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We recently reported an interaction between the p14ARF protein and human topoisomerase I (Topo I) resulting in the stimulation of the relaxation activity of Topo I. Our data showed that the complex between the two proteins was located within the nucleolus. In the present work, we have investigated the regions of p14ARF involved in this interaction by using targeted point mutagenesis and deletion mutants. A region encompassing exon 2-encoded sequence was required for physical binding of p14ARF to Topo I as well as for stimulatory activity of the enzyme. Exon 1b-encoded segment was not implicated in the interaction. Moreover, among p14ARF point mutants selected for their high conservation among different mammalian species, mutant p14ARF (RR87, 88AA) did not stimulate Topo I in spite of its association with the enzyme, suggesting its direct implication in the functional activity of ARF. In contrast, one mutant, p14ARF (R71A), was more efﬁcient than wild-type protein to activate Topo I, suggesting that this residue is a key element to modulate Topo I activity. Finally, only ARF–Topo I complexes containing p14ARF exon 2 segment were found to be localized in the nucleolus, suggesting that this subnuclear location is linked to the biological function of the ARF– Topo I complex. Oncogene (2003) 22, 1945–1954. doi:10.1038/sj.onc.1206214 Keywords: P14ARF; topoisomerase I; protein interactions; cell cycle



Introduction The CDKN2A locus on chromosome 9p21 encodes two genes (for a review, see Sherr, 2001): INK4a (also referred to as pl6INK4a) speciﬁcally blocks the CDK4 and CDK6 cyclin-dependent kinases that control the phosphorylation status of the retinoblastoma (RB) protein (Serrano et al., 1993), and ARF (known as p14ARF in man and p19ARF in mouse) has been classiﬁed as a positive regulator of p53 levels because, through its complexation with MDM2 (HDM2 in human), it
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prevents cytoplasmic translocation and degradation of p53 that is mediated by MDM2 (Kubbutat et al., 1997). For this reason, ARF is considered to be an important actor of the so-called ARF–MDM2–p53 pathway that is activated by potentially oncogenic signals such as oncogenic ras protein, E1A and v-Abl oncoproteins and also ectopic expression of c-myc and E2F1 (Sherr, 1998). Consistent with this function, the ARF locus is frequently impaired (in conjunction with the INK4A gene) in a variety of human primary tumors, indicating that disruption of this locus is essential for deregulating cell proliferation. ARF also appears to play a role in the acquisition of senescence: in mouse, ablation of the p19ARF protein in murine embryonary ﬁbroblasts (MEFs) has been shown to bypass the proliferation arrest that characterizes senescence, resulting in cell immortalization (Kamijo et al., 1997). In man, although p16INK4a levels increased before senescence arrest, p14ARF levels remain stable, suggesting that ARF is not directly required for senescence (Wei et al., 2001). In fact, all cells that are immortalized invariably accumulate mutations of p53, leading to the conclusion that immortalization of human cells requires the inactivation of both RB and ARF-p53 pathways, whereas murine cells need only inactivation of the RB pathway (Hahn and Weinberg, 2002). A third pathway that regulates telomere shortening is also required by the two animal species for arresting proliferating cells in senescence, which is called replicative senescence (Hahn and Weinberg, 2002). Owing to its capacity to regulate positively p53 levels, ARF has been ﬁrst assumed to participate only in the regulatory ARF–p53 pathway, supporting the notion that the demise of either protein was sufﬁcient to abolish this pathway. However, several results have clearly shown that ARF is likely to regulate negatively cell proliferation independent of p53 (Carnero et al., 2000; Weber et al., 2000). Furthermore, the ﬁnding that ARF can be inactivated in human primary tumors that also exhibit p53 mutations is strongly suggestive of p53independent functions of ARF in oncogenic processes (Gazzeri et al., 1998). One reasonable approach to address the question of other p53-independent ARF functions consists of characterizing partners of ARF. By doing this, we have recently characterized a protein complex comprising
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human ARF and human Topo I (Karayan et al., 2001). The interaction was observed with a recombinant GST– ARF protein as well as with recombinant ARF baculovirus preparations. This ARF/Topo I interaction appeared to be speciﬁc as it was not found with human Topo II, in contrast with p53 that interacts with both Topo I and Topo II proteins. Moreover, recombinant GST–ARF and baculovirus ARF proteins stimulated the relaxation activity of Topo I on a supercoiled DNA substrate. We also showed that the ARF/Topo I complex was located in the granular compartment at the periphery of the nucleolus. In this paper, we have examined which parts of the ARF protein are required for physical and functional interaction with Topo I. For this purpose, different deletion and point ARF mutants were compared with the wild-type (wt) protein for their ability to physically interact with the enzyme and to stimulate its activity. Our data show that the region encoded by ARF exon 2 is necessary and sufﬁcient for the binding and the stimulation of Topo I. Results Choice of deletion and point mutants In order to deﬁne the regions of p14ARF involved in Topo I/ARF interaction and/or enzyme activity, we ﬁrst



generated a series of ARF mutants, the choice of which was mostly dictated by the following considerations (see also Figure 1): (a) In mouse, the ability of ARF to inhibit cell cycle progression, to bind MDM2 and its nucleolar localization have been reported to be managed by the ﬁrst exon (E1b) of p19ARF (Weber et al., 1999). This situation is certainly more complicated in humans, as E1b is involved in HDM2 binding and cell cycle arrest, whereas nucleolar localization of p14ARF relies almost essentially on nucleolar signals (NoLS) located in the second exon (E2) of the gene (Zhang and Xiong, 1999). (b) Most of the arginine residues that confer a high basicity to p14ARF (Pi ¼ 12.4) have been shown to be conserved among the four mammalian species sequenced so far (Figure 1b). We reasoned that some of these residues could be involved in nucleolar localization (Zhang and Xiong, 1999; Rizos et al., 2000), as well as in protein/protein and/or protein/DNA interactions and possibly in biological activity. In view of these considerations, we prepared three deletion mutants (Figure 1a). The ARF–DE1b and ARF–DE2 express exon 2-encoded sequence and exon 1b-encoded sequence, respectively. The ARF-D85-132



Figure 1 (a) Structure of p14ARF deletion mutants. Exon 1b is ﬁgured in pale grey, and exon 2 in dark grey. (b) Sequence alignment of ARF proteins (adapted from Zhang and Xiong, 2001) Arrowheads indicate the mutated arginine versus alanine residues. Underlined sequences correspond to NoLS. H: human; M: mouse; R: rat; D: delphinium Oncogene
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mutant was constructed in order to get rid of the prot ein segment involved in nucleolar localization (Rizos et al., 2000). Six point mutants that are distributed all over the protein (see Figure 1b) and correspond to the substitution of basic arginines by aliphatic alanines were constructed. All the cDNAs of deletion mutants and point mutants were cloned in a baculovirus expression system. Deletion mutants ARF–DE1b, ARF–DE2 were also fused to GST and expressed in Escherichia coli. Resulting recombinant proteins were puriﬁed as described in Materials and methods. In parallel, all the cDNAs were fused with the green ﬂuorescent protein (pEGFP-C1) in order to perform indirect immunoﬂuorescence studies aimed at appreciating the impact of these mutations on cellular localization and colocalization with Topo I.



Point mutants When confocal analysis was performed on Saos-2 cells cotransfected by pCDNA3.1-Topo I and the six pEGFP-C1-point mutant vectors, the resulting patterns did not appear to differ from the one generated by ARFwt. All ARF mutants were still only localized in the nucleolus with the exception of the (RR87, 88AA) mutant that also displayed a nucleoplasmic staining, most presumably because of the NoLS impairment. Altogether, these data suggested that the different point mutations introduced in p14ARF did not interfere with its capacity to bind Topo I.



Effects of the mutations on subcellular localization and colocalization of ARF protein with topoisomerase I



Delineation of exon 1b and exon 2: respective roles in the physical interaction of ARF with topoisomerase I



Previous data from our laboratory have shown that most (if not all) of the ARF–Topo I complex is located in the nucleolus (Karayan et al., 2001). Confocal microscopy analysis also revealed that the complex was mainly found in the granular component of this organite. Noticeably, topoisomerase I is usually not localized to this part of the nucleolus (Guldner et al., 1986; Hernandez-Verdun, personal communication). To go further into the characterization of the ARF/ Topo I interaction, immunoﬂuorescence analysis was performed on cells cotransfected with pCDNA-3.1Topo I and each of the pEGFP-C1-p14ARF mutant constructs (Figure 2). Saos-2 cells were used as previous assays with polyclonal 73SA anti-ARF serum had demonstrated the absence of detectable endogenous p14ARF, in contrast with other works. A control consisting of Saos-2 cells transfected with an empty pEGFP-C1 vector generated a ﬂuorescent pattern encompassing the whole cells (data not shown).



In order to go further into the deﬁnition of the p14ARF regions interacting with Topo I, coimmunoprecipitation experiments were carried out. Since production of mutant proteins in a unique system was highly variable, they were produced in two different expression systems: Saos 2-transfected and Sf9-infected cells.



Deletion mutants As expected, GFP-ARFwt was strictly nucleolar and colocalized with Topo I in the peripheral granular region of the nucleolus (Karayan et al., 2001). This pattern was also observed for the GFP-DE1b mutant, thus conﬁrming the role of exon 2 in this localization (Zhang and Xiong, 1999). In contrast, the GFP-DE2 mutant generated a diffuse staining encompassing the whole nucleus, without any preferential accumulation of the mutant protein in the nucleolus. Topo I staining generated the same pattern. In particular, no apparent concentration of Topo I in the granular component of the nucleolus was detected. A clear nucleolar localization was observed for the GFP-D85-132 mutant, but some staining was also visible in the nucleoplasm. This suggests that the exon 2 NoLS (residues 83–101) is probably not the only sequence involved in ARF nucleolar addressing, and that residues 66–84 might also participate in the localization of the protein. Colocalization with Topo I in the nucleolus was again observed with this mutant. Taken together, these



data are consistent with the capacity of ARF to attract and retain Topo I in the granular part of the nucleolus as the enzyme has not been reported to be usually located in this organite.



Deletion mutants Saos 2 cells were transiently cotransfected with Topo I+GFP-ARFwt, Topo I+ARFDE2HA and Topo I+GFP-DE1b constructions. At 48 h after transfection, cell lysates were submitted to coimmunoprecipitation with the 73SA anti-ARF serum for Topo I+GFP-ARFwt and Topo I+GFP-DE1b. Since our 73SA anti-ARF serum did not recognize the protein encoded by E1b alone (unpublished data), cellular extracts from Topo I+ARFDE2-HAtransfected cells were incubated with a monoclonal anti-HA serum. The resulting immune complexes were analysed by Western blot for their Topo I content, with a polyclonal rabbit serum to hTopo I (Topogen) (Figure 3). As expected from our previous results, Topo I coimmunoprecipitated with GFP-ARFwt (Karayan et al., 2001) as well as with GFP-DE1b mutant protein. In contrast, it did not coimmunoprecipitate with ARFDE2-HA. In addition, no band was detectable in the negative controls consisting of treatment of cell lysates with nonimmune rabbit serum. These data provided a ﬁrst indication that exon 2 protein alone physically interacts with TopoI, whereas exon 1b protein does not. A second approach involved coimmunoprecipitation experiments with lysates of Sf9 cells recovered 72 h after infection with recombinant baculoviruses. The lysates were incubated overnight with either 73SA anti-ARF serum (Topo I+ARFwt and Topo I+ARFD85-132) or the monoclonal anti-HA (Topo I+ARFDE2-HA). In all these assays, the presence of ARFwt and mutant proteins in the immune complexes with 73SA anti-ARF serum was veriﬁed (Figure 4, lanes 7–9). Topo I coimmunoprecipitated with ARFwt (Figure 4, lane 2) Oncogene
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Figure 2 Cellular localization of hTopo I and proteins expressed from ARF mutant constructions. Saos-2 cells were transfected with pcDNA3.1-hTopoI and pEGFP-C1-ARF constructions (indicated on the left) and analysed by confocal microscopy. First column: phase contrast. Nucleoli are indicated by arrows. Second column: localization of GFP-ARF protein is visualized by green colour. As expected, p14wtARF is strictly nucleolar in the transfected cells whereas different patterns are observed for the mutants (see text). Third column: indirect immunoﬂuorescence revealing red staining of hTopo I in red. Superimposition of both colours is shown in the fourth column



as well as with the ARFD85-132 mutant (Figure 4, lane 6). In contrast, it was not found in the complexes recovered by anti-HA antibody (Figure 4, lane 4). In addition, Topo I was not detected after immunoprecipitation with 73SA anti-ARF serum of cells monoOncogene



infected with BacHARFwt, BacH-D85-132 or BacHTopoI (data not shown; see Karayan et al., 2001). These data, in agreement with Saos 2 cell data, showed that the protein encoded by exon 1b alone did not form a complex with Topo I.
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Figure 3 Exon 2 is required for association of ARF protein with hTopo I. Saos-2 cells were transiently cotransfected with expression vectors for hTopoI and E1b-HA (lane 5) or E2 (lane 6). At 48 h after transfection, lysates were incubated with a preimmune serum (lanes 1–3), the 73SA anti-ARF serum (lanes 4, 6) or the anti-HA (3F10) antibody (lane 5). Immune complexes were detected with the anti-Topo I (Topogen) in lanes 4 and 6. Lane 7 corresponds to an hTopo I positive control



Figure 4 The region encoding residues 66–84 binds hTopo I. Sf9 cells were coinfected with BacHTopoI and BacHARF mutants, for 72 h. Cell lysates in 0.1% SDS were immunoprecipitated with 73SA anti-ARF serum (lanes 2, 6, 7, 9) or 3F10 anti-HA monoclonal antibody (lanes 4, 8). Immune complexes were revealed with an antibody against human Topo I (Topogen) (lanes 2, 6) or revealed with 73SA anti-ARF serum (lanes 7 and 9) or 3F10 anti-HA antibody (lane 8) as control. Lanes 1, 3 and 5 correspond to cell lysate aliquots used for IP and show the presence of hTopo I. WB: Western blot



Point mutants Two types of response to coimmunoprecipitation experiments could be observed with point mutants: when cell lysates were prepared in standard conditions including 0.1% SDS, revelation of Topo I on Western blots showed that ARF(RR87,88AA) mutant retained its ability to bind Topo I (Figure 5, lane 9). Identical results were found using ARF(R29A) and ARF(R51A) mutants (not shown). On the contrary, the signal generated by mutants ARF(R71A), ARF(RR3,4AA) and ARF(RR98,99AA) was weak or absent (Figure 5, lanes 2, 8 and 10), suggesting that these three mutations impaired the ability of ARF to form complexes with Topo I. However, when the concentration of SDS was lowered to 0.05% (instead of 0.1%), all these three mutants were found to interact with Topo I as ARFwt does under the same experimental conditions (Figure 5, lanes 1, 4, 5 and 6). Characterization of p14ARF regions involved in the stimulation of Topo I relaxation activity Our previous work described the stimulating effect of p14ARF on Topo I relaxation activity (Karayan et al.,



2001). These results were obtained from extracts of Sf9 cells, either coinfected by BacHARFwt and BacHTopoI or separately infected and then mixed (reconstitution experiments). We noticed that the stimulation effect was lower in the case of reconstitution experiments, and also when SDS was present at 0.1% concentration in cell lysis buffer. However, reconstitution experiments allowed one to calibrate accurately the amount of each protein (titration and Western blotting quantiﬁcation) and to perform reproducible assays. Therefore, all the experiments aimed at testing the functional consequences of the ARF mutations were done with a constant quantity of enzyme and equal amounts of each mutant protein (10 mg of total cell extract proteins). Production of ARF proteins was appreciated by electrophoresis. Upon enzymatic reaction, DNA samples were run on 1 % agarose gel (Figure 6a). In the results summarized in Figure 6b, the relative DNA relaxation activity (Y-axis) is expressed in reference to a control consisting of Topo I extract plus uninfected Sf9 cell extract (see Materials and methods). Two deletion mutants, ARFDE2-HA and ARFD85132, showed no signiﬁcant stimulation when compared Oncogene
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Figure 5 Detection of complexes between hTopo I and different ARF point mutants. At 0.1% SDS concentration, all mutants but ARF(R71A) (lane 2), ARF(RR3,4AA) (lane 8) and ARF(RR98,99AA) (lane 10) coimmunoprecipitated in the immune complexes asserting this association with Topo I. At 0.05% SDS concentration, all mutants were detected in the immune complexes (lanes 1, 3, 4, 5, 6). IP: Immunoprecipitaion; WB: Western blot



Figure 6 (a) DNA relaxation activity of Sf9 cell extracts infected by ARF deletion mutants. Sf9 cells were separately infected with AcNPV, BacHARFwt, BacHARFDE2-HA, BacHARFD85-132 and the different point mutation baculoviruses. Cells extracts were prepared as previously described and mixed with 10 mg of BacHTopo I cell extract. Dilutions were prepared from this mixture. Lanes 1–5 correspond, respectively, to dilutions 1 : 270, 1 : 810, 1 : 2430, 1 : 7920 and 1 : 21 870. The samples runned on 1% agarose gels were stained and scanned for quantiﬁcation of the stimulating effect. Only the gels referring to deletion mutants are presented in the ﬁgure. (b) Relative activity (Y-axis) of ARFDE2-HA and ARFD85-132 mutants and point mutants. Activity of the Sf9 cell extracts (designated Sf9) was deduced from scanning measurements (Scan Image Beta 4.02 software) and taken as reference for activities of the ARF mutants. These data are the means of three separate experiments



to controls without ARF. Both were unable to stimulate Topo I above its background activity. Since a physical interaction between ARFD85-132 and Topo I was Oncogene



previously shown (see Figure 4, lane 6), this result suggests that the ARF domains involved in Topo I binding and stimulating activity are separate.
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Three types of responses emerged from experiments with point mutants: (i) Relative stimulating activities of p14(RR3,4AA), p14(R29A), p14(R51A) and p14(RR98,99AA) appeared equivalent to that of the wt protein, suggesting that these mutations did not modify the behaviour of the protein on Topo I enzymatic activity. (ii) Mutant p14(RR87,88AA) was less efﬁcient than ARFwt. (iii) On the contrary mutant p14(R71A) protein strongly stimulated Topo I catalytic activity. Coinfection experiments, although less accurate, led to the same conclusion. Moreover, the relaxation activity of each mutant ARF protein in the absence of Topo I was also determined and appears to be similar to that of ARFwt, excluding the inﬂuence of any nonspeciﬁc effect (data not shown). To conﬁrm these results, and also because the production of the ARFDE1b protein was not optimal in the baculovirus system, the assay was repeated with GST-ARF recombinant proteins. ARFwt, ARFDE2 and ARFDE1b cloned in a pGEX vector under the control of an IPTG-inducible promoter were expressed in E. coli. Quantiﬁcation of the assays was achieved by determining the ﬁrst dilution of Topo I exhibiting relaxation activity. This dilution was then used as a reference to examine the effects of ARF protein mutants that were added to this Topo I reference amount (see the legend of Figure 7a). Analysis was then performed using the same conditions as for baculovirus recombinant



proteins. The results reported in Figure 7b indicate that the GST-ARFwt protein stimulated Topo I activity in the same range as previously observed (Karayan et al., 2001). The stimulatory effect observed with GSTARFDE2 did not exceed that of GST protein alone. In contrast, mutant GST-ARFDE1b appeared to stimulate Topo I activity more than twice that of GST-ARFwt. These results provided a direct indication that exon 2 contains the region required for Topo I stimulation. Discussion The data reported herein were aimed at deﬁning which parts of the p14ARF protein are required for its physical and functional interaction with human Topo I. To address this question, different p14ARF mutants were prepared and their behaviour with Topo I was analysed by indirect immunoﬂuorescence, Western blot and Topo I enzymatic activity stimulation. The resulting data point to the importance of residues 66–132 encoded by exon 2 in this interaction. Indeed, immunoprecipitation experiments showed the necessity of the exon 2-encoded segment in the physical interaction and, more precisely, indicated that residues 66–84 are sufﬁcient for the association with Topo I. Immunoﬂuorescence studies were also consistent with this conclusion. Noticeably, the two arginine residues 81 and 82 have been proposed to contribute to the nucleolar localization of p14ARF (Rizos et al., 2000). From these results and also because these residues (and also the two arginines 87–88, Zhang and Xiong, 1999) are required for nucleolar addressing of p14ARF, it is tempting to speculate that the physical



Figure 7 (a) GST-DE1b recombinant protein stimulates hTopo I. GST-ARF recombinant proteins were prepared in BL21 E. coli cultures as described in Materials and methods. Puriﬁed proteins were quantiﬁed and 750 ng of each were mixed with the Topo I baculovirus cell extract dilution that did not exhibit any relaxation activity (arrowhead). The data indicate that GST-ARFwt and GSTDE1b mutants stimulate Topo I activity. Controls not shown in the ﬁgure were performed with recombinant proteins alone and elution buffers. Both gave the same pattern as that of lane 1 (DNA plasmid substrate alone). Lanes 2–5 correspond to dilutions 1 :810/1 :2430/ 1 :7290/1 :21 870. (b) Semiquantitative evaluation of stimulatory activity. The ratio of intensities of relaxed (R) to supercoiled (SC) bands was used for determining the activity of the different constructions. Of note, the activities of GST and GST-ARFDE2 proteins were equivalent, whereas GST-ARFDE1b stimulate Topo I more than twice that of GST-ARFwt. By deﬁnition, the base-line corresponds to the starting Topo I dilution Oncogene
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association between the two proteins only occurs in the nucleolus. In agreement with this possibility, we previously reported that only a low proportion of p14ARF was involved in a complex with Topo I (Karayan et al., 2001). In agreement with the above results, a p14ARF mutant protein encoded by exon 1b was unable to complex with Topo I in IP–Western blot assays. Although several reports mentioned that the N-terminal region 1–13 of p14ARF was important for its nucleolar addressing (Kurokawa et al., 1999; Rizos et al., 2000), our immunoﬂuorescence data did not support this conclusion as the ARFDE2-HA deletion mutant generated a diffuse nucleoplasmic pattern of staining. Again this is consistent with the notion that nucleolar localization of p14ARF is required for its association with Topo I. The consequences of the different mutations on the stimulatory capacity of p14ARF on Topo I activity were generally in agreement with those of IP–Western studies. The main conclusion of these experiments was the requirement of the region 85–132 for the stimulatory activity of the protein. In contrast, ARFDE2 did not stimulate Topo I. Interestingly, the mutation of the two arginines 87 and 88 almost completely abolished the stimulatory activity. Since this mutant was still able to bind Topo I as efﬁciently as the wt protein, this suggests that these two arginines are directly involved in the stimulatory process of Topo I. Consistently, the ARFD85-132 mutant protein gives a very similar result since it maintains an ability to bind Topo I, yet does not stimulate it. In view of these results, we propose that the parts of ARF involved in physical interaction and Topo I stimulating activity are intricated in the same region but can be dissociated. The R71A mutant was found to stimulate more efﬁciently Topo I activity than the wt protein. Interestingly, this arginine is located in the segment 66–84. This argues in favour of a direct contribution of this residue to the interaction between the two proteins. Moreover, since the stability of the p14ARF-R71A–Topo I complex did not subsist in the presence of 0.1% SDS, but was maintained at a 0.05% concentration, one possible explanation for this hyperstimulatory effect compared to that of wt protein is that the disappearance of a basic residue close to two negatively charged aspartate residues is likely to change the local conformation of the protein, thus modifying its activity toward Topo I. The murine and human forms of ARF exhibit several important differences that most likely result from the location of the domains required for functional activity and intracellular localization. In murine p19ARF, the ﬁrst half of the molecule is necessary and sufﬁcient for its inhibitory activity and its nucleolar location (Weber et al., 1999). For p14ARF, the situation is complicated by the fact that exon 2-encoded sequences play a role in localization of the protein (Zhang and Xiong, 1999). In this respect, it will be important to investigate the possibility that p19ARF does interact with Topo I and, in the case of positive response, identify the sequences involved. Experiments are currently carried out in the laboratory to address this question. Oncogene



To conclude, our data support the notion that the p14ARF–Topo I complex is nucleolar and therefore suggest that its function is likely to be related to this subcellular location. Previous reports had shown that stabilization of p53 required a relocalization of MDM2 in the nucleolus through its tethering to ARF (Zhang and Xiong, 2001). More recent data have shown that this relocalization was not required (Llanos et al., 2001). These facts lead us to propose that the interaction that exists between p14ARF and Topo I is certainly not related to the ARF-MDM2-p53 pathway. Obviously, it will be necessary to identify Topo I targets that could explain the activation of the enzyme by p14ARF.



Materials and methods Cell cultures Mammalian cells Saos2 cells were cultured in Dulbecco’s modiﬁed Eagle medium supplemented with 10% fetal bovine serum (Gibco BRL) and antibiotics. The split ratio was 1 : 2 to 1 : 4, and the medium was renewed twice a week. The Sf9 subclone of Spodoptera fugiperda cells IPLB-Sf21AE (Vaughn et al., 1977) was maintained in Grace’s insect medium (Gibco BRL) supplemented with yeastolate and lactalbumin hydrolysate at 3.3 g/l each, 10% qualiﬁed fetal bovine serum-insect (Gibco BRL) and penicillin 5000 UI + streptomycin 5000 mg (Gibco BRL). p14ARF mutagenesis: construction of recombinant plasmids and baculoviruses Three deletion mutants and six single substitution mutants were constructed. The ARFD85-132 deletion mutant started at the natural N-terminal methionine residue and had a TAA stop codon at position 85. The ARFDE2-HA deletion mutant contained exon 1b and is tagged with a haemagglutinine segment (HA); the ARFDE1b deletion mutant contained exon 2. All these mutants were generated by PCR from DEB vector containing the full-length ARF (Delia Valle et al., 1997). The point mutations were generated by in vitro directed mutagenesis performed by the PCR technique with two complementary mutagenic oligonucleotides (Higuchi et al., 1988), whose sequences and positions in the p14ARF gene will be provided upon request. DNA sequencing of the mutants was performed by a dye terminator sequencing kit (Perkin– Elmer). All mutants were cloned into BamHI and XbaI sites of the transfer vector pFastBac. The recombinant baculoviruses were constructed using the ‘Bac to Bac’ baculovirus expression system (Gibco BRL). The cDNA expressing Topo I was cloned into the BamHI–EcoRI sites of the pcDNA3.1 vector (Invitrogen). The recombinant baculovirus expressing the Topo I gene has been previously described (Rossi et al., 1996). In parallel, the same cDNAs were cloned into the BamHI– XbaI sites of the pEGFP-C1 vector (Clontech), in frame with the C-terminus of green ﬂuorescent protein. Purification of GST fusion proteins GST, GST-ARFwt, GST-ARFDE1b and GST-ARFDE2 clones (a gift from Dr S Gazzeri, Grenoble, France) were transformed in BL21 E. coli stain (Promega). Upon isopropylthio-b-galactopyranoside (0.2 mm) induction for 2 h at 301C, bacterial cells were lysed in NTE buffer (50 mm Tris-
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1953 HCl pH 8.0, 100 mm NaCl, 50 mm EDTA, 0.5% Tween, 0.5% Triton X-100, 1 mm phenylmethylsulphoonylﬂuoride), supplemented with insect cells protease inhibitor cocktail (Pharmingen) and further disrupted by sonication. Puriﬁed fusion proteins were prepared according to the manufacturer’s protocol (Bulk GST Puriﬁcation module, Pharmacia Biotech) and their purity was analysed by 12% SDS–PAGE. The purity of GST and GST-DE1b proteins was higher than 90%. The purity of GST-wt and GST-DE2 was estimated to be 70 and 60%, respectively.



of the ﬂuorochromes. GFP used to stain ARF was excited with the 488 nm blue line and green ﬂuorescence emission of the dye was collected via a photomultiplier through a 522 nm bandpass ﬁlter. The Alexa 568 ﬂuorochrome used to reveal Topo I was excited with the 568 nm yellow line and red emission of the dye was collected via a photomultiplier through a 605 nm bandpass ﬁlter. Double ﬂuorescence images were further obtained by merging single ﬂuorescence images. Nonconfocal transmission images were generated by a transmitted light detector.



Transfections and virus infections



Topoisomerase I stimulation



At 24 h before transfection, Saos-2 cells were subcultured and seeded in a six-well plate (3  105 cells/well), Saos-2 cells were transfected or cotransfected with 0.4–1 mg. of cDNA and 7– 15 ml of Effectene reagent (Qiagen), in the presence of 10% serum. Sf9 cells were infected for 72 h at a multiplicity of infection (MOI) of 20 PFU/cell. In coinfection experiments, cells were simultaneously infected by two recombinant baculoviruses at total MOI ratios of 20 PFU/cell and with the respective MOI ratios of 20 : 0 (control single infections).



From proteins expressed in baculovirus/insect cells system ACNPVwt, BacHARFwt and BacHARFmutants, or BacHTopo I monoinfected Sf9 cells (107) were lysed as described above. After centrifugation at 12 500 r.p.m. at 41C for 15 min, the pellet from the cell extract was dissolved in cold buffer (Tris-HCl 120 mm, NaCl 150 mm, EDTA 0.5 mm) and centrifugated at 14 000 r.p.m. at 41C for 15 min. The supernatant was collected and then frozen at 801C. The total protein concentration of the extracts was determined by the BCA Kit (Bicinchoninic Acid, Sigma) and the relative concentration of Topo I, wtARF and ARF mutants was determined by immunoblot with anti-Topo I, anti-ARF and anti-HA antibodies after migration and transfer on immobilon of the gels.



Sf9 and Saos-2 cell lysis and immunoprecipitation After 72 h of coinfection (p14ARF or mutants and Topo I), the Sf9 cells (107) were washed three times with PBS 1  , lysed with 1 ml of cold lysis buffer (Tris 10 mm pH 7.5, NaCl 120 mm, EDTA 1 mm, DTT 1 mm, 0.5% NP40, 0.05% or 0.1% SDS) and supplemented with insect cells protease inhibitor cocktail (Pharmingen). The same lysis buffer was used for Saos-2 cell lysis. The cells (Sf9 or Saos-2) were incubated on ice for 30 min and sonicated for 3  7 s. They were then centrifugated at 12 500 r.p.m. at 41C for 15 min. The supernatant was collected in a new microtube, precleared with protein-A/G agarose and incubated overnight with a rabbit polyclonal 73SA anti-ARF serum (Della Valle et al., 1997) for wtARF, ARFD85-132 and ARF point mutants or with a rat monoclonal clone 3F10 (Roche Diagnostic) anti-HA antibody for ARFDE2-HA. Complexes recovered with 20 ml of proteinA/G agarose were washed four times with cold wash buffer (Tris 50 mm pH 8.0, NaCl 150 mm, Tween-20, 0.1% and 1 mm of PMSF). Precipitates were separated on denaturing polyacrylamide gels and transferred to Immobilon-P. Topo I was detected by immunoblotting with a rabbit polyclonal antibody against human Topo I (Topogen), and visualized by enhanced chemiluminescence according to the manufacturer’s instructions (Amersham). Indirect immunofluorescence Saos-2 cells were harvested 48 h after transfection with GFPARF constructs, and ﬁxed for 5 min on ice with cold acetone. Rabbit polyclonal primary antibody against human Topo I (Topogen) was diluted to 1/3500 before incubation. Topo I was then detected with Alexa ﬂuor 568 goat anti-rabbit antibody diluted to 1/500 (Molecular Probes).



DNA relaxation assay The components were assembled in ice, in a ﬁnal volume of 20 ml containing 20 mm Tris-HCl pH 7.5, 120 mm KCl, 0.5 mm EDTA, 0.5 mm DTT, 30 mg/ml bovine serum albumin and 0.5 mg supercoiled pEGFP-C1 DNA previously puriﬁed by ClCs equilibrium density centrifugation. Protein extracts containing Topo I (10 mg) and wt p14ARF or p14ARF mutants (10 mg) were added. The reaction mixtures were then incubated at 371C for 30 min. Reaction was stopped on ice with 5 ml of loading buffer (50 mm EDTA, 0.5% SDS, 0.1% bromophenol blue and 50% (v/w) sucrose). DNA samples were then electrophoresed in 1% agarose gels at 3 V/cm for 15 h at room temperature in TBE 0.5% buffer. Gels were stained with ethidium bromide and photographed under UV light. Negatives of the gel pictures were scanned in order to quantify the relaxation reaction (Scion Image Beta 4.02 software). In this way, we determined the minimal amount of protein extract necessary to relax 50% of the supercoiled DNA substrate in the assay conditions. Then, relative activity were calculated with uninfected Sf9 cell extract as reference. From purified GST fusion proteins Puriﬁed GST, GST-E1b, GST-E2 and GST-p14ARF (750 ng) were added on ice to the reaction mixture with equal concentrations of Topo I corresponding to a minimal activity of relaxation and incubated at 371C for 30 min (see ‘DNA relaxation assay’). The negatives of the gel pictures were scanned and the ratio of intensities of relaxed (R) to supercoiled (SC) bands was used to compare the activity of the different constructions.



Confocal imaging The cells were examined by confocal laser scanning microscopy using a Biorad MRC 1024 equipped with a 15 mW argon–krypton gas laser. The confocal unit was attached to an inverted microscope (Olympus IX 70). Maximal resolution was obtained with Olympus plan apo  60 water, 1.3 numerical aperture objective. Fluorescence images were generated sequentially to avoid spectral overlap of ﬂuorescent emissions
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