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Detection of minimal residual disease or micrometas-
tases in rhabdomyosarcoma (RMS) has been an unre-
solved problem in 70 to 80% of RMS patients. In
patients with alveolar type RMS, which harbors chro-
mosomal translocations and produces tumor-specific
fusion products, polymerase chain reaction (PCR)-
based diagnosis is clear-cut. In the more frequent
embryonal RMS, however, no such PCR-based marker
has been described. Recently it has been suggested
that the PCR-based detection of MyoD1 may be a valu-
able adjunct in the diagnosis of minimal disease in
embryonal RMS. We report here that MyoD1 mRNA is
not specific for RMS, but can be amplified from ex
vivo samples of many other childhood tumors and
some normal tissues. By contrast, simultaneous am-
plification of a and g subunit message of the fetal type
acetylcholine receptor (AChR), by a novel duplex
PCR, and the quantification of both transcripts result-
ing in a a/gAChR ratio <1 was 100% sensitive in
alveolar (n 5 8) and embryonal (n 5 10) RMS. More-
over, gAChR was not detected in other childhood (n 5
27) or adult tumors (n 5 12), or normal tissues, ex-
cept thymus. The high sensitivity and specificity of
the method were confirmed by the successful detec-
tion of five cases of cytologically or molecularly ver-
ified RMS bone marrow micrometastases among 47
bone marrow samples from childhood tumor pa-
tients. By contrast, MyoD1 showed no amplification
because of its low level of transcription. We conclude

that mRNA of the fetal type AChR is a more specific
and (about 100 times) more sensitive marker for the
molecular detection of RMS than MyoD1, and thus
appears to be a promising candidate for the detection
of minimal disease in RMS lacking tumor-specific
translocations. (J Mol Diag 1999, 1:23–31)

Nearly 50% of all pediatric soft tissue sarcomas are
rhabdomyosarcomas (RMS).1,2 Currently, RMS are clas-
sified according to the International Classification of Rh-
abdomyosarcomas.3 Because of the recent availability of
antibodies against MyoD1 and myogenin,4–6 the differ-
ential diagnosis of RMS from other childhood neoplasms
has become easier due to the high specificity and sen-
sitivity of these immunohistochemical markers even in
tumors with a low degree of rhabdomyomatous differen-
tiation. However, the detection of minimal disease (mini-
mal residual tumors or micrometastases) remains a chal-
lenge.7–11

Molecular biology can improve the diagnosis in some
cases; in 60 to 70% of alveolar RMS (20–30% of all RMS
patients), the diagnosis has been simplified by polymer-
ase chain reaction (PCR)-based detection of character-
istic translocations t (2;13) (q35;q14) and t (1;13) (p36;
q14), involving the PAX3 gene on chromosome 2, the
PAX7 gene on chromosome 1, and the FKHR gene on
chromosome 13.12–19 In embryonal RMS, a consistent
loss of heterozygosity (LOH) at 11p15 is detectable.20,21

However, reliable identification of LOH by PCR requires
samples containing more than 80% of tumor cells or
enrichment for neoplastic tissue by microdissection of
pathological specimens.22,23 Therefore, PCR-based de-
tection of LOH is not applicable to the identification of
minimal disease, which typically occurs against a high
background of normal tissue or cells. Thus, for embryonal
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RMS and for the alveolar RMS lacking tumor-specific
translocations no unequivocal molecular markers based
on PCR are available.

The nicotinic AChR of skeletal muscle is a pentameric
ion channel, which is composed of four subunits.24–27

During development of the neuromuscular junction, a
change from the fetal type (a2bgd) to the adult type
(a2b«d) occurs, with replacement of the gsubunit by the
«subunit.28,29 After birth, the fetal type of the AChR is
limited to myoid cells in the thymus30,31 and some ex-
traocular muscle fibers,32 but it is re-expressed in normal
skeletal muscle after denervation.33 Because RMS con-
sist of immature and noninnervated neoplastic myo-
blasts, it is not surprising that the fetal type of the AChR,
specifically its g subunit, is found to be a tumor-specific
immunohistochemical marker distinguishing RMS from
normal muscle and other childhood tumors.34 However,
the immunohistochemical detection of the g subunit in
RMS has a relatively low sensitivity.34 This contrasts with
the expression of some myogenic factors such as myo-
genin and MyoD1, which are both specific and highly
sensitive immunohistochemical markers.4–6 However, we
showed recently that the PCR-based detection of myo-
genin mRNA is not specific for RMS because of signifi-
cant illegitimate transcription of the myogenin gene in
many nonrhabdomyomatous tumors in almost all normal
tissues.36 By contrast, a recent study based on the in-
vestigation of tumor cell lines concluded that MyoD1
mRNA may be a sensitive and specific marker for the
molecular diagnosis of RMS.35 In the present study we
have looked at MyoD1 transcription in ex vivo RMS biop-
sies and control tissue and used a novel duplex PCR
strategy to examine the transcription of the fetal type
AChR. We could not confirm the specificity of MyoD1 for
RMS in vivo, but show that mRNA of the fetal type AChR
is both a specific and a sensitive marker for the molecular
detection of RMS compared to the mRNA expression of
MyoD1 in RMS, other childhood and adult tumors, bone
marrow samples, normal muscles, and normal tissues,
respectively.

Materials and Methods

Materials

Eighteen RMS and 30 other childhood tumors of various
types were studied using cryostat sections from snap-
frozen tissue obtained on ice within 15 minutes to 4 hours
after surgery. RMS were classified according to the
International Classification of Rhabdomyosarcomas.3

Twelve adult nonrhabdomyomatous tumors were ob-
tained for frozen section diagnosis within 15 minutes after
biopsy. Eight normal muscles and eight other normal
tissues were derived from either autopsy or biopsy. Au-
topsy material was obtained within 4 hours after death
and checked by PCR analysis of glyceraldehyde phos-
phate dehydrogenase (GAPDH) message (22 cycles) for
integrity of RNA. Biopsies were obtained within 15 min-
utes. The embryonal RMS cell line TE67137 served as a
positive control.

Finally, 47 bone marrow samples blinded for investi-
gation were studied. The samples were retrieved from the
files of the cooperative soft tissue sarcoma study (CWS)
and the European Ewing’s sarcoma study (EICESS). Clin-
ical and pathological findings of the patients investigated
are given in Tables 1–4.

Table 1. RT-PCR and Immunohistochemical (IH) Findings in
Snap-Frozen Rhabdomyosarcoma (RMS) Biopsies
from the Respective Primary Tumors

Diagnosis
PAX3/FKHR

RT-PCR
a/gAChR*
RT-PCR

MyoD1
RT-PCR

gAChR
IH†

Alveolar RMS 8/8 8/8 8/8 4/8
(n 5 8)

Embryonal RMS 0/10 10/10 10/10 6/10
(n 5 8)

* a/gAChR ratio 21
† Mouse mAb anti-gAChR MIB8 was used for immunohistochemical

stainings as described previously.34

Table 2. Pathological, Clinical, and RT-PCR Findings in
Patients with Different Childhood Tumors Other
than RMS

Case Diagnosis Sex/Age
a/gAChR
RT-PCR

MyoD1
RT-PCR

22064/90 NB F/3 2 1
16729/91 NB F/3m 2 2
5964/92 NB M/2 2 2
17600/93 NB M/5m 2 1
10796/97 NB M/8 2 2
11633/96-2 ES F/41 1* 1
11633/96-5 ES F/41 2 1
18191/92 ES F/1 2 2
21591/93 ES M/10 2 2
24483/95 ES M/18 2 2
8053/93 SS F/11 2 1
20897/96 OS F/17 2 2
871/90 CS M/11 2 2
14744/89 WT/RD F/4 1* 1
9496/94 WT F/1 2 2
7454/94 WT F/5 2 2
19002/93 WT M/5 2 2
3839/96 WT F/8 2 2
4841/90 WT/RD M/9 1* 1
13126/93 GS M/1 2 2
19217/93 TE M/1 2 2
11037/96 SE M/15 2 2
22046/96 MG M/21 2 2
12531/93 ME M/3 2 2
27262/94 GN F/5 2 2
22946/95 SCHW F/8 2 2
7400/96 CAC M/2 2 2
883/97 ACC M /13 2 2
26777/98 IH F/3 2† 1
3551/97 LBL M/16 2 2
5171/96 LBL M/4 2 2
1007/99 SCLC/CM M/73 2† 2

NB, neuroblastoma; ES, Ewing’s sarcoma; SS, synovial sarcoma;
OS, osteosarcoma; CS, chondrosarcoma; WT, Wilms’ tumor; GS,
germinal stroma tumor; TE, teratoma; SE, seminoma; MG, malignant
germinoma; ME, meningioma; GN, ganglioneuroma; SCH,
schwannoma; CAC, carcinoma of adrenal cortex; ACC, adenoid cystic
carcinoma; IH, intramuscular hemangioma; LBL, lymphoblastic
lymphoma; SCLC/CM, small cell lung cancer with contaminating
muscle; NA, not available; WT/RD, Wilms’ tumor with rhabdomyomatous
differentiation.

* a/gAChR ratio ,1
† a/gAChR ratio @1
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Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Total RNA was prepared from 100 mg of snap-frozen
tissue cut into 10-mm sections on a cryostat or from 106

cells using the GTC method38. After cDNA synthesis with
oligo-dT primers and MMLV reverse transciptase (Gibco,
Eggenstein, Germany), 1/20 of the reaction was amplified
using Taq polymerase (Amersham, Braunschweig, Ger-
many) and sequence-specific primers. The oligonucleotide
primers for the acetylcholine receptor a and g subunit
(henceforth called aAChR and gAChR, respectively),39–42

myogenin and MyoD1,35,43 and PAX3/FKHR19 were as fol-
lows: FMyoD1, 59AGCACTACAGCGGCGACT39; RMyoD1,
59GCGACTCAGAAGGCACGTC39.35 Forward (F) aAChR,
59AAGCTACTGTGAGATCATCGTCAC39, reverse (R) aAChR,
59TGACGAAGTGGTAGGTGATGTCCA39; FgAChR, 59ATCT
CAGTCACCTACTTCCCC39; RgAChR, 59TACTTGCTGATGA
GTGGCACC39; Fmyogenin, 59TAAGGTGTGTAAGAGGAA
GTC39; Rmyogenin, 59TACATGGATGAGGAAGGGGAT39;
FPAX3/FKHR, 59AGCTCACCGAGGCCCGAGT39; RPAX3/
FKHR, 59 AACTGTGATCCAGGGCTGTC39.19

Amplifications were carried out at 65°C for aAChR and
gAChR primers, using 2 U Taq polymerase for the simul-
taneous amplification of the a and g subunit of the AChR,
at 64°C for myogenin primers, and at 60°C for MyoD1
primers and for PAX3/FKHR primers, 35 cycles each.
Primer pairs for GAPDH were used as a control (60°C, 22
cycles).44

Semiquantitative RT-PCR

RNA integrity was confirmed in all samples by the detec-
tion of a 920-bp GAPDH product in ethidium bromide-
stained gels. A semiquantitative PCR was established by
adjusting all cDNAs to equal amounts of GAPDH tran-
scripts. Ethidium bromide staining of the MyoD1, aAChR,
gAChR, myogenin, and PAX/FKHR amplification prod-
ucts revealed bands of the expected molecular size, and
subsequent sequencing of the PCR products in all cases
confirmed that the cDNA fragments were identical to
published MyoD1, AChR subunits, myogenin, and PAX3/
FKHR gene fusion product sequences.19,39–43

Quantification of aAChR and gAChR Transcripts
in Normal Muscle and Rhabdomyosarcomas by
Duplex RT-PCR

The simultaneous amplification of the aAChR and gAChR
genes under identical conditions in one tube allows the
quantification of the transcripts and their relation within
one case. Therefore, we scanned the ethidium bromide-
stained gel photography (Agfa scanner) of RT-PCR prod-
ucts and measured the intensity using the National Institutes
of Health (MacIntosh) software (Figure 1). The ratio of the
absolute intensity for the aAChR and gAChR transcripts,
henceforth called a/g ratio, was @1 in all normal muscles
and ,1 in all RMS. For any given sample these ratios were
highly reproducible with standard deviation ,5%. There-
fore, the determination of the a/g ratio allows a differen-
tiation between normal innervated muscle and RMS.

Cloning and Sequencing of the PCR Products

For sequencing of the PCR products, bands were cut
from agarose gels and DNA was extracted with jet-sorb
(Genomed, Bad Oeynhausen, Germany). Eluted DNA
was cloned into the pGEM-T-vector (Promega, Heidel-
berg, Germany) and the ligation mixture was transformed
in JM 109-competent cells. DNA of recombinant colonies
was isolated by minipreparation45 and sequenced by the
cycle sequencing method using dye terminators and the
ABI 373A sequencer, following instructions of the manu-
facturer (Applied Biosystems, Weiterstadt, Germany).

Southern Blot Analysis

Ten microliters of each PCR product were run on a 1.5%
agarose gel containing ethidium bromide. For hybridiza-
tion, probes specific for the g subunit of the AChR, myo-
genin, and MyoD1 were labeled with (a-32P) dATP from
DuPont (Bad Homburg, Germany) using terminal deoxy-
nucleotidyl transferase (GIBCO). The sequences of the
probes are gAChR (611–635) 59TTGTGGCCAAGAAG-
GTGCCTGAAAC39; MyoD (511–535) 59 AACTGCTAC-
GAAGGC CGCCTACTACA39.

Duplicate samples were tested by RT-PCR and South-
ern blot hybridization and the assays were repeated
twice. PCR products were transferred onto a positively
charged nylon membrane (Hybond N1, Amersham) by
overnight alkaline-capillary blotting, hybridized, and
washed under standard conditions.45 The film was ex-
posed for 6 hours at 270°C.

Results

MyoD1 and g AChR mRNA Are Strongly
Expressed in RMS and Tumors with
Rhabdomyomatous Differentiation

Eighteen RMS were examined applying RT-PCR for
MyoD1 and a/gAChR subunits. In addition, RT-PCR with
PAX3/FKHR-specific primers was applied to unequivo-

Table 3. RT-PCR Results for MyoD1 and a/gAChR in Adult
Nonrhabdomyomatous Tumors, Normal Tissues, and
Normal Muscles

Diagnosis
a/gAChR
RT-PCR

MyoD1
RT-PCR

Adult tumors* 0/18‡ 4/18§

(n 5 18)
Normal tissues† 0/8‡ 3/8§

(n 5 8)
Normal muscles 8/8‡ 8/8

(n 5 8)

*Three carcinomas of the stomach, three of the kidney, three of the
breast, three of the ovary, three of the lung, and three
leiomyosarcomas.

†Brain, heart, liver, lung, lymph node, kidney, stomach, and tonsil.
‡a/gAChR ratio @1
§Detailed in Figures 3 and 4
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cally identify translocation-positive alveolar RMS among
the RMS cases studied. In all RMS, MyoD1 was also
easily detected and transcripts from a/gAChR could be
detected in ratios ,1 in all RMS cases (Figure 2). The
PAX3/FKHR fusion product could be amplified in all al-
veolar RMS but in none of the embryonal RMS. In two
Wilms’ tumors with a rhabdomyomatous differentiation
(case 14744/89 and case 4841/90) (Figure 3 and Table 2)
transcripts from MyoD1 as well as an a/gAChR ratio ,1
could be detected, similar to the results shown in RMS.

gAChR mRNA but Not MyoD1 mRNA Is Absent
from Tumors without Rhabdomyomatous
Differentiation

The expression of MyoD1 and a/gAChR transcripts was
then tested in 28 childhood and 12 adult non-rhabdomyo-
matous tumors. In almost all tumors, transcripts for the
aAChR gene could be amplified, as shown in Figure 3
and Table 2. MyoD1 transcripts could be detected in two
neuroblastomas, two biopsies of one Ewing’s sarcoma
(cases 11633/96-2 and 11633/96-5), and one synovial
sarcoma, and in a muscle infiltrated by a Ewing’s sar-
coma. In adult tumors MyoD1 was found in two prostate
and two renal cell carcinomas. By contrast, the gAChR
mRNA was detected only in a Ewing’s sarcoma biopsy
(case 11633/96-2) containing denervated muscle as
shown previously.34,36 Interestingly, another Ewing’s sar-
coma biopsy from the latter patient, derived from the
vertebral canal and devoid of tumor-infiltrated muscle
(case 11633/96-5), showed no amplification of gAChR
mRNA (Figure 3).

MyoD1 and gAChR mRNA Are Differentially
Transcribed in Normal Muscles and
Normal Tissues

Next we tested eight normal muscles and eight normal
tissues for the transcription of MyoD1 and a/gAChR sub-
units. Transcripts of aAChR could be detected in all
normal muscles (Figure 4), whereas very few transcripts

of MyoD1 were found in normal muscles. In some normal
tissues, MyoD1 transcripts could be amplified, as shown
in Figure 4 and Table 3. By contrast, very few transcripts
of the gAChR were amplified in normal muscles, and they
were totally absent from other normal tissues.

Sensitivity of RT-PCR in Detecting MyoD1 and
AChR mRNA Expression

The usefulness of the RT-PCR technique for the detection
of minimal residual disease or for cytology also depends
on its sensitivity. To determine this, we performed serial
dilutions of TE671 RMS cells with Raji cells to obtain
mixtures of 104, 103, 102, and 1 RMS cell(s) in 106 Raji
cells for RNA extraction. In addition, RNAs extracted from
normal muscle biopsies and from Raji cells were adjusted
to identical mRNA contents according to GAPDH expres-
sion and mixed to make dilutions of 1022 to 1026 muscle
RNA in Raji cell RNA. Duplicate samples were tested by
RT-PCR and Southern hybridization (Figure 5).

Transcripts of MyoD1 were detected in TE671 cells at
concentrations equivalent to 1000 cells in 106 Raji cells.
In normal muscle, MyoD1 mRNA was detected only at
concentrations equivalent to 10,000 cells mixed with 106

Raji cells.

Figure 1. Semiquantitative determination of aAChR and gAChR RT-PCR
products from normal muscles and RMS (a/g ratio). Intensities of aAChR (a,
arrow) and gAChR (g, arrowhead) were measured by scanning densitom-
etry using an Agfa Scanner ARCUS II in normal muscles (Lanes 1–3) and RMS
(Lanes 4–6). Intensities are given as arbitrary intensity units applying the
NIH MacIntosh software. Using these intensity values to calculate a/g ratios,
it was revealed that a/g ratios in normal muscles are @1 and 21 in all RMS.

Table 4. RT-PCR Findings in Bone Marrow Samples
Infiltrated by Different Childhood Tumors including
RMS, Acute Lymphatic Leukemia, Neuroblastoma,
and Ewing’s Sarcoma

Cases PAX3/FKHR a/gAChR Myogenin MyoD1

Bone Marrow 0/26 0/26* 4/26 0/26

BM/RMS (n 5 5) 5/5 5/5† 5/5 0/5
BM/ALL (n 5 4) 0/4 0/4* 2/2 0/4
BM/NB (n 5 8) 0/8 0/8* 2/4 0/8
BM/Ewing’s (n 5 4) 0/4 0/4* 2/4 0/4

Bone marrow was from alveolar RMS patients, free of alveolar RMS,
confirmed by Pax3/FKHR RT-PCR.

BM/RMS, bone marrow infiltrated by alveolar RMS; BM/ALL, bone
marrow infiltrated by acute lymphatic leukemia; BM/NB: bone marrow
infiltrated by neuroblastoma; BM/Ewing’s: bone marrow infiltrated by
Ewing’s sarcoma.

*a/gAChR ratio @1
†a/gAChR ratio ,1
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By contrast, mRNA of gAChR was detected in TE671
cells at concentrations as low as 10 cells mixed with 106

Raji cells. In normal muscle the gAChR mRNA was de-
tected only at concentrations equivalent to or higher than
10,000 cells in 106 Raji cells. Therefore, MyoD1 RT-PCR
is about 100-fold less sensitive than RT-PCR for the g
subunit of the AChR.

Investigation of Bone Marrow Samples
Infiltrated by Various Childhood Tumors

As a prototypical model of minimal disease we investi-
gated retrospectively 47 bone marrow aspiration biop-
sies that were either free of tumor (n 5 26) or infiltrated by
neuroblastomas (n 5 8), Ewing’s sarcomas (n 5 4),
alveolar RMS (n 5 5), or acute lymphoblastic leukemia
(n 5 4). The infiltration by alveolar RMS was verified in 3
cases cytologically and by PAX3/FKHR PCR, and in 2
cases only by the PAX3/FKHR PCR as no tumor cells
could be seen cytologically, indicating a submicroscopic
infiltration. Remarkably, no transcripts of MyoD1 could be
detected in any of the bone marrow samples, including
all those infiltrated by alveolar RMS (Figure 6 and Table
4). By contrast, we found a/gAChR ratios ,1 in all 5 bone
marrow biopsies that were infiltrated by alveolar RMS.
When serial dilutions (1:2, 1:4, 1:8, 1:16, 1:32, 1:64,
1:128, 1:256 in Raji cells) of RNA from RMS-positive bone
marrow aspirates were studied by RT-PCR for fetal AChR
and PAX3/FKHR transcription, both techniques had a
similar sensitivity for the detection of alveolar RMS (leg-
end to Figure 6). In nonrhabdomyomatous tumor sam-
ples, none or very few transcripts (a/gAChR ratio @1)
were detected, suggesting contamination of bone mar-

row samples with normal muscle (Figure 6 and Table 4).
In this part of the study we also investigated the transcrip-
tion of the myogenin gene in the 47 bone marrow aspi-
rates, because myogenin mRNA had not been checked
before for its usefulness as a diagnostic molecular
marker for bone marrow micrometastases. However,
myogenin mRNA could be amplified in bone marrow
samples infiltrated by various childhood tumors other
than RMS including 2 neuroblastomas, 2 Ewing’s sarco-
mas, and 2 acute lymphatic leucemias, as well as in 4
probes free of tumor.

Sensitivity and Specificity of the MyoD1 and
a/gAChR RT-PCR in the Presence of
Muscle Contamination

Inadvertent contamination of fine-needle biopsies or mar-
row trephines with normal muscle adjacent to the site of
interest is a very common finding46 that may impair the
specificity of PCR-based diagnostic approaches.

To investigate how normal muscle contaminating a
RMS tumor sample can influence the MyoD1 signal and
the a/g ratio, we tried to mimic in vivo contamination by
mixing RNA from normal muscle and RMS biopsies in
ratios of 2:1, 4:1, 8:1, 16:1, 32:1, 64:1, 128:1, and 256:1.
Hyperexpression of MyoD1 was already obscured when
RMS RNA was mixed with normal muscle RNA at dilutions
beyond 4:1 (Figure 7). By contrast, the a/g ratio 21 is
detectable even when RMS RNA is diluted with a 128:1
excess of normal muscle RNA (Figure 7) precluding a
false negative diagnosis of normal muscle. This conclu-
sion could be verified in an ex vivo embryonal RMS biopsy

Figure 2. RT-PCR analysis of RMS biopsies with
primers specific for the PAX3/FKHR gene fusion
product, MyoD1 and a/gAChR. Lane 1 5 10162/
97,AR; lane 2 5 15378/89,AR; lane 3 5 17940/
94,AR; lane 4 5 14097/90,AR; lane 5 5 5750/
93,AR; lane 6 5 11421/89,AR; lane 7 5 32931/
88,AR; lane 8 5 18471/96,AR; lane 9 5 7547/
90,ER; lane 10 5 18325/95,ER; lane 11 5 25923/
95,ER; lane 12 5 11563/92,ER; lane 13 5 17285/
90,ER; lane 14 5 11279/87,ER; lane 15 5 7863/
95,ER; lane 16 5 3207/93,ER. AR, alveolar RMS;
ER, embryonal RMS.
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heavily contaminated by skeletal muscle (Figure 8A). Due
to the high constitutive RNA expression of myogenin in
normal muscle,36 no RMS-specific hyerexpression of
myogenin RNA was detectable at any dilution of RMS
RNA mixed with normal muscle RNA (not shown).

On the other hand, normal muscle contaminating a
biopsy derived from a small cell carcinoma of the lung
(Figure 8B) or an intramuscular hemangioma (Figure 8C)
results in an a/g ratio @1, precluding a false positive
diagnosis of RMS. By contrast, MyoD1 transcripts were
detected in the intramuscular hemangioma (Figure 8C) in
quantities similar to those shown in RMS (Figure 8A),
whereas MyoD1 mRNA was not found in the biopsy with
small amounts of contaminating muscle (Figure 8B), due
to the low sensitivity of MyoD RT-PCR.

Discussion

Among RMS, only the alveolar RMS exhibit a character-
istic translocation, t(2;13)(q35;q14), that results in the
gene fusion product PAX3/FKHR and can be detected by
PCR in almost all cases.12–19 Unfortunately such an un-
equivocal, PCR-based marker has not been available for
the rare alveolar RMS lacking these translocations, and
for the majority of RMS that belong to the embryonal
subtype.

In this study we applied a novel duplex PCR-based
method to the simultaneous detection of AChR a and g
subunit message in embryonal and alveolar RMS com-
pared to other childhood and adult tumors. This one-tube
amplification of two different gene products under iden-
tical conditions enables one to compare the amount of
each of the two mRNAs, and we could show that the
a/gAChR ratio was ,1 in all RMS, whereas in normal
muscle the a/gAChR PCR revealed a ratio @1. In all
investigated childhood tumors other than RMS and free of
contaminating normal or neoplastic muscle, no tran-
scripts of the gAChR could be detected. Applying this
highly specific technique, we compared the transcription
of a/gAChR with the transcription of MyoD1 to evaluate
which RNA might be the best molecular marker for the
diagnosis of minimal disease in the majority of RMS that
lack specific translocations. MyoD1 was chosen for com-

Figure 3. Investigation of various childhood and adult tumors other than
RMS with RT-PCR and primers specific for MyoD1 and a/gAChR. Transcripts
for MyoD1 could be amplified in two neuroblastomas (one shown in Lane 1,
case 22064/90), two biopsies of one Ewing’s sarcoma (Lane 5, case 11633/
96-5 and Lane 6, case 11633/96-2) and in two Wilms’ tumors with a rhab-
domyomatous differentiation (one shown in Lane 3, case 14744/89). In adult
tumors MyoD1 was found in one breast (Lane 10), two prostate, and two
renal cell carcinomas (one of each shown in Lane 15 and Lane 16). The
gAChR mRNA was detected only in two Wilms’ tumors wih a rhabdomyo-
matous differentiation (one shown in Lane 3, case 14744/89) and in dener-
vated muscle infiltrated by a Ewing’s sarcoma (Lane 6, case 11633/96-2).
Another Ewing’s sarcoma biopsy from the latter patient, derived from the
vertebral canal and devoid of tumor-infiltrated muscle (Lane 5, case 11633/
96–5), showed no amplification of gAChR mRNA. Most investigated tumors
showed amplification of aAChR.

Figure 4. RT-PCR analysis of MyoD1 and a/gAChR subunit gene transcrip-
tion in normal muscles and normal tissues. Only a few transcripts of MyoD1
and even less of aAChR were found in all normal muscles. In other normal
tissues, MyoD1 transcripts were detected in heart (Lane 9), liver (Lane 12),
and prostate (Lane 16). By contrast, transcripts of the gAChR were totally
absent from other normal tissues, whereas strong transcription of aAChR
could be detected in all normal muscles and very little aAChR mRNA was
detected in all normal tissues.

Figure 5. Sensitivity of RT-PCR for detection of MyoD1 and gAChR. RNA
from TE671 cells were mixed with 106 Raji cells and RNAs extracted from
normal muscle biopsies and from Raji cells were adjusted to identical mRNA
contents according to GAPDH expression and mixed to make dilutions of
1022 to 1026 muscle RNA in Raji cell RNA. PCR products were stained with
ethidium bromide (left) and detected using Southern blot hybridization
(right). The mRNA of gAChR was detected at concentrations as low as 10
TE671 cells in 106 Raji cells, whereas MyoD1 transcripts were detected at a
concentration of 1000 TE671 cells in 106 Raji cells, respectively. In normal
muscle, the gAChR and MyoD1 mRNA were detected at a concentration of
10,000 cells mixed with 106 Raji cells.
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parison with a/gAChR because it is expressed on the
protein level in almost all RMS,6–8 and because a recent
study based on tumor cell lines suggested that MyoD1
might be a promising molecular marker for the diagnosis
of translocation-negative RMS.35

Surprisingly, MyoD1 transcripts were detected not only
in all RMS tested, but also in various nonrhabdomyoma-
tous ex vivo tumor biopsies and in some normal tissues.
This low specificity of MyoD1 mRNA expression is only
somewhat better than the even lower specificity of myo-
genin, as shown previously.36 In addition to this low spec-
ificity, MyoD1 is a much less sensitive marker for RMS
cells than gAChR. This was particularly obvious when we
tested 47 bone marrow aspiration biopsies infiltrated by
various childhood tumors, including five alveolar RMS.
Three among these five samples were diagnosed cyto-
logically and by PAX3/FKHR PCR, whereas the other two
were only detected by PAX3/FKHR PCR, but not cytolog-
ically, indicating a submicroscopic infiltration. In all tissue
known by PAX3/FKHR PCR to be infiltrated by an alveolar

RMS, the a/gAChR duplex PCR showed an a/gAChR ratio
21. MyoD1, however, could be amplified neither from the
PAX3/FKHR PCR-verified samples nor from nonrhab-
domyomatous tumor-infiltrated bone marrow samples.
This indicates a low transcription of the MyoD1 gene and
is in agreement with our finding that the sensitivity of the
MyoD1-RT-PCR is about 100-fold less sensitive than the
RT-PCR for the g subunit of the AChR (Figure 6). By
contrast, myogenin could be found not only in all RMS-
infiltrated bone marrow samples, but also in the majority
of other nonrhabdomyomatous tumor-infiltrated bone
marrow biopsies and in some samples free of tumor
(Figures 3 and 4). This indicates that myogenin mRNA is
not a useful target for the molecular detection of minimal
disease. As a further advantage of the a/gAChR RT-PCR
compared to MyoD1 RT-PCR, we found that only the
a/gAChR ratio can distinguish RMS from a contamination
with normal muscle (Figures 7 and 8A), because even in
the presence of a 128-fold excess of normal muscle RNA
over RMS RNA, the a/gAChR ratio was 21. Furthermore,
contaminating normal muscle in the absence of rhab-
domyosarcomatous tumor cells showed a a/gAChR ratio
@1 (Figure 8, B and C) excluding a false positive diag-
nosis of RMS. This contrasts to the finding that normal
muscle as tumor-infiltrated tissue may lead to positive
PCR results for MyoD1 (Figure 8B), mimicking a RMS.

In summary, the simultaneous detection of the
a/gAChR message by duplex PCR is not only useful in the
accurate diagnosis of difficult primary tumors, but also
appears to warrant further testing for the detection of
micrometastases and minimal residual disease in PAX/
FKHR-negative RMS. Indeed, since the a/gAChR and
PAX/FKHR RT-PCR have a similar sensitivity, the
a/gAChR duplex RT-PCR does not challenge the PAX/
FKHR RT-PCR for the diagnosis of translocation positive
(PAX/FKHR1) alveolar RMS, given that only the PAX/

Figure 6. RT-PCR analysis of pediatric bone marrow aspiration biopsies with
primers specific for the PAX3/FKHR fusion gene product, a/gAChR, MyoD1,
and myogenin. In all bone marrow samples infiltrated by alveolar RMS
(Lanes 1,* 4, 5, 7 and 8), transcripts of PAX3/FKHR, a/gAChR, and myoge-
nin were detected in similar quantities. In contrast to PAX3/FKHR and
gAChR, myogenin and aAChR transcripts were found in, respectively, two
bone marrow samples infiltrated by neuroblastomas (Lanes 10 and 11),
Ewing’s sarcomas (one shown in Lane 12) and two acute lymphatic leuke-
mias (one shown in Lane 13), as well as in four probes free of tumor (two
shown in Lanes 14 and 15). No transcripts of MyoD1 were detected in any
of the bone marrow samples including all probes infiltrated by alveolar RMS.
*Lane 1: This bone marrow sample infiltrated by alveolar RMS was used for
dilution experiments and following RT-PCR with primers specific for PAX/
FKHR and a/gAChR. Both techniques had a similar sensitivity for the detec-
tion of alveolar RMS.

Figure 7. Determination of the sensitivity of the MyoD1 RT-PCR compared
to the a/gAChR duplex RT-PCR for detection of RMS in the presence of
muscle contamination. Normal muscle RNA was mixed in dilutions of 2:1,
4:1, 8:1, 16:1, 32:1, 64:1, 128:1, and 256:1 with RMS RNA (case 17940/94).
Hyperexpression of MyoD1 was already obscured when RMS RNA was
mixed with normal muscle RNA at dilutions weaker than 4:1. By contrast, an
a/gAChR ratio ,1 was still detectable in the 128:1 dilution, indicating that
RMS cells can be detected by the a/gAChR RT-PCR even when 99% of the
RMS-containing biopsy consists of normal muscle.
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FKHR approach is absolutely specific for PAX/FKHR1
RMS. In contrast to recently published results,35 MyoD1,
a highly specific marker for RMS at the protein level, does
not appear to offer any advantage in the PCR-based
diagnosis of RMS in vivo; it is transcribed in nonrhab-
domyomatous tumors and in some normal tissues, re-
veals a sensitivity too low for the detection of minimal
residual disease, and cannot distinguish between rhab-
domyomatous cells and normal muscle. We conclude
from our findings, therefore, that future studies should
compare the duplex a/gAChR PCR described here with a
MyoD1-directed nested PCR approach, which may com-
bine the higher specificity of the former with the possibly
higher sensitivity of the latter. Finally, the perspective of
the duplex a/gAChR RT-PCR described here to apply it to
the diagnosis of translocation-negative alveolar RMS is
obvious but requires future study for confirmation.
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