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Transcriptional modulation of the anti-apoptotic protein BCL-XL by the paired box transcription factors PAX3 and PAX3/FKHR Christiane M Margue2,4, Michele Bernasconi1,4, Frederic G Barr3 and Beat W SchaÈfer*,1 1
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The aberrant expression of the transcription factors PAX3 and PAX3/FKHR associated with rhabdomyosarcoma (RMS), solid tumors displaying muscle cell features, suggests that these proteins play an important role in the pathogenesis of RMS. We could previously demonstrate that one of the oncogenic functions of PAX3 and PAX3/FKHR in RMS is protection from apoptosis. BCL-XL is a prominent anti-apoptotic protein present in normal skeletal muscle and RMS cells. In the present study, we establish that BCL-XL is transcriptionally modulated by PAX3 and PAX3/FKHR, since enhanced expression of both PAX proteins stimulates transcription of endogenous BCL-XL mRNA in a cell type speci®c manner. Further, we present evidence that both PAX3 and PAX3/FKHR can transcriptionally activate the Bcl-x gene promoter in cotransfection assays. Using electrophoretic mobility shift assays, an ATTA binding site for PAX3 and PAX3/FKHR could be localized in the upstream promoter region (position 742 to 739). Finally, ectopic overexpression of either PAX3, PAX3/FKHR or BCL-XL can rescue tumor cells from apoptosis induced by antisense treatment. These results suggest that at least part of the anti-apoptotic e€ect of PAX3 and PAX3/FKHR is mediated through direct transcriptional modulation of the prominent antiapoptotic protein BCL-XL. Oncogene (2000) 19, 2921 ± 2929. Keywords: apoptosis; BCL-XL; PAX transcription factors; rhabdomyosarcoma Introduction There is strong evidence that apoptosis plays a major role in carcinogenesis, since anti-apoptotic genes can functionally contribute to formation of tumors or modulate tumor size (Naik et al., 1996). Hence, factors regulating the expression levels of survival proteins are likely to play a crucial role in tumorigenicity. Rhabdomyosarcoma (RMS) is a soft-tissue sarcoma with characteristic features of myogenic cells that presents mainly in paediatric patients. RMS can be classi®ed in two main histological subtypes: embryonal (eRMS) and alveolar RMS (aRMS), both of which express one or more myogenic regulatory factors like myoD. However, these factors are inactive in tumor
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cells and therefore not able to e�ciently drive di€erentiation (Tapscott et al., 1993). eRMS often presents with mutations in the p53 tumor suppressor gene, the ras oncogene and an aberrant expression of the transcription factors PAX3 and/or PAX7 (Frascella et al., 1998; SchaÈfer, 1998). The more aggressive form of RMS, the alveolar subtype, is characterized by two speci®c translocations between chromosomes 2 and 13 (t(2;13) (q35;q14)) or 1 and 13 (t(1;13) (p36;q14), resulting in chimaeric genes encoding the fusion transcription factors PAX3/FKHR and PAX7/FKHR (Galili et al., 1993; Davis et al., 1994). These observations led to the formulation of the hypothesis that the PAX3-7/FKHR fusion proteins play an important role in the pathogenesis of alveolar RMS. PAX3 is a member of the mammalian PAX (paired box) family of genes which were initially identi®ed due to sequence homology to the Drosophila segmentation genes paired and gooseberry (Burri et al., 1989). The family encodes a series of highly conserved DNAbinding proteins, whose expression is tissue-speci®c and which play an important role in the development of many organs during embryogenesis (Dahl et al., 1997; Mansouri et al., 1996). To date, nine members of this family have been identi®ed in mice and human, designated PAX1 through PAX9 (reviewed in SchaÈfer, 1998). All these genes encode nuclear transcription factors containing an N-terminal DNA-binding paired domain, and a transactivation domain at the Cterminus. PAX3 itself plays an important role in the formation of the neural tube (Goulding et al., 1994) and the establishment of the myogenic lineage (Bober et al., 1994), since it is required for commitment (Maroto et al., 1997; Tajbakhsh et al., 1997) and migration of muscle precursor cells into the limbs (Daston et al., 1996). Down-regulation of Pax3 is in turn necessary to achieve muscle cell di€erentiation (Epstein et al., 1995). Further support for a pivotal role of Pax3 in muscle development comes from the mutant splotch mice which lack migrating myoblasts due to point mutations in the paired domain of the Pax3 gene (Franz, 1993). The apparent absence of these cells might be attributed to ine�cient expansion of the precursor population, lack of determination, failure to migrate or failure to survive. Hence, Pax3 activities in¯uence several aspects of muscle cell formation during embryonal development. Much less is known about the FKHR gene, which is a member of a subfamily within the larger forkhead gene family of transcription factors. At the moment at least four FKHR related family members are known (Anderson et al., 1998). The FKHR gene itself is ubiquitously expressed in adult tissues and its activity
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might be regulated by the protein kinase Akt (Del Peso et al., 1999). The PAX3/FKHR fusion protein then, was demonstrated to transform mouse (Lam et al., 1999) and chicken ®broblast cells in culture (Scheidler et al., 1996) upon ectopic expression. On the molecular level, the exchange of the PAX3 transactivation domain with that of the FKHR protein renders the fusion protein a more potent transactivator (Fredericks et al., 1995) which retains the DNA binding properties of PAX3. Enhanced activation of target genes and/or the acquisition of new targets are molecular mechanisms that may account for the increased oncogenicity of the fusion protein. Furthermore, downregulation of both PAX3/FKHR in aRMS and wild type PAX3 in eRMS by an antisense approach revealed that the tumor cells underwent programmed cell death (Bernasconi et al., 1996). Hence, expression of both PAX3 and PAX3/ FKHR proteins protects RMS cells from apoptosis. In this work, we began to study the mechanism by which PAX3/FKHR and PAX3 might in¯uence apoptosis in rhabdomyosarcoma tumor cells. Since members of the BCL-2 family are important regulators of apoptosis in a number of cellular systems (Adams and Cory, 1998), we ®rst examined their expression pattern in a range of cell lines. Subsequently, we present evidence for a direct transcriptional regulation of the Bcl-x gene promoter by Pax3 and PAX3/FKHR in cotransfection assays, which could be attributed to a Pax3 DNA-binding sequence in the 5'-regulatory region of the promoter. Based on these results, we conclude that BCL-XL is an important mediator of the anti-apoptotic e€ect of PAX3 and PAX3/FKHR.



Results Expression of BCL-XL in normal muscle cells and rhabdomyosarcoma cell lines Virtually nothing is known about the expression of the anti-apoptotic protein BCL-XL in normal human skeletal muscle or rhabdomyosarcoma cells. Hence, we analysed the expression of its mRNA and protein in two primary myoblast isolates, B6M and A33, as well as in di€erent RMS cell lines expressing three di€erent PAX proteins with increasing transactivation potential: Rh1 cells expressing mainly PAX7, RD cells (mainly PAX3) and Rh30 cells (PAX3/FKHR) (Figure 1). Northern blot analysis (Figure 1a) revealed the presence of comparable amounts of BCL-XL mRNA in exponentially growing primary myoblasts B6M and A33 and in di€erentiated myotubes. However, in the three RMS cell lines tested, expression levels of BCLXL correlated strictly with the transactivation potential of the expressed PAX proteins, with Rh30 cells (PAX3/ FKHR) expressing the highest BCL-XL mRNA levels, followed by RD and Rh1 cells. A similar result was obtained on the protein level (Figure 1b). In tumor cells, the BCL-XL probe detected an additional slower migrating mRNA species which is not present in normal skeletal muscle cells. The identity of this additional band is uncertain and has not been further investigated, but it might possibly represent a RMSspeci®c isoform of BCL-X. These results demonstrate that BCL-XL is expressed in cells of myogenic origin Oncogene



Figure 1 Expression of BCL-XL in normal and neoplastic myocytes. (a) Northern blot analysis of human primary skeletal muscle cells (A33 and B6M), in growth (GM) or fusion medium (FM), and three RMS cell lines (Rh1, RD, Rh30). Five mg of total RNA were loaded in each lane and hybridized with a human BCL-XL cDNA. Loading of RNA was controlled with a probe directed against actin. (b) Immunoblot analysis of three RMS cell lines. The blot was probed with an antibody detecting BCL-XL and visualized by chemiluminescence. One hundred mg of protein extract, was loaded in each lane. Equal amounts of proteins loaded were con®rmed by coomassie staining of a duplicate gel



and correlates with the known transactivation potential of the PAX proteins present, suggesting a possible direct transcriptional regulation. Transcription of endogenous BCL-XL is stimulated by PAX3 proteins To further investigate into this direction, either Pax3 or PAX3/FKHR was ectopically expressed in Rh1 cells, which display the lowest amount of BCL-XL expression per se. Several independent single clones of Rh1 cells were generated and assayed by Northern blot analysis for expression of Pax3 (Figure 2a) or PAX3/ FKHR (Figure 2b) as well as the levels of endogenous BCL-XL mRNA by reprobing the same ®lters. Interestingly, the clones with higher Pax3 levels (R, T, U, X) also showed increased BCL-XL mRNA, whereas clones with undetectable Pax levels showed no enhanced BCL-XL (Q, W). This holds true for all clones investigated except clone S, in which for unknown reasons endogenous BCL-XL was not increased. Similar observations were also made with a number of PAX3/FKHR overexpressing clones (C, G, H, K, N, M). Upon longer exposure PAX3/FKHR expression could also be detected in clones F and I, but not in clone B. Moreover, in accordance with the enhanced transactivation potential of the fusion protein, higher levels of endogenous BCL-XL were found. These experiments suggest that ectopic expression of Pax3 or PAX3/FKHR leads to elevated levels of endogenous BCL-XL mRNA. To further con®rm and support these results, endogenous BCL-XL mRNA levels were examined in pools of 41000 independent clones of 10T1/2 mouse ®broblasts and
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Figure 2 Induction of endogenous BCL-XL mRNA after ectopic expression of Pax3 or PAX3/FKHR. Northern blot analysis of Rh1 clones ectopically overexpressing Pax3 (a) or PAX3/FKHR (b). Both ®lters were hybridized sequentially with probes directed against Pax3, (also recognizing PAX3/FKHR), BCL-XL and actin. (c) Similar Northern blot analysis of mouse 10T1/2 ®broblasts, C2C12 myoblasts, and pools of independent clones expressing Pax3 or PAX3/FKHR as indicated. Five mg of total RNA were loaded in each lane



C2C12 mouse myoblasts (Figure 2c) stably expressing either Pax3 or PAX3/FKHR. Surprisingly, neither 10T1/2-Pax3 nor 10T1/2-PAX3/FKHR cells showed a clear increase in mRNA amounts for BCL-XL. In contrast, C2C12-Pax3 cells displayed a small and C2C12-PAX3/FKHR myoblasts a striking increase in BCL-XL mRNA levels, albeit the fusion protein was only expressed at a low level. These results suggest that PAX3 proteins can e�ciently stimulate transcription of BCL-XL not only in tumor cells but also in normal mouse myoblasts, contrary to ®broblasts. Pax3 and PAX3/FKHR directly activate the Bcl-x promoter To examine whether increased levels of endogenous BCL-XL as a result of ectopic expression of PAX



proteins might be due to direct transcriptional activation, the sequence of the murine Bcl-X promoter region was ®rst searched for potential PAX3 DNAbinding target sequences. Indeed, at positions 7458 to 7454, and +108 to +112 we detected the sequences CCTTG and GGAAC respectively (see Figure 3c), which are core sequences for recognition by the paired box of PAX3 (Goulding et al., 1991). Additionally, at positions 742 to 739, +578 to +581 and +719 to +722 we identi®ed several ATTA boxes which might mediate binding by the homeodomain of PAX3 (Wilson et al., 1993). Next, a series of deletion constructs from the BCL-X promoter were generated in front of a luciferase reporter gene and used in cotransfection assays. Constant amounts of the reporter construct were transfected into either 10T1/2 mouse ®broblasts or C2C12 mouse myoblasts together Oncogene



PAX3 and PAX3/FKHR stimulate expression of BCL-XL CM Margue et al



2924



Figure 3 Transactivation of the Bcl-x promoter by PAX transcription factors. Two mg of the wt(7483/+148)-Luc reporter construct (®lled symbols) or a similar construct with a mutated ATTA site (open symbols) were cotransfected into 10T1/2 mouse ®broblasts (a) and C2C12 mouse myoblasts (b) with increasing amounts of pcDNA3 derived Pax3 (&), PAX3/FKHR (*), and PAX5 (~). (c) Deletion analysis of the Bcl-x promoter. Two mg of the indicated reporter constructs were cotransfected into C2C12 mouse myoblasts together with 0.8 mg of pcDNA3-Pax3. Putative PAX3 binding sequences are indicated by vertical boxes. In all three experiments, luciferase activity was normalized to b-Galactosidase activity, and results are indicated as fold activation over empty pcDNA3 vector. Experiments were performed at least twice, each time in triplicate. The luciferase (Luc) cDNA is not drawn to scale. *P50.1; **P50.05



with increasing amounts of Pax3 or PAX3/FKHR cDNA and luciferase activity measured 48 h after transfection. Using the largest construct (7483/+148), an increase in luciferase activity up to 4.7-fold with Pax3, and up to 3.9-fold with PAX3/FKHR was observed in 10T1/2 cells (Figure 3a). Since it has been reported that B cells from PAX5 defective mice show greatly reduced BCL-XL expression (Nutt et al., 1998), a similar experiment was carried out with PAX5. However, PAX5 is unable to stimulate the luciferase activity of this Bcl-x promoter construct over basal levels regardless of the DNA concentration used (Figure 3a) suggesting that transactivation of this construct is speci®c to Pax3 and PAX3/FKHR. In C2C12 cells, Pax3 stimulated luciferase activity 13.7-fold, while PAX3/FKHR raised the activity by nearly 11-fold (Figure 3b), although activation was still increasing at the highest DNA concentration used. These data suggest that region 7483 to +148 of the Bcl-x promoter can be transcriptionally activated in cells by Pax3 and PAX3/FKHR in a dose-correlated manner. Higher transactivation levels were obtained in myoblasts versus ®broblasts. Oncogene



To identify regions important for transactivation, the deletion constructs 7314/+148-Luc, 7163/+148-Luc and 725/+148-Luc were transfected into C2C12 mouse myoblasts, together with 0.8 mg of Pax3 DNA, and luciferase activity was measured as described above. Construct 7314/+148-Luc showed only slight, statistically not relevant, reduction in the level of activation compared to the 7483/+148-Luc and the 7163/+148-Luc constructs. Interestingly, deletion to 725 signi®cantly (P50.05) impaired activation of the promoter by more than half of the original activity. Taken together these experiments suggest that important binding region(s) of Pax3 and PAX3/FKHR most probably lie between nucleotides 7163 to 725 of the Bcl-x promoter. In this region, computer analysis predicted possible binding to a conserved ATTA-box which is a known binding sequence for homeobox containing proteins. An ATTA sequence in the Bcl-x promoter can be bound by Pax3 Since direct transcriptional regulation requires binding of Pax proteins to a given gene promoter, we
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wanted to identify the sequences important for binding of Pax3 to the Bcl-x promoter. Since transactivation studies suggested an important functional region lying between 7163 bp and 725 bp, fragments were generated from 7163 to +148 (fragment 1) and 725 to +148 (fragment 2) and used in electrophoretic mobility shift assays (EMSA) (Figure 4a,b). Each fragment was incubated either with Cos-1 cell extract (Figure 5b, lane a), Cos-1Pax3 extract (lane b), and Cos-1 extract with additional antibody directed against Pax3, serving as control for the speci®city of Pax3 binding (lane c), and ®nally Cos-1-Pax3 extract and antibody directed against Pax3 (Fredericks et al., 1995) (lane d). Only fragment 1, but not fragment 2 generated a retarded band (see arrow), which could be disrupted by addition of Pax3 antibody. This con®rms that a potential Pax3 binding sequence lies between nucleotides 7163 to 725 of the Bcl-x gene promoter. To further re®ne the position of the Pax3 binding sequence, restriction fragments of construct 7314/ +148-Luc were generated (Figure 4a). Both a NciI restriction fragment of 188 bp (7203 to 715) and a RsaI/Sau3AI fragment of 171 bp (775 to +96) were able to generate a speci®cally retarded band (data not shown). These experiments limit the Pax3 binding region to nucleotides 775 to 725. Since this is the region containing an ATTA homeobox-binding sequence at position 742 to 739 (Figure 4a), we used an oligonucleotide spanning 767 to 718 bp (ODN 3''), together with a control oligonucleotide in which the ATTA box was mutated (ODN 3''M) in further EMSA. Only ODN 3'' generated a retarded band (Figure 4b) speci®c for Pax3, whereas the mutated oligonucleotide was not able to do so. We conclude from these experiments that the binding site for Pax3 can be located between nucleotides 767 to 718, and that the ATTA-motif, accounts for most of the observed binding activity of Pax3. To test the importance of the ATTA motif for transactivation, a 483/+148-Luc promoter construct containing the same mutation in the ATTA motif (mutated to ACGA via site directed mutagenesis) was severely impaired in its transactivation potential by either Pax3 or PAX37FKHR in cotransfection assays (Figure 3b). To compare the binding a�nity of ODN 3'' with high a�nity sites from other known Pax3 target genes, several competition assays were performed using sites from the promoters of c-met (Epstein et al., 1996) and MITF (Watanabe et al., 1998). In these experiments, radiolabeled ODN 3'' was used as



Figure 4 Identi®cation of a Pax3 binding site in the BCL-XL promoter. (a) Schematic representation of Bcl-x promoter constructs analysed by electrophoretic mobility shift assays. + indicates the presence of a speci®c shift, 7 its absence. Combination of these data results in the sequences between 775 to 725 bp of the Bcl-x promoter as potential Pax3-binding region (black box). This region contains an ATTA consensus sequence (underlined). (b) Analysis of the Bcl-x promoter by
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electrophoretic mobility shift assays with Pax3 expressing Cos-1 cell extract. (a) Fragments 1 (7163/+148) and 2 (725/+148) were incubated with Cos-1 extract (lane a), Cos-1-Pax3 extract (lane b), Cos-1 extract and a polyclonal Pax3 antibody (lane c) and Cos-1-Pax3 extract and a polyclonal Pax3 antibody (lane d). The arrow indicates the retarded band obtained speci®cally with Pax3 protein. Oligonucleotides 3'' and 3''M (ATTA sequence mutated to ACGA) were used as probes as described above. The arrow denotes the retarded band. (c) Comparison of binding a�nities by competition experiments. Oligo 3'' was competed with unlabeled oligos derived from the indicated promoter regions at a 10-, 55-, 100- and 550-fold molar excess. Binding of uncompeted oligo 3'' was set to 100% Oncogene
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Upregulation of BCL-XL is functionally significant



Figure 5 Survival of Rh1 and RD cells upon treatment with speci®c antisense oligonucleotides (ODN). (a) A pool of Rh1 cells (white bars) and two clones (lanes a and b) transduced with Pax3 (grey bars) or PAX3/FKHR (black bars) were incubated with 1 mM PAX7 antisense (AS) or scrambled (scr) ODN. (b) A pool of either Rh1 or RD cells transduced with BCL-XL or control vector (expressing b-galactosidase) was treated with PAX7 (black and hatched bars) or PAX3 (white and grey bars) ODN, respectively. (c) Untransfected RD cells were incubated with 1 mM PAX3 AS and MS ODN (white bar) alone, with 100 nM BCL-XL AS and MS ODN (grey bar) alone, or both AS and MS ODN combined (black bar). In all experiments viable cells were counted after 48 h, using trypan blue exclusion. Results from three independent incubations with three dishes for each cell number determination are shown and expressed as ratio between AS and MS ODN incubations (per cent viability). *P50.025; **P50.01



a probe, and incubated with a 10-, 55-, 100- and 550-fold molar excess of unlabeled competitor oligonucleotides after addition of Cos-1-Pax3 extract (Figure 4c). As a control, ODN 3'' was competed with itself, reducing binding of the retarded species by 78% at 550-fold molar excess, whereas the mutated ODN 3''M was not able to compete binding of ODN 3'' to Pax3. The site derived from the c-met promoter was able to reduce binding by 48%, whereas the MITF oligonucleotide reduced binding by 33%. These results suggest that Pax3 binds with higher a�nity to the Bcl-x promoter than to regulatory sequences within the c-met or the MITF promoters. Oncogene



To investigate if upregulation of BCL-XL can modulate apoptosis induced by down-regulation of PAX proteins in RMS cells, a series of antisense experiments were performed. First, we wanted to con®rm previous observations that antisense treatment of Rh1 cells with PAX7 speci®c oligonucleotides (ODN) resulted in cell death which could be rescued by ectopic PAX3 expression (Bernasconi et al., 1996). For this purpose, two previously characterized Rh1 clones expressing either PAX3 or PAX3/FKHR together with untransfected Rh1 cells were incubated with PAX7 speci®c ODN (Figure 5a). Indeed, viability increased signi®cantly from 43 up to 73% through ectopic Pax3 and up to 95% upon PAX3/FKHR expression, con®rming our earlier observations. Next, we overexpressed BCL-XL via retroviral gene transfer in RMS cell lines Rh1 and RD. To avoid integrationdependent e€ects occurring in single clones, pools containing more than 10 000 independent events were formed after selection. Immuno¯uorescence staining con®rmed overexpression in about 80% of the cells as well as correct intracellular localization of BCL-XL (data not shown). To test whether overexpression of BCL-XL would protect cells from undergoing apoptosis upon downregulation of PAX proteins, cells were again incubated with antisense or control oligonucleotides against PAX7 (Rh1) or PAX3 (RD), and cell survival assessed after 48 h. The results demonstrate that viability signi®cantly increased in both Rh1 and RD cells (Figure 5b). Median survival for Rh1 cells was 33.5+10.3%, which increased to 65.3+2.5% for Rh1-BCL-XL cells, whereas survival for RD cells was 41.8+4.6% for controls increasing to 87.6+3.0% for RD-BCL-XL cells. These experiments show that BCLXL indeed is able to protect cells from undergoing apoptosis upon treatment with PAX speci®c antisense ODN. Transcriptional regulation of BCL-XL by PAX proteins suggest that they would act in the same antiapoptotic pathway and hence treatment of cells with either antisense ODN alone or in combination should result in similar apoptotic responses. To test this notion, we incubated normal, untransfected RD cells with antisense oligonucleotides targeting BCL-XL alone or in combination with oligonucleotides directed against PAX3. While both single antisense ODN treatments resulted in decreased cell viability (to 44.8+11% for PAX3 and to 60.6+ for BCL-XL; Figure 5c), combined treatment of RD cells with ODN directed against both PAX3 and BCL-XL did not result in a further decrease of cell viability (to 58.4+9.4%; Figure 5c). These experiments support the notion that BCL-XL and PAX proteins can modulate apoptosis in tumor cells and most likely lie in the same apoptotic pathway. Discussion In this study, we identi®ed the anti-apoptotic protein BCL-XL as novel transcriptional target for both PAX3 and PAX3/FKHR. Initially, RNA and protein expression analysis showed that the anti-apoptotic protein BCL-XL is
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expressed in proliferating primary human myoblasts. A striking correlation could be established between BCLXL expression and the transactivation potential of PAX proteins expressed in a given RMS cell line. This observation was con®rmed in the majority of clones ectopically expressing either PAX3 or PAX3/FKHR. In addition, lower levels of PAX3/FKHR expression are needed to induce higher levels of BCL-XL expression. In cotransfection assays, PAX3 was able to activate this promoter up to 4.7-fold in mouse ®broblasts and up to 13.7-fold in mouse myoblasts. This activation was dosage-dependent in that higher levels of PAX protein resulted in loss of activity as reported earlier (Bennicelli et al., 1996; Chalepakis et al., 1994). Interestingly, transcriptional activity of the PAX3/FKHR fusion protein increased the basal promoter activity up to 11.4 times in mouse myoblasts, in contrast to ®broblasts where the fusion protein behaved similarly to native Pax3. Again, this is consistent with the observation that in pools of overexpressing C2C12 cells, but not in 10T1/2 ®broblasts, PAX3/FKHR signi®cantly raises endogenous levels of BCL-XL. Hence, the activity of the fusion protein is strongly in¯uenced by cell background, either due to lack of an appropriate coactivator in ®broblasts or lack of a repressing activity in myoblasts. Interestingly, two proteins have recently been identi®ed that can repress the activity of Pax3 but not PAX3/FKHR through direct interaction with the paired-type homeodomain, namely pRb and hDaxx (Hollenbach et al., 1999; Wiggan et al., 1998). Transcriptional activation of the BCL-XL promoter by Pax3 and PAX3/FKHR depends largely on the presence of an ATTA box at position 744 which is most likely bound by the paired-type homeodomain. Any residual activity of the promoter might be due to a potential paired box binding sequence just downstream of position +1. The identi®cation of an ATTA motif as an important binding sequence in this promoter is remarkable in several aspects. First, it might explain the failure of Pax5 to activate the Bcl-x promoter, since Pax5 contains only a partial homeobox (Adams et al., 1992). Second, it has recently been suggested that the oncogenic potential of PAX3/FKHR requires the homeodomain, but not the paired box domain (Lam et al., 1999). It might be interesting to see whether other PAX proteins containing a complete homeodomain (PAX7, PAX4 and PAX6) can bind to and activate the Bcl-x promoter. Third, our results identify an important element for tissue speci®c modulation of BCL-X expression. Whereas the fusion protein PAX3/FKHR is clearly able to transform cells in culture (Lam et al., 1999; Scheidler et al., 1996), con¯icting reports exist about the oncogenic potential of PAX3 (Lam et al., 1999; Maulbecker and Gruss, 1993; Scheidler et al., 1996). The data presented here support the notion that the majority of RMS cells will become dependent on PAX3 expression through its ability to maintain cell survival, mediated, at least in part, via direct regulation of BCLXL. An oncogenic role of PAX3 is further supported by two additional observations: First, the oncogenic tyrosine kinase reporter c-met has been identi®ed as a common target gene for PAX3 and its fusion protein in myoblasts as well as RMS cells (Epstein et al., 1996; Ginsberg et al., 1998). Second, expression of either PAX3



and/or PAX7 is a common event in RMS (Frascella et al., 1998; SchaÈfer et al., 1994) and possibly other tumors (FA Scholl, unpublished observation). The enhanced transforming potential observed with the PAX3/FKHR fusion protein might depend either on the aquisition of additional novel target gene speci®cities or enhanced activation of common targets such as the oncogenes cmet and bcl-xl. Several observations support the notion that regulation of apoptosis might be a physiological role for Pax proteins during embryonal development. Splotch mice homozygous for Pax3 mutations die in utero due to severe neural tube defects and display a failure of limb myoblast migration (Franz, 1993). Embryos of a mouse model for diabetes have neural tube defects as do homozygous splotch mutants and a decreased Pax3 expression. Interestingly, this has been correlated with an increased rate of apoptosis in neural tissues (Phelan et al., 1997) suggesting that inhibition of apoptosis by Pax3 might be an important feature for the survival of cells in embryogenesis. Indeed, recent antisense experiments on explanted mesoderm cultures, using the same oligonucleotides developed for our studies (Bernasconi et al., 1996), con®rm that downregulation of Pax-3 results in increased apoptosis in vivo (Borycki et al., 1999). Embryos which are defective for Bcl-xl show embryonic lethality around day 13 of development with characterized defects in neuronal cells and lymphocytes (Motoyama et al., 1995). However, due to the early lethality, speci®c defects in the myogenic lineage might not have been analysed. Further experiments will be required to assess whether Bcl-xl is directly activated by Pax proteins in embryogenesis, or if its expression is a result of a more complex signaling pathway that might include growth factors like IGF-II (Wang et al., 1998). It is likely to assume that deregulated expression of Pax proteins might contribute to tumor cell survival. Understanding the molecular basis for this function then is instrumental in order to develop new e�cacious therapeutic approaches. The ®nding that BCL-XL, as well as PAX antisense ODN can e€ectively reduce RMS cell survival in culture, might suggest a new combined therapeutic approach to the treatment of rhabdomyosarcoma and possibly other tumors expressing PAX proteins.
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Materials and methods Cell lines and primary cell culture The human cell lines Rh1 and Rh30 were a generous gift from Dr Peter Houghton (St Jude Children's Research Hospital, Memphis, TN, USA). RD cells, primary human lung MRC-5 ®broblasts, 10T1/2 mouse ®broblasts and Cos-1 cells were purchased from American Type Culture Collection (Rockville, MD, USA). Primary human myoblasts B6M and A33 were isolated as described (SchaÈfer et al., 1994). The Phoenix amphotrophic packaging cell line was obtained from Dr Gary Nolan (Stanford University of Medicine, Stanford, CA, USA) and the C2C12 mouse muscle cell line from Dr Helen Blau (Stanford University of Medicine). All cells were grown in Dulbecco's modi®ed eagle medium (DME), supplemented with 10% fetal calf serum (GIBCO/ BRL), except human primary myoblasts which were cultivated in Ham's F-10 medium (GIBCO/BRL) supplemented with 20% fetal calf serum (growth medium: GM). Di€erentiation of primary human muscle cells was achieved Oncogene
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by switching to DME+2% horse serum, 2.561076 M dexamethasone, 1076 M insulin (fusion medium: FM). All media contained 100 U/ml penicillin and 100 mg/ml streptomycin (GIBCO/BRL). Plasmid constructions The complete coding region of the murine Pax3 cDNA (SchaÈfer et al., 1994) and the complete coding sequence for the human PAX3/FKHR cDNA (Bennicelli et al., 1996) were cloned into the SnaBI restriction site of the retroviral vector pBabePuro (Morgenstern and Land, 1990) via blunt-end ligation or the EcoRI/XbaI (Pax3) or BamHI/XbaI (PAX3/ FKHR) restriction sites of the pcDNA3 vector. The complete coding sequence of the human BCL-XL was cloned into the EcoRI restriction site of pBabeBleo. The promoter region of the murine Bcl-X gene was cloned by PCR using mouse genomic DNA (700 pg) as a template and primers derived from the sequence information available in Genbank (accession No. U78030). Upstream primer (containing an additional SacI site) 5'-ACAGAGCTCCTGCAGGGGGCTCCAGAAGG-3'; downstream primer (with n additional HindIII site) 5'-TTGAAGCTTATTGCGAAGCTTAGGAACCT-3'. The PCR product (covering nucleotides 7483 to +148 of the promoter) was subcloned into the pGL3-Basic vector (Promega) containing the luciferase gene (construct 7483/+148-Luc). Additional deletion constructs of the Bcl-X promoter were again generated by PCR, using the previous construct (50 ng) as template and the following upstream primers: 5'-ACAGAGCTCAATGGAGGACCTGGCCGT-3' (for construct 7314/+148), 5'-ACAGAGCTCGGCTGTCTTCCCCCTGTCC-3' (for construct 7163/+148) and 5'-ACAGAGCTCATACCTCCGGGAGAGTTCT-3' (for construct 725/+148). To mutate the ATTA box to ACGA via site directed mutagenesis, the 7483 to 7296 bp fragment was used as a template for a PCR reaction with the following primers: BCLX-U 5'-ACAGAGCTCCTGCAGGGGGCTCCAGAAGG-3' and a primer containing the mutated sequence 5'GGGTTTAGTGTCGTTTCCCCCC-3'. The resulting 400 bp product was gel puri®ed and used as template in a second PCR reaction together with a 7269 to +137 pb fragment, yielding a 600 bp product which was cloned into the SacI and HindIII sites of the pGL3 reporter plasmid. All constructs were veri®ed by sequencing. Retroviral infections pBabe constructs were transfected by calcium-phosphate precipitation into the 293 derived amphotrophic packaging cell line Phoenix-NX or BING cells (ATCC 11554). The supernatants containing the retroviral particles, were harvested after 24 and 48 h. RD and Rh1 cells were infected with the supernatant as described previously (Bernasconi et al., 1996). Forty-eight hours after infection, cells were placed in the respective selective medium: 5 mg/ml Puromycin or 250 mg/ml Zeocin/Bleomycin. Pools of 41000 independent clones were used. Single cell clones of Rh1-pBabePuro-Pax3 and Rh1-pBabePuro-PAX3/FKHR were generated by limiting dilution and characterized by Northern blot analysis. Oligonucleotide (ODN) incubations ODN incubations with anti PAX ODN were carried out exactly as described previously (Bernasconi et al., 1996). The ODN recognizing the translational start of PAX3 also recognize PAX3/FKHR. The PAX7 scrambled ODN sequence is as follows: 5'-CGCGCTGCTGATTGCCA-3'. All PAX ODN were unmodi®ed phosphodiester ODN. The sequences for BCL-XL ODN are: control (scrambled scr16) 5'-CATATCACGCGCGCACTATG-3' and antisense ODN (3011) 5'-AAAGTATCCCAGCCGCCGTT-3'. These
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phosphothioate-modi®ed oligonucleotides have been shown previously to down-regulate speci®cally the targeted BCL-XL protein (Dibbert et al., 1998). Northern blot analysis Total RNA was isolated with the RNeasy kit (Qiagen), separated on 1% agarose-formaldehyde gels, and subsequently blotted onto nitrocellulose. Five mg of total RNA were loaded in each lane. The blots were probed with a 474 bp BamHI/PvuII BCL-XL fragment, a 450 bp HincII/ ClaI PAX3 fragment and a 632 bp HhaI/AvrII PAX3/FKHR fragment. Hybridization probes were labeled by random priming (Prime-a-gene, Promega). Hybridization was performed in Quickhyb1 solution (Stratagene) at 688C. Washing steps were performed in 26SSC, 0.1% SDS at RT, and in 0.16SSC, 0.1% SDS at 608C. The blots were visualized by autoradiography. Immunoblot analysis An equal number of cells were lysed in ice cold lysis bu€er (10 mM Tris pH 7.4, 0.15 M NaCl, 5.0 mM EDTA, 1% Triton X-100, 5 mg/ml Pepstatin, 100 mM PMSF, 80 mg/ml Aprotinin, 20 mg/ml Leupeptin, 100 ml per 1 million cells). After 30 min the lysate was centrifuged for 20 min at 14 000 r.p.m. Protein concentration in the leared supernatant was determined with a Bio-Rad Protein Assay-Microassay procedure (Bio-Rad). One hundred mg protein were separated on a 12% SDS polyacrylamide gel, transferred to a polyvinylidene di¯uoride (PVDF) membrane (25 mM Tris base, 0.2 M Glycerol, 0.1% SDS, 15% methanol). Protein bands were visualized after incubation with an a�nity puri®ed rabbit-anti-BCL-X antiserum (Transduction Laboratories, Lexington, KY, USA; diluted 1 : 800) with the Western-light chemiluminescent detection system (Tropix Inc., Bedford, MA, USA), using an alkaline phosphatase (AP) conjugated goat-anti-rabbit IgG (Sigma) (diluted 1 : 10 000). Transactivation assays Cells were plated 24 h prior to transfection at 10% con¯uency on 60 mm dishes. Transfection was done by the standard CaPO4-method with 2 ± 5 mg pRSV-bGal to normalize transfection e�ciencies. Two mg luciferase reporter construct and 0 ± 9.6 mg PAX expressing constructs. Twenty-four hours after transfection, cells were fed with fresh medium. Luciferase and b-galactosidase assays were performed after 48 h using a commercially available kit (Promega). Preparation of nuclear extracts pcDNA3-Pax3 was used to transiently transfect Cos-1 cells at a con¯uency of 80 ± 90% with LipofectAMINE reagent (Life Technologies) according to the manufacturer's instructions. Forty-eight hours post transfection, cells were harvested by trypsinisation, and nuclear extracts were prepared as described elsewhere (Schreiber et al., 1989). Electrophoretic mobility shift assays (EMSA) The following fragments and oligonucleotides of the BCL-X promoter were used: 7163/+148 (fragment 1), 725/+148 (fragment 2), 7203/715 (NciI restriction fragment) and 775/+96 (RsaI/Sau3AI restriction fragment); oligonucleotides (5'-3'): 3'', AGAAAGAAAGGAGGGGTGGGGGGAAATTACACTAAACCCATACCTCCGGG and 3''M, AGAAAGA AAGGAG GGGTGGGGGGAAACGACACT AAACCCATACCTCCGGG. The region required for Pax3
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binding is underlined. For competition experiments, oligos of the c-met promoter (35 bp) (Epstein et al., 1996) and the MITF promoter (26 bp) (Watanabe et al., 1998) were used. Complementary oligonucleotides were annealed and endlabeled with [g-32P]ATP using T4 polynucleotide kinase. Labeled probes were separated from unincorporated nucleotides using G-25 spin columns (Pharmacia). Binding assays were performed in a total volume of 20 ml containing 50 mM KCl, 1 mM EDTA, 4% Ficoll, 1 mM DTT, 80 mg bovine serum albumin, 1 mg poly(dI-dC) (Pharmacia), 105 ± 56105 c.p.m. of labeled fragment or oligonucleotide and 5 mg of Cos-1 or Cos-1-Pax3 extract, for 30 min at RT. Competition assays contained an additional 10-, 55-, 100and 550-fold molar excess of non-labeled competitor oligonucleotide. Binding mixtures were run on a 7% nondenaturing polyacrylamide gel (29 : 1 polyacrylamide : bisacrylamide) in 0.256 TBE (25 mM Tris-HCl, 25 mM boric acid, 0.25 mM EDTA, pH 8.0) at 0.35 mA/cm. Gels were dried and autoradiographed. Quanti®cation was performed by measuring the cut-out gel pieces in a liquid scintillation analyser (Packard, model 1900CA). A polyclonal Pax3 antibody was generated as described (Fredericks et al., 1995).
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Statistical analysis All statistical analyses were done by the paired t-test.
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