
Summary. Rhabdomyosarcoma, the most common soft
tissue sarcoma in childhood, belongs to the small round
cell tumor family and is classified according to its
histopathological features as embryonal, alveolar and
pleomorphic. In this study we propose to explore 
genetic alterations involved in rhabdomyosarcoma
tumorigenesis and assess the level of mRNA gene
expression of controlling survival signalling pathways.
For genetic and molecular analysis, array-based
comparative genomic hybridization, combined with Real
Time PCR using the comparative method, was
performed on 14 primary well-characterized human
primary rhabdomyosarcomas. Multiple changes affecting
chromosome arms were detected in all cases, including
gain or loss of specific regions harbouring cancer
progression-associated genes. Evaluation of mRNA
levels showed in the majority of cases overexpression of
MCL1 and MAP2K4 genes, both involved in cell
viability regulation. Our findings on rhabdomyosarcoma
samples showed multiple copy number alterations in
chromosome regions implicated in malignancy
progression and indicated a strong expression of
MAP2K4 and MCL1 genes, both involved in different
biological functions of complicated signalling pathways. 
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Introduction

Rhabdomyosarcoma (RMS) is the most common
soft tissue sarcoma in childhood and likely is a result of
an imbalance in proliferation and differentiation of
precursor cells during the skeletal myogenesis program
(Merlino and Helman, 1999; Charge and Rudnicki,
2004).

According to histopathological features, RMS
belongs to the small round cell tumor family and is
classified as embryonal (ERMS), its most frequent form;
alveolar (ARMS) the most aggressive and pleomorphic
(PRMS) representing a rare variant that occurs in adults
(Fletcher et al., 2002).

Unlike ERMS and PRMS, ARMS is cytogenetically
well-characterized by recurrent translocation (65%)
between gene FKHR located at 13q14 and gene PAX3 at
2q35, or less commonly (15%) between FKHR and
PAX7 located at 1p36. Some reports suggest that FKHR-
PAX3 occurring during fetal development contributes to
oncogenesis through abnormal control of growth,
apoptosis and differentiation (Barr, 2001). Tumors with
FKHR-PAX7 fusion transcript show a predilection for
younger patients, appear in the extremities and have a
better prognosis.

Although the second genetic events are not specific,
full transformation to RMS might require additional
mutations leading to downstream activation of the
growth factor signalling pathway (Helman and Meltzer,
2003). 

In vitro studies by microarray analysis identified a
cluster of new genes related to the aberrant
differentiation program of human RMS cells, suggesting
a potential role as myogenic or repressor markers of
differentiation (Astolfi et al., 2001). Other studies
demonstrated that some genes, such as insulin-growth
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factor receptor 2 (IGF2), seem to be strongly linked to
ARMS growth, activating myogenic transcription
programs (Khan et al., 1999) and inducing abnormalities
in signal transduction pathways (Kalebic et al., 1998).
ERMS has a complex karyotype and is characterized by
loss of heterozygosity on the 11p15.5 chromosome
region (Gallego and Sanchez de Toledo Codina, 2007),
extra copies of chromosomes 2, 8, 12 and 13, consistent
with amplification of MYCN(2p24), MDM2, GLI,
CDK4(12q13-15), FKHR(13q14) and rearrangements of
chromosome 1 (Anderson et al.,1999; Pandita et al.,
1999). However, our previous studies on a series of
human RMS samples demonstrated that genes located on
12q13-15 were distributed with similar frequency
between ARMS and ERMS with anaplastic histological
features (Ragazzini et al., 2004). Furthermore,
conventional comparative genomic hybridization (CGH)
of primary RMS tumors have confirmed quantitative
alterations of large chromosomal regions, including 2q,
8p, 17p and have seen new alterations of novel loci, such
as 15q25-26 and 5q32ter (Gordon et al., 2003). A recent
study by CGH array revealed a high aneuploidy level
with double minutes and additional structural aberrations
in all RMS histological sub-types, consistent with
multiple amplification or deletion events involving
several gene families (Goldstein et al., 2006).

In the present study, carried out on a series of
primary RMS from patients with poor prognosis in terms
of disease-free survival including metastases and local
recurrences, the evaluation of mRNA expression of the
genes located on the chromosome regions most
frequently altered, 17p11.2 and 1q21, revealed
overexpression of MAP kinase kinase 4 (MAP2K4) and
Myeloid cell leukaemia 1 (MCL1) in the majority of the
cases studied. MAP2K4 is located on chromosome
17p11.2 and directly phosphorylates and activates c-Jun-
NH2 terminal kinase (JNK) in response to cellular stress.
MCL1, located at 1q21 region is an anti-apoptotic Bcl-2
family member. In addition, the increased DNA copy

number at 17p locus results in an amplification of non-
muscle myosin, heavy chain 10 (MYH10), involved in
tight junction and in the regulation of actin cytoskeleton.

Materials and methods

Primary tumor tissues and patients

Tumor samples from 14 RMS, including 5 ARMS, 5
ERMS and 4 PRMS referred at the Rizzoli Orthopaedic
Institute were considered. Fresh non-necrotic tissue (≥
90% tumor cells) was obtained from biopsy or excision
before chemo- and/or radiotherapy. Diagnosis was based
on hematoxylin-eosin stained samples according to
histopathological criteria (Weiss and Goldblum, 2001).
For differential diagnosis, cytogenetic analysis and
immunohistochemistry with specific antibodies for
striated muscle cell differentiation were performed. 

4 out of 5 ARMS presented the specific translocation
t(2;13).

Clinical and pathological characteristics of patients
are reported in Table 1. 

11/14 patients had metastases during follow-up and
3 locally relapsed. 8 patients died of disease.

Oligonucleotide CGH Microarrays

Array-based comparative genomic hybridization
(CGH Microarray) analysis was performed on 4 cases of
ARMS.

Isolation of DNA was performed using QIAamp
DNA Micro Kit (Qiagen, Valencia, CA) in accordance
with the manufacturer’s instructions. For each CGH
array, genomic DNA from the experimental sample was
random primer-amplified using components from
BioPrime‚ Array CGH labeling kit (Invitrogen, Milan)
as previously described (Morandi et al. 2006). Reaction
consisted of 300 ng/mL random oligodeoxy-
ribonucleotide primers, 20 U of Klenow enzyme, 200
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Table 1. Clinical table of the patients.

Tumor Sex Age Site M/LR Follow-up months Outcome

ARMS 1 F 2 thigh M 39 AWD
ARMS 2 F 6 foot LR 42 NED
ARMS 3 M 23 armpit M 11 DOD
ARMS 4 M 16 arm M 26 DOD
ARMS 5 F 29 pelvic girdle M 31 DOD
PRMS 1 M 70 shoulder M 12 NED
PRMS 2 M 23 gluteus M 7 DOD
PRMS 3 F 62 trunk M 6 DOD
PRMS 4 F 2 leg M 12 AWD
ERMS 1 M 17 arm LR 6 NED
ERMS 2 F 13 thigh M 12 DOD
ERMS 3 F 22 leg M 113 DOD
ERMS 4 M 27 pelvic girdle M 9 DOD
ERMS 5 M 0 arm LR 18 NED

ARMS: alveolar rhabdomyosarcoma; PRMS: pleomorfic rhabdomyosarcoma; ERMS: embryonal rhabdomyosarcoma; M: metastatic tumor; LR: local
recurrence; DOD: died of disease; AWD: alive with disease; NED: no evidence of disease.



mM dNTPs and total DNA extracted from the
microdissected specimen. Total DNA from each sample
and random primers were denatured at 95ºC for 5
minutes and then immediately cooled in ice. The
remaining reagents were then added, and the reaction
was incubated at 37°C for 2 hours. Amplified DNA was
further purified by MiniElute spin columns (Qiagen
GmbH, Hilden Germany) following the Qiagen protocol. 

1 µl of amplified DNAs was further analyzed for
quantity and length by Agilent 2100 Bioanalyzer. A
second round of the same linear amplification system
was used to label amplified DNA using Cy3-dCTP for
reference DNA and Cy5-dCTP (Perkin Elmer) for test-
DNA following the protocol of Barrett MT et al. (Barret
et al., 2004). Labeling reactions were performed in a
volume of 50 ml with a modified dNTP pool containing
120 mM each of dATP, dGTP, dTTP, 60 mM of dCTP
and Cy5-dCTP or Cy3-dCTP. Labeled targets were
subsequently purified by MiniElute spin columns
(Qiagen) and eluted in ultra pure water (Invitrogen).
Experimental and reference targets for each
hybridization were pooled and mixed with 100 mg of
human Cot-1 DNA (Invitrogen)/ 50 ml of 1x
hybridization control targets (SP310, Operon
Technologies, Alameda CA)/ 50 mg of yeast tRNA
(Invitrogen) in a final volume of 250 ml and mixed
together with 250 ml of 2x hybridization solution
(Agilent). Before hybridization to the array, the 500 ml
hybridization mixtures were denatured at 100°C for 1.5
min and incubated at 37°C for 30 min. To remove any
precipitate, the mixture was centrifuged at 14,000 x g for
5 min and transferred to a new tube, leaving a small
residual volume (<5ml). The sample was applied to the
44K Agilent Oligo array by using an Agilent
hybridization chamber, and hybridization was carried out
for 17 hours at 65°C in a rotating oven (Robbins
Scientific, Mountain View, CA) at 4 rpm. Arrays were
then disassembled in 6x SSPE/0.00025% of N-
Laurylsarcosine, and washed once for 1 min with 6x
SSPE/0.005% of N-Laurylsarcosine, and once for 1 min
with 0.06x SSPE/0.005% N-Laurylsarcosine, both at

room temperature. Slides were immersed in the
Stabilization solution (Agilent Cod. 5185-5979), dried
and scanned using an Agilent 2565A scanner with 5 mm
resolution.

Reference DNA for CGH hybridization was derived
from a pool of wild type female DNA extracted from
lymphocytes of 10 different healthy women. 

Image and data analysis

Microarray images were analyzed using the Feature
Extraction Software (Agilent version 7.5) following the
protocol described from Barrett et al (Barrett et al.,
2004). In brief, default settings were employed, using
signals from negative control features for background
subtraction. Several filtering procedures were applied,
eliminating: 1) features that did not cross the threshold
of calculated background for both channels; 2) outlier
features for each experiment; 3) features not included
between -0.1 and 0.1 values obtained in the female/male
CGH experiments. Discovery of gains and losses was
made using CGH-Explorer (http://www.ifi.uio.no/
bioinf/Papers/CGH/) software for analysis of copy errors
(ACE) (Lingjaerde et al. 2005). Single genes were
partitioned into subsequences, or “runs”, of positive or
negative copy numbers (after calculating the running
mean of data, with five neighbors). Each run was
characterized by its length and height (average value),
and the collection of (length, height) pairs was compared
to distribution of (length and height) pairs in a
theoretical null population of normal copy number
ratios, available from the male/female experiment. This
method computes an estimate of positive false discovery
rate (pFDR) and provides a table of different pDFR-
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Table 2. a. PRIMERS for DNA analysis.

MCL1
Forward: ATGCACCTGTGTTCCTCGCT
Reverse: GTGCTCATTGCTGCCTCAAC

MYH10
Forward: CAGCGTGACATTTTTTTCTCCTT
Reverse: CCTGGTTATGATAATGGACTCCACT

MAP2K4
Forward: TCCAATTCCTGGGTTCAAGTG
Reverse: GCTGGGTGTGGTGGCATATAC

Table 2. b. TaqMan Gene Expression Assays®.

GAPDH Assay ID: Hs99999905_m1
MCL1 Assay ID: Hs00172036_m1
MYH10 Assay ID: Hs00292551_m1
MAP2K4 Assay ID: Hs00387426_m1

Table 3. Most frequent genetic and molecular alterations in ARMS.

a.

CGH Array gains CGH Array losses

1q21 2q33
6p21 7q11
12q24 9q12
14q32 19q13

17p13-11 23q13

b.

Chromosomic Genes
regions

1q21 MCL1-BNPL
2q32 STAT1,MYO1B, NEDL2, PREI3
6p21 Histone gene family
7q11 ZNF gene family
9q12 ANKRD20A,MGC21881
12q24 ARK5, RFX4, SELPGL, UBE3B
14q32 MTA1, IGHG4

17p13-11 EIF4A1, NDEL1,MYH10,MAP2K4,GAS7
19p12 TIZ, SMG1

23(X)q13 OGT,CXCR3,PHKA1,PGK1,ZCCHC5,ITM2A,DACH2



values and corresponding numbers of significant genes.
pDFR-value was chosen in order to select the maximum
number of mutated genes compared to the minimum
number of false positive mutations found by
male/female hybridization control. A data table was
obtained by this algorithm with converted values (wild
type = 0, gain = + 1, loss = -1). 

Real Time DNA quantification

Analysis of DNA copy number, at loci 1q21, 2q33,
12q24, 17p13, 17p11.2 and 19q13 was extended to all 14
RMS samples. Tumor DNA was extracted from fresh
tissue according to phenol–chloroform method
(Sambrook et al., 1989). PCR reactions included 2 µl of
the extracted DNA (20ng), primers (400 nmols each)
(Table 2a) and the 12.5 µ l Sybr Green Master Mix
(Applied Biosystems, CA, US), as well as water added
to a final volume of 25 µl. Analysis was performed using
an ABI 7900 sequence detection system (Applied
Biosystems, Foster City, CA) under the following
cycling conditions: an initial denaturation step at 95°C
for 10 min, followed by 40 cycles of amplification (95°C
for 5 s, 60°C for 60 s). All assays were performed in
duplicate.

For calculation of gene copy number we used the 2-
∆∆CT comparative method (Holzmann et al., 2004). Copy
number of target genes was normalized to a
housekeeping ß-actin gene (TaqMan Assays-Applied
Biosystems, Foster City, CA) and DNA from normal
tissue was used as calibrator.

RNA extraction and reverse transcription

Total RNA was extracted from all RMS frozen
samples (~150 mg) using TRIzol Reagent (Invitrogen,
Carlsbad CA) according to manufacturer’s protocol and
stored at 80°C in RNAsecure reagent (Ambion, Inc,

Austin TX). Concentration of total RNA was measured
with spectrophotometer and the 260/280 ratio of RNA
was ~1.6. Purity and quality were identified by a
denatured gel electrophoresis. Reverse transcription of
mRNA was carried out in 100 µl final volume from 400
ng total RNA using High Capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA) according to the
manufacturer’s instructions.

Real-Time (RT) PCR

Quantitative RT-PCR was performed using an ABI
7900 sequence detection system (Applied Biosystems,
Foster City, CA). Expression of target genes MYH10,
MAP2K4 and MCL1 was quantified using TaqMan
Expression Assays (Applied Biosystems, Foster City,
CA) (Table 2b) according to the manufacturer ’s
protocol. PCR mixture contained 1.25 µl Target Assay
Mix 20X or Endogenous Control Assay Mix 20X, 25ng
cDNA diluted in 11,25 µl of RNAse free water (Qiagen,
Valencia, CA), 12.5 µl Taq Man Universal Master Mix
2X (Applied Biosystems, Foster City, CA) in 25 µ l
reaction. Following activation of UNG (uracil-N-
glycosylase) for 2 min at 50°C, genes were amplified by
45 cycles (95°C for 10 min, 95°C for 5 s, 60°C for 1
min). For calculation of gene expression we used the 
2-∆∆CT comparative method. Expression of target genes
was normalized to a housekeeping GAPDH gene
(TaqMan Expression Assays - Applied Biosystems,
Foster City, CA) and normal striated muscle was used as
calibrator.

Results

CGH array and real time PCR validation

Using array based CGH-analysis, multiple copy
number changes were detected in 4 ARMS samples
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Table 4. Relative DNA copy number analysed by Real Time PCR.

MCL1 (ch1q21) MYH10 (ch17p13) MAP2K4 (ch17p11.2) SELPLG (ch12q24) PIK4CB (ch1q21) PREI3 (ch2q33) BIRC8 (ch19q13)
2-∆∆CT± SD 2-∆∆CT± SD 2-∆∆CT± SD 2-∆∆CT± SD 2-∆∆CT± SD 2-∆∆CT± SD 2-∆∆CT± SD

ARMS 1 1.02±0.09 0.99±0.09 1±0.08 0,97±0,17 0,66±0,43 0.38±0.22 0.94±1.09
ARMS 2 0.69±0.09 1.06±0.15 1.12±0.20 0,57±0,08 0,62±0,15 0.63±0.00 0.49±0.6
ARMS 3 1.67±0.17 0.73±0.03 2.67±0.21 0,58±1,22 0,87±0,04 0.27±0.69 0.76±0
ARMS 4 1.78±0.25 1.9±0.28 1.96±0.24 2,33±0,25 1,49±0,25 0.38±0.1 0.49±1.0
ARMS 5 0.64±0.23 0.72±0.07 1.77±0.07 0,51±0,49 0.55±0.08 0.06±0.6 0.04±0.3
PRMS 1 0.85±0.06 0.64±0.05 2.33±0.2 0,81±0,07 0,86±0,11 0.84±0.16 0.27±0.7
PRMS 2 0.99±0.21 0.8±0.27 0.9±0.15 0,37±0,23 0,84±0,44 0.53±0.36 2.04±0.05
PRMS 3 0.39±0.14 0.48±0.09 0.75±0.17 0,6±0,13 0,38±0,08 0.45±0.5 0.44±0
PRMS 4 0.64±0.80 0.57±0.18 1.98±0.83 0,94±0,78 0,46±0,15 0.40±0 0.07±0
ERMS 1 0.52±0.40 1.64±0.01 0.88±0.10 0,17±0,01 0,53±0,07 0.03±1.02 0.28±1.0
ERMS 2 0.38±0.58 0.41±0.19 1.19±0.59 0,48±0,16 0,33±0,53 2.28±0.33 1.37±0
ERMS 3 0.65±0.09 1.37±0.20 1.06±0.48 0,57±0,05 0,7±0,04 4.59±1.4 5.11±0.3
ERMS 4 0.4±0.46 1.12±0.31 1.88±0.33 0,54±0,05 0,28±0,30 0.38±0.8 0.36±1.06
ERMS 5 0.35±0.40 0.43±0.18 1.66±0.43 0,5±0,39 0,37±0,19 0.08±0.7 0.39±0.1

2-∆∆CT value (DNA copy number): > 1.5 was scored as gain and < 0.5 was scored as loss.



(Table 3a).
These included gains in 1q21, 6p21, 12q24, 14q32

and 17p13-11 and losses in 2q33, 7q11, 9q12, 19q13 and
23q13, likely leading to activation or inactivation of
genes involved in malignancy progression, such as
transcription factors (RFX4), signal transducers
(STAT1), anti-apoptotic (MCL1-BNIPL), proliferating
(ARK5-NEDL1-MAP2K4-CXCR3) and pro-metastatic
(MTA1) genes (Table 3b).

To confirm CGH data, we assessed gene level at loci
1q21 (MCL1-PIK4CB), 2q33 (PREI3), 12q24
(SELPLG), 17p13(MYH10), 17p11.2(MAP2K4) and
19q13 (BIRC8) by comparative Real Time PCR method.
DNA copy number > 1.5 (2-∆∆CT) was scored as gain, <
0.5 (2-∆∆CT) as loss. Our results showed 75%
concordance with CGH array data except for BIRC8
gene which had 100% concordance.

Then, we analysed the copy number alterations by
Real Time PCR in all tumor samples selected. Gains of
gene sequences were found in 1/14 for SELPLG and
PIKACB, in 2/14 for MCL1, MYH10, BIRC8 and
PREI3, and in 7/14 for MAP2K4.

DNA losses were present in 4/14 for MCL1, in 3/14
for MYH10 and SELPLG, in 5/14 for PIKACB, in 9/14
for BIRC8 and PREI3 (Table 4). Variability of gene copy
number changes confirmed lack of specific genetic
events in RMS.

RNA expression

Evaluation of RNA expression of 14 RMS by Real-
Time PCR was performed according to 2-∆∆CT

comparative method (Winer et al., 1999). Each gene was
considered more expressed when the value was >1±SD,
and less expressed when the value was < 1±SD. Value 1
corresponds to fluorescence emission in each
amplification reaction for target and reference in normal

striated muscle. 
MCL1 was found to be more expressed in 9/14 cases

(ARMS 3,4,5; PRMS 2,4; ERMS 1,2,3,5) with mRNA
values ranging from 1.25 to 34.5. Genes located on
chromosome 17p presented high mRNA expression in
10 out of 14 tumor samples, with value variability
ranging from 1.78 to 39.94 for MYH10 and from 1.16 to
192.6 for MAP2K4.

MYH10 was overexpressed in ARMS 1,3,5; PRMS
1,2,4; ERMS 1,3,4,5, while MAP2K4 expression was
found to be increased in all ARMS samples, in PRMS
1,4 and ERMS 1,3,5 (Table 5).

Discussion

Array-based CGH is a powerful tool for
simultaneous detection of gene alterations, allowing
identification of novel candidate genes in carcinogenesis
(Holzmann et al., 2004). However, Real-time PCR is a
less expensive and more accurate quantitative method
useful for assessing exact copy number changes (Winer
et al., 1999).

In our RMS series, array-based CGH analysis
combined with quantitative Real-Time PCR detected
remarkable copy number changes in 1q21, 17p, 12q24,
2q33 19q13 chromosome regions, harbouring genes
involved in cell proliferation, malignancy progression,
apoptosis and cell viability. In particular, by Real Time
PCR we found amplifications in 17p and 1q21 regions
including genes involved in signal-transduction and
apoptosis, such as MAP2K4, and MCL1. MAP2K4 is a
member of the mitogen-activated protein kinase
(MAPK) cascade, characterized as a core signal
transduction pathway (Ichijo, 1999). Cell lines lacking
MAP2K4 exhibited defective activation of JNK and AP-
1 dependent transcription activity in response to specific
stimuli (Cuenda, 2000). 

However, the role of MAP2K4 and of its
downstream targets in tumor progression is still under
investigation.

One of the most confirmed hypotheses is that
members of both MAPK and Bcl-2 gene families
contribute with other gene products to cell viability
regulation (Townsend et al., 1998). In this study,
MAP2K4 was found amplified in 7 out of 14 RMS,
while in no cases were DNA losses evident. Although its
genetic inactivation has been implicated in pancreatic
and prostatic carcinogenesis in a role of tumor
suppressor gene (Xin et al., 2004), other studies on many
different tumor specimens found a very low frequence of
MAP2K4 genetic alterations, suggesting that the
possible loss of heterozigosity at TP53 locus might not
extend into the MAP2K4 gene (Chae et al., 2002). On
the other hand, we assessed increased expression of
MAP2K4 in the majority of RMS samples. It is known
that MAP2K4 acts upstream of c-JUN NH2-terminal
kinase (JNK), phosphorylating and activating it.
Expression of the activated form of JNK may influence
apoptotic (Koyama et al., 2006) or survival signalling
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Table 5. mRNA expression analysed by Real Time PCR.

MCL1 (ch1q21) MYH10(ch17p13) MAP2K4 (ch17p11.2)
2-∆∆CT± SD 2-∆∆CT± SD 2-∆∆CT± SD 

ARMS 1 0.13±0 9.68±0.09 192.67±0
ARMS 2 0.16±0.3 0.47±0.06 1.91±0.04
ARMS 3 2.2±0.2 14.52±1.03 13.64±0.13
ARMS 4 2.36±0 0.41±0.1 1.67±3.32
ARMS 5 2.96±0.2 1.78±1.13 1.54±1.25
PRMS 1 1.04±0.04 10.81±0.2 2.18±0.82
PRMS 2 1.25±2 25.72±1.15 0.39±0
PRMS 3 0.03±0 0.19±0.7 0.35±0.2
PRMS 4 2.08±0.8 7.44±0.07 3.9±2.3
ERMS 1 2.42±0.9 3.32±0 22.94±3
ERMS 2 34.53±0 0.13±0.4 0.75±0.14
ERMS 3 3.29±0.7 39.94±1.27 1.16±0.5
ERMS 4 1.02±0.3 16.97±0.57 0.71±0.24
ERMS 5 2.74±0 31.56±0 3.06±0.1

Each gene was considered more expressed when the 2-∆∆CT value was
> 1 ±SD.



pathways (Davis, 2000; Lee and McCubrey, 2002). In
vitro studies demonstrated that the complexity of MAPK
pathways suggests a pro-oncogenic activity of MAP2K4
/c-Jun NH2-terminal kinase depending on the presence
of cell type-specific factors, activity of tumor
proliferating or suppressor pathways (Lee et al., 2003;
Wang et al., 2004).

Furthermore, a clinical study showed a correlation
between MAP2K4 overexpression and short relapse-free
and overall survival in patients with gastric
adenocarcinoma (Wu et al., 2000).

Similarly, amplification of chromosome 17p led to
overexpression of a gene involved in muscle contraction,
MYH10, which encodes the protein “Mammalian non-
muscle myosin II” involved in cytokinesis, cell
migration, and cell shape change (Kim et al., 2005).

MCL1 protein plays an important role in the
development of various malignancies and is expressed in
a wide variety of tissues and neoplastic cells
(Shighemasa et al., 2002; Krajewski et al., 2005). It has
been demonstrated that its increased expression can
enhance survival of hemopoietic cells in response to
apoptotic stimuli (Zhou et al., 1997).

In addition to its anti-apoptotic effect, MCL1 has
also been proven to be involved in the regulation of cell-
cycle progression (Fujise et al., 2000). 

In our series, only 2 cases had gains at 1q21 region,
but 9 out of 14 RMS had increased mRNA values. 

It is known that MCL1 is regulated both at
transcriptional and post-transcriptional level by
activation of MAPK family members. Ras/MEK/MAPK
pathway influences MCL1 transcription such as PI3-
kinase seems to be necessary to stimulate MCL1 protein
translation (Schubert and Duronio, 2001). MCL1 mRNA
levels have been found to be increased in human
hepatocellular carcinoma and to be related to apoptosis
resistance (Fleischer et al., 2006). Accordingly, a recent
study observed strong MCL1 expression in sarcoma cell
lines of different histological origin, associated with
inhibition of apoptosis probably due to down-regulation
of cell-damage-induced mitochondrial cytochrome c
release (Wang and Studzinski, 1997).

The hypothesis that MCL1 may be a chemoresistant
target was confirmed by pro-apoptotic effects of a
combination of MCL1 antisense oligonucleotides with
low-dose cyclophosphamide, promising new treatment
strategy in human sarcoma therapy (Thallinger et al.,
2004).

In conclusion, our data on highly aggressive RMS
from patients with poor prognosis indicated a possibile
involvement of specific chromosome regions in
progression of clinical malignancy. The alterated
expression of MAP2K4 and MCL1 genes both involved
in different biological functions of complicated signaling
pathways, appeared to be associated with disease relapse
rather than with histological or cytogenetic features.
Further studies are required to understand the biological
significance of their altered regulation in RMS cells. 
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