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ABSTRACT The myogenic basic helix-loop-helix proteins are essential components of the regulatory network controlling vertebrate myogenesis. However, determined myoblasts appear in the limb buds which do not initially express any member of this transcription factor family. In a search for potential novel regulators of myogenesis, a human PAX-7 cDNA was isolated from primary myoblasts. Analysis of the DNA-binding properties of the Pax-7 paired domain revealed that it binds DNA in a sequence-specific manner indistinguishable from that of the paralogous Pax-3 protein. Each of the two proteins also binds to palindromic homeodomainbinding sites by cooperative dimerization. Both Pax-3 and Pax-7, which are known to partially overlap in their expression during development, can also efficiently form heterodimers on these sites and stimulate reporter gene transcription in transient transfection experiments which, in the case of Pax-7, is dependent on the transactivation function encoded by the C-terminal sequences. Thus, the formation of heterodimers might have important consequences for target gene recognition and regulation during development. PAX-7 was found to be weakly expressed in normal human myoblasts, while PAX-3 could not be detected in these cells at all. However, transcripts for either PAX-3 and/or PAX-7 were expressed at elevated levels in tumorigenic rhabdomyosarcoma cell lines. Hence, overexpression of these PAX genes may be involved in the genesis of myogenic tumors.



INTRODUCTION Myogenesis is a multistep process during which pluripotent stem cells are committed to the myogenic lineage and subsequently are induced to express many muscle specific genes. Expression of these genes is, in part, regulated by a cis-regulatory DNA motif called the E box (CANNTG), which can be bound by the transcription factors myoD (myf3), myogenin (myf4), myf5 and *To whom correspondence should be addressed
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MRF4 (myf6) of the myogenic basic helix-loop-helix (bHLH) protein family (for review, see ref. 1,2). Recent gene targeting experiments in mice demonstrated that mice lacking either both myoD and myf5, or myogenin alone display severe skeletal muscle deficiencies (3-5) which underscores the importance of this family of transcription factors for myogenesis. In addition, these experiments placed myoD and myf5 upstream of myogenin in a possible transcriptional hierarchy (6). The myogenic bHLH factors have furthermore the potential to convert several nonmuscle cell types to the muscle phenotype upon ectopic expression (7). However, expression of these factors does not necessarily lead to the activation of the myogenic program in all cells as has been shown for the cell lines HeLa or HepG2 (7,8). In these cells, the expression of muscle specific genes can, however, be induced by cell fusion with myoblasts. In addition, there is substantial evidence for the existence of committed myogenic cells in limb buds of vertebrate embryos that do not express any of the myogenic bHLH regulators (9,10). Such observations led to a search for additional regulators involved in the establishment of the myogenic lineage and muscle specific gene expression. Indeed, a family of four gene products called myocyte enhancer factor 2 (MEF2) (11) has been described that contain the MADS domain (12) and that are able to bind an A/T rich DNA motif found in several muscle specific genes. Homeodomain proteins which represent another important family of transcription factors are known to play key roles in the establishment of body axes and the regulation of developmental programs. So far little is known about homeobox containing genes expressed during myogenesis. One gene, called MHox, has been reported to bind to an essential site in the enhancer of the muscle creatine kinase gene (13). The expression pattern of MHox suggests, that the gene product may be involved in the specification of somites (14). In addition, two members of the Pax gene family, Pax-3 and Pax-7, comprising both a paired domain as well as a paired-type homeodomain, are expressed in the dermomyotomal part of the somites, from which muscle cells derive in the developing mouse embryo (15,16). Both genes are also transcribed in the dorsal region of the neural



Nucleic Acids Research, 1994, Vol. 22, No. 22 4575 tube as well as in specific brain regions. In somites, transcripts begin to accumulate between day 8.5 (Pax-3) and day 9 (Pax-7). Later, during somite maturation, Pax-3 expression becomes confined to the ventrolateral part of the dermomyotome (17). Whereas the expression of Pax-3 and Pax-7 is overlapping in the somitic region, only Pax-3 expression persists in prospective myoblasts migrating from the somitic dermomyotome into the limb buds (18). Notochord transplantation experiments indicated that signals from the notochord determine the expression pattern of Pax-3 and Pax-7 in somites and alter the subsequent differentiation of cell types, including muscle cells, arising from the somitic mesoderm (17,19) These experiments suggest that Pax genes might play an important role in the development of limb muscles. The Pax genes constitute a family of nine genes in the mammalian genome (for review see ref. 20,21) They have been subdivided into six classes based on sequence homology (22). Recent evidence suggests that Pax proteins can act as transcription factors, since specific DNA binding as well as transactivation has been shown for a number of Pax proteins (reviewed in 23). Three products of Pax genes have been associated with mouse developmental mutants, namely Pax-l with undulated (24), Pax-3 with Splotch (25) and Pax-6 with Small eye (26). Furthermore, mutations in the human PAX-3 and PAX-6 genes cause Waardenburg's syndrome (27-29) and aniridia (30,31), respectively. In addition, the PAX-3 gene has been shown to be altered by a specific translocation, t(2; 13)(q35;q 14), in alveolar rhabdomyosarcoma, leading to a chimeric gene product between PAX-3 and a novel member of the fork head family of transcription factors (32). Together these data suggest that Pax genes are important regulators of developmental processes. To study the role of PAX-7 in the establishment of the myogenic lineage, we have isolated and characterized a human PAX-7 cDNA. Here we show that PAX-7 is expressed at low levels in primary human myoblasts and at elevated levels in cell lines derived from rhabdomyosarcomas. Analysis of the DNA binding and transactivation properties of the PAX-7 protein demonstrated that PAX-7 is a sequence-specific transcription factor expressed during human myogenesis.



MATERIALS AND METHODS Cell lines and primary cultures Human rhabdomyosarcoma cell lines A673 and RD were obtained from American Type Culture Collection (Rockville, MD), and the cell lines RhI, Rhl8 and Rh3O were a generous gift of Dr P.Houghton. Primary human myoblasts were isolated from autopsy material (gastrocnemius) of a 6 month old boy as described (33). To obtain pure myoblast cultures, cells were cloned in 96 well microtiter plates subsequent to isolation and tested for cell fusion by switching from growth media (GM: Ham's F-10, 15% fetal calf serum) to fusion media (FM: DME, 2% horse serum, 2.5 x 10-6M dexamethasome, 10-6M insulin). The murine plasmacytoma cell line J558L was obtained from Dr U.Chen. Isolation and sequencing of a human PAX-7 cDNA RNA was isolated from primary human myoblasts (clone B6M/7) according to Chirgwin et al. (34). Three micrograms of total RNA were reverse transcribed with a mixture of random hexamers and oligo(dT) using Moloney murine leukemia virus reverse transcriptase (Superscript, Life Technologies). 1/20th of



this reaction was used as template for a polymerase chain reaction (PCR) with the degenerated primers HoxF and HoxG. PCR was performed for 30 cycles at 94°C for 1 min, 50°C for 1 min and 72°C for 90 s. PCR products of the correct size were subcloned into the EcoRI/BamHI site of pBluescript SK+ and sequenced using the T7 sequencing kit (Pharmacia) according to the supplier's instruction. For rapid amplification of cDNA 5' ends (5' RACE; 35), RNA was reverse transcribed with random hexamers as described above. A polyA tail was added with terminal transferase and two subsequent rounds of amplification carried out, using an annealing temperature of 58°C and primers M3-lREV/M3-lREVI as sequence specific primers. A single band of -900 bp was obtained, gel purified (Geneclean, BiolO1) and subcloned into the BamHIIHindlI sites of pBluescript SK+. The 3' RACE was performed with cDNA obtained by reverse transcription with the oligonucleotide RACEtot (35) . In order to enhance the yield of PCR products, 5 mM MeHgOH and 30 mM 3-mercaptoethanol were added to the reaction. After amplification with gene specific primers M3-lFOR/M3-lFORI, a number of bands were obtained, gel purified and subcloned as described above. Sequencing identified B2-5 as the longest cDNA clone (681 bp). The longest 5' and 3' RACE products (E1-9 and B2-5) were combined taking advantage of a common StuI site in primer M3-1FORI yielding cDNA clone D8 which was sequenced on both strands. To verify the sequence of the cloned cDNA, overlapping RT-PCR products covering the entire open reading frame were generated and directly sequenced. We found a discrepancy at two positions (position 1046 C to T and position 1310 G to A) between the direct sequencing and the cDNA clone D8. In Figure 1, the bases determined by direct sequencing are shown, assuming that clone D8 contains two base exchanges due to Taq polymerase errors. PCR cloning of the murine Pax-3 cDNA has been described (36). Oligonucleotides Oligonucleotides and their sequences are as follows: HoxF, CACGAATTCCG(A/C)CG(A/C)(G/A)(C/G)(C/T)CG(C/G)ACC(G/A)C(C/G)TT(C/T)AC; HoxG, CGTGGATCC(G/C)CG(G/C)CGGTT(C/A)(T/C)(C/A)GAACCA; M3-1FOR, GGCCGAGCAGCTGGAGGAG; M3- iFORI, CACGAATTCCTGGAGAAGGCCTTTGAGAGG; M3-lREV,GACCTGCACACGCGCCTCT; M3-lREVI, CGTGGATCCCCATTGATGAAGACCCCTC. All oligonucleotides used for EMSA were previously described (36,37) except for the H2A-17C oligonucleotide (TGTGACGCAGCGGTGCGTGACGACTT). RNase protection and Northern blot analysis PAX-3 and PAX-7 transcripts were detected in 0.5 jg polyA+ RNA (rhabdomyosarcoma cells) or 10 ,^g total RNA (primary myoblasts) by RNase protection analysis (RPA 11 Kit, Ambion) as described by the manufacturer. The human PAX-7 probe was obtained by cloning a blunt-ended 302 bp Asp7l8-BstXI fragment from clone D8 into the SalI site of pSP64. For the generation of the human PAX-3 probe a blunt ended 152 bp Asp718 -HincH fragment was cloned into the SalI site of pSP64. Both plasmids were linearized with EcoRI in order to synthesize a-32P-dUTP labeled antisense RNA (MAXIscript, Ambion). The internal reference used as probe was a 267 bp XbaI -MscI glyceraldehyde-phosphate-dehydrogenase (GAPDH) fragment in pSP65, which was linearized with BstXI resulting in a 90 bp protected fragment. Northern blot analysis was carried out according to standard procedures (38). For PAX-7, the entire
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insert of clone D8 was used. For the myogenic factors, the following 3' end fragments were gel purified and labeled with 32P-dATP by random priming (Prime-a-Gene, Promega) in order to avoid cross-hybridization with other myogenic factors in the conserved basic helix-loop-helix region: a 800 bp EcoRI fragment of myf3, a 890 bp EcoRI-PstI fragment of myf4, a 650 bp EcoRI-SphI fragment of myf5 and a 600 bp EcoRI-XhoI fragment of myf6. RNA molecular standards (Boehringer) were used to estimate the sizes of the transcripts.



EMSA and transactivation assays The different cDNAs used in this study were cloned in the sense orientation downstream of the cytomegalovirus (CMV) enhancer/promotor region and the SP6 promoter of the expression vector pKW10 (39). For the construction of PAX-7A an internal PstI site was used to delete the C-terminal sequences. For EMSA either whole cell extracts from transiently transfected COP-8 cells or in vitro translated protein was used as described (36). For the transactivation assays, the reporter and transactivator plasmids (3 and 1 yg, respectively) were cotransfected transiently into J558L cells by electroporation. After three freezing/thawing cycles and a final centrifugation step, the supernatant was used to determine the luciferase activity. The reporter plucTKCD19 was constructed by inserting multimerized CD19-2(A-ins) oligonucleotides (36) upstream of the TK promoter of plucTK. The plasmid lucTK was constructed by inserting a TK promoter fragment from -109 to +52 of the herpes simplex virus upstream of a luciferase reporter gene in the pSP64 vector.



RESULTS Isolation of a human PAX-7 cDNA To date, little is known about the expression and the role of homeobox-containing genes during myogenesis in mammals. In Drosophila it was shown that the expression of one homeobox protein, S59, is restricted to a subset of myogenic precursor cells (40). In order to identify homeobox proteins expressed during mammalian myogenesis, we have used degenerated oligonucleotides in a polymerase chain reaction (PCR) to amplify homeobox sequences from human primary muscle cells. These experiments yielded several new homeobox sequences, one of which represented a new member of the POU family of homeobox proteins (41). In the same experiment, a cDNA clone of 157 bp was isolated (clone F-G-3), which showed a high degree of identity to the mouse Pax-7 homeobox. To obtain a full-length cDNA, several rapid amplification of cDNA ends (RACE) experiments were performed using primers derived from the sequence of clone FG-3 and RNA isolated from primary human myoblasts (see Fig. IB). In two independent 5' RACE experiments yielded the same 5' end sequences, leading us to conclude that we have reached the 5' end of the transcript. In contrast, various fragments were obtained from the 3' end. The PAX-7 cDNA, depicted in Figure 1A, was assembled from the longest cDNA clones and contains an open reading frame of 467 amino acids which has an overall homology of 92 % compared with the known region of mouse Pax-7 protein. The 3' end of the cDNA lacks, however, a stop codon. Comparison with the mouse Pax-3 sequence suggests that only six amino acids may be missing from the full-length coding region (Fig. 2). The first AUG which is in good agreement with the Kozak consensus sequence (42) was chosen as the translation start site. In addition, sequence comparison with the mouse and



human PAX-3 proteins shows that the equivalent methionine has been assigned as the translation start site. The paired domain and the paired-type homeodomain show an exceptionally high degree of identity between PAX-3 and PAX-7 at the amino acid level (85.5 and 96.7%, respectively), whereas the C-terminal halves of both proteins are only 35.1% identical. Six additional nucleotides leading to the insertion of the two amino acids glycine and leucine were found in the C-terminal part of the paired domain in our cDNA clone when compared with the partial mouse Pax-7 cDNA sequence (15) and the partial human PAX-7 sequence derived from genomic DNA (43). This insertion is due to the use of an alternative 3' splice site upstream of exon 3, and analysis of PCR products spanning this splice junction confirmed the equivalent use of both splice sites in human myoblasts (data not shown). The C-terminal half of PAX-7 is very rich in serine, proline, alanine and glycine which represent 48.5% of all amino acids in this region, suggesting the presence of a possible transactivation domain (see below). Together these data demonstrate that we have cloned, from human myoblasts, a cDNA coding for almost full-length PAX-7, thus allowing the molecular characterization of the corresponding protein.



DNA-binding properties of the PAX-7 protein The paired domain and the paired-type homeodomain of PAX-7 are almost identical to those of PAX-3. We would therefore expect that the DNA-binding properties of the two proteins are similar, but distinct from those of other Pax proteins like BSAP (PAX-5). To test this hypothesis, we synthesized all three Pax proteins by in vitro translation and then quantitated the relative protein concentrations by PhosphorImager analysis (Fig. 3A). Adjusted protein amounts were used for electrophoretic mobility shift assays (EMSA) to determine the relative DNA-binding affinities of the three Pax proteins. A high affinity binding site for BSAP [CD 19-2(A-ins)] was used as a probe which is known to be recognized by the paired domains of all main subfamilies of Pax proteins (36). The results in Figure 3B show that BSAP binds to this site at least with a 10-fold higher affinity than both Pax-3 and PAX-7. No difference in binding efficiencies was observed between Pax-3 and PAX-7. To test the specificity of DNA-binding displayed by PAX-7, extracts of COP-8 cells overexpressing the three Pax proteins were analyzed by EMSA with a panel of paired domain recognition sequences. As previously shown (36), PAX-5 bound to all of these sequences, albeit with different efficiencies. In contrast, the more divergent paired domains of Pax-3 and PAX-7 interacted only with a subset of the recognition sequences (Fig. 3C). All of these sites show a perfect match in the 3' consensus motif and belong to the class II sequences defined by Czerny et al. (36). Interestingly, no difference in binding specificity was observed between Pax-3 and PAX-7. We conclude therefore, that Pax-3 and PAX-7 recognize similar, if not identical, DNA sequences and that optimal binding sites for Pax-3 and PAX-7 must differ from those of BSAP (PAX-5). It has recently been demonstrated that Drosophila paired-type homeodomains are able to mediate cooperative dimerization on palindromic DNA sequences (37). To test whether the vertebrate Pax-3 and PAX-7 proteins are able to display the same cooperative dimerization, the full-length proteins including the homeodomain and paired domain were subjected to EMSA. As control, a paired domain binding site (H2A-17C) was used, which has previously been shown to be recognized only by monomeric -Pa--x- proteins (39). Binding of Pax-3 and PAX-7 to the palindromic
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Figure 1. Sequence and structural organization of the human Pax-7 cDNA. (A) cDNA and deduced amino acid sequence for PAX-7. The conserved paired box (PD), the paired-type homeobox (HD) as well as the region containing the transactivation domain (TA) are boxed. Arrowheads indicate the positions of known introns (43). The beginning of the fourth exon was shifted by six bases to accomodate the two additional amino acids (highlighted by block overlay) found in the cDNA. The sequence was verified and corrected at two positions (1046 and 1310) by direct sequencing of overlapping PCR products. (B) Schematic representation of the PAX-7 cDNA cloning by RACE. cDNA products which were obtained in independent experiments are shown. The two longest cDNAs (I11-9 and B2-5) were used for compilation of the sequence and for reconstruction of the entire reading frame in clone D8 by fusion at the common StuI site. Filled and hatched boxes represent the paired domain and homeodomain, respectively.



P2 site, which is recognized by the paired-type homeodomain (37), revealed an additional complex of lower electrophoretic mobility, which results from dimer formation (Fig. 4A). This experiment indicates that vertebrate Pax-3 and PAX-7 proteins are able to cooperatively dimerize on palindromic recognition sequences most probably via the homeodomain, as has been shown for the Drosophila Paired protein (37).



Since Pax-3 and Pax-7 show an overlapping expression profile during mammalian development, we investigated whether they are capable of forming heterodimers by binding to the P2 site. For this purpose, we constructed a PAX-7 deletion mutant (PAX-7A) by eliminating the last 126 C-terminal residues, thus leaving both DNA binding domains intact. This truncated PAX-7 cDNA clone was either expressed on its own or in combination
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Figure 2. Sequence comparison of human and mouse Pax-7 and Pax-3 amino acid sequences. The entire sequence of the human PAX-7 protein is shown, while only those amino acids differing from human PAX-7 are indicated for the other protiens. Gaps were introduced in the sequences for optimal alignment and are shown by dots. The paired domain as well as the paired-type homeodomain are drawn in bold. The asterisk denotes the stop codon found in the mouse Pax-3 cDNA.



with full length Pax-3 in transiently transfected COP-8 cells. As shown by the EMSA analysis in Figure 4B, a complex of intermediate mobility is formed which corresponds to a heterodimer of Pax-3 and PAX-7. Hence, Pax-3 and PAX-7 can efficiently heterodimerize on palindromic recognition sequences.



PAX-7 can act as a transactivator As Pax-3 and PAX-7 display similar DNA binding properties, we wanted to test whether their transactivation potential would also be alike. To this end, Pax-3 and PAX-7 expression constructs were transfected into the plasmacytoma line J558L, which does not express any endogenous Pax proteins (data not shown). As a reporter gene we used a construct containing six copies of the CD 19-2 (A-ins) site upstream of a TK promoter linked to a luciferase gene. Cotransfection of this reporter construct with an expression vector for Pax-3 consistently resulted in a 6-fold increase in luciferase activity, when compared to the expression vector pKW1O alone (Fig. 5). PAX-7 exhibited in the same assay a 3-fold induction of luciferase activity above basal level. The transcriptional stimulation was completely lost, if the PAX-7 deletion mutant (PAX-7A) lacking the C-terminal sequences was used instead of the full-length cDNA. These experiments suggest that PAX-7 like Pax-3 can act as transcriptional activator in vivo. Furthermore, the transactivation domain resides within a region of 126 amino acids of the PAX-7 C-terminus. PAX-7 is expressed in human myogenic cells In situ hybridization experiments have previously revealed expression of the mouse Pax-7 gene in the ventricular zone of the neural tube and the dermomyotome of the somites during embryogenesis (15). Since we have isolated the PAX-7 cDNA from primary human myoblasts, and since expression of PAX-3 has previously been reported in human rhabdomyosarcoma cells, we compared the expression pattern of PAX-7 during normal human myogenesis and in tumorigenic rhabdomyosarcoma cells with that of PAX-3. To this end, we performed RNase protection experiments using N-terminal sequences of PAX-3 and PAX-7 as probes. Primary human myoblast cells, derived from satellite cells, were cultivated in media containing high levels of mitogens (GM). To induce muscle differentiation, the cells were switched



to low mitogen medium (FM) for different periods. As shown in Figure 6A, PAX-7 specific message could be found in primary human myoblasts at constant low levels throughout the differentiation period examined. In contrast to PAX-7, we found no expression of PAX-3 in these primary neonatal myoblasts. The expression pattern seen in normal cells was then compared to two human rhabdomyosarcoma cell lines. Transcripts for both PAX-3 and PAX-7 were found at high levels in A673 and RD cells. These results were corroborated by RT-PCR assays which showed essentially the same expression pattern (data not shown). We therefore conclude that the rhabdomyosarcoma cell lines tested express both PAX-3 and PAX-7 at elevated levels, whereas primary myoblasts show only low levels of PAX-7 expression and no expression of PAX-3. The expression of Pax-7 in the somites during mouse embryogenesis as well as the fact that Pax genes can act as transcriptional regulators make it plausible that they are involved in the network regulating myogenesis. We have therefore compared the expression pattern of PAX-3 and PAX-7 to the expression of the myogenic bHLH proteins (myf3 -myf6). Primary myoblasts were found to contain myf3 (myoD) mRNA at similar levels throughout differentiation, myf4 (myogenin) levels increased upon differentiation, whereas myf5 levels were dramatically reduced (Fig. 6B). No myf6 transcripts could be detected in any of the myoblast cultures analyzed. The rhabdomyosarcoma cell line RD expressed myf3 and myf4, whereas no transcripts of the myogenic bHLH genes were found in A673 cells. To determine the size of the human PAX-7 mRNA, we performed Northern blot experiments with the two rhabdomyosarcoma cell lines expressing high levels of PAX-7 mRNA. A transcript of 7.2 kb length could be detected in both A673 and RD cells (data not shown), indicating that the human PAX-7 mRNA is larger than the 4.9kb mouse Pax-7 transcript (15).



DISCUSSION Pax genes are important regulators of developmental processes. Here, we isolated a cDNA coding for the human PAX-7 protein. Characterization of this protein demonstrated that it can act as
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Figure 3. DNA binding of the PAX-7 paired domain. (A) BSAP (PAX-5), PAX-7 and Pax-3 were synthesized in vitro and analyzed by SDS-PAGE followed by autoradiography. The positions of the marker proteins are indicated at the left. (B) The concentrations of the different in vitro translated peptides were adjusted according to PhosphoImager quantification and binding to the CD19-2(A-ins) oligonucleotide was analyzed by EMSA. (C) Binding of different Pax proteins to a panel of BSAP recognition sequences. The Pax proteins were expressed by transient transfection in COP-8 cells, and whole cell extracts were analyzed by EMSA with the labelled oligonucleotides corresponding to known BSAP recognition sequences (36). The definition of class I and class II binding sites has been described by Czemny et al. (36).



a transcription factor through binding to specific DNA sequences. PAX-3 and PAX-7, which are closely related to each other and constitute a subclass of Pax proteins (44), both recognize DNA in a similar, if not identical, manner which is clearly different from PAX-5 (BSAP) representing a different subclass. Furthermore, Pax-3 and PAX-7 show transcriptional activity with the same reporter construct in transient assays. This might have important consequences for the regulation of target genes in vivo. Interestingly, Pax-3 and Pax-7 have a partially overlapping expression pattern during both mouse and chicken development. Both genes are expressed in the ventricular zone of the neural tube and in the dermomyotome of the developing somite. However, the presumptive precursor myoblasts migrating from the somites into the limb buds appear to express only Pax-3 and



not Pax-7 (17,19) Interestingly, these cells are absent in homozygous Splotch embryos lacking a functional Pax-3 protein. As a result, limb muscles in these mice are lost (17,19,45) It would be interesting to see, whether ectopic expression of Pax-7 in the migratory cells of a Splotch mouse could rescue the defective phenotype. Analysis of the sequence specificity of Pax-3 and PAX-7 revealed a strict preference of the paired domain for class II binding sites, which contain only the 3' half site of the consensus recognition sequence for BSAP (PAX-5). We showed previously that this interaction critically depends on the N-terminal subregion of the paired domain, but not on C-terminal sequences (36). As the C-terminal sequences in the paired domains of Pax proteins are highly conserved between Drosophila and vertebrates, it is
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Figure 4. Cooperative dimerization of Pax-3 and PAX-7. The indicated proteins were overexpressed in COP-8 cells, and whole cell extracts were analyzed by EMSA with the H2A-17C and P2 oligonucleotides (A) and only the P2 oligonucleotide (B). Monomeric and dimeric complexes are indicated as ln and 2n, respectively. An asterisk marks the heterodimeric complex formed between PAX-7A (amino acids 1-341) and full-length Pax-3. The sequence of the palindromic homeodomain-binding site P2 (37) is shown in the bottom part of the figure.



likely that this region of Pax-3 and PAX-7 also functions in DNA sequence recognition, albeit with a different sequence specificity than PAX-5. This would imply the existence of a different set of class I binding sites for this subfamily. The PAX-7 cDNA, which we isolated from myoblasts, contains a small insertion within the C-terminal region of the paired domain that has not been observed so far in any other Pax protein. This insertion of two amino acids results from the preferental use of an alternative 3' splice site in myoblasts. Similar alternative splice products giving rise to small in-frame insertions within the paired domain have been observed for Pax-6 and Pax-8 (46,47). In both cases these insertions result in a dramatic reduction of the DNAbinding activity of the paired domain (Kozmik et al., in preparation). In contrast, PAX-7 containing the two amino acid insertion does not exhibit any differences in DNA binding, when compared to Pax-3 lacking this insertion. As argued above, the PAX-7 binding sites identified in our analysis are not recognized by the C-terminal half of the PAX-7 paired domain. The two amino acid insertion in the PAX-7 paired domain may, however, have severe effects on the recognition of class I binding sites, if they exist at all for PAX-7. Our DNA-binding analysis have furthermore demonstrated that PAX-7 and Pax-3 are able to cooperatively dimerize on
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Figure 5. The transactivation domain of PAX-7 resides in the C-terninus. The reporter gene lucTKCDl9 (3 ,ug), the indicated expression plasmids (1 /g) and CMV-CAT (0.2 yg) were cotransfected into the plasma cell line J558L. The relative luciferase activity was standardized to the CAT activity of the reference gene CMV-CAT. All transfection experiments were repeated at least five times and the results of separate experiments were combined by normalizing the values to the luciferase activity obtained with Pax-3. Note that the CD19-2(A-ins) sites present in the promoter of the reporter gene lucTKCD19 (shown in the bottom part) are low affinity binding sites for Pax-3 and PAX-7 (Fig. 3A) which may explain the relatively low transactivation by these proteins.



palindromic homeodomain binding sites as previously shown for the Drosophila Paired protein (37). The potential for this interaction is therefore highly conserved in evolution, although other homeodomain-containing Pax proteins such as Pax-6 do not show this behavior (Czerny et al., in preparation). Furthermore, we provide the first evidence that Pax-3 and PAX-7 can form heterodimers on these sites. In particular, heterodimer formation between these two proteins appears to be favoured over homodimer formation (Fig. 4B). This finding has important implications for target gene activation by Pax-3 and Pax-7 in cells expressing both proteins (see above). We have demonstrated that PAX-3 and PAX-7 are expressed in two rhabdomyosarcoma cell lines RD and A673 at higher levels than in normal myoblasts. Interestingly, the cell line A673 lacks transcripts coding for the myogenic bHLH proteins. Previously, expression of myf3 (myoD) has been suggested as a marker for rhabdomyosarcoma cells (48). The expression of PAX-3 and PAX-7 in A673 cells in the absence of myf3 expression suggests, that these Pax genes might be useful additional markers for tumors of small round cell histology and may be able to identify less
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Figure 6. Expression of PAX-7 and PAX-3 genes in human myogenic cells in comparison to the expression of the myogenic bHLH transcripts. (A) RNase protection analysis of PAX-7, PAX-3 and glyceraldehyde phosphate dehydrogenase (GAPDH) mRNA were performed with 0.5 1tg poly(A)+ RNA isolated from the human myogenic cell lines indicated. RNA probes are described in detail in Materials and Methods. The autoradiograph of the GAPDH experiment was exposed for only 4 h, compared to 2 days for those of PAX-7 and 4 days for PAX-3. mb-GM are primary human myoblasts cultured in growth medium; mbFM2d and mb-FM4d are the same cells grown in fusion media for 2 and 4 days, respectively. (B) Northern blot analysis of myogenic basic helix-loop-helix transcripts with total RNA (10 jig) of the indicated cells. In order to avoid crosshybridization, only probes containing sequences outside the common helix-loophelix region were used (see Materials and Methods). No signals could be detected in any of the cells with the myf6 probe. The ,B-actin probe used is also detecting a-actin mRNA which serves as a marker for differentiation. All autoradiographs were exposed for 18 h, except for that of (3-actin which was exposed for 4 h.



differentiated cells of myogenic origin. We have screened three additional rhabdomyosarcoma cell lines (Rh 1, Rh 18 and Rh3O), which all have been reported to express myf3 (49), and found



high expression levels of PAX-3 and/or PAX-7, thus supporting the notion that these Pax genes are expressed in both embryonal (RD, Rhi) and alveolar (Rhl8, Rh3O) rhabdomyosarcomas (data not shown). A specific chromosome translocation, t(2; 13), resulting in the fusion of PAX-3 to a fork head domain gene (FKHR) has been implicated in the genesis of alveolar rhabdomyosarcoma (32,50,51). Recently, the PAX-7 gene has been localized to human chromosome lp36 (21,52), and subsequently two cases of alveolar rhabdomyosarcoma have been identified with a translocation t(l; 13)(p36;q14) resulting in the generation of a similar fusion protein between PAX-7 and FKHR (53). However, in these experiments the expression levels of the fusion transcripts have not been compared to those of PAX-3 and PAX-7 in normal myoblasts. Here we show that PAX-3 and/or PAX-7 are expressed at higher levels in rhabdomyosarcoma cells. Interestingly, ectopic expression of Pax-3 itself in mouse or rat fibroblasts can lead to transformation (54). It is therefore tempting to speculate, that the overexpression of the PAX-3 or PAX-7 protein per se could be implicated in the genesis of rhabdomyosarcomas. In the case of embryonal rhabdomyosarcoma alterations in the transcriptional machinery could lead to overexpression of the PAX genes, whereas in alveolar rhabdomyosarcoma the generation of a fusion protein could lead to the deregulated expression of PAX-3 and PAX-7, for example through removal of potential negative regulatory elements or the insertion of an additional enhancer originating from the fork head domain (FKHR) gene. We are currently testing this model by overexpressing Pax-7 and Pax-3 in myoblasts to determine, if overexpression leads to transformation and a concommitant block of differentiation, as has been shown for other oncogenes like ras, jun or src (42). Alternatively, the elevated expression levels of PAX3/7 found in rhabdomyosarcoma cells might reflect a partial reversion to an earlier embryonal phenotype in these tumors. The isolation of a PAX-7 cDNA will now enable use to directly investigate the role of this transcription factor in normal and malignant myogenesis.
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