelatin zymography [57].

Statistical analysis
All numerical values represent mean 6 SD. Statistical

significance was determined using the Mann-Whitney test.

Supporting Information

Figure S1 MT1-MMP and MT3-MMP expression in
melanoma cells cultured within 3D collagen and fibrin.
Relative values of average MT1-MMP (A) and MT3-MMP (B)

mRNA expression in indicated melanoma cell lines cultured inside

3D collagen and fibrin gels for 48 h were analyzed by qPCR.

MT1-MMP and MT3-MMP mRNA expression in Bowes cells

cultured in collagen were set to 100%, n = 3.

(TIF)

Figure S2 Catalytically inactive MT3-MMP does not
activate MMP-2. Gelatin zymogram shows MT1-MMP-medi-

ated MMP-2 activation by COS-1 cells expressing MT1-MMP,

MT3-MMP or MT3E/A. MMP-2: latent (L), intermediate (I) and

active (A). After harvesting of conditioned media, the cell lysates

were subjected to immunoblotting for MT3-MMP and MT1-

MMP.

(TIF)

Figure S3 MT3-MMP reduces MT1-MMP on the cell
surface. COS-1 cells transiently expressing MT1-MMP or MT1-

MMP in combination with MT3-MMP or MT3E/A were fixed

and stained with antibodies against the hinge domain (RP1) and

catalytic domain (LEM2-15/8) of MT1-MMP. Magnified areas

indicated by white boxes are presented below the each image for

RP1 staining, and on figure 5E for LEM2-15/8 staining.

(TIF)

Figure S4 MT3-MMP modulates collagen and fibrin
invasion of three different melanoma cell lines. (A)

Average MT1-MMP and MT3-MMP mRNA expression in the

WM852 cell pools expressing shRNA against MT3-MMP

(shMT3-1, shMT3-2 and shMT3-3) relative to cells expressing

scrambled shRNA (Scr). (B) WM852 cells stably expressing

indicated shRNAs were embedded in 3D collagen type I or fibrin

gels as single cell suspension. Light micrographs show represen-

tative cell colonies that were formed after 7-d assay. (C) Average

MT-MMP mRNA expression in the WM165 cells expressing

indicated shRNAs. (D) WM165 cells expressing indicated shRNAs

were cultured inside 3D collagen type I and fibrin for 14 d, after

which cultures were fixed and stained for filamentous actin.

Quantifications of invasive areas are presented on figure 6B. (E)

Average MT-MMP mRNA expression in the WM793 cells stably

expressing indicated shRNAs. (F) Light micrographs show

representative WM793 cell colonies that were formed in 3D

collagen and fibrin after 16-d assay.

(TIF)

Figure S5 Silencing of MT3-MMP does not have any
notable effect on Bowes cell invasion. (A) MT1-MMP and

MT3-MMP mRNA levels in Bowes cells transfected with control

siRNA (Ctrl) or siRNAs targeting MT1-MMP (siMT1) or MT3-

MMP (siMT3) were detected by qPCR (n = 3). (B) Cells

transfected with the indicated siRNAs were allowed to invade
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3D fibrin and type I collagen for 5 d. Quantitative results are

expressed as the number of invasive foci per microscopic field

(n = 3). (C) Light micrographs of fibrin and collagen cross-sections

visualize the invasion of Bowes cells transfected with the indicated

siRNAs. White dotted lines mark the surface of the matrix. (D)

Cells transfected with the indicated siRNAs were embedded in 3D

collagen type I gels as single cell suspension. Light micrographs

show the cells after 5-d assay (n = 3).

(TIF)
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