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ORIGINAL ARTICLE



Inhibition of Aurora A in response to DNA damage A Krystyniak1, C Garcia-Echeverria2, C Prigent3 and S Ferrari1 1



Institute of Molecular Cancer Research, University of Zurich, Zurich, Switzerland; 2Department of Oncology, Novartis Pharmaceuticals, Basel, Switzerland and 3CNRS UMR6061, Cell Cycle Group, University of Rennes 1, Rennes Cedex, France



Mitotic kinases are the ultimate target of pathways sensing genotoxic damage and impinging on the cell cycle machinery. Here, we provide evidence that Aurora A (AurA) was inhibited upon generation of double-strand breaks in DNA. We demonstrate that AurA was not downstream of CDK1 and that inhibition of AurA and CDK1 by DNA damage occurred independently. Using a cell line functionally deﬁcient in Chk2, a selective Chk1 inhibitor and siRNA to Chk1, we show that DNA-damage signals were delivered to AurA through a Chk1-dependent pathway. With regard to the molecular mechanism of AurA inhibition, we found that the point mutation Ser342>Ala rendered AurA resistant to inhibition by DNA damage. By means of two distinct approaches we examined the impact of reconstitution of AurA activity in DNA-damaged cells: (i) transient expression of wild-type and Ser342>Ala mutant, but not kinase-dead, AurA led to bypass of the DNA damage block; (ii) direct transduction of highly active wt-AurA into G2 arrested cells precisely after induction of DNA damage resulted in mitotic entry. We show that the mechanism through which AurA allowed entry into mitosis was reactivation of CDK1, thus indicating that AurA plays a key role upstream of CDK1. A model depicting the possible role of AurA at the onset of mitosis and upon DNA damage is presented. Oncogene (2006) 25, 338–348. doi:10.1038/sj.onc.1209056; published online 12 September 2005 Keywords: AurA; CDK1; DNA damage; mitosis; phosphorylation



Introduction Genome stability is prerequisite to faithful transmission of genetic information to the progeny. Errors in transmission of heritable information derive from problems intrinsic to the machinery dedicated to DNA synthesis and DNA repair, or originate from incorrect segregation of chromatids during mitosis (Lengauer Correspondence: Dr S Ferrari, Institute of Molecular Cancer Research, University of Zurich, Winterthurerstrasse 190, Zurich CH-8057, Switzerland. E-mail: [email protected] Received 4 May 2005; revised 15 July 2005; accepted 19 July 2005; published online 12 September 2005



et al., 1998; Loeb et al., 2003). In normal cells, spontaneous and induced DNA damage is sensed by a network of proteins that direct the assembly of DNA repair protein complexes and generate signals delaying the onset of mitosis, a process known as ‘DNA damage response’ (Nyberg et al., 2002). Organisms as distant as yeast and mammals display a remarkably similar DNA damage response, indicating that the mechanisms sensing and addressing correction of DNA damage have been conserved throughout evolution. In budding yeast, the central regulators of the pathway are Mec1p and Tel1p, two members of the PI-3K subfamily of protein kinases. Orthologs of Mec1p and Tel1p in humans are the protein kinases ATR and ATM. The former responds to many types of damage and is believed to be of key importance in the surveillance of DNA replication, while the latter appears to be primarily involved in the response to double-strand breaks (DSB) (Rouse and Jackson, 2002). Upon detection of damage by speciﬁc protein complexes, ATR/ATM are recruited to the damaged sites, where they facilitate assembly of repair factors concomitantly with the activation of two downstream protein kinases, Chk1 and Chk2. These kinases contribute on the one hand to the phosphorylation of repair factors, and on the other hand target and inactivate Cdc25C and CDK1, two key components of the cell cycle machinery. As compared to yeast, additional controls such as stabilization of p53, nuclear exclusion of cyclin B and inhibition of the mitosis-promoting Polo-like kinase add further complexity to the cell cycle arrest triggered in response to DNA damage in mammals. Aurora proteins were ﬁrst described in yeast and Drosophila and belong to a novel subfamily of mitotic protein kinases that regulate centrosomal and microtubule activity, thus controlling the accuracy of chromosome segregation and cytokinesis (Giet and Prigent, 1999). One single form of the kinase, Ipl1, is expressed in budding yeast (Chan and Botstein, 1993), where mutants display abnormal ploidy (Biggins et al., 1999). Drosophila Aurora mutants typically display monopolar spindles as a result of defective centrosome separation (Glover et al., 1995). A number of Aurora homologues have been identiﬁed in other organisms (Giet and Prigent, 1999). Of the three human homologues so far described, Aurora A (AurA) and Aurora B (AurB) were isolated during the screening for kinases overexpressed in colon carcinoma (Bischoff et al., 1998). AurA kinase activity
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peaks at G2, before the activation of AurB (Bischoff et al., 1998). AurA is localized to the centrosomes during interphase and to the spindle throughout mitosis. Analysis of AurA function in HeLa cells by siRNA revealed that depletion of AurA results in an almost complete block of entry into mitosis (Hirota et al., 2003). Overexpression of AurA was shown to cause transformation of Rat1 and NIH3T3 cells, which in turn could grow as tumors in nude mice (Bischoff et al., 1998). Biochemically, full activation of AurA requires phosphorylation at a number of sites by as yet unknown upstream kinases (Walter et al., 2000; Littlepage et al., 2002) as well as autophosphorylation (Haydon et al., 2003; Ferrari et al., 2005). AurA interacts with protein phosphatase 1 (PP1), which appears to contribute to regulation of AurA kinase activity during mitosis (Katayama et al., 2001). Inactivation of AurA by ubiquitin-dependent degradation occurs at mitotic exit and is mediated by the anaphase-promoting complex/ cyclosome (APC/C) (Honda et al., 2000; Castro et al., 2002; Littlepage and Ruderman, 2002). Recent studies on the potential role of AurA in cancerogenesis have described the frequent ampliﬁcation of AurA gene in human tumors and cancer cell lines as well as the high expression of AurA mRNA in a manner independent of gene ampliﬁcation (Sen et al., 1997; Bischoff et al., 1998; Zhou et al., 1998). Considering that DNA damage triggers arrest before cell division and that AurA plays a key role at the onset of mitosis, we set out to investigate whether regulation of AurA is a target of DNA damage-triggered pathways. We have addressed the eventual dependence of AurA from CDK1 and then examined the pathway relaying DNA damage signals to AurA by means of speciﬁc kinase inhibitors, cells functionally deﬁcient in checkpoint kinases and siRNA. Finally, in ectopic expression as well as protein transduction experiments, we addressed the question on the ability of active AurA to promote bypass of the G2 block imposed by DNA damage. We show that this occurred through AurAdriven CDK1 reactivation and suggest a model that integrates these novel ﬁndings into the network of mitotic signaling pathways.



serum to AurA (AurA-Pab36) was generated in two rabbits (Clonestar, Brno, Czech Republic) using full-length AurA. IgGs were puriﬁed by FPLC on a Protein A-Sepharose column (Amersham-Pharmacia). The puriﬁed polyclonal antibody to AurB (#3094) was from Cell Signaling Technology. Expression vectors for myc-tagged forms of wild-type (wt) and kinase-dead (D145>N) AurA in pCS2 were kindly provided by P Sassone-Corsi (Strasbourg, France). The S342>A mutant was generated using the QuickChange sitedirected mutagenesis kit (Stratagene). Monoclonal antibody 9E10 to the myc-tag was from Santa Cruz Biotechnology. UCN-01 was dissolved in DMSO. The kinase substrate myelin basic protein (MBP) was purchased at Sigma. The carrier peptide Pep-1 (Morris et al., 2001) was synthesized on a Milligen 9050 Plus automated peptide synthesizer (continuous ﬂow) using chemical protocols based on Fmoc chemistry. The purity of the ﬁnal compound was veriﬁed by reversed-phase analytical HPLC and the identity was assessed by correct mass spectral and amino acid analyses. Cell culture HeLa, HEK-293T and U2-OS were maintained in DMEM (OmniLab) supplemented with 10% fetal calf serum (FCS, Life Technologies), penicillin (100 U/ml) and streptomycin (100 mg/ml). HCT-15 cells were maintained in RPMI-1640 containing 20% FCS and antibiotics. For synchronization experiments cells were seeded at 1  106 in 10 cm plates and treated after 24 h with 2 mM thymidine (SynGen Inc.) for 16 h, released for 8 h and thymidine (2 mM) was added for a second period (15 h). When indicated cells were synchronized by addition of hydroxyurea (2 mM) for 15 h. The extent of synchronization was controlled by ﬂow cytometric analysis of DNA. Transient transfections were performed using FuGene6 (Roche).



Materials and methods



Immunofluorescence Indirect immunoﬂuorescence experiments were performed with cells grown on acid-washed glass cover slips as described (Charrasse et al., 2000). Detection of AurA, centrin or histone H3 pospho-Ser10 were performed with puriﬁed AurA-Pab36 antibody (1/800), monoclonal antibody to centrin (1/2000) and polyclonal antibody to H3-pS10 (1/100). FITC-labeled (1/750) or TRITC-labeled (1/50) secondary antibodies were combined with DAPI (Molecular Probes). Cells were observed with a Leica DMRB microscope equipped with a 100 W HBO lamp for ﬂuorescence. High-resolution pictures were taken with oilimmersion lenses (PL-FLUOTAR 40  –100  ) and images were captured with a Leica DC 200 camera. Cells were viewed using Leica DC Viewer software and image merging was obtained using Adobe Photoshop 7.0.



Expression vectors, chemicals, peptides and antibodies Full-length AurA was obtained by means of PCR using Pfupolymerase (Stratagene). The ﬁrst-strand cDNA template was synthesized on polyA þ mRNA puriﬁed from mitotic HeLa cells using M-MLV reverse transcriptase (Promega). The genespeciﬁc forward and reverse primers used in the PCR reactions were 50 -CGCGGATCCATGGACCGATCTAAAGAAAACT GCATTTC-30 and 50 -GGCGAGCTCCTAAGACTGTTTGC TAGCTGATTCTTTG-30 , respectively. The 1.2 Kb PCR product was subcloned into pBluescript SK þ (Stratagene) via BamHI/XhoI sites and controlled by sequencing. Recombinant AurA was generated by subcloning AurA ORF in pTXB3 (New England BioLabs) followed by expression of the Intein– AurA fusion protein in the BL21 Escherichia coli strain and one-step afﬁnity puriﬁcation on Chitin beads. A polyclonal



Western blotting, immunoprecipitation and protein kinase assay Cell extraction and detection of proteins by Western blot analysis were carried out as previously described (Charrasse et al., 2000). Immunoprecipitations were carried out for 3 h at 41C in Buffer A (50 mM Tris–HCl, pH 7.5, 120 mM NaCl, 20 mM NaF, 1 mM EDTA, 6 mM EGTA, 15 mM Na-pyrophosphate, 0.5 mM Na-orthovanadate, 1 mM benzamidine, 0.1 mM phenylmethylsulfonil ﬂuoride (PMSF), 1% Nonidet P-40) using 100, 200 or 500 mg of total protein for CDK1, Chk2 or AurA, respectively. Proteins were immobilized on Protein A/ G-Agarose beads (S Cruz Biotech.) and washed in 3  1 ml icecold Buffer A. AurA was routinely immunoprecipitated with puriﬁed AurA-Pab36 antibody and deteced by Western blot with monoclonal antibody 35C1. To assess CDK1 or AurA protein kinase activity, immunoprecipitates were additionally Oncogene
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340 washed with 1  1 ml Buffer B (20 mM Tris-HCl, pH 7.5, 0.5 M LiCl) and with 1  1 ml Buffer C (20 mM Tris–HCl, pH 7.5, 1 mM dithiothreitol (DTT), 100 mM NaCl, 10 mM MgCl2). Pellets were dried and resuspended in a ﬁnal volume of 20 ml Buffer C containing the kinase substrate (0.1 mg/ml) (MBP, myelin basic protein) and 50 mM [g-32P]ATP (AmershamPharmacia) (speciﬁc activity: 5–10 mCi/nmol for AurA and 2 mCi/nmol for CDK1 kinase assay, respectively). Autophosphorylation of AurA was performed as indicated above with the exception that MBP was omitted. In the case of Chk2, immunoprecipitates were washed in 3  1 ml ice-cold Buffer A followed by 1  1 ml Buffer D (10 mM MOPS pH 7.0, 0.2 mM EDTA, 10 mM MgCl2). Pellets were dried and resuspended in a ﬁnal volume of 20 ml Buffer D containing the kinase substrate (200 mM Cdc25 peptide, as described in Davies et al. (2000)) and 100 mM [g-32P]ATP (Amersham-Pharmacia) (speciﬁc activity 1.0 mCi/nmol). siRNA treatment HeLa cells were seeded in triplicate wells of a six-well plate and treated with siRNA to Chk1 (Ambion validated siRNA #51 147) for 48 h. Synchronization by double thymidine was performed during treatment with siRNA. Chk1 expression was detected with a rabbit polyclonal antibody (Cell Signaling Technology #2345) or the monoclonal antibody DSC-310 (a kind gift of A Kraemer and J Lukas).



Results Effect of genotoxic agents on AurA Given the function of AurA at the onset of mitosis we asked whether it might be a target of DNA damage signals. AurA protein level was low in interphase and raised during progression to mitosis (Figure 1a), as previously reported (Bischoff et al., 1998; Stenoien et al., 2003). Using puriﬁed AurA-Pab36 antibody, which did not show crossreactivity with AurB (Supplemental data Figure 1), we conﬁrmed that AurA was present at centrosomes during S and G2 phases and at spindle poles during mitosis (Supplemental data Figure 1). In order to examine the impact of DNA damage on AurA we employed etoposide (Supplemental data Figure 2; Nghiem et al., 2001), which causes DSB in DNA by inhibiting topoisomerase II, thus impairing chromosome condensation and decatenation of sister chromatids (Andoh and Ishida, 1998). To avoid eventual unspeciﬁc effects of the drug on AurA synthesis we administered etoposide to double-thymidine synchronized HeLa cells after completion of DNA synthesis (8 h postrelease from the second thymidine block), when AurA level was close to maximum. The treatment caused arrest at G2, as shown by ﬂow cytometry (Figure 1b, top panel) and lack of histone H3 phosphorylation (Figure 1b, bottom panel and Supplemental data Figure 3). Such a block was characterized by high levels of cyclins A and B1 as well as inhibition of CDK1 activity (Figure 1c). Under these conditions, AurA accumulated to high levels (Figure 1c), in a manner similar to the two cyclins. We excluded any possible toxicity of etoposide, since long treatment with the drug did not result in apoptosis, as judged by the lack of the sub-G1 peak in the ﬂow Oncogene



Figure 1 Damage to DNA affects AurA turnover and kinase activity. (a) Detection of AurA, Cyclin B1 and phosphorylated CDK1 by Western blot analysis of whole-cell extracts (WCE) derived from double-thymidine synchronized HeLa cells. TFIIH was used as loading control. (b) Synchronized HeLa cells were treated in the presence or the absence of etoposide (5 mM) at 8 h postrelease and analysed by ﬂow cytometry at the indicated time (top panel). Histone H3 phosphorylation was used as read-out for entry into mitosis (bottom panel). The asterisk denotes an unspeciﬁc band taken as loading control. (c) Expression of AurA and cell cycle markers were examined in synchronized cells treated in the presence or the absence of etoposide as described in B. (d) Determination of AurA kinase activity upon treatment of cells with etoposide. Upper panel: AurA protein as detected in WCE using puriﬁed rabbit AurA-Pab36 antibody; middle panel: AurA was immunoprecipitated with puriﬁed rabbit AurA-Pab36 antibody and subjectd to protein kinase activity assay; lower panel: immunoprecipitated AurA was detected with monoclonal antibody 35C1.
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cytometry proﬁle (Figure 1b). Addition of etoposide at 10 h postrelease, that is when sister chromatids are decatenated and cells transit through mitosis (Supplemental data Figure 1, middle panels), did not result in accumulation of AurA and cyclin B1 and, accordingly, did not block transition through mitosis (data not shown). This indicated that the effect of etoposide was related to the generation of DSB in DNA during the process of decatenation of sister chromatids and that the accumulation of AurA was not merely the result of unspeciﬁc stress responses in the cell (see also below). We next asked whether DNA damage affected AurA kinase activity. Immunoprecipitation of AurA from etoposide-treated cells showed that kinase activity was inhibited (Figure 1d). Visual inspection of etoposidetreated cells conﬁrmed that cells were impaired in progression to mitosis (Figure 2). The magniﬁcation displayed in Figure 2 shows that etoposide treatment did not block duplication, but rather separation of the centrosomes, a process contributed to by AurA (Nigg, 2001). AurA is activated independently of CDK1 It is well established that activation of cyclin B1/CDK1 plays a key role during mitotic entry. Since CDK1 inactivation is held responsible for the G2/M block resulting from DNA damage (Smits and Medema, 2001), we asked whether the accumulation of inactive AurA that we observed in response to damage was related to CDK1 inhibition. As prerequisite to this study, we ﬁrst examined whether AurA and CDK1 activities were linked during the regular progression to mitosis, since in the literature there is conﬂicting evidence on this issue (Bischoff et al., 1998; Marumoto et al., 2002; Hirota et al., 2003) (see ‘Discussion’). To this end, we employed roscovitine, a di-methyl derivative of olomoucine that displays the same mechanism of action of olomoucine but is more selective (De Azevedo et al., 1997). Treatment of synchronized cells with rosco-



vitine led to accumulation of cells at G2 (Figure 3C, right panel and Figure 3D). AurA protein did not undergo degradation in roscovitine-arrested cells, as opposed to untreated cells (Figure 3A, top panel lane 3 vs lane 2) that were regularly transiting through mitosis (Figure 3C, left panel). This was expected, considering that inhibition of CDK1 is known to block turnover of mitotic proteins by the APC/C. Immunoprecipitation of AurA (Figure 3B, top panel) or CDK1 (Figure 3B, middle panel) followed by determination of protein kinase activity showed that roscovitine treatment led to effective inhibition of CDK1, but left AurA activity unchanged. Accordingly, visual inspection of roscovitine-treated cells reﬂected the fact that AurA accumulation at centrosomes proceeded undisturbed, centrosomes separated normally (Figure 3D) and the centrosome structure was not disrupted (Figure 3E). Under these conditions, however, cells displayed no mitotic ﬁgures, in agreement with the fact that CDK1 activity was inhibited (Kimura et al., 1998). Lack of dependency of AurA activity from CDK1 was further inferred by analysis of Tyr15 phosphorylation in CDK1, which clearly dropped after the observed peak of AurA protein (Figure 1a) and activity (Figure 1d). Taken together these data demonstrated that, in somatic cells, AurA activity is independent of CDK1. These data further imply that etoposide-mediated inhibition of AurA in G2 likely occurred through a mechanism independent of CDK1. Signaling damage to AurA is mediated through Chk1 The next issue that we addressed was to clarify whether the effect of etoposide on AurA was mediated through transducers of DNA damage. To this end, we employed the colon cancer cell line HCT-15. These cells are heterogeneous with regard to Chk2, which is either not expressed or is mutated and does not respond to DNA damage (Falck et al., 2001). In fact, we observed that Chk2 electrophoretic mobility and kinase activity were



Figure 2 Effect of DNA damage on AurA localization and centrosome separation. HeLa cells synchronized by double-thymidine block were treated with etoposide (5 mM) at 8 h postrelease and analysed for expression and localization of AurA with puriﬁed rabbit AurA-Pab36 antibody at 10 h. Nuclei were visualized by DAPI staining of DNA. White arrows show duplicated centrosomes. Oncogene
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Figure 3 AurA activity and mitotic function are independent of CDK1. HeLa cells synchronized by double-thymidine block release were treated with roscovitine (40 mM) at 6 h. (A) AurA and CDK1 expression at the indicated time were determined by Western blot. (B) Protein kinase activity of imunoprecipitated AurA and CDK1 was determined as described under Materials and methods. Western blot analysis of immunoprecipitated CDK1 is shown as control for the immunoprecipitation (B, bottom panel). The effect of roscovitine on cell cycle progression (C) and on AurA localization (D) was assessed by ﬂow cytometric analysis and immunoﬂuorescence, respectively. AurA and DAPI staining in untreated (a and b) or roscovitine-treated cells (c and d) are shown. (E) Staining of centrin was used to document the presence of two centrioles at centrosomes.



not affected by etoposide in HCT-15 cells, contrary to HeLa cells that express functional Chk2 (Figure 4a). Double-thymidine synchronized HCT-15 cells (Figure 4b) displayed the same pattern of cell cycle- and DNA damage-dependent AurA accumulation observed in HeLa cells. Considering that in HCT-15 cells Chk1 was activated by DNA damage (Figure 4b), signaling to AurA and CDK1 in these cells was likely mediated through Chk1. To further substantiate this ﬁnding we employed siRNA to Chk1 or the Chk1 inhibitor UCN01 (Zhao et al., 2002). Reduced expression of Chk1 by Oncogene



siRNA as well as inhibition of Chk1 kinase activity by UCN-01 prior to the generation of DNA damage completely abolished the accumulation of AurA and tyrosine-phosphorylated CDK1 (Figure 4c and d). A slight reduction of CDK1 upon treatment of cells with siRNA to Chk1 was observed using two independent oligonucleotides. Off-target effects were, however, ruled out by the speciﬁc sequence of the siRNA chosen and by the detection of a number of other proteins like Chk2, SHC-A, SHC-B, SHC-C (data not shown) and TFIIH (Figure 4c). The effect of UCN-01 could be appreciated
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at doses as low as 5 nM (Figure 4e, lane 5 vs lane 4), indicating the speciﬁcity of the inhibition. The fact that Chk2 mobility shift was unaffected by treatment of cells with UCN-01 (Figure 4d, lane 5) conﬁrmed the lack of Chk2 involvement in the pathway controlling AurA. Immunoﬂuorescence data conﬁrmed that in cells treated with UCN-01 progression to mitosis occurred despite damage to DNA (Supplemental data Figure 4).



Active AurA overrides DNA damage signals The evidence presented above indicated that AurA, like CDK1, is a downstream target of DNA damagetriggered pathways. Considering the important role of AurA at the onset of mitosis, we asked whether the presence of active AurA in etoposide-blocked cells might be sufﬁcient to bypass the block. To this end, we considered possible mutations that may render AurA resistant to inhibitory signals. A study on Xenopus laevis AurA identiﬁed three in vitro sites of phosphorylation with roles in protein stability and activity (Littlepage et al., 2002). In particular, mutation of Ser349 (equivalent to Ser342 in human AurA) to Asp was shown to result in an inactive kinase, whereas the Ala349 isoform displayed activity similar to wt-AurA. This indicated that phosphorylation at Ser349 in X. laevis AurA might be inhibitory (Littlepage et al., 2002). We constructed a nonphosphorylatable human AurA mutant (S342>A) and transiently expressed it in HEK 293T cells. As observed for X. laevis AurA, the human S342>A displayed activity similar to the wt-kinase (Figure 5a, lane 3 vs 1). Assessment of AurA activity in cells ectopically expressing wt-, kd- or A342-AurA isoforms and treated with etoposide revealed that A342-AurA remained active (Figure 5b, lane 6) whereas wt-AurA was partially inhibited (Figure 5b, lane 3). Incomplete inhibition of transiently expressed wt-AurA by DNA damage when compared with endogenous AurA (Figure 1d, lanes 5 and 6) could be explained considering that overexpression of exogenous AurA likely saturated the inhibitory signals triggered by etoposide. The cell cycle distribution of synchronized HEK 293T cells ectopically expressing AurA isoforms was unaffected in the absence of DNA damage (data not shown). In DNA-damaged cells, however, the ectopically expressed wt- and kd-AurA displayed an opposite behavior: whereas wt-AurA facilitated bypass of the



Figure 4 DNA damage signal to AurA is relayed through Chk1. (a) Exponentially growing HeLa or HCT-15 cells were treated with etoposide (5 mM) for 4 h and Chk2 electrophoretic mobility (top) or kinase activity (bottom) was examined. (b) HCT-15 cells synchronized by double-thymidine block were treated in the presence of etoposide (5 mM) at 8 h postrelease and analysed at the indicated time points. The high level of Chk1-S345 phosphorylation at time 0 h likely reﬂected intra S phase checkpoint activation by stalled replication forks. (c) HeLa cells were treated with control or Chk1 siRNA and double-thymidine synchronized. Etoposide (5 mM) was given at 8 h and proteins analysed by Western blotting at 24 h postrelease. Expression of Chk1 was monitored using a rabbit polyclonal (top) or the DSC-310 mouse monoclonal antibody (bottom). (d) Synchronized HeLa cells were treated with the Chk1 inhibitor UCN-01 (300 nM) at 7.5 h postrelease. Etoposide (5 mM) was added at 8 h and cells were analysed at the indicated time points. Phosphorylation of CDK1 at Tyr15 was used as biochemical marker for the effect of UCN-01 (middle panel). The asterisk in AurA blot indicates a nonspeciﬁcally reacting protein that was taken as loading control. (e) Double-thymidine synchronized HeLa cells were treated with increasing amounts of UCN-01 (5–10–50– 100–300 nM, lanes 5–9) at time 7.5 h postrelease and DNA damage was generated by addition of etoposide (5 mM) at 8 h. The expression of AurA was examined at the indicated time points. The asterisk in AurA blot indicates a nonspeciﬁcally reacting protein that was taken as loading control. Oncogene
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Figure 5 Ectopic expression of wild-type (wt) AurA can bypass the G2 block caused by DNA damage. (a) Immunoprecipitation of myc-tagged forms of wt-AurA (lane 1), kd-AurA (lane 2) and A342-AurA (lane 3) with monoclonal antibody 9E10 from extracts of transiently transfected HEK 293T cells. Protein expression was revealed with puriﬁed AurA-Pab36 antibody (upper panel) and kinase activity (lower panel) was determined as described in Materials and methods. (b) Myc-tagged wt- (lanes 1 and 3), kd- (lanes 2 and 4) or A342-AurA (lanes 5 and 6) were immunoprecipitated from synchronized 293T cells using monoclonal antibody 9E10. Protein was detected with puriﬁed rabbit AurA-Pab36 antibody (upper panels) and kinase activity (lower panels) was assayed as described in Materials and methods. (c) Flow cytometric analysis of double-thymidine block-released HEK 293T cells. (d) Synchronized HEK 293T cells were transfected with myc-tagged wt-AurA, kd-AurA or A342-AurA (as indicated) between the two thymidine blocks. DNA damage was generated by addition of etoposide (5 mM) 3 h following release from the second block, and cells were analysed by ﬂow cytometry at 10 h (upper panels). Expression of myc-AurA in cells that were analysed by ﬂow cytometric analysis is shown (lower panel, lane 1: wt-AurA; lane 2: kd-AurA; lane 3: A342-AurA). (e) Synchronized HEK 293T cells were treated with nocodazole to prevent progression beyond M phase (lane 1). Cells transfected with wt-AurA (lane 2), kd-AurA (lane 3) or A342-AurA (lane 4) as shown in (d) were treated with nocodazole and etoposide (5 mM) 3 h following release from the second block and analysed 10 h postrelease. The ability of AurA isoforms to promote entry into mitosis was scored by detection of phosphorylated Ser10 in histone H3.



etoposide-induced G2 block, as evidenced by an increase in the G1 population, kd-AurA was unable to promote transition through mitosis (Figure 5d, upper panels). A342-AurA resulted to be more efﬁcient than the wt kinase in facilitating progression through mitosis (Figure 5d, upper panels). Detection of phosphorylation at Ser10 in histone H3 documented mitotic entry of DNA-damaged cells transfected with wt- or A342-AurA (Figure 5e). Given the drawback of large overexpression



of proteins in transient transfection assays, we decided to use a system that allows rapid transduction of proteins in the cell in a manner compatible with the kinetic of G2 arrest by DNA damage signals. To this end, we transduced human recombinant wt- and kdAurA into HCT-116, HeLa and U2-OS cells. Recombinant AurA isoforms were puriﬁed to homogeneity upon expression in E. coli. The wt-kinase displayed high speciﬁc activity whereas the kinase-dead form was



Figure 6 Transduction of wt-AurA in etoposide-damaged cells promotes entry into mitosis. (A) Hydroxyurea block-released U2-OS cells were treated with etoposide at 8 h (a), nocodazole at the time of release (b) or nocodazole and etoposide (c). Cells treated with etoposide and nocodazole as in (c) were transduced at 10 h postrelease with vehicle peptide alone (d), wt-AurA (e) or kinase-dead AurA (f). Cells were analysed at 20 h by phase contrast microscopy. An average of 100–150 cells were counted in triplicate determinations. (B) Double-thymidine synchronized HeLa cells were treated with etoposide at 8 h (a), nocodazole at the time of release (b) or nocodazole and etoposide (c). Cells treated with etoposide and nocodazole as in (c) were transduced at 9 h postrelease with either vehicle peptide alone (d), wt-AurA (e) or wt-AurA in the presence of roscovitine (f), and analysed at 20 h by phase contrast microscopy. An average of 200–250 cells were counted in triplicate determinations. (C) Synchronized HeLa cells were damaged with etoposide, transduced with carrier peptide or wt-AurA and treated with nocodazole to prevent progression beyond M phase, as shown in B, panel e. Rounded-up cells (lane 2) were separated from adherent cells (lane 3) by mitotic shake-off. Phosphorylation of CDK1 Tyr15 as well as total CDK1 protein is shown. Lane 1: cells treated with vehicle peptide alone. (D) Double-thymidine synchronized HeLa cells were treated with etoposide at 8 h postrelease (a, b) and transduced with wt-AurA at 9 h in the absence (c, d) or the presence of roscovitine (e, f). Cells were ﬁxed at 10 h and analysed by immunoﬂuorescence using puriﬁed AurA antibody (a, c, e) or DAPI (b, d, f). Oncogene
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completely inactive (Ferrari et al., 2005). Synchronized U2-OS (Figure 6A) or HeLa cells (Figure 6B) were treated either with etoposide, nocodazole or both compounds, and the onset of mitosis was scored by



the number of rounded-up cells at 20 h postrelease. Whereas etoposide impaired entry into mitosis, nocodazole-treated cells appeared to be mitotic (U2-OS E4575%; HeLa E9075%) at the time point



Oncogene
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examined. Transduction of etoposide-treated cells with active AurA at 9 h postrelease could rescue cells from the G2 block and advance them into mitosis (U2-OS E1776.1%; HeLa E8478%). Quantiﬁcation of the band corresponding to AurA (Supplemental data Figure 5) showed that the exogenous protein transduced into cells was a fraction (B40%) of the physiological amount of endogenous AurA. To document progression to mitosis, we examined staining of transduced wt-AurA to the poles of the mitotic spindle in HeLa (Figure 6D) and HCT-116 cells (data not shown). Omission of nocodazole in this set of experiments resulted in an apparently lower number of cells bypassing the block at the time point examined. Nonetheless, a similar number of mitotic cells could be detected at subsequent time points (data not shown), an indication of the different rate of mitotic entry in a population of cells. In all cases we observed that transduction of active AurA caused nuclear membrane breakdown, correct positioning of centrosomes and formation of the mitotic spindle despite the presence of DNA damage. Analysis of CDK1 phosphorylation at Tyr15 showed that DNA damage-dependent inhibition of CDK1 was relieved in cells transduced with active AurA (Figure 6C). Finally, treatment of wt-AurA-transduced cells with roscovitine (Figure 6B, panel f and 6d, panels e,f) abolished entry into mitosis, pointing to the need of active CDK1 in this process. Taken together, these results showed that catalytically active AurA, but not the kinase-dead mutant, triggered CDK1 reactivation and allowed overriding the DNA damage checkpoint.



Discussion Mitosis is an exquisitely regulated process resulting in the segregation of sister chromatids into two newly formed cells (Nigg, 2001). Although initial evidence indicated that CDK1 is the master regulator of mitosis, subsequent studies have shown the role of Polo-like (Plk1), NIMA- and Aurora-related protein kinases in the commitment to and execution of mitosis (Giet and Prigent, 1999; Nigg, 2001; Hirota et al., 2003; Marumoto et al., 2003). Considering that DNA damage results in the block of mitosis, we set out to investigate whether inactivation of AurA is a part of the cellular response to genotoxic damage. Our data indicate that DNA damage causing arrest at the G2 transition of the cell division cycle resulted in accumulation of AurA protein, likely as a result of APC/Cyclosome malfunction (Peters, 2002). The unlikelihood of transcriptional induction of AurA in this context is supported by the ﬁnding that transcription of genes encoding mitotic regulators, including AurA, is rapidly turned off following DNA damage (Crawford and PiwnicaWorms, 2001). We observed that AurA accumulated in DNA-damaged cells was devoid of kinase activity. Synchronization of cells at G2 with roscovitine did not result in inhibition of AurA kinase activity, thus ruling out the possibility that AurA inhibition by DNA Oncogene



damage could have been merely the consequence of cell cycle synchronization. Visual inspection of etoposidetreated cells conﬁrmed the lack of centrosome separation and mitotic ﬁgures. In order to establish whether DNA damage-dependent AurA inhibition may have been the consequence of CDK1 inhibition, the next issue that we addressed was the link between AurA and CDK1. Initial studies established that activation of AurA precedes the peak of CDK1 activity (Bischoff et al., 1998). A later report, however, claimed that activation of AurA depends on CDK1 (Marumoto et al., 2002), although the conclusion drawn in this study was made using chemical inhibitors of CDK1 at concentrations that may have had unpredictable side-effects in vivo (i.e. on the pathway of AurA synthesis). As support to this, titration studies that we performed with the more selective CDK1 inhibitor roscovitine showed that a high concentration of the compound (>100 mM) led to a dramatic reduction of AurA protein (data not shown). Further studies on AurA and CDK1 regulation reached the conclusion that AurA is required for promoting cyclin B1/CDK1 activation (Hirota et al., 2003). Controversial conclusions on this issue were also reached in studies conducted on Xenopus oocytes (Andresson and Ruderman, 1998; Maton et al., 2003). Considering the complexity of AurA and CDK1 interaction, we have also addressed the issue of the dependence of AurA on CDK1 as prerequisite to the investigation of the pathways signaling DNA damage to AurA. We observed that treatment of synchronized HeLa cells with the selective cyclin-dependent kinase inhibitor roscovitine led to complete inhibition of CDK1, but left AurA activity unaffected. The drug neither impaired accumulation of AurA at centrosomes nor blocked centrosome separation, an event known to be under the control of AurA and Nek2 (Mayor et al., 1999; Nigg, 2001). These data demonstrated that in somatic cells, AurA activity was independent of CDK1 as early as 6 h postrelease from the G1/S block. These data allowed inferring that at the time of etoposide treatment (8 h postrelease) the inhibition of AurA activity that we observed occurred independently on effects of DNA damage on CDK1. To address whether DNA damage-dependent AurA accumulation and inhibition of kinase activity was mediated by checkpoint kinases, we have taken a twopronged approach: on the one hand we assessed the DNA damage response in HCT-15 cells, which express a form of Chk2 that does not respond to DNA damage. On the other hand, we employed siRNA to Chk1 or the potent Chk1 inhibitor UCN-01. The results showed that DNA damage was signaled to AurA in a Chk1dependent manner. Identifying the Chk1 pathway as a transducer of DNA damage signals to AurA allowed us to deﬁnitely rule out unspeciﬁc stress responses as a cause of AurA inhibition. We next addressed the mechanism of AurA inhibition by DNA damage. We excluded the possibility of tyrosine phosphorylation in the Gly-rich motif, which is the speciﬁc mechanism of CDK1 inactivation: AurA
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contains a phenylalanine at the position corresponding to Tyr15 in CDK1 and we were unable to detect phosphorylation at tyrosine residues in AurA upon damage (data not shown). Direct phosphorylation of AurA by checkpoint kinases was ruled out due to the inability of recombinant AurA to serve as in vitro substrate for either Chk1 or Chk2 that were immunoprecipitated from UV- or IR-treated cells, respectively (data not shown). Considering that phosphorylation has been implicated in the control of X. laevis AurA kinase activity, we have generated a nonphosphorylatable mutant of a site that was described as inhibitory in studies conducted on X. laevis AurA (Littlepage et al., 2002). We found that the A342-AurA mutant displayed an activity similar to the wt kinase and, most importantly, was resistant to inhibition by DNA damage. The last question that we have addressed was the impact of DNA damage-dependent AurA inhibition on the onset of mitosis. A previous study claimed that inducible expression of wt-AurA could overcome the slight reduction (25–30%) of mitotic entry observed in irradiated ﬁbroblasts (Marumoto et al., 2002). However, considering that overexpression of either wt- or kdAurA was later shown to regulate equally well a number of mitotic events (Meraldi et al., 2002), the possibility remained that the effect observed in irradiated ﬁbroblasts might have occurred independently of AurA kinase activity. Moreover, since Marumoto et al. (2002) argued in their study that AurA was downstream of CDK1, the AurA-driven bypass of the DNA damage checkpoint and the following mitotic entry observed by the Authors were necessarily implied to occur in the absence of CDK1 activity. This is clearly incompatible with our current knowledge of mitotic regulation (Nigg, 2001). In the present study we unambiguously show that in HEK 293T cells that were arrested by DNA damage to a more signiﬁcant extent than what was reported for ﬁbroblasts, ectopic expression of wt, but not kinasedead, AurA drove cells to mitosis. In this setting, a mutant of a site of phosphorylation that negatively affects AurA activity displayed a more pronounced bypass of the DNA damage-induced G2 arrest as compared to wt-AurA. Despite the fact that transient expression studies are widely used to assess the biological function of proteins, we did not regard this approach as sufﬁcient to establish the role of AurA. We considered stable transfection of cells with inducible forms of AurA also not suitable, since the process of induction is normally not compatible with the fast kinetics that are the object of this study (i.e. generation of damage shortly before entry into mitosis). For this reason, we took an alternative approach by employing a technology that allows rapid and efﬁcient transduction of proteins into cells based on the property of a peptide carrier (Morris et al., 2001). Peptide-mediated protein transduction is a well-established technique (Joliot and Prochiantz, 2004), which is equivalent to microinjection, but shows the advantage of avoiding the stress associated with physical piercing of the membrane in target cells. The results obtained upon transduction of active, but not kinase-dead, AurA in various cell lines



that were fully arrested by etoposide indicated that AurA was capable of advancing cells into mitosis, thus bypassing the G2 block. Of particular note is the fact that transduction of active AurA resulted in nuclear envelope breakdown and formation of the mitotic spindle, functions that are controlled by CDK1. Analysis of CDK1 status in transduced vs nontransduced cells, showed that DNA damage-inhibited CDK1 was reactivated in the former and, accordingly, treatment of AurA-transduced cells with roscovitine abolished entry into mitosis. This is the ﬁrst formal demonstration that, in the context of DNA damage, AurA operates upstream of CDK1 and that AurAmediated bypass of the DNA damage checkpoint proceeds through reactivation of CDK1. As shown in the model that summarizes our ﬁndings (Figure 7), reactivation of CDK1 by AurA could proceed via a positive input onto Cdc25 phosphatases or through downregulation of the inhibitory kinases Wee1 or Myt1. Whereas evidence is available for the former pathway (Dutertre et al., 2004), the possible control of Wee1/Myt1 kinase activity by AurA has not been investigated to date. Thus, our data not only complete and extend previous observations, but also provide the correct interpretation



Figure 7 Model depicting the role of AurA at the onset of mitosis in DNA-damaged cells. Double-strand breaks (DSB) in DNA are recognized and initially processed by speciﬁc protein complexes (sensors, depicted in gray). As a result, structures are generated that allow binding and activation of signal transducers like ATM and ATR (Nyberg et al., 2002). When DSB are generated during transition through G2, ATM/ATR-dependent activation of Chk1 results in inhibition of Cdc25 and AurA among others. This ultimately leads to CDK1 inhibition and cell cycle arrest. The presence of highly active AurA (indicated by the double asterisk) can promote constitutive activation of CDK1, either through a positive input onto Cdc25 phosphatases or through inhibition of Wee1/Myt1 activity, thus allowing bypass of DNA damage signals. Oncogene
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of the hierarchy of events occurring at mitosis. It will now be interesting to elucidate the pathway controlled by AurA and leading to CDK1 reactivation. Acknowledgements We thank F Forcellino for having made preliminary observations, J Jiricny, P Schaer and M El-Shemerly for critical
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