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Abstract
The proprotein convertase (PC) furin cleaves precursor proteins, an important step in the

activation of many cancer-associated proteins. Substrates of furin and furin-like PCs play a

role in proliferation, metastasis and invasion. Some of them are involved in the progression

of the pediatric soft tissue sarcoma rhabdomyosarcoma (RMS). In this study, we show that

PCs, and in particular furin, are expressed in RMS cell lines. To investigate the functional

role of furin, we generated RMS cell lines with modulated furin activity. Silencing or stable

inhibition of furin delayed tumor growth in Rh30 and RD xenografts in vivo, and was corre-

lated with lower microvessel density. Reduced furin activity also decreased migration and

invasion abilities in vitro, and inhibition of furin in RMS cells diminished processing of

IGF1R, VEGF-C, PDGF-B and MT1-MMP, leading to lower levels of mature proteins. Fur-

thermore, we found that furin activity is required for proper IGF signaling in RMS cells, as

furin silencing resulted in reduced phosphorylation of Akt upon IGF1 stimulation. Taken

together, our results suggest that furin plays an important role in the malignant phenotype of

RMS cells by activating proteins involved in tumor growth and vascularization, metastasis

and invasion.

Introduction
Proproteins are synthesized as inactive precursor proteins and require limited proteolysis to be
converted into bioactive proteins and peptides. They are usually cleaved at the general consen-
sus motif R/K-Xn-R/K#, where n = 0, 2, 4 or 6 and X rarely Cys or Pro [1]. Seven mammalian
proprotein convertases (PCs) cleaving substrates at dibasic motifs have been described: PC1/3,
PC2, furin, PC4, PC5, PACE4 and PC7. In the secretory pathway, PCs mediate the tissue-spe-
cific endoproteolytic activation of precursor proteins, including hormones, neuropeptides,
growth factors and their receptors, adhesion molecules, bacterial toxins and viral glycoproteins
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[2]. Consequently, deregulated activity of PCs has been associated with pathological conditions
like Alzheimer’s disease [3], endocrinopathies [4] or cancer [5,6]. Increased PC activity corre-
lates with higher aggressiveness of diverse cancer types like prostate cancer, colon carcinoma
or small cell lung carcinoma [7,8,9].

Furin was the first described PC and is active within the constitutive secretory pathway [10].
This calcium-dependent protease cleaves different proteins implicated in cancer progression
and metastasis such as the insulin-like growth factors receptor 1 (IGF1R) [8], the growth fac-
tors vascular endothelial growth factor C (VEGF-C) and platelet derived growth factor (PDGF)
[11] and membrane-type 1 matrix metalloprotease 1 (MT1-MMP) [12,13]. Furthermore, ele-
vated levels of furin are associated with head and neck cancer, breast, lung and colon cancers
[14,15,16,17].

In a previous study, we identified cell surface furin as potential receptor for peptides that
specifically homed to rhabdomyosarcoma (RMS) cells in vitro and in vivo [18]. RMS represents
with around 55% of all cases the most common soft tissue sarcoma in children and adolescents
[19]. Based on histology, pediatric RMS are grouped into two main subtypes: embryonal RMS
(eRMS) and alveolar RMS (aRMS). eRMS occurs in around 60%-70% of all patients and is asso-
ciated with a rather good prognosis, whereas 20% of patients present with aRMS, having a
5-year overall survival of only 20%-30% [20]. Prognosis for patients with metastasis at time of
diagnosis is particularly poor with a 5-year overall survival rate of less than 12% [20]. Comple-
menting or improved treatment strategies are urgently needed and thus many recent efforts
have been concentrated on the identification of key pathways that drive RMS progression. In
80% of aRMS tumor formation is driven by expression of the chimeric transcription factor
PAX3/7-FOXO1 [21,22,23], which induces expression of a specific gene expression signature
[24,25,26]. Many receptor tyrosine kinases are direct targets of PAX3/7-FOXO1, including
IGF1R, VEGFR and PDGFR [27,28] and RMS progression is characterized by aberrant activa-
tion of growth factor signaling pathways [29]. As furin is involved in the maturation and acti-
vation of many components of these pathways, we hypothesized that furin activity is important
for the malignant phenotype of RMS cells. Therefore, we assessed the expression levels of furin
and other PCs in pediatric sarcoma cell lines and generated RMS cell lines with different levels
of furin activity. We subsequently used these cell lines to examine tumor growth in vivo and to
assess processing of furin substrates, migration, and invasion in vitro. Our investigations
showed that furin promotes tumor growth as well as migration and invasion abilities in RMS
by cleaving key proteins involved in RMS cell growth, tumor vascularization, cell motility and
invasiveness. Therefore, we propose the PC furin as new therapeutic target for treatment of
RMS.

Materials and Methods

Ethics Statement
All animal experiments were approved and monitored by the veterinary office of the Canton of
Zurich according to the Swiss Federal Law (permits 158/2009; 208/2011). Mice were eutha-
nized according to the approved protocol, either by terminal anesthesia with pentobarbital and
intracardial perfusion, or by controlled CO2 asphyxia.

Statistical analysis
Statistical analysis was performed using GraphPad Prism. Data are expressed as mean ± stan-
dard deviation (SD). Statistical significance was tested with unpaired two-tailed Student’s t-
tests, or for multiple comparison analysis of variance (ANOVA). The differences were consid-
ered to be significant if p<0.05.
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Cell lines and cell culture
Osteosarcoma cell lines SAOS, LM5, HOS, 143B, MG63, M8, HU09 and M132 were kindly
provided by Roman Muff (University Hospital Balgrist, Zurich, Switzerland). Ewing sarcoma
cell lines TC71, A673, RD-ES, SK-ES and SKNMC, as well as the RMS cell line RUCH-2, were
kindly provided by Beat Schäfer (University Children’s Hospital Zurich, Zurich, Switzerland).
Other RMS cell lines were kindly provided by following sources: Rh3 and Rh5 by Susan Rags-
dale (St. Jude Children’s Research Hospital, Memphis, TN, USA); RD, Rh36, Rh18, Rh4 and
Rh41 by Peter Houghton (The Research Institute at Nationwide Children’s Hospital, Colum-
bus, OH, USA); TTC442 and Birch by Timothy Triche (Children’s Hospital Los Angeles, Los
Angeles, CA, USA); NRS-1 (RIKEN Cell Bank); RMS and SCMS-RMZ by Janet Shipley (The
Institute of Cancer Research, London, UK); Rh28 by Corinne Linardic (Duke University
School of Medicine, Durham, NC, USA); RMS13 by Roland Kappler (LMU, Munich, Ger-
many); CW9019 by Soledad Gallego (Hospital Universitari Vall d’Hebron, Barcelona, Spain);
KFR by Jindrich Cinatl (Frankfurter Stiftung für krebskranke Kinder, Frankfurt, Germany);
RC2 by Pier-Luigi Lollini (University of Bologna, Bologna, Italy) and RhJT by Scott Diede
(Fred Hutchinson Cancer Research Center, Seattle, WA, USA). Rh30 cells and furin activity
deficient LoVo cells (colorectal adenocarcinoma) were purchased from ATCC (LGC Promo-
chem, Molsheim Cedex, France). All cells were maintained under proliferating conditions in
high glucose DMEMmedium (Sigma-Aldrich, Buchs, Switzerland) supplemented with 10%
fetal calf serum (Bioconcept, Switzerland) in 5% CO2 at 37°C.

Plasmids and Transfections
pcDNA3.1(+) vectors encoding the full length furin (fur) [30] or α1-AT Portland (pdx), were
generous gifts of Andres JP Klein-Szanto (Fox Chase Cancer Center, Philadelphia, PA). For sta-
ble transfections, 2.5-5x105 RD, Rh4 or Rh30 cells were transfected with 2 μg DNA according
to the jetPRIME™ short protocol (Polyplus Transfection, Illkirch, France). Selection with 1 mg/
ml G418 (Promega, Wallisellen, Switzerland) was started 48h post transfection and was contin-
ued for 14 days. RMS cells transfected with empty pcDNA3.1(+) vector were used as control in
qRT-PCR experiments.

Transient and stable silencing of furin
To transiently silence furin, 10 nM siRNA (Silencer Select, Ambion, Austin, Texas) were
reverse transfected into RD cells using the transfection reagent INTERFERin (Polyplus Trans-
fection, Illkirch, France) according to manufacturer’s instructions. Following siRNAs were
used: scrambled (scr, ID: AM4637), siFurin1 and siFurin2 (siFur1, ID: s9987; siFur2, ID:
s9988). For stable silencing of furin in RD, Rh4, and Rh30 cells, mission shRNA lentiviral parti-
cles (Sigma-Aldrich) based on a pLKO.1 plasmid backbone were used. Lentiviral particles of
five clones (SHCLNV-NM 002569 Human, TRCN0000075238-42) targeting different
sequences of furin RNA or lentiviral particles non-target shRNA (SHC002V) were added at an
MOI of 5 to RMS cells for 24h. Selection was started on day 5 with 2 μg/ml of puromycin (Invi-
trogen, Basel, Switzerland). Non-target shRNA RMS cells were used as control in qRT-PCR
experiments.

Animal models
To study in vivo growth, 5x106 RMS cells in 150 μl of PBS were injected s.c. into NOD/Scid
IL2rg-/- mice (Charles River) at 5–6 weeks of age, under anesthesia induced by intraperitoneal
injection of 100 mg/kg ketamine (Ketalar, Parke-Davis, Morris Plains, NJ) and 16 mg/kg
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xylazine (Rompun, Bayer HealthCare, Leverkusen, Germany). For measurement of the tumor
size, both diameters (d) of the ellipsoidal tumors were measured with a caliper and the tumor
volume was calculated using the formula V = (4/3)πr3, whereby r = ((d1+d2)/4). Mice were sac-
rificed when a tumor size of 1000 mm3 was reached. Mice were perfused with PBS after
terminal anesthesia with 420 mg/kg pentobarbital (Esconarkon; Streuli Pharma, Uznach,
Switzerland). Tumors were dissected, fixed for 24 hours in 4% PFA (Thermo Scientific, Swit-
zerland) and embedded in paraffin, or stabilized in 30% sucrose (Sigma-Aldrich, Basel, Swit-
zerland) and frozen in O.C.T embedding medium (Leica Microsystems, Heerbrugg,
Switzerland), as indicated.

Immunofluorescence
Immunofluorescence to detect angiogenic blood vessels in RMS xenograft tumors was per-
formed on 5 μm fresh frozen section from O.C.T. embedded samples. Sections were washed in
TBS/0.2% Tween-20 for 15 min and stained with CD31 antibody (550274, BD Pharmingen,
Allschwil, Switzerland) diluted 1:100 in antibody diluent solution (Zytomed Systems GmbH,
LabForce, Nunningen, Switzerland). Secondary Alexa Fluor 594-labelled goat anti-rat IgG was
used for detection (A-11007, Invitrogen). Sections were washed twice with PBS and mounted
with Vectashield Mounting medium containing DAPI (Reactolab SA, Servion, Switzerland).

Immunohistochemistry
Immunohistochemistry of PFA-fixed tumors was performed by Sophistolab (Muttenz, Switzer-
land) on an automated Leica BondMax system using Bond Polymer Refine Detection (DS9800,
Leica Microsystems, Newcastle, UK) including all buffer-solutions from Leica processed
according to the manufacturer’s instructions. Paraffin slides were dewaxed, pretreated with
ER-Solution 2 and incubated with the following antibodies: polyclonal rabbit anti-furin
(ab28547, Abcam, Cambridge, UK) used at a dilution of 1:3000 after pretreatment for 10 min
at 95°C; anti-CD31 (ab28364, Abcam) used at a dilution of 1:100 after antigen pretreatment for
20 min at 100°C.

Quantitative RT-PCR
Total RNA was extracted from RMS cells or tumor tissue using the RNeasy Kit (Qiagen, Hom-
brechtikon, Switzerland) including a DNase treatment step. 1 μg total RNA was reverse-tran-
scribed with random primers using the Omniscript Reverse Transcription Kit (Qiagen).
qRT-PCR detection of furin, α1-PDX and the house keeping gene GAPDH was performed
with assay-on-demand Hs00965485_g1, Hs01097800_m1 or Hs99999905_m1, respectively
(Applied Biosystems, Basel, Switzerland), and normalized to GAPDH.

Immunoblot
RMS cells were lysed in denaturing buffer (50 mM TrisHCl, 0.1% Triton X-100, 1 mM EDTA, 1
mM EGTA, 50 mMNaF, 5 mMNa4P2O7, 10 mM C3H7Na2O6P, 1 mM sodium orthovanadate)
supplemented with 1 mM PMSF (phenylmethylsulfonyl fluoride) and Roche Complete Protease
inhibitor (Roche, Rotkreuz, Switzerland). Cell lysates were centrifuged for 10 min at 10’000
rpm, the supernatant was collected and protein concentrations were determined in a Bradford
assay (Bio-Rad laboratories, Reinach, Switzerland). Total cell extracts were separated on 4–12%
NuPAGE Bis-Tris gels (Invitrogen) and blotted on nitrocellulose membranes (0.1 μm; Schlei-
cher & Schuell, Dassel, Germany). Blots were blocked with 5%milk in TBS/0.05% Tween-20,
incubated with the first antibody overnight at 4°C, and with the corresponding HRP-conjugated
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secondary antibody for 1h at RT. Enhanced chemiluminescence detection system SuperSignal
West Femto (Pierce, Perbio Science, Lausanne, Switzerland) was used for signal detection. The
following antibodies were used: anti-furin mouse monoclonal MON-152 (ALX-803-017-R100,
1:750, Alexis Corporation, Lausen, Switzerland), anti-VEGF-C rabbit polyclonal (sc-25783,
1:200; Santa Cruz, LabForce, Switzerland), anti-IGF1Rβ rabbit polyclonal (9750S, 1:1000, Cell
Signaling, Bioconcept), anti-MT1-MMP rabbit polyclonal (NG1726963, 1:750, Millipore), anti-
PDGF goat polyclonal (06–127, 1:500, Millipore), anti-pAkt polyclonal rabbit (9271S, 1:1000,
Cell Signaling, Bioconcept) and anti-Akt polyclonal rabbit (9272, 1:1000, Cell Signaling, Bio-
concept). Mouse anti-β-actin (A5316, 1:5000, Sigma-Aldrich) or anti-α-tubulin (T4026, 1:1000,
Sigma-Aldrich) were used for loading controls.

Furin activity test
To measure the activity of furin, an immobilized furin assay was performed as described previ-
ously [31]. 106 RMS cells were treated with 5x lysis/ reaction buffer (500 mMHEPES pH 7.0,
2.5% Triton X-100, 5 mM calcium chloride, 5 mM β-mercaptoethanol), incubated on ice for 10
min and centrifuged. Black FluoroNunc 96 well plates (MaxiSorp surface, Nunc, Thermo Sci-
entific) were coated with goat anti human furin antibody (AF1503, R&D Systems) at 10 μg/ml
in 50 mMNa2CO3, pH 9.6 (50 μl/ well) for 8h at RT, protected from light. After blocking for
1h at RT (0.5% sucrose, 0.5% Tween-20 in PBS), cell lysates were plated in triplicates and incu-
bated over night at 4°C. Wells were washed, 180 μL 1.1x lysis buffer per well added, and the
reaction was started by adding 20 μl/well of 1 mM furin fluorogenic Boc-RVRR-AMC (ALX-
260-040 Alexis, Enzo Life Sciences). Fluorescence (ex: 380 nm; em: 460 nm) was measured
using a Bio-TEK Multi-Mode Microplate Reader (Witec AG, Luzern, Switzerland).

Cell migration
RMS cells were cultured to 90% confluency in 6-well plates and three separate wounds per well
were introduced with a 200 μl pipette tip. Six pictures per well were taken at 10x magnification
at different time points (0, 4, 16, 24 hours), analyzed with the program TScratch [32], and the
percentage of closed wound was calculated over the time point 0h.

Invadopodia assay
Invadopodia assays were performed following the manufacturer’s instructions (ECM670, Milli-
pore, Zug, Switzerland). For the experiment, 1.2x103 cells were seeded onto FITC-labeled gela-
tin into 8-chamber slides and incubated at 37°C for 24h or 48h. Cells were fixed with 4%
formaldehyde for 30 min, washed and stained with a solution of TRITC-phalloidin (2 μg/ml)
and DAPI (1 μg/ml) in fluorescent staining buffer (PBS with 2% blocking serum and 0.25%
Triton X-100) for 1h at RT, protected from light. Coverslips were mounted on the slides using
hard set mounting medium (Reactolab) and pictures were taken at 20x magnification with a
fluorescence microscope (Axioskop 2 Mot, Zeiss, Feldbach, Switzerland). Image analysis was
performed using the program ImageJ [33].

IGF1 stimulation
RD cells were transiently transfected with anti-furin siRNA (siFur1 and siFur2) or control (scr)
siRNA, as described above. After 24h of starvation (DMEM, 0.2% FBS), cells were stimulated
for 10 min with 50 ng/mL IGF1 (ab73455, Abcam). Cells were washed with ice-cold PBS and
snap frozen in liquid nitrogen. Whole cell lysates were prepared as described above and
IGF1Rβ, Akt and phosphorylated Akt were analyzed by immunoblotting.
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Results

Furin is expressed and active in RMS cell lines
To assess the presence of furin and other PCs in pediatric sarcomas we examined the mRNA
levels of all nine known PCs in 5 Ewing sarcoma, 8 osteosarcoma and 20 rhabdomyosarcoma
(RMS) cell lines (list of cell lines and relative values in S1 Table). Overall, RMS cell lines
showed higher levels of PCs than Ewing sarcoma or osteosarcoma cell lines. Particularly
furin, PACE4 and S1P were highly expressed, with furin being the PC with the most consis-
tently elevated mRNA level (Fig 1A and S2 Fig). No consistent pattern of expression could be
observed between furin and PACE4 in the different cell lines, and no clear difference between
alveolar RMS and embryonal RMS cell lines was evident. Subsequently, we analyzed matura-
tion status of furin protein in all RMS cell lines and found detectable amounts of mature
furin in approximately half of the cell lines tested (Fig 1B). From those, we chose seven cell
lines (two eRMS, five aRMS) and measured activity of furin based on an immunocapture
fluorogenic substrate assay. These experiments showed that in vitro furin activity could be
detected in all cell lines showing a detectable band for mature furin (Fig 1C). Absolute activity
levels, did not completely correlate with total furin protein expression as detected by immu-
noblot, possibly because of differences in protein extraction efficiency or stability between
immunoblot and activity assay. It is interesting to note, however, that activity levels, seem to
correlate with the ratio between mature furin and proform rather than with levels of mature
form alone.

Establishment and validation of RMS cells with modulated furin activity
To investigate the function of furin in RMS, we selected two cell lines, one for each RMS sub-
type, Rh30 (aRMS) and RD (eRMS), and generated stable cell lines with either increased furin
activity by overexpression of furin (fur), or with decreased furin activity by overexpression of
the pan-PC inhibitor α1-antitrypsin Portland variant (pdx). In addition, to achieve a specific
inhibition of furin, we downregulated furin expression with two distinct shRNAs targeting
furin (shFA and shFE). Furin and pdx overexpression, as well as furin silencing by shRNA,
were first validated at the mRNA level by qRT-PCR. As expected, RMS cells overexpressing
furin (RMS fur) showed an increased level of furin expression compared to the respective
empty vector cells (Fig 2A; Rh30 fur: 5.5-fold, RD fur: 8-fold). De novo expression of pdx was
confirmed by qRT-PCR (data not shown). Both furin shRNAs, shFA and shFE, on the other
hand, decreased furin expression around 5-fold over control (scr) shRNA (Fig 2A). Next, furin
protein levels were analyzed by immunoblotting, confirming overexpression of furin in Rh30
fur and RD fur, wild type levels in Rh30 pdx and RD pdx. The decrease of furin expression was
not so evident, despite a clear downregulation at the mRNA level (Fig 2B). Therefore, to vali-
date the silencing approach, and to verify the correlation between the presence of furin protein
and its activity, we performed a whole cell lysate specific furin activity assay [31]. Furin overex-
pression led to a significant increase in furin activity (Fig 2C; Rh30 fur: 1.8-fold, RD fur:
2.5-fold). Inhibition of furin through pdx expression, or reduction of furin expression by
shRNA, both efficiently reduced furin activity (Fig 2C). In order to exclude possible compensa-
tion of lowered furin activity through increased expression of related PCs, we analyzed mRNA
levels of all PC family members and did not observe any increase of other PCs upon loss of
functional furin (data not shown). Thus, successful modulation of furin activity in aRMS and
eRMS cell lines Rh30 and RD could be confirmed at mRNA, protein and, most importantly,
activity level allowing the use of these cell lines for further investigations on the role of furin in
RMS progression.
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Furin activity correlates with tumor growth and microvessel formation in
vivo
Having successfully established Rh30 and RD cells with different levels of furin activity, we
used these cell lines to investigate the impact of furin on RMS tumor growth in vivo. RMS
tumors were generated from the different RMS cell lines by subcutaneous engraftment in
NOD/Scid IL2rg-/- mice, and tumor growth was monitored. Wild type aRMS Rh30 cells grew

Fig 1. Furin is highly expressed in rhabdomyosarcoma (RMS) cell lines. A) mRNA levels of all nine proprotein convertases (PCs) were determined by
qRT-PCR in 5 Ewing sarcoma, 8 osteosarcoma and 20 rhabdomyosarcoma (RMS) cell lines. Shown are levels relative to GAPDH expression. B) Protein
levels of proform and mature furin were assessed by immunoblotting in 20 different RMS cell lines. C) Endogenous furin activity of selected RMS cell lines:
Rh36, RD (eRMS), Rh3, Rh4, Rh30, Rh41 and RMS13 (aRMS). Furin activity deficient cells LoVo cells serve as negative control. Furin was captured from
cell lysates on anti-furin antibody coated plates and furin activity was measured by addition of the fluorogenic substrate Boc-RVRR-AMC after 6h. Displayed
are values normalized by background subtraction.

doi:10.1371/journal.pone.0161396.g001
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faster than wild type eRMS RD cells; Rh30 tumors were followed over a period of 40 days,
while RD tumors were followed over a period of 20 weeks. No difference in tumor growth was
observed between Rh30 wt and Rh30 fur, whereas decreased furin activity resulted in a clear
delay in tumor growth (Fig 3A); Rh30 pdx, Rh30 shFA and Rh30 shFE tumors took approxi-
mately 1.5-times longer to reach a size of 500 mm3 compared to Rh30 wt (Fig 3A). The time
period to reach 500 mm3 was 22 days for Rh30 wt and Rh30 fur, 30 days for Rh30 pdx, and 35
days for Rh30 shFA and Rh30 shFE. The same trend was observed for RD tumors, whereby RD
tumors with decreased furin activity grew slower than RD wt tumors and took almost 30% lon-
ger to reach a size of 500 mm3 (Fig 3B; RD wt: 14 weeks, RD pdx: 20 weeks). Remarkably, in
RD xenografts the increase in furin expression led to faster tumor growth; RD fur tumors
reached a size of 500 mm3 in 8 weeks compared to 14 weeks required by RD wt to reach the
same size, which corresponds to a 40% decrease (Fig 3B). This acceleration in tumor growth
upon furin overexpression was not observed in the alveolar RMS Rh30 tumor model. Assess-
ment of furin protein levels by immunoblotting revealed that expression of furin in Rh30 fur in
vivo was only moderately increased as compared to tumors derived from Rh30 wt cell lines (S2
Fig), contrary to what was observed in vitro (Fig 2B). This might be due to an intrinsic increase

Fig 2. Generation and validation of RMS cells with stable modulation of furin.Rh30 and RD cells were stably transfected with pcDNA3.1(+) full
length furin (fur) or α1-AT Portland (pdx). shRNA lentiviral particles were employed for stable furin silencing (shFA, shFE). A) Furin mRNA levels were
quantified by qRT-PCR. Expression levels were normalized to GAPDH and to furin expression of the respective control cells (empty vector or
scrambled shRNA). B) Levels of furin protein in stable Rh30 and RD cell lines were assessed by immunoblotting with antibody MON-152. C)
Assessment of furin activity in furin overexpressing or silenced cell lines. The results were normalized over the respective wt cells on a log10 scale.
Data represent three independent experiments. Depicted are mean values ± SD. Two-way ANOVA, p<0.05.

doi:10.1371/journal.pone.0161396.g002
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Fig 3. Furin activity positively correlates with tumor growth andmicrovessel density. 5 million RMS cells with stable modulation of furin activity
were injected s.c. into NOD/Scid IL2reg-/- and tumor growth was monitored over time. A) Tumor growth in aRMSRh30 xenografts. Tumors took on
average 20–35 days to reach a size of 500 mm3. Each group consisted of 6 mice. B) Tumor growth in eRMSRD xenografts. Tumors took on average
7–19 weeks to reach a size of 500 mm3. Each group consisted of 10 mice. C) Histological analysis of microvessel density in Rh30 xenografts. Tumors
were collected when they reached a size of 200–400 mm3 and sections were stained for CD31 by immunofluorescence. Blue: Nuclear DAPI staining.
Representative pictures are shown (magnification: 10x). D) Microvessel density in Rh30 tumors was assessed as vessels per mm2. The graph shows the
quantification averaged per picture. Depicted are mean values ± SD. E) Histological analysis of microvessel density of RD tumors. Tumors were collected
at the end point and paraffin section were stained for furin and with H&E. Shown are representative pictures (magnification: 10x). F) Microvessel density
in RD tumors was assessed as vessels per mm2. Three pictures per section, total one section. The graph shows the quantification averaged per picture.
Depicted are mean values ± SD.

doi:10.1371/journal.pone.0161396.g003
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of furin protein levels in Rh30 tumors grown in vivo. Importantly, immunoblots showed that
the silencing of furin in shFA and shFE was maintained in vivo in Rh30 cells derived tumors
(S2 Fig). Taken together, these results support the hypothesis that furin activity contributes to
RMS growth in vivo. Moreover, furin silencing and inhibition led to delayed tumor onset rather
than to a complete tumor growth inhibition, hinting at a role of furin in early steps of tumor
growth in vivo.

Since we observed a delayed initiation of tumor growth upon reduction of furin activity, we
were interested to elucidate the involved molecular mechanisms. Therefore, we analyzed the
microvessel density (MVD) on sections from Rh30 and RD tumors by immunostaining for
CD31. Furin overexpression in Rh30 fur resulted in a slight increase in MVD compared to wild
type Rh30 (Fig 3C; Rh30 wt: 40 vessels/mm2, Rh30 fur: 50 vessels/mm2). Conversely, reduced
furin activity in Rh30 cells led to lower MVD (Fig 3C; Rh30 pdx: 25 vessels/mm2, Rh30 shFA:
30 vessels/mm2, and Rh30 shFE: and 20 vessels/mm2). Similar results were obtained for RD
tumors (Fig 3F; RD wt: 38 vessels/mm2, RD fur: 61 vessels/mm2, RD pdx: 22 vessels/mm2).
These results suggest a possible role of furin in the recruitment of new blood vessels at the early
stage of RMS tumor growth, which, in turn, might account for the differences in tumor growth
onset that were observed.

Furin activity favors migration and invasion in vitro
In order to further investigate the contribution of furin to the malignant phenotype of RMS
cells, we studied migration and invasion abilities of Rh30 and RD cells with distinct furin activ-
ities in vitro. To investigate cell migration in vitro, we assessed wound closure over a timeframe
of 24h. Rh30 wt cells migrated in general a little faster than RD wt cells (Fig 4A and 4B). In
both cell lines, overexpression of furin led to an accelerated wound closure compared to the
corresponding wild type cells. This effect was more pronounced in RD fur as compared to
Rh30 fur. In contrast, inhibition of furin activity through expression of pdx or decreased
expression by silencing of furin resulted in delayed wound closure for both Rh30 and RD cells.
These results indicate a positive correlation between furin activity and the ability of RMS cells
to migrate.

Next, we monitored the effect of furin on the ability of Rh30 and RD cells to invade a matrix.
This was assessed with an invadopodia assay that allows assessment of cellular invasiveness by
measuring the degradation of fluorescent gelatin. In addition to the previously described stable
cell lines with modulated furin we also used the potent PC inhibitor decanoyl-RVKR-chloro-
methylketone (CMK) in this assay. In both RMS cell lines, Rh30 and RD, reduction of furin
activity, either in stably modified cells (pdx or shRNA) or in wild type cells treated with CMK,
resulted in diminished matrix degradation (Fig 4C and 4D). The gain in furin activity, on the
other hand, led to increased degradation of the matrix in RD fur cells compared to RD wt. Sur-
prisingly, Rh30 fur were less able to degrade gelatin than Rh30 wt, although not in a statistically
relevant manner. This result is in line with previous in vitro and in vivo observations, where we
did not observe an impact of furin overexpression in Rh30 on the cell phenotype, suggesting
that in Rh30 cells furin activity appears to be already at a plateau and cannot be further
increased. Taken together, these results point at a role of furin activity in migration and inva-
sion processes in RMS cells.

Furin regulates maturation of substrates important in RMS progression
To decipher the furin substrates involved in tumor growth, migration and invasion in RMS
cells, we examined by immunoblotting the maturation status of IGF1Rβ, VEGF-C, PDGF-BB
and MT1-MMP in Rh30 wt and RD wt cells upon inhibition of furin activity by the PC
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inhibitor CMK (Fig 5A). In the case of IGF1Rβ and PDGF-BB, we observed an accumulation
of precursor and decrease in mature proteins upon inhibition of furin with CMK. For VEGF-C
and MT1-MMP reduced furin activity resulted in lower levels of mature and precursor protein,
suggesting enhanced degradation of unprocessed protein proforms. Thus, in RMS cells PCs
seem to be involved in the maturation of all four investigated furin substrates. In addition to
the use of the inhibitor CMK, we examined the maturation of IGF1Rβ in Rh30 and RD cells
with stable modulation of furin activity by immunoblotting (Fig 5B). In both cell lines, we

Fig 4. Migration and invasion of RMS cells is influenced by furin activity. A) Impact of furin activity on wound healing. Rh30 and RD cells with
stable modulation of furin activity were used in a scratch assay. Pictures were taken at 0h, 4h, 16h and 24h and wound healing was assessed over time
0h using the program TScratch. Depicted are mean values ± SD. B) Effect of furin activity on RMS cell invasiveness. Rh30 and RD cells (wt, fur, pdx,
shFA and shFE) were cultured on fluorescently labeled gelatin-coated 8-chamber slides for 24h and 48h, respectively. Treatment with 50 μM of the
pan-PC inhibitor decanoyl-RVKR-chloromethylketone (CMK) was started 16h prior plating of the cells. Immunofluorescent pictures were taken and
percentage of invasion was calculated based on degradation of fluorescent gelatin using the program ImageJ. Depicted are mean values ± SD.
Student t-test, p<0.05 *, p<0.01 **, p<0.005 ***.

doi:10.1371/journal.pone.0161396.g004
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observed a slight increase in cleaved IGF1Rβ upon overexpression of furin. Conversely, a
decrease of furin activity, either by expression of the inhibitor pdx or by silencing of furin, led
to an accumulation of IGF1Rβ precursor and lower levels of mature IGF1Rβ (Fig 5B).

In order to examine the impact of furin activity on IGF signaling in RMS cells, and to
exclude any type of effect arising during cell selection required for shRNA, we transfected RD
cells with specific siRNA against furin (siFur1 and siFur2) and stimulated the cells with 50 ng/
mL IGF1, 48h post transfection. As expected, silencing of furin severely impaired maturation of
IGF1Rβ, leading to a decrease in mature form and accumulation of IGF1Rβ proform. Control
siRNA transfected cells showed a high level of Akt phosphorylation upon stimulation with
IGF1. In contrast, silencing of furin and subsequent loss of IGF1Rβmaturation mostly pre-
vented stimulation of Akt phosphorylation, indicating an inability of RMS cells to trigger IGF
signaling in the absence of furin activity (Fig 5C). Phosphorylation of Erk1/2 was generally not
stimulation upon treatment with IGF1 (data not shown). Taken together our data suggest that
furin activity is necessary to ensure processing of IGF1Rβ, VEGF-C, PDGF-BB and MT1-MMP
and that maturation of IGF1Rβ by furin is required to maintain IGF signaling. Thus, furin has
an important role in promoting the malignant phenotype of RMS cells by supporting the

Fig 5. Maturation of furin substrates and IGF1R signaling are furin activity dependent in RMS cells. A) Maturation of furin substrates upon treatment
with pan-PC inhibitor CMK. Rh30 and RD cells were treated with 50 μMCMK for 16h and maturation status of the furin substrates IGF1Rβ, VEGF-C,
PDGF-BB and MT1-MMPwere examined by immunoblotting. B) IGF1Rβmaturation in Rh30 and RD cell lines. Levels of precursor and mature IGF1Rβ were
analyzed in stable Rh30 and RD cell lines (wt, fur, pdx, shFA and shFE) by immunoblotting. C) IGF signaling in RD cells upon transient furin silencing. RD
cells were transiently transfected with control (scr) or anti-furin siRNA (siFur1 and siFur2) and serum starvation was started 24h post transfection. Cells were
stimulated for 10 min with 50 ng/mL IGF1 48h post transfection and maturation status of IGF1Rβ and phosphorylation of Akt (Ser473) were assessed by
immunoblotting.

doi:10.1371/journal.pone.0161396.g005
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maturation and activation of proteins involved in, or enabling, vital cellular abilities such as
proliferation or matrix degradation.

Discussion
In this study, we show that inhibition of furin activity in rhabdomyosarcoma results in delayed
tumor growth in vivo, and that loss of furin activity, through RNA interference or application
of pan-PC inhibitors decreases migration and invasion in vitro. Furthermore, reduced furin
activity results in diminished processing of furin substrates important for the oncogenic phe-
notype of rhabdomyosarcoma and in the abrogation of IGF signaling.

We observed delayed RMS tumor growth upon engraftment of mice with Rh30 and RD
cells with reduced furin activity, achieved either by silencing or by expression of the pan-PC
inhibitor α1-PDX/pdx [34]. We hypothesized that this could be the result of reduced growth
factor signaling and/or impaired vessel formation. We could show that proteolytic activity of
furin in RMS cells is required to process the potent mitogen PDGF-BB and the growth factor
receptor IGF1R. We could also show that this results in decreased IGF signaling. Similarly,
furin inhibition in carcinoma cells diminishes PDGF-A and IGF1R processing and abolishes
stimulation of related signaling pathway [35]. IGF signaling pathway is particularly important
in RMS. Increased IGF2 and IGF1R levels are key to a strong mitogenic signalling loop that
promotes sustained proliferation as well as survival of RMS cells [36].

In order to grow beyond a certain size, a tumor has to initiate angiogenesis, a step in tumori-
genesis that is known as angiogenic switch [37]. Furin activity has been shown to promote
tumor vascularization [5,8,38]. Stimulation of vessel formation is dependent on secretion of
pro-angiogenic growth factors like VEGF-C and VEGF-D, both of which require processing
through furin or furin-like PCs to mature and stimulate VEGF signaling and angiogenesis or
lymphangiogenesis [39,40]. Accordingly, maturation of VEGF-C was shown to be necessary
for tumor formation [41]. Likewise, secretion of mature PDGF-BB favors tumor angiogenesis
through paracrine stimulation of PDGFR-β on endothelial cells, leading to proliferation,
migration and sprouting [42]. Hence, decreased VEGF-C and PDGF-BB processing, as con-
firmed in vitro, is likely responsible for reduced microvessel density in vivo, and delayed the
angiogenic switch. We therefore suggest that the delay in initial tumor growth observed in
RMS tumors with reduced furin activity may be attributed to impaired furin substrate
processing.

Furthermore, we found that activity of furin is important for the migratory and invasive
behavior of RMS cells in vitro. Hence, we observed reduced mobility in wound healing assays
and reduced invasion in gelatin degradation. Interestingly, we observed also decreased process-
ing of the furin substrate MT1-MMP, an important enzyme for breakdown of extracellular
matrix and metastasis. Furin is also responsible for the activation of other matrix metallopro-
teases including ADAMs [43] and ADAM-TS [44] and indirectly mediates MMP2/gelatinase
A activation, since active MT1-MMP is the main enzyme responsible for processing of pro-
MMP2 on the cell surface [45]. Additionally, autocrine PDGF signaling was shown to promote
the metastatic potential of breast cancer and pancreatic cancer cells [46,47]. Therefore, furin-
mediated PDGF processing in RMS cells might further favor their metastatic behavior. Thus,
several lines of evidence support the notion that PCs, and in particular furin, activate metasta-
sis-associated proteins. For instance, furin-mediated catalytic activation of MT1-MMP has
been linked to progression of head and neck squamous cell carcinomas [14,48]. Similar to our
studies, others showed that inhibition of furin decreases cell motility, migration and invasive-
ness of breast cancer, lung adenocarcinoma, fibrosarcoma and osteosarcoma cells in vitro
[49,50,51,52] and proposed furin inhibition for prevention of metastasis [17].
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In conclusion, our study identifies a role of furin activity in RMS, which is mediated via pro-
teolytic activation of key substrates involved in proliferation, motility and dissemination of
RMS cells. We confirmed furin-dependent processing of IGF1R, PDGF-BB, VEGF-C and
MT1-MMP in RMS cells; however, it is likely that other furin substrates are involved. Based on
our findings and studies from other groups, we predict that furin inhibition may be of benefit
for treatment of patients with RMS or other cancer types.

Supporting Information
S1 Fig. Furin mRNA levels in RMS cell lines. A) Endogenous furin mRNA levels were deter-
mined by qRT-PCR in 5 eRMS and 15 aRMS cell lines. Expression levels relative to GAPDH
are shown.
(PDF)

S2 Fig. Expression of furin in RMS cell lines. Original blot image from Fig 2B. Original image
is in the left, contrast enhanced image is on the right. A) Rh30 cells. Loading left to right: Rh30
wt, fur, pdx, shFA, shFE. B) RD cells. Loading left to right: RD wt, fur, pdx, shFA, shFE.
(PDF)

S3 Fig. Furin levels in Rh30 and RD xenografts. A) 5x106 RMS cells with stable modulation
of furin activity were s.c. injected in NOD/Scid IL2reg-/- mice and tumor growth was moni-
tored over time. Tumors were excised upon a size of 750–1000 mm3 and furin mRNA levels
were measured by RT-qPCR. Values shown are normalized over GAPDH. Rh30 wild type was
set to 100%. Protein levels were assessed by immunoblot, shown are two independent immuno-
blots performed with different tumor extracts. B) Expression of furin in RMS tumor xenografts.
Immunohistochemistry was performed on sections from tumors collected upon reaching a size
of 750–1000 mm3 (endpoint).
(PDF)

S1 Table. Proprotein convertase mRNA expression in pediatric sarcoma cell lines.
(PDF)

Acknowledgments
We thank Roman Muff (University Hospital Balgrist, Zurich, Switzerland) for kindly providing
aliquots of osteosarcoma cell lines.

Author Contributions

Conceptualization:MB BWS.

Data curation:MB.

Formal analysis: PJ VD.

Funding acquisition:MB.

Investigation: PJ VD KH NG SB.

Methodology: KH VD PJ.

Project administration:MB.

Supervision:MB.

Validation: PJ VD NG SB.

The Proprotein Convertase Furin in RMS Progression

PLOS ONE | DOI:10.1371/journal.pone.0161396 August 22, 2016 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161396.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161396.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161396.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161396.s004


Visualization: VD PJ MB.

Writing – original draft: VD PJ MB.

Writing – review & editing: PJ MB.

References
1. Molloy SS, Bresnahan PA, Leppla SH, Klimpel KR, Thomas G. Human furin is a calcium-dependent

serine endoprotease that recognizes the sequence Arg-X-X-Arg and efficiently cleaves anthrax toxin
protective antigen. J Biol Chem. 1992; 267(23):16396–402 PMID: 1644824

2. Seidah NG, Prat A. The biology and therapeutic targeting of the proprotein convertases. Nat Rev Drug
Discov. 2012; 11(5):367–83.doi: 10.1038/nrd3699 PMID: 22679642

3. Bennett BD, Denis P, Haniu M, Teplow DB, Kahn S, Louis JC, et al. A furin-like convertase mediates
propeptide cleavage of BACE, the Alzheimer's beta -secretase. J Biol Chem. 2000; 275(48):37712–7.
doi: 10.1074/jbc.M005339200 PMID: 10956649

4. Jackson RS, Creemers JW, Ohagi S, Raffin-Sanson ML, Sanders L, Montague CT, et al. Obesity and
impaired prohormone processing associated with mutations in the human prohormone convertase 1
gene. Nat Genet. 1997; 16(3):303–6.doi: 10.1038/ng0797-303 PMID: 9207799

5. Bassi DE, Fu J, Lopez de Cicco R, Klein-Szanto AJ. Proprotein convertases: "master switches" in the
regulation of tumor growth and progression. Mol Carcinog. 2005; 44(3):151–61.doi: 10.1002/mc.20134
PMID: 16167351

6. Khatib AM, Siegfried G, Chretien M, Metrakos P, Seidah NG. Proprotein convertases in tumor progres-
sion and malignancy: novel targets in cancer therapy. Am J Pathol. 2002; 160(6):1921–35.doi: 10.
1016/S0002-9440(10)61140-6 PMID: 12057895

7. D'Anjou F, Routhier S, Perreault JP, Latil A, Bonnel D, Fournier I, et al. Molecular Validation of PACE4
as a Target in Prostate Cancer. Transl Oncol. 2011; 4(3):157–72 PMID: 21633671

8. Khatib AM, Siegfried G, Prat A, Luis J, Chretien M, Metrakos P, et al. Inhibition of proprotein conver-
tases is associated with loss of growth and tumorigenicity of HT-29 human colon carcinoma cells:
importance of insulin-like growth factor-1 (IGF-1) receptor processing in IGF-1-mediated functions. J
Biol Chem. 2001; 276(33):30686–93.doi: 10.1074/jbc.M101725200 PMID: 11402025

9. Creemers JW, Roebroek AJ, Van de VenWJ. Expression in human lung tumor cells of the proprotein
processing enzyme PC1/PC3. Cloning and primary sequence of a 5 kb cDNA. FEBS Lett. 1992; 300
(1):82–8.0014-5793(92)80169-H [pii] PMID: 1547893

10. Molloy SS, Thomas L, VanSlyke JK, Stenberg PE, Thomas G. Intracellular trafficking and activation of
the furin proprotein convertase: localization to the TGN and recycling from the cell surface. EMBO J.
1994; 13(1):18–33 PMID: 7508380

11. Siegfried G, Basak A, Prichett-Pejic W, Scamuffa N, Ma L, Benjannet S, et al. Regulation of the step-
wise proteolytic cleavage and secretion of PDGF-B by the proprotein convertases. Oncogene. 2005;
24(46):6925–35.doi: 10.1038/sj.onc.1208838 PMID: 16007151

12. Yana I, Weiss SJ. Regulation of membrane type-1 matrix metalloproteinase activation by proprotein
convertases. Mol Biol Cell. 2000; 11(7):2387–401 PMID: 10888676

13. Remacle AG, Rozanov DV, Fugere M, Day R, Strongin AY. Furin regulates the intracellular activation
and the uptake rate of cell surface-associated MT1-MMP. Oncogene. 2006; 25(41):5648–55.doi: 10.
1038/sj.onc.1209572 PMID: 16636666

14. Bassi DE, Mahloogi H, Al-Saleem L, Lopez De Cicco R, Ridge JA, Klein-Szanto AJ. Elevated furin
expression in aggressive human head and neck tumors and tumor cell lines. Mol Carcinog. 2001; 31
(4):224–32 PMID: 11536372

15. Cheng M, Watson PH, Paterson JA, Seidah N, Chretien M, Shiu RP. Pro-protein convertase gene
expression in human breast cancer. Int J Cancer. 1997; 71(6):966–71 PMID: 9185698

16. Schalken JA, Roebroek AJ, Oomen PP, Wagenaar SS, Debruyne FM, Bloemers HP, et al. fur gene
expression as a discriminating marker for small cell and nonsmall cell lung carcinomas. J Clin Invest.
1987; 80(6):1545–9.doi: 10.1172/JCI113240 PMID: 2824565

17. Scamuffa N, Siegfried G, Bontemps Y, Ma L, Basak A, Cherel G, et al. Selective inhibition of proprotein
convertases represses the metastatic potential of human colorectal tumor cells. J Clin Invest. 2008;
118(1):352–63.

18. Hajdin K, D'Alessandro V, Niggli FK, Schafer BW, Bernasconi M. Furin targeted drug delivery for treat-
ment of rhabdomyosarcoma in a mouse model. PLoS One. 2010; 5(5):e10445. doi: 10.1371/journal.
pone.0010445 PMID: 20454619

The Proprotein Convertase Furin in RMS Progression

PLOS ONE | DOI:10.1371/journal.pone.0161396 August 22, 2016 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/1644824
http://dx.doi.org/10.1038/nrd3699
http://www.ncbi.nlm.nih.gov/pubmed/22679642
http://dx.doi.org/10.1074/jbc.M005339200
http://www.ncbi.nlm.nih.gov/pubmed/10956649
http://dx.doi.org/10.1038/ng0797-303
http://www.ncbi.nlm.nih.gov/pubmed/9207799
http://dx.doi.org/10.1002/mc.20134
http://www.ncbi.nlm.nih.gov/pubmed/16167351
http://dx.doi.org/10.1016/S0002-9440(10)61140-6
http://dx.doi.org/10.1016/S0002-9440(10)61140-6
http://www.ncbi.nlm.nih.gov/pubmed/12057895
http://www.ncbi.nlm.nih.gov/pubmed/21633671
http://dx.doi.org/10.1074/jbc.M101725200
http://www.ncbi.nlm.nih.gov/pubmed/11402025
http://www.ncbi.nlm.nih.gov/pubmed/1547893
http://www.ncbi.nlm.nih.gov/pubmed/7508380
http://dx.doi.org/10.1038/sj.onc.1208838
http://www.ncbi.nlm.nih.gov/pubmed/16007151
http://www.ncbi.nlm.nih.gov/pubmed/10888676
http://dx.doi.org/10.1038/sj.onc.1209572
http://dx.doi.org/10.1038/sj.onc.1209572
http://www.ncbi.nlm.nih.gov/pubmed/16636666
http://www.ncbi.nlm.nih.gov/pubmed/11536372
http://www.ncbi.nlm.nih.gov/pubmed/9185698
http://dx.doi.org/10.1172/JCI113240
http://www.ncbi.nlm.nih.gov/pubmed/2824565
http://dx.doi.org/10.1371/journal.pone.0010445
http://dx.doi.org/10.1371/journal.pone.0010445
http://www.ncbi.nlm.nih.gov/pubmed/20454619


19. Kaatsch P. Epidemiology of childhood cancer. Cancer Treat Rev. 2010; 36(4):277–85.doi: 10.1016/j.
ctrv.2010.02.003 PMID: 20231056

20. Van Gaal JC, Van Der Graaf WT, Rikhof B, Van Hoesel QG, Teerenstra S, Suurmeijer AJ, et al. The
impact of age on outcome of embryonal and alveolar rhabdomyosarcoma patients. A multicenter study.
Anticancer Res. 2012; 32(10):4485–97.32/10/4485 [pii] PMID: 23060577

21. Sorensen PHB. PAX3-FKHR and PAX7-FKHR Gene Fusions Are Prognostic Indicators in Alveolar
Rhabdomyosarcoma: A Report From the Children's Oncology Group. J Clin Oncol. 2002; 20(11):2672–
9.doi: 10.1200/jco.2002.03.137 PMID: 12039929

22. Chen X, Stewart E, Shelat AA, Qu C, Bahrami A, Hatley M, et al. Targeting oxidative stress in embryo-
nal rhabdomyosarcoma. Cancer Cell. 2013; 24(6):710–24.doi: 10.1016/j.ccr.2013.11.002 PMID:
24332040

23. Shern JF, Chen L, Chmielecki J, Wei JS, Patidar R, Rosenberg M, et al. Comprehensive genomic anal-
ysis of rhabdomyosarcoma reveals a landscape of alterations affecting a common genetic axis in
fusion-positive and fusion-negative tumors. Cancer Discov. 2014; 4(2):216–31.doi: 10.1158/2159-
8290.CD-13-0639 PMID: 24436047

24. Davicioni E, Finckenstein FG, Shahbazian V, Buckley JD, Triche TJ, Anderson MJ. Identification of a
PAX-FKHR gene expression signature that defines molecular classes and determines the prognosis of
alveolar rhabdomyosarcomas. Cancer Res. 2006; 66(14):6936–46.doi: 10.1158/0008-5472.CAN-05-
4578 PMID: 16849537

25. Wachtel M, Dettling M, Koscielniak E, Stegmaier S, Treuner J, Simon-Klingenstein K, et al. Gene
expression signatures identify rhabdomyosarcoma subtypes and detect a novel t(2;2)(q35;p23) translo-
cation fusing PAX3 to NCOA1. Cancer Res. 2004; 64(16):5539–45.doi: 10.1158/0008-5472.CAN-04-
0844 PMID: 15313887

26. Williamson D, Missiaglia E, de Reynies A, Pierron G, Thuille B, Palenzuela G, et al. Fusion gene-nega-
tive alveolar rhabdomyosarcoma is clinically and molecularly indistinguishable from embryonal rhabdo-
myosarcoma. J Clin Oncol. 2010; 28(13):2151–8.doi: 10.1200/JCO.2009.26.3814 PMID: 20351326

27. Epstein JA, Song B, Lakkis M, Wang C. Tumor-specific PAX3-FKHR transcription factor, but not PAX3,
activates the platelet-derived growth factor alpha receptor. Mol Cell Biol. 1998; 18(7):4118–30 PMID:
9632796

28. Cao L, Yu Y, Bilke S, Walker RL, Mayeenuddin LH, Azorsa DO, et al. Genome-wide identification of
PAX3-FKHR binding sites in rhabdomyosarcoma reveals candidate target genes important for develop-
ment and cancer. Cancer Res. 2010; 70(16):6497–508.doi: 10.1158/0008-5472.CAN-10-0582 PMID:
20663909

29. Crose LE, Linardic CM. Receptor tyrosine kinases as therapeutic targets in rhabdomyosarcoma. Sar-
coma. 2011; 2011:756982.doi: 10.1155/2011/756982 PMID: 21253475

30. Bassi DE, Mahloogi H, Lopez De Cicco R, Klein-Szanto A. Increased furin activity enhances the malig-
nant phenotype of human head and neck cancer cells. Am J Pathol. 2003; 162(2):439–47.doi: 10.1016/
S0002-9440(10)63838-2 PMID: 12547702

31. Bourne GL, Grainger DJ. Development and characterisation of an assay for furin activity. J Immunol
Methods. 2011; 364(1–2):101–8.doi: 10.1016/j.jim.2010.11.008 PMID: 21112328

32. Geback T, Schulz MM, Koumoutsakos P, Detmar M. TScratch: a novel and simple software tool for
automated analysis of monolayer wound healing assays. BioTechniques. 2009; 46(4):265–74.

33. Schneider CA, RasbandWS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Meth-
ods. 2012; 9(7):671–5 PMID: 22930834

34. Anderson ED, Thomas L, Hayflick JS, Thomas G. Inhibition of HIV-1 gp160-dependent membrane
fusion by a furin-directed alpha 1-antitrypsin variant. J Biol Chem. 1993; 268(33):24887–91 PMID:
8227051

35. Scamuffa N, Sfaxi F, Ma J, Lalou C, Seidah N, Calvo F, et al. Prodomain of the proprotein convertase
subtilisin/kexin Furin (ppFurin) protects from tumor progression and metastasis. Carcinogenesis. 2014;
35(3):528–36.doi: 10.1093/carcin/bgt345 PMID: 24127186

36. Martins AS, Olmos D, Missiaglia E, Shipley J, Royal T, Nhs M, et al. Targeting the Insulin-Like Growth
Factor Pathway in Rhabdomyosarcomas: Rationale and Future Perspectives. Sarcoma. 2011; 2011.
doi: 10.1155/2011/209736

37. Bergers G, Benjamin LE. Tumorigenesis and the angiogenic switch. Nat Rev Cancer. 2003; 3(6):401–
10.doi: 10.1038/nrc1093 PMID: 12778130

38. Lopez de Cicco R, Watson JC, Bassi DE, Litwin S, Klein-Szanto AJ. Simultaneous expression of furin
and vascular endothelial growth factor in human oral tongue squamous cell carcinoma progression.
Clin Cancer Res. 2004; 10(13):4480–8.doi: 10.1158/1078-0432.CCR-03-0670 PMID: 15240540

The Proprotein Convertase Furin in RMS Progression

PLOS ONE | DOI:10.1371/journal.pone.0161396 August 22, 2016 16 / 17

http://dx.doi.org/10.1016/j.ctrv.2010.02.003
http://dx.doi.org/10.1016/j.ctrv.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/20231056
http://www.ncbi.nlm.nih.gov/pubmed/23060577
http://dx.doi.org/10.1200/jco.2002.03.137
http://www.ncbi.nlm.nih.gov/pubmed/12039929
http://dx.doi.org/10.1016/j.ccr.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24332040
http://dx.doi.org/10.1158/2159-8290.CD-13-0639
http://dx.doi.org/10.1158/2159-8290.CD-13-0639
http://www.ncbi.nlm.nih.gov/pubmed/24436047
http://dx.doi.org/10.1158/0008-5472.CAN-05-4578
http://dx.doi.org/10.1158/0008-5472.CAN-05-4578
http://www.ncbi.nlm.nih.gov/pubmed/16849537
http://dx.doi.org/10.1158/0008-5472.CAN-04-0844
http://dx.doi.org/10.1158/0008-5472.CAN-04-0844
http://www.ncbi.nlm.nih.gov/pubmed/15313887
http://dx.doi.org/10.1200/JCO.2009.26.3814
http://www.ncbi.nlm.nih.gov/pubmed/20351326
http://www.ncbi.nlm.nih.gov/pubmed/9632796
http://dx.doi.org/10.1158/0008-5472.CAN-10-0582
http://www.ncbi.nlm.nih.gov/pubmed/20663909
http://dx.doi.org/10.1155/2011/756982
http://www.ncbi.nlm.nih.gov/pubmed/21253475
http://dx.doi.org/10.1016/S0002-9440(10)63838-2
http://dx.doi.org/10.1016/S0002-9440(10)63838-2
http://www.ncbi.nlm.nih.gov/pubmed/12547702
http://dx.doi.org/10.1016/j.jim.2010.11.008
http://www.ncbi.nlm.nih.gov/pubmed/21112328
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://www.ncbi.nlm.nih.gov/pubmed/8227051
http://dx.doi.org/10.1093/carcin/bgt345
http://www.ncbi.nlm.nih.gov/pubmed/24127186
http://dx.doi.org/10.1155/2011/209736
http://dx.doi.org/10.1038/nrc1093
http://www.ncbi.nlm.nih.gov/pubmed/12778130
http://dx.doi.org/10.1158/1078-0432.CCR-03-0670
http://www.ncbi.nlm.nih.gov/pubmed/15240540


39. Joukov V, Sorsa T, Kumar V, Jeltsch M, Claesson-Welsh L, Cao Y, et al. Proteolytic processing regu-
lates receptor specificity and activity of VEGF-C. EMBO J. 1997; 16(13):3898–911.doi: 10.1093/emboj/
16.13.3898 PMID: 9233800

40. McColl BK, Paavonen K, Karnezis T, Harris NC, Davydova N, Rothacker J, et al. Proprotein conver-
tases promote processing of VEGF-D, a critical step for binding the angiogenic receptor VEGFR-2.
FASEB J. 2007; 21(4):1088–98.doi: 10.1096/fj.06-7060com PMID: 17242158

41. Siegfried G, Basak A, Cromlish JA, Benjannet S, Marcinkiewicz J, Chretien M, et al. The secretory pro-
protein convertases furin, PC5, and PC7 activate VEGF-C to induce tumorigenesis. J Clin Invest. 2003;
111(11):1723–32.doi: 10.1172/JCI17220 PMID: 12782675

42. Xue Y, Lim S, Yang Y,Wang Z, Jensen LD, Hedlund EM, et al. PDGF-BBmodulates hematopoiesis and
tumor angiogenesis by inducing erythropoietin production in stromal cells. Nat Med. 2012; 18(1):100–10.
doi: 10.1038/nm.2575

43. Loechel F, Gilpin BJ, Engvall E, Albrechtsen R, Wewer UM. Human ADAM 12 (meltrin alpha) is an
active metalloprotease. J Biol Chem. 1998; 273(27):16993–7 PMID: 9642263

44. Kuno K, Terashima Y, Matsushima K. ADAMTS-1 is an active metalloproteinase associated with the
extracellular matrix. J Biol Chem. 1999; 274(26):18821–6 PMID: 10373500

45. Ohuchi E, Imai K, Fujii Y, Sato H, Seiki M, Okada Y. Membrane type 1 matrix metalloproteinase digests
interstitial collagens and other extracellular matrix macromolecules. J Biol Chem. 1997; 272(4):2446–
51 PMID: 8999957

46. Jechlinger M, Sommer A, Moriggl R, Seither P, Kraut N, Capodiecci P, et al. Autocrine PDGFR signal-
ing promotes mammary cancer metastasis. J Clin Invest. 2006; 116(6):1561–70.doi: 10.1172/
JCI24652 PMID: 16741576

47. Weissmueller S, Manchado E, Saborowski M, Morris JPt, Wagenblast E, Davis CA, et al. Mutant p53
drives pancreatic cancer metastasis through cell-autonomous PDGF receptor beta signaling. Cell.
2014; 157(2):382–94.doi: 10.1016/j.cell.2014.01.066 PMID: 24725405

48. Bassi DE, Lopez De Cicco R, Mahloogi H, Zucker S, Thomas G, Klein-Szanto AJ. Furin inhibition
results in absent or decreased invasiveness and tumorigenicity of human cancer cells. Proc Natl Acad
Sci U S A. 2001; 98(18):10326–31.doi: 10.1073/pnas.191199198 PMID: 11517338

49. Lapierre M, Siegfried G, Scamuffa N, Bontemps Y, Calvo F, Seidah NG, et al. Opposing function of the
proprotein convertases furin and PACE4 on breast cancer cells' malignant phenotypes: role of tissue
inhibitors of metalloproteinase-1. Cancer Res. 2007; 67(19):9030–4.doi: 10.1158/0008-5472.CAN-07-
0807 PMID: 17909005

50. Coppola JM, Bhojani MS, Ross BD, Rehemtulla A. A small-molecule furin inhibitor inhibits cancer cell
motility and invasiveness. Neoplasia. 2008; 10(4):363–70

51. Liu B, Li G, Wang X, Liu Y. A furin inhibitor downregulates osteosarcoma cell migration by downregulat-
ing the expression levels of MT1-MMP via theWnt signaling pathway. Oncol Lett. 2014; 7(4):1033–8.
doi: 10.3892/ol.2014.1839 PMID: 24944664

52. Ma YC, FanWJ, Rao SM, Gao L, Bei ZY, Xu ST. Effect of Furin inhibitor on lung adenocarcinoma cell
growth and metastasis. Cancer Cell Int. 2014; 14:43.doi: 10.1186/1475-2867-14-43 PMID: 24876827

The Proprotein Convertase Furin in RMS Progression

PLOS ONE | DOI:10.1371/journal.pone.0161396 August 22, 2016 17 / 17

http://dx.doi.org/10.1093/emboj/16.13.3898
http://dx.doi.org/10.1093/emboj/16.13.3898
http://www.ncbi.nlm.nih.gov/pubmed/9233800
http://dx.doi.org/10.1096/fj.06-7060com
http://www.ncbi.nlm.nih.gov/pubmed/17242158
http://dx.doi.org/10.1172/JCI17220
http://www.ncbi.nlm.nih.gov/pubmed/12782675
http://dx.doi.org/10.1038/nm.2575
http://www.ncbi.nlm.nih.gov/pubmed/9642263
http://www.ncbi.nlm.nih.gov/pubmed/10373500
http://www.ncbi.nlm.nih.gov/pubmed/8999957
http://dx.doi.org/10.1172/JCI24652
http://dx.doi.org/10.1172/JCI24652
http://www.ncbi.nlm.nih.gov/pubmed/16741576
http://dx.doi.org/10.1016/j.cell.2014.01.066
http://www.ncbi.nlm.nih.gov/pubmed/24725405
http://dx.doi.org/10.1073/pnas.191199198
http://www.ncbi.nlm.nih.gov/pubmed/11517338
http://dx.doi.org/10.1158/0008-5472.CAN-07-0807
http://dx.doi.org/10.1158/0008-5472.CAN-07-0807
http://www.ncbi.nlm.nih.gov/pubmed/17909005
http://dx.doi.org/10.3892/ol.2014.1839
http://www.ncbi.nlm.nih.gov/pubmed/24944664
http://dx.doi.org/10.1186/1475-2867-14-43
http://www.ncbi.nlm.nih.gov/pubmed/24876827

