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Abstract Alveolar (ARMS) and Embryonal (ERMS)

rhabdomyosarcoma differ in their response to current

treatments. The ARMS subtype has a less favourable

prognosis and often presents with widespread metastases,

while the less metastatic ERMS has a 5 year survival rate

of more than 80 %. In this study we investigate gene

expression differences that could contribute to the high

frequency of metastasis in ARMS. Microarray analysis

identified significant differences in DNA repair, cell cycle

and cell migration between the two RMS subtypes. Two

genes up regulated in ARMS and involved in cell migra-

tion; the engulfment and cell motility gene 1 (ELMO1) and

NEL-like 1 gene (NELL1) were selected for further

nvestigation. Over-expression of ELMO1 significantly

increased cell invasion from 24.70 ± 7 % to 93 ± 5.4 %

in primary myoblasts and from 29.43 ± 2.1 % to

87.33 ± 4.1 % in the ERMS cell line RD. siRNA knockout

of ELMO1 in the ARMS cell line RH30 significantly

reduced cell invasion from 88.2 ± 3.8 % to 35.2 ± 2.5 %.

Over-expression of NELL1 significantly increased myoblast

invasion from 23.6 ± 6.9 % to 100 ± 0.1 %, but had no

effect on invasion of the ERMS cell line RD. These findings

suggest that ELMO1 may play a key role in ARMS

metastasis. NELL1 increased invasion in primary myoblasts,

but other factors required for it to enhance motility were not

present in the RD ERMS cell line. Impairing ELMO1

function by pharmacological or siRNA knockdown could be

a highly effective approach to reduce the metastatic spread

of RMS.
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Introduction

Rhabdomyosarcoma (RMS) is the most common soft tissue

sarcoma among children and adolescents [1]. Two major

forms exist; the more common embryonal (ERMS) subtype,

occurring most frequently in younger children; and the rarer

alveolar (ARMS) subtype which is seen mainly in adoles-

cents and has a less favourable prognosis with widespread

metastases. RMS shows many cytogenetic abnormalities,

but the ARMS subtype is associated with a consistent

chromosomal translocation, t(2;13)(q35;q14), which results

in the formation of a PAX3-FOXO1 fusion gene [2]. A rarer

variant t(1;13)(p36;q14) has also been identified which

creates the PAX7-FOXO1 fusion gene [3]. PAX3-FOXO1

fusion proteins contribute to RMS formation by increasing

tumour cell growth and proliferation [4–6], and preventing

apoptosis and cellular differentiation [7, 8]. However, only

approximately 70 % of histologically identified ARMS

cases contain these translocations; hence a deeper under-

standing of the global genetic changes underlying the dif-

ferences between ARMS and ERMS is necessary.
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Global gene expression profiling of a wide range of can-

cers has shown that they possess characteristic patterns of

gene expression [9]. Examining cancer cell lines and primary

tissue can reveal underlying principles that are responsible

for the tumour cell phenotype and identify different path-

ways and networks that are affected in tumorigenesis. Pre-

vious studies have published large datasets of genes that are

differentially expressed in RMS samples and these gene

collections are a valuable resource [10–16]. We used

microarrays to determine the gene expression patterns of

four PAX3-FOXO1 translocation positive ARMS cell lines,

a PAX3-FOXO1 translocation negative cell line, a PAX7-

FOXO1 translocation positive cell line, an ERMS cell line

and two myoblast cell lines. Our aim was to identify novel

genes expressed in RMS cells and establish the roles they

may play in the development of RMS. Comparison of the

expression profiles of the different cell lines demonstrated

key differences in the RMS cell types, which might be

responsible for the differing clinical phenotypes.

Due to the more aggressive clinical phenotype of ARMS

we then specifically looked at the differences between ARMS

and ERMS cells in their expression of genes involved in the

biological processes of cell migration and invasion. These

processes are key to the development of metastases which is a

complex and coordinated sequence of events allowing a

transformed cell to acquire an increase in cell motility, an

ability to invade neighbouring tissue and via the lymphatic

and circulatory systems establish new growth in areas away

from the primary tumour site [17]. Isolating individual com-

ponents may help to dissect the critical pathways responsible

for the increased migratory ability of ARMS cells.

Further investigation of the differentially expressed

genes present in the ‘Cell migration’, ‘Cell–matrix adhe-

sion’, and ‘Cell adhesion’ Gene Ontology (GO) categories

identified that the migratory factors ELMO1 (engulfment

and cell motility 1) and NELL1 (nel-like type 1) were

expressed at higher levels in ARMS cells relative to ERMS

cells and normal myoblasts. These two genes have been

previously investigated in other types of tumours [18–20].

Thus further analyses were focused on establishing the roles

of these genes in the RH30 (ARMS) and RD (ERMS) cell

lines. We found that reducing the expression of ELMO1 in

the more invasive RH30 cell line significantly reduced cell

invasion, while exogenous expression in primary myoblasts

and the less invasive RD cell line increased cell invasion.

Exogenous expression of NELL1 increased the invasive

properties of primary myoblasts but had little effect on the

ERMS cell line RD. NELL1 knockdown in the more

invasive ARMS cell line RH30 did not significantly change

the invasive ability of the cells suggesting NELL1 may not

play a role in metastasis of these ARMS cells. Although

inconclusive with regards to the role of NELL1, our results

demonstrate that ELMO1 appears to be a key factor

regulating invasion of ARMS cells and hence could repre-

sent a novel therapeutic target for the treatment of RMS.

Materials and methods

Cell lines

ARMS cell lines RH18 [21], RH30 [22], RH41[23], RMS [24],

RH3 [22], RMZ-RC2 [25] and the ERMS cell line RD

(American Type Tissue Culture Collection) were maintained

in Dulbecco’s modified eagle’s medium (DMEM) supple-

mented with 10% fetal calf serum (FCS), 2 mM L-glutamate,

100 U/ml penicillin, 0.1 mg/ml streptomycin, and 10 ml/L

amphotericin B, all supplied by Sigma. The presence of the

PAX3/7-FOXO1 gene fusion transcript was analysed using

PCR as reported previously [26] (see Fig. 1 supplemental).

The RH18 (as reported by others [21, 27]) and RD cell lines

were negative for both fusion transcripts. RH30, RH41, RMS,

RH3 cell lines were positive for PAX3-FOXO1, and RMZ-

RC2 cell line was positive for the PAX7-FOXO1 fusion tran-

script. Two different human myoblast cell lines BIO (Bioheart

Inc) and MYO (gift from Dr Karl Morten, University of

Oxford) were maintained in Nutrient mixture F-10 HAM

supplemented with 15% FCS, 2 mM L-glutamate, 100 U/ml

penicillin, 0.1 mg.ml streptomycin, 10 ml/L amphotericin B,

0.5 mg/ml bovine serum albumin, 0.18 mg/ml insulin,

0.5 mg/ml fetuin, 0.39 lg/ml dexamethasone, and 20 lg/ml

epidermal growth factor, all supplied by Sigma. Both myoblast

cell lines were not found to express the PAX3-FOXO1 fusion

transcript as analysed by PCR (Fig. 1 supplemental). All cells

were incubated at 37 �C in a 5 % CO2 atmosphere.

DNA expression plasmids

Full length cDNA clones of human ELMO1 (NM_130442)

and NELL1 (Accession No: NM 006157.2) were purchased

from OriGene. The green fluorescent protein (GFP) plas-

mid was a kind gift from Dr Richard Sainson (University of

Oxford).

Microarrays and data analysis

Total RNA was isolated from each cell line using the

RNeasy Midi kit (Qiagen) and then amplified using Illu-

mina TotalPrep RNA Amplification Kit (Ambion). Sam-

ples were labelled and hybridised to the Illumina Human-6

Expression BeadChip arrays following the laboratory pro-

tocols in the Illumina Whole-Genome Gene Expression for

Beadstation manual. BeadChips were scanned using the

Illumina BeadArray Reader and raw data extracted and

imported into GeneSpring (Version 7.3.1) for analysis

(performed at the microarray facility at the Wellcome Trust
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Centre for Human Genetics (Oxford University)). As

comparisons were made between chips, the data was nor-

malised to account for non-biological variation i.e., dif-

ferences in slides, sample preparation and hybridisation. To

control for chip-wide variation, data was normalised to the

50th percentile by dividing the signal of each gene by the

median intensity of the chip. To control for differences in

detection efficiency between spots, the signal of each gene

was divided by the median of all signals for a particular

gene. This process centred gene expression levels around 1,

enabling relative changes in gene expression to be com-

pared and displayed at similar levels on the same graph.

The data was clustered using box plots and condition trees

to look for major differences in expression patterns. Prin-

ciple component analysis (PCA) was also carried out. Both

the PCA (see Fig. 2 supplemental) and clustering analyses

(Fig. 3 supplemental) indicated that the samples grouped

into MYO/BIO, translocation positive and translocation

negative groups. Therefore, a one-way ANOVA was used

to analyse significant changes in gene expression of

‘ARMS’ (RMS, RH30, RH41, RH3, RMZ-RC2), ‘ERMS’

(RD & RH18) and ‘MYO’ (both myoblast cell lines MYO

and BIO). For all subsequent microarray analyses these

terms refer to the grouped cell lines indicated and not to

single cell lines.

OntoExpress analysis of differentially expressed genes

The web-based OntoExpress (OE) tool uses Gene Ontology

(GO) terms to determine whether a biological group of

genes (i.e., cell cycle, DNA repair) is statistically over

represented in a dataset. The microarray data was analysed

by comparing ‘ARMS’ to ‘ERMS’ and then both ‘ARMS’

and ‘ERMS’ datasets were compared to ‘MYO’ to show

the over and under expression of genes. A binomial dis-

tribution statistical model was selected as large arrays tend

to follow this distribution rather than the hypergeometric

[28]. A correction for multiple experiments was also per-

formed using the false discovery rate (FDR) of 0.05. This

step is considered important to reduce the number of false

positives which may occur when many categories are being

considered at the same time [29]. The functional profiles

created by the OE tool were based on the GO terms for the

categories: biological processes, molecular functions, cel-

lular components and chromosomal location. A key feature

of OE is that the profiles are created using the terms

associated with a reference set of genes and not just on the

input list of genes. This allows OE to determine whether

the number of genes found for a GO term is more or less

than expected. In this study only GO terms that had more

than five genes associated, a p value of \0.05, and had

more than the expected number of genes for the term were

studied in more detail.

Real time PCR

Total RNA was isolated from the cell lines using the RNeasy

Midi kit (Qiagen). cDNA was synthesised from total

RNA using the high capacity cDNA archive kit (Applied

Biosystems). TaqMan� Gene Expression Assays for ELMO1

(Hs00207726m_1), NELL1 (Hs00196243_m1) and 18S rRNA

(Hs9999991s_1) (Applied Biosystems) were run on the ABI

Prism 7000 Sequence Detection System. The comparative CT

(DDCT) method was used for quantification. All the

2-DDCT values were analysed using the SPSS 15.0 for Windows

package, and if the data was normally distributed, a t test was

performed; otherwise a Mann–Whitney rank test was used.

Western blotting

Lysates were made from each line, quantified, mixed with

loading buffer (Invitrogen), and heated to 95 �C for 5 min

before being loaded into Ready Gel Tris–HCl Gels (Bio-

Rad). Gels were transferred to nitrocellulose paper (Amer-

sham) using the semi-dry Trans blot SD cell apparatus.

Membranes were incubated overnight at 4 �C with primary

antibodies; NELL1 (Orbigen), ELMO1 (Santa Cruz Bio-

technology) and GAPDH (Abcam). The appropriate HRP-

conjugated secondary antibody was used and the proteins

detected using the ECL Western Blotting Analysis System

(Amersham Biosciences) and autoradiography film (Hy-

perfilm ECL from Amersham Biosciences).

Spheroid production

Cells were harvested according to standard cell culture

procedure. A 4 ml cell suspension was prepared containing

2.5 9 104 cells per ml and 100 ll BD Matrigel
TM

(BD

Biosciences). It is important that everything is chilled and

kept on ice for the duration of the preparation. 200 ll

aliquots of this suspension were then transferred into a

Corning� Ultra-Low attachment 96 well plate. The plate

was centrifuged at 18,000 rpm at 1 �C for 10 min. The

plate was left to incubate overnight at 5 % CO2 to allow the

spheroids to form. Spheroid volume was calculated by

measuring the diameter of the spheroids and applying the

formula 4/3pr3.

Invasion assay system

Cells were transfected using expression plasmids for each of

the invasion genes simultaneously with a GFP marker

expression plasmid to determine transfection efficiency and

to track the transfected cells in the invasion assay. Lipofect-

amine 2000 (Invitrogen) was used as the transfection reagent.

The BD BioCoat
TM

Tumour Invasion System (BD Biosci-

ences) was used to monitor the invasion properties of the
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cells. The system comprised of a 24 well BD Falcon Fluor-

oBlok
TM

Multiwell Insert Plate (8lM pore size) coated with

BD Matrigel
TM

and 24 well companion plate. The amount of

cell invasion was determined by measuring the level of

fluorescence remaining in the top of the chamber compared to

the fluorescent signal which passed through the FluoroBlok
TM

plate into the lower reservoir. 1 9 105 cells were added to

each insert. Validation of this approach was initially carried

out using polystyrene beads labelled with FITC. When equal

concentrations of FITC beads were added to the top and

bottom chambers of the FluoroBlok
TM

plate equal levels of

fluorescent intensity was detected using a FLUOstar

OPTIMA plate reader (BMG Labtech) using top and bottom

read functions. Excitation and emission was at 485 and

520 nm respectively.

siRNA transfection and invasion assays

ON-TARGETplus Smartpool reagents for ELMO1

(#L012851-00) and NELL1 (#L-01218400) were purchased

from Dharmacon. Each smart pool contained a mixture of

four siRNA’s targeting the same gene. Non-targeting siRNA

pool 1 was used as a negative control (Dharmacon). Trans-

fection followed manufacturer’s instructions and used

Dharmacon transfection reagent 1. Gene knockdown was

confirmed by immuno blotting 48 hours after transfection

and cells were assessed using a BD Biocoat
TM

Matrigel
TM

Invasion Chamber system (BD Biosciences). Following

siRNA knockdown 1 9 105 of cells were added into each

well of 24 well invasion chamber. Each well contained a

porous PET membrane (pore size of 8 lM) coated with a

layer of Matrigel
TM

basement membrane matrix. Cell inva-

sion was determined by calculating the ability of the cells to

move through the membrane into the bottom chamber over

48 hours. The non-invading cells from the upper PET

membrane and matrigel were removed and the invading cells

were fixed with 4 % paraformaldehyde in PBS and stained

with cresyl violet. A control companion plate (without the

matrigel coating) was also set up as above. Excess stain was

removed from all inserts. Cresyl violet levels were deter-

mined by measuring absorbance at 595 nm. Percentage

invasion was calculated from the Mean Cresyl Violet from

the inserts of the invasion system divided by the Mean Cresyl

violet signal from the inserts in the control system 9 100.

Results

Gene expression profiling of RMS cell lines

and myoblasts

Microarrays were used to produce gene expression pro-

files of the four PAX3-FOXO1 translocation positive

ARMS cell lines (RMS, RH3, RH30, RH41), a PAX3-

FOXO1 translocation negative cell line (RH18) which was

established from a tumour with mixed histology i.e.,

ERMS and ARMS [22], a PAX7-FOXO1 translocation

positive ARMS cell line (RMZ), an ERMS cell line (RD),

and two myoblast cell lines (MYO and BIO). After PCA

and clustering analyses three distinct sub-groups were

seen; translocation positive RMS cells (RMS, RH3,

RH30, RH41, RMZ), translocation negative RMS cells

(RD and RH18) and control myoblast cells (MYO and

BIO) (see supplemental Figs. 2, 3). These three groups

were then defined as ‘ARMS’, ‘ERMS’ and ‘MYO’

respectively and all subsequent references to the terms in

this section are representative of these cell lines and not to

the disease itself. The segregation, in terms of gene

expression, of translocation positive and translocation

negative RMS cell lines and tumours regardless of his-

tological phenotype has been seen by others [11, 14].

Thus we continued to combine the data from the RD

(ERMS) cell line and RH18 (ARMS/ERMS) cell line

even though RH18 has mixed ARMS/ERMS histology.

Each dataset was examined using the OntoExpress (OE)

tool to determine statistically over-represented functional

categories (see supplemental Fig. 4).

The differentially expressed genes in RMS cells were

assigned to Gene Ontology (GO) categories (Fig. 1). Dif-

ferent processes were seen to operate in the different cell

types. The specific over-and under-expression of genes in

‘ARMS’ and ‘ERMS’ cells gave insight into the differing

behaviour of these cells. For example, genes involved in

DNA repair and cell cycle arrest were only over-expressed

in ‘ERMS’ cells (Fig. 1). Over-expression of genes involved

in cell migration and adhesion distinguished ‘ARMS’ cells

from ‘ERMS’ cells (Fig. 1). This striking difference coupled

with the clinical phenotype of metastatic spread in ARMS

patients directed the study to closely examine the genes

present in these GO categories. By comparing the genes in

these categories to published datasets which had examined

RMS primary tumours [11, 12, 30] we identified two novel

candidate genes with possible clinical relevance; NELL1 and

ELMO1. The comparison of our data to primary tumour tissue

was essential to focus subsequent analyses in identifying

genes that play an important role in the manifestation of

clinical RMS. Our microarray expression data showed that

NELL1 and ELMO 1 showed an increase in gene expression in

‘ARMS’ relative to ‘ERMS’ of 9 and 4.8 fold respectively.

NELL1 and ELMO1 expression in ‘ERMS’ was very similar

to ‘MYO’ with a 0 and 1.6 fold increased levels of expression

respectively. This data is provided with the rest of the com-

parative gene expression data for the ‘ARMS’, ‘ERMS’ and

‘MYO’ groups in supplementary tables: 1 (ARMS v MYO), 2

(ERMS v MYO), 3 (ARMS v ERMS) and 4 (ERMS v

ARMS).
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ELMO1 and NELL1 expression in different cell lines

Expression levels were analysed in the ARMS cell lines

RH30, RH41, RMS, RH18, the ERMS cell line RD and

myoblasts. Both ELMO1 and NELL1 were significantly

over-expressed in the ARMS cells relative to RD (ERMS)

cells at both the RNA (Fig. 2a, b) and at the protein level

(Fig. 2c, d). Myoblasts showed lower levels of ELMO1 and

no significant difference of NELL1 compared to RD cells.

Migratory ability of myoblasts, ARMS and ERMS cell lines

We used the Cell Invasion Assay System (BD Biosciences)

(see methods section for details) to study the migratory/

invasive properties of different RMS cell lines and myoblasts.

The inherent migratory potential of RMS cells and myoblasts

was examined (Fig. 3). RMS cell lines showed higher levels

of invasion compared to myoblasts. Significantly higher

invasion was demonstrated in the ARMS cell lines RMS and

RH30 than RD (ERMS) cells (Fig. 3). In addition the RH30

ARMS cell line grew significantly faster than the RD ERMS

cell line in a 3D spheroid model (P \ 0.001, Fig. 4a–c). This

was in contrast to growth under standard 2D culture condi-

tions where the RD cell line showed a significantly faster cell

doubling time (P \ 0.001, Fig. 4d).

Exogenous expression of NELL1 in myoblasts

and the RD (ERMS) cell line

To determine whether NELL1 can directly influence

cellular phenotype, we transfected myoblasts and the

ERMS cell line RD, using plasmids containing the

NELL1 gene (Fig. 5a). Using the Cell Invasion Assay

System described previously, we found that the trans-

fection of 1 lg of the NELL1 expressing plasmid into

myoblasts increased the invasive ability of myoblasts to

100 % after 48 hours (Fig. 5b). In contrast, transfection

of 2 lg of NELL1 expressing plasmid only had a mod-

erate effect on invasion, increasing the ability to only

53.42 %. In RD cells the presence of 1 or 2 lg of

NELL1 plasmid did not increase the percentage of

invasion significantly from that seen in the GFP only

transfected control cells (Fig. 5c).

Exogenous expression of ELMO1 in myoblasts

and the RD (ERMS) cell line

Similarly, ELMO1 was exogenously expressed in myo-

blasts and the RD cell line to establish if this gene could

also change the invasive characteristics of a cell

(Fig. 6a). ELMO1 is known to function as a GTP

exchange factor (GEF) for Rac in conjunction with

Dock180 (dedicator of cytokinesis 180) [31]. The inter-

action between ELMO1 and Dock180 is essential for the

regulation of the actin cytoskeleton. The level of

Dock180 was similar in all cell lines used in this study

and so was not investigated further (data not shown).

Over-expression of ELMO1 (1 and 2 lg of ELM01

expressing plasmid) in both myoblasts and RD cells

significantly increased the migratory ability of these cells

(Fig. 6b, c).

12

4

6

8

10

ev
el

-2

0

2

4

E
xp

re
ss

io
n

 L
e

10

-8

-6

-4

-10

ERMS

GO Category

ERMS

ARMS

Fig. 1 OntoExpress results.

The differentially expressed

genes identified from the

microarray experiments were

analysed and classified into

functional GO categories to gain

further information into the

networks and pathways

operating within ARMS and

ERMS cell lines

Clin Exp Metastasis

123



Inhibition of endogenously expressed ELMO1

and NELL1 in RH30 (ARMS) cell line

To confirm the role of ELMO1 and NELL1 in controlling

the migratory ability of ARMS cells, we examined the

effect of inhibiting the endogenous expression of these

genes in the ARMS cell line RH30. As shown previously,

RH30 cells express high levels of ELMO1 and NELL1 at

both the RNA and protein level (Fig. 2). RH30 cells were

therefore treated with the siRNAs against ELMO1 and

NELL1 for 48 hours to decrease gene expression (Fig. 7a).

The consequence of this inhibition was again analysed

using the Cell Invasion Assay System (Fig. 7b). Surpris-

ingly, the mean percentage of invasion of RH30 cells

treated with NELL1 siRNA was not significantly different

from the control cells. In contrast, RH30 cells treated with

siRNA targeted towards ELMO1 demonstrated a significant

decrease in invasion compared to control cells (Fig. 7b).

Discussion

The childhood malignancy RMS accounts for over half of

the soft tissue sarcomas in children. Although 70 % of

children and adolescents with ERMS are cured, the prog-

nosis of patients with ARMS, including those with the

PAX3/7-FOXO1 translocation, remains poor [32]. Identi-

fication of genes and pathways affected in RMS might

provide targets for novel therapies which could improve

survival and minimise the toxicities associated with con-

ventional therapy.

The present study was designed to firstly gain infor-

mation into the global genetic changes of RMS cell line

genomes using microarrays. Following from these analyses

and by comparison to datasets using primary tumour tissue,

the second aim was to characterise and establish roles of

candidate genes potentially responsible for the differing

clinical phenotype of metastases seen in ARMS.

1.5

***

ELMO 1 

4

4.5

**

***
***

NELL1

0

0.5

1
g

 R
Q

*

**
*

2

2.5

3

3.5

o
g 

R
Q

**

-1

-0.5

RH30 RH41 RMS RH18 MYOLo
g

0.5

1

1.5

2L
o

**

-1.5 Cell line
*

c

0
RH30 RH41 RMS RH18 MYO

Cell line

dRH30  RH41  RMS         RH18   MYO             RD        

ELMO1

RH30       RH41        RMS         RH18        RD         MYO

NELL1

GAPDH GAPDH

a            b

Fig. 2 The cell motility genes ELMO1 and NELL1 are up regulated

in ARMS cell lines compared to the ERMS cell line RD. Relative

expression levels of the cell migratory gene ELMO1 (a) and NELL1
(b) in ARMS cell lines (RH30, RH41, RMS, RH18) and myoblasts

(MYO) compared to the ERMS cell line RD (using the DDCT method

for real time PCR quantification). Protein levels of ELMO1 (c) and

NELL1 (d) in ARMS cells lines, myoblasts and the ERMS cell line

RD relative to GAPDH expression levels. Significance *P \ 0.05,

**P \ 0.01 and ***P \ 0.001, n = 3

80

90

100n

**

**
85.8%

75.9%

40

50

60

70

80

ce
n

ta
g

e
 o

f 
in

va
s

io
n

39.8%

49.4%

0

10

20

30

40

M
e

a
n

 p
e

rc

0
Myoblasts RD RMS RH30

Cell line

Fig. 3 ARMS cell lines show a greater ability to invade a matrigel

matrix than the ERMS cell line RD, and myoblast cells. The

migratory ability of the ARMS cell lines (RMS, RH30), ERMS cell

line (RD) and myoblasts represented as an increase in the percentage

of invasion over 48 hours using the BD Biosciences cell invasion

assay. Data is shown as the mean percentage of invasion ± SE.

**P \ 0.01, n = 3

Clin Exp Metastasis

123



Multiple cells lines were used in the microarray exper-

iments and included translocation positive ARMS cell

lines, a translocation negative ARMS cell line (RH18) and

an ERMS cell line (RD). After clustering and PCA anal-

yses the cell lines segregated into translocation positive and

negative groups. Therefore, the expression data for each

group of cells was unified and subsequently referred to as

‘ARMS’ and ‘ERMS’ (supplemental Figs. 2, 3). Myoblasts

were used as control cells for comparison and termed

‘MYO’.

The web-based OntoExpress tool compared the gene

expression signatures and highlighted important differ-

ences between ‘ARMS’ and ‘ERMS’. High percentages of

over-expressed genes in both groups were to be expected

e.g., GO categories associated with transcription and the

cell cycle reflecting the highly proliferative state of these

cancer cells (Fig. 1, supplemental Fig. 4). In contrast there

were clear differences between ‘ARMS’ and ‘ERMS’ in

the expression of genes involved in cell migration. Cell

migration is a fundamental property in the invasive

behaviour of cancer cells and the ability of cells to invade

contributes to tumour recurrence, disease progression and

metastases; the latter accounting for approximately 90% of

all cancer deaths [17]. We therefore compared genes in

these GO categories to other published datasets which used

primary tissue to ensure that the candidate genes would

have some clinical relevance [10–16]. ELMO1 and NELL1

were also found to be over-expressed in ARMS in these

datasets [10–16]. These analyses revealed that ELMO1 and

NELL1 could play a role in the migratory ability of ARMS

cells. Both of these genes have previously been shown to

play an essential role in cell migration [20, 33–35], and

over-expression was found in ARMS cell lines compared to

the RD (ERMS) cell line and myoblasts at the RNA and

protein level (Fig. 2).

It was essential to establish the inherent invasive ability

of ARMS cell lines, the RD (ERMS) cell line and myo-

blasts in order for them to be used to investigate the roles
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Fig. 4 The growth properties of the RH30 (ARMS) and RD (ERMS)

cell lines differed in 3D matrigel spheroid models and in standard 2D

tissue culture conditions. a Spheroids were seeded with 2.5 9 104

cells at day 0 with measurements made of spheroid volume at day 1,

2, 6 and 7. Thirty two spheroid cultures were monitored for each cell

line, mean volumes are shown ± SD. b, c Typical images of spheroid

growth for RD and RH30 cell lines at day 1, 4 and 7. d 2D growth of

RD and RH30 cell lines over 6 days. 2 9 105 cells were seeded in 3

flasks for each cell line. The data shown is for 3 independent growth

assessments for each line. Data for a and d was compared at day 7 for

the two lines using a Student’s t-test. The RD and RH30 cell line

growth rates were significantly different in the 2 models P \ 0.001
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of ELMO1 and NELL1 in cell migration and invasion. The

translocation status of the cell lines was also considered.

We show here that ARMS cells demonstrate greater inva-

siveness than RD (ERMS) cells, which in turn are more

invasive than myoblasts (Fig. 4). In addition the ARMS

cell line RH30 shows a much higher rate of growth in 3D

matrigel spheroid model than the ERMS cell line RD

(Fig. 4a–c). This is in contrast to 2D growth on standard

tissue culture flasks where the RD ERMS cell line appears

better adapted for growth under these conditions (Fig 4d).
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Fig. 5 Over-expression of NELL1 increases the invasive ability of

human myoblasts but not the ERMS cell line RD. a Protein levels of

NELL1 in RD cells and myoblasts was increased following transfec-

tion with 1 and 2 lg of NELL1 expressing vector. The control lane

shows the level of NELL1 in non-transfected cells. b The over-

expression of the cell migratory gene NELL1 significantly increased

the migratory ability of myoblasts. This increase was seen as a result

of transfecting 1 and 2 lg of NELL1 expressing plasmid after 24, 48

and 72 h (mean percentage of invasion ± SD of three chambers

performed in triplicate, *P \ 0.05). c The over-expression of the cell

migratory gene NELL1 did not affect the migratory ability of the

ERMS cell line RD. The transfection of 1 and 2 lg of NELL1
expressing plasmid did not affect the cells after 24, 48 or 72 h (mean

percentage of invasion ± SD of three chambers performed in

triplicate, *P \ 0.05)
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Fig. 6 Over-expression of ELMO1 increases the invasiveness of

myoblasts and the ERMS cell line RD. a Protein levels of ELMO1 in

RD cells and myoblasts was increased following transfection with 1

and 2 lg of ELMO1 expressing vector. The control lane shows the

level of ELMO1 in non-transfected cells. b Increasing the level of

ELM01 significantly increased the migratory ability of myoblasts

(mean percentage of invasion ± SD of three chambers performed in

triplicate, *P \ 0.05). c Increasing the level of ELMO1 significantly

increased the migratory ability of the RD cells (mean percentage of

invasion ± SD of three chambers performed in triplicate, *P \ 0.05)
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Myoblasts also demonstrated an ability to invade, consis-

tent with the finding that myoblasts migrate during skeletal

muscle development [36].

Establishing that NELL1 could affect the characteristics

of a cell was initially examined by the exogenous

expression of NELL1 in myoblasts which significantly

increased the invasive ability of these cells (Fig. 5b).

Interestingly increasing the levels of NELL1 expression

further by increasing the levels of the expression plasmid

had a negative effect on myoblast invasion (Fig. 5b).

Although NELL1 has been shown to be a key growth

factor in inducing bone growth [37], studies in mouse

skeletal muscle development indicate that over-expression

of NELL1 can stimulate high levels of apoptosis [38].

Induction of apoptosis in myoblasts following high level

NELL1 expression could slow down any increase in

invasion as a consequence of other NELL1 activities.

NELL1 can activate various components of MAPK path-

ways; including JNK and ERK activating different com-

ponents of the signalling cascade in different cell types

[39, 40]. Therefore, an alternative explanation for the

negative effects of high NELL1 expression on myoblast

migration could be due to triggering of negative feedback

mechanisms in the signalling pathway. Signalling path-

ways invoke interplays between forward signalling and

feedback to drive robust cellular responses. As we are

unclear as to how NELL1 is initiating increased invasion

in myoblasts it is not possible to speculate on a specific

mechanism. Interestingly NELL1 over-expression did not

affect the invasion properties of RD cells (Fig. 5c). This

might arise because the activity of NELL1 is dependent on

cell type and requires other factors not present in RD

cells. This possibility has been observed previously in

oesophageal cancer, where NELL1 expression levels only

correlated with prognosis of adenocarcinoma (EAC) but

not squamous cell carcinoma (ESCC) [19]. The NELL1

gene has previously been found to be specific for trans-

location positive RMS cell lines and primary tumours

[12]. In the study by Davicioni et al. [12] NELL1 was

significantly up regulated by PAX3-FOXO1 and PAX7-

FOXO1 constructs. These findings suggest that the

expression, and or activity of NELL1, may be influenced

by these fusion products. This possible relationship could

also explain why the invasive ability of RD cells, which

do not contain the fusion products, was not affected by the

transfection of NELL1. Further study is needed to examine

the relationship between NELL1 and PAX-FOXO1 fusion

products to fully elucidate its role in the development of

metastases from RMS tumours. It is also possible that the

effects of NELL1 over-expression on RD cell invasion

requires a longer incubation time. This will be investi-

gated in future studies.
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Investigation of the migratory properties of ELMO1

showed that ELMO1 expression significantly increased the

invasive ability of both myoblasts and RD cells in a dose

dependent fashion (Fig. 6). The endogenous levels of

Dock180 present in the RD cells and myoblasts is most

likely interacting with the transfected ELMO1 to increase

cell migration (data not shown). It may be that the RD cells

and myoblasts are ‘‘primed’’ to migrate and require only

the final stimulus to the pathway, which in this situation is

provided by the exogenous expression of ELMO1. Silenc-

ing ELMO1 significantly decreased the percentage of

invading RH30 cells, providing further evidence that

ELMO1 has an important role in the motility of ARMS

cells. The results from the experiments to silence NELL1

expression remain inconclusive. The expression levels of

NELL1 in ARMS cells are higher compared to the levels in

RD cells and myoblasts, whereas protein levels are less

clear (Fig. 2d). The silencing of NELL1 in RH30 cells

might simply not hinder cell migration as other molecules,

such as ELMO1, are still functional.

The migration assay experiments presented require

further replication in additional ERMS cell lines and the

silencing of ELMO1 in other ARMS cells would be useful

to confirm the migratory role of ELMO1 in ARMS. Thus

these points are acknowledged as limitations to the present

study.

In conclusion, the results of this study provide direct

functional evidence that the cellular motility of ARMS

cells is affected by ELMO1 and suggests that ELMO1 may

be an appropriate therapeutic target to stop migrating RMS

cells forming metastases.
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