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Introduction

Mitosis is a complicated process by which eukaryotic cells separate duplicated genomes into 2 daughter cells. To achieve the division, numerous mitosis regulators control many aspects of mitosis, ensuring the inheritance of identical genetic materials in the 2 descendant cells. For example, Aurora-A is a versatile kinase, responsible for the regulation of mitosis progression (6, 17) including chromosome condensation (12, 28, 30) and segregation (16, 28,30), spindle configuration, assembly, and disassembly (7, 18, 34), centrosome maturation and separation (5, 21) and likely cytokinesis (26).
Astrin was identified during the search for the spindle-associated proteins (23). The protein has a large coiled-coil domain at its C terminal, which can form dimer or even higher-order structures in physiological conditions (20). Astrin is diffused in the cytoplasm, with some concentrated spots near centrosomes in the interphase (23), and it is then translocated to kinetochores, spindle poles, and subsequently midbodies in mitosis (23, 20, 8), revealing Astrin as a chromosome passenger (1). The spindle pole or kinetochore targeting of Astrin is regulated by Glycogen Synthase Kinase 3β (GSK3β) (11), hNinein (10), Aurora-B (29), and through the interaction with Src Kinase Associated Phosphoprotein (SKAP) (14). Knockdown of Astrin by siRNA results in the malformation of the spindle, leading to mitosis arrest and subsequent apoptosis (20). Furthermore, Astrin controls the cohesion of sister chromatids by inactivating Separase (33), and regulates the prophase checkpoint (22)(22), meiotic spindle (40), kinetochore microtubule stability (25), and chromosome alignment (14). 
Mechanistic studies reveal that Astrin fulfills its mitotic works via interacting with its cellular partners. For example, Astrin can guide the kinetochore targeting of its interaction proteins, Cytoplasmic Linker Associated Protein 1α (CLASP-1α), Dynein Light Chain 8 (LC8), and SKAP (29, 14). The interaction of Astrin with the SKAP and CLASP-1α is required for chromosome alignment and segregation, spindle stabilization, and silencing of the spindle-assembly checkpoint (2, 14, 25). Besides, interaction of Astrin with Polo-Like Kinase 1 (PLK1) or Aurora-A is also important to the microtubule organization and spindle pole integrity (40), and the binding of Astrin to Sensitive to Nitrogen Mustard 1B (SNM1B) is reported essential for prophase checkpoint (22). 
Although the function of Astrin is partially resolved, the regulation process of Astrin protein in mitosis remains largely unknown. Astrin is suggested phosphorylated by PLK1 in meiosis (40). Astrin displays a band shift in electrophoresis when the protein is incubated with mitotic extracts (8), these observations collectively implying that Astrin might undergo posttranslational modification in mitosis. It has been reported that Astrin interacts with Aurora-A (13), and both proteins are localized to spindles, and engaged in spindle formation and mitosis progression. This led us to investigate Aurora-A as the kinase exerting posttranslational regulation on Astrin. We present evidence in the study showing that Aurora-A is able to phosphorylate Astrin in mitosis. This process is critical to the activation of Separase, and the interaction of Astrin with its cellular partners SKAP, CLASP1α and LC8, which then guarantee the formation of the spindle pole with regular size, maintenance of spindle stability, inactivation of spindle-assembly checkpoint, and accurate chromosome alignment. 


Material and Methods

Chemicals, antibodies, plasmids
Fetal bovine serum (FBS), Dulbecco’s modified eagle medium (DMEM), penicillin, streptomycin, BCIP and NBT, and LipofectamineTM were purchased from GIBCO-BRL (Bethesda, MD, USA). The (-P32)-ATP was from PerkinElmer/Life Sciences (Boston, MA, USA). All cell lines were purchased from the American Type Culture Collection. The anti-Myc, anti-actin, anti-GFP, and anti-HA antibodies, nocodazole, protease inhibitors, cycloheximide, the anti-fading chemical p-phenylenediamine, propidium iodide, RNase, absolute alcohol, SDS, Tween 20, 4',6-diamidino-2-phenylindole (DAPI) and Hoechst 33342 were purchased from Sigma Chemical Co. (St. Louis, MO). The Securin and Separase antibodies, and secondary antibodies conjugated with alkaline phosphatase, FITC or Texas Red or protein A/G beads were from Santa Cruz Biotechnology (CA, USA). The anti-Aurora-A antibody was from our previous preparation (35), and the anti-Astrin was from Abnova (Taipei, Taiwan). His-Aurora-A, λ phosphatase, and His- phosphatase were purchased from Upstate Biotechnology (Lake Placid, NY, USA). Polyvinylidene difluoride (PVDF) was from GE Healthcare Life Sciences (Piscataway, NJ, USA). Protein concentration assay reagent was from Bio-Rad Laboratories (Richmond, CA, USA). The GFP-LC8 and GFP-SKAP were gifts from Dr. I.M. Cheesemann (29), and GFP-CLAS1α was from Dr. Helder Maiato (24). 

Cell Cultures, transfection, synchronization of cells, and small Interference RNA

The 293T and HeLa were maintained in a humidified incubator at 37 ºC in the presence of 5% CO2, and were grown in a DMEM medium containing 5% FBS, 100 unit/mL penicillin and 100 g/mL streptomycin. Transfection was performed with LipofectamineTM, according to the manufacturer’s instructions. After 24 hours, the transfected cells were synchronized in the M phase, with 100 ng/mL nocodazole for 16 hours. For shRNA, we used pSuper vector expressing shRNA for Aurora-A with the following target sequences: AUGCCCUGUCUUACUGUC A (35). Mad-1 siRNA was purchased from Ambion (Ambion Inc., Austin, TX) targeting Mad-1 mRNA at exon 4 with sense sequence AGAUGGAGCUGAGUCACAATT. The sequences of the shRNAs for Astrin, obtained from obtained from the National RNAi core facility (Institute of Molecular Biology, Academia Sinica, Taiwan, R.O.C), are CCCGAGTAGCATCAATGGTTT and CCAAATTAGCTCTACTCCTAA. 

Preparation of S35-labeled Astrin protein, cell Extracts, Western Blot, and immunoprecipitation

The S35-Astrin was generated by using the TnT® Quick Coupled Transcription/Translation System containing S35-methionine according to the manufacturer’s instructions (Promega, Madison, WI). The cell extracts were prepared using a extraction buffer, which consisted of 50 mM Tris pH7.5, 0.1% SDS, 1% NP40, 0.5% sodium deoxycholate, 1% Triton X-100, 5mM EDTA, 150 mM NaCl, and 150 mM KCl. Protein concentrations were determined using the Bradford assay. Equal amounts of total lysates were used for further analyses, or loaded onto a 10% SDS-polyacrylamide electrophoresis gel (SDS-PAGE) and then transferred onto a PVDF membrane. The PVDF membrane was blocked with 5% skimmed milk/TBST (150 mM Sodium Chloride, 20 mM Tris, 0.1% Tween-20, and pH 7.6). Primary antibodies were incubated with the membrane as the titer of 1:1000, at 4 C for 2 hours. The membranes were washed with TBST at room temperature for 10 minutes and this was repeated for 3 times. Secondary antibodies, conjugated with alkaline phosphatase, were added for 1 hour at room temperature, followed by washing with TBST for 3×30 minutes. BCIP and NBT were added to develop the membrane. Regarding immunoprecipitation, 1 mg of cell extracts with protease inhibitors were incubated with protein A/G beads in 500 μl immunoprecipitation washing buffer (50 mM HEPES, pH 7.6, 2 mM MgCl2, 50 mM NaCl, 5 mM EGTA, 0.1% Triton X-100, 40 mM glycerolphosphate) (39) at 4°C, for 1 hour, to preabsorb unwanted proteins. Antibodies in the amount of 1 μg antibody were then added to the cell extracts for 4 hours at 4°C. The cell extracts were then incubated with protein A/G-beads for 1 hour, followed by 6 changes of PBS wash for 3 hours at 4°C. The resulting samples were heated at 95°C for 10 minutes and applied to SDS-PAGE-based electrophoresis.

Site-directed mutagenesis

Human full-length Astrin cDNA was subcloned into pEGFP for mammalian expression. Various Astrin phosphorylation-site mutants were generated using PCR-based mutagenesis (QuickChange Site-Directed Mutagenesis Kit, Stratagene, La Jolla, CA, USA).

In vitro Kinase or dephosphorylation reaction

The Astrin protein, obtained from immunoprecipitation from 293T cells transfected with Myc-Astrin, was incubated with recombinant His-Aurora-A in a kinase reaction buffer (Tris HCl, pH 7.4, 10 mM MgCl2, 10 M ATP, 2 mM EGTA, 1 mM DTT, 1 mM Na3VO4, 0.5 mM PMSF, 10% glycerol and with or without the presence of (-32P-ATP) at 30C for 30 minutes, followed by autoradiography or Western blotting using an antibody against Myc. Dephosphorylation reaction was conducted employing His- phosphatase in a buffer with 50 mM Hepes, pH7.5, 0.1 mM EDTA, 2 mM MnCl2, and 5 mM DTT at 30C for 30 minutes.

Indirect immunofluorescence analysis 

Cells were washed with PBS and fixed with cold methanol at -20 C for 20 minutes. Sequentially, cells were incubated with primary antibodies at room temperature for 1 hour, followed by 3 washes with TBST, and then incubated with the secondary antibody-TRITC, or -FITC, and DAPI, for 1 hour. After washing with TBST, the samples were mounted with 90% glycerol containing anti-fading reagent p-phenylenediamine. The fluorescence images on the coverslips were analyzed using a fluorescence microscope (Olympus Optical Co., Ltd., Tokyo, Japan).

Immunodepletion

Anti-Aurora-A antibody or control IgG was incubated with protein A/G beads for 30 minutes followed by washing off the unbound antibody with TBST. Cell extracts were incubated with anti-Aurora-A antibody-coated beads for 30 minutes at 4℃. After centrifugation of the extracts, the supernatants were collected and applied to the same procures for 3 times. The resulting extracts were applied to a Western blot using an anti-Aurora-A antibody to observe the depletion of endogenous Aurora-A. 

Single-cell proliferation assay 

Cells were seeded in 24-well plates and transfected with desired constructs, tagged with EGFP. After a day, the cells were replated with low density to a 10-cm dish to prevent contact between them. The cells were allowed to proliferate for 36 hours, and the percentage of cells with proliferation judged by formation of “mini-colonies” with a cell number ≧2, was counted (38). If cells could not proliferate, they remained single in the 10-cm dish after a 36-hour culture.

Flowcytometry 

Briefly, 1 × 106 cells were trypsinized, washed with PBS, and fixed in 70% ethanol. The cells were then washed with PBS, incubated with 100 μg/mL RNase at 37 °C for 30 minutes, stained with propidium iodide (50 μg/mL) and analyzed on a FACScanTM flowcytometer (BD Biosciences, San Jose, CA, USA). The percentage of each cell cycle phase was analyzed using Cell-FIT software (Becton Dickinson Instruments, USA).

Assay for spindle stability

Cells transfected with EGFP, EGFP-Astrin WT, S115D or S115A were arrested in mitosis with nocodazole to enrich mitosis first. Cells were then changed to a fresh medium without nocodazole, allowing for the regeneration of spindle pole. Subsequently, high dose of nocodazole (1500 ng/ml) was added to cell for 10 minutes to depolymerize the spindle. Cells were then applied to immunofluorescence adopting antibodies against α-tubulin. DAPI was used to stain mitotic chromosomes. The status of spindle in EGFP or EGFP-Astrin transfected cells was examined and photographed with a fluorescence microscope.


RESULTS

Astrin behaves as a mitotic phosphoprotein

To study the regulation of Astrin, the status of Astrin protein was analyzed by a Western blot adopting a collected panel of cells positioned at various phases along a cell cycle, and produced by a double-thymidine block and release protocol. As shown in Fig. 1A, a number of electrophoretic shifts of Astrin protein were detected at the time point with the highest mitotic index (12th hour). Subsequently, to understand whether the mobility shift is caused by protein phosphorylation, the mitotic cell extracts, produced from the nocodazole-treated cells, transfected with Myc-Astrin, were incubated with and without protein phosphatase. As displayed in Fig. 1B, the upshift of Astrin was abolished in λ phosphatase-treated cell extracts. Collectively, these analyses indicate that Astrin protein is phosphorylated in mitosis.

Astrin serves as a substrate of Aurora-A 

Astrin obtained from in vitro transcription/translation containing 35S-methionine was incubated with His-Aurora-A in a kinase reaction buffer. The reaction complex was then applied to SDS-PAGE and autoradiography. As shown in Fig. 2A, Astrin displayed a slower electrophoretic migration pattern when His-Aurora-A was added. Alternatively, Myc-Astrin was transfected to 293T cells and immunoprecipitated with anti-Myc antibodies. Subsequently, the Myc-Astrin was incubated either with or without His-Aurora-A in a kinase reaction buffer containing (-32P)-ATP. The reaction complex was then subjected to autoradiography and Western blot, using antibodies against Myc. As shown in Fig. 2B, the radioactive phosphate was incorporated into Astrin, and the phosphorylated Astrin displayed mobility shifts responsive to the incubation with His-Aurora-A, thus implying that Astrin can serve as an in vitro substrate of Aurora-A. 
To test whether Aurora-A is responsible for the mitotic phosphorylation of Astrin in cells, we performed 2 assays. Firstly, Aurora-A was specifically removed from mitotic extracts by using immunodepletion with anti-Aurora-A antibodies. Control mitotic extracts were collected in parallel by using IgG. The 35S-labeled Astrin was incubated with the 2 extracts and then exposed to autoradiography. As displayed in Fig. 2C, the electrophoretic upshift of 35S-Astrin caused by mitotic extracts was remarkably diminished when Aurora-A was immunodepleted. Secondly, the cells cotransfected with Myc-Astrin and pSuper empty vector or pSuper-Aurora-A which expressed Aurora-A shRNA (39), was incubated with nocodazole to enrich mitotic cells. The cell extracts were then collected and applied to Western blot using antibodies against Myc, Aurora-A or actin. As shown in Fig. 2D, Aurora-A was apparently reduced in the presence of pSuper-Aurora-A. At the same time, the upshift for Astrin in mitosis was evidently blocked, suggesting that the phosphorylation status was inhibited. We demonstrated that Astrin is phosphorylated in mitosis, and it can be blocked by the reduction of Aurora-A. Together with the finding that Aurora-A can phosphorylate Astrin directly, it is concluded that Astrin serves as an in vitro and in vivo substrate of Aurora-A.

Mapping of the Aurora-A-elicited phosphorylation site on Astrin 

To map the Aurora-A-dependent phosphorylation site, we constructed a series of Astrin deletion mutants according to the site’s domain information (Fig.3A). These deletion mutants were expressed in bacteria, and their corresponding recombinant proteins were purified and then incubated with recombinant Aurora-A in the presence of (-32P)-ATP. The results showed that in addition to Astrin full length, Astrin 1-478 but not 478-902 or 909-1193, was phosphorylated by Aurora-A (Fig.3B). The N-terminal part of Astrin was further cleaved into 1-94 and 1-151, and only 1-151 could be phosphorylated by Astrin, indicating the phosphorylation site is primarily located at 94-151. Application of the sequence Astrin 94-151 to the protein phosphorylation site prediction software (NetPhos 2.0 Server) revealed S115 as the most likely phosphorylation site. Mutagenesis analysis showed that the Astrin S115A, with serine to alanine mutation at residue 115, could not be phosphorylated by Aurora-A (Fig. 3C), indicating that serine 115 is the site phosphorylated by Aurora-A. 

The Astrin phosphorylation deficient mutant S115A delays mitosis progression and disturbs chromosome behavior
To explore the cellular significance of Aurora-A-dependent Astrin phosphorylation, it was noticed that Astrin wild-type (WT) could inhibit cell proliferation when compared to EGFP control (Fig. 4A). However, the S115D mutant, which mimicked Aurora-A induced phosphorylation by replacing serine with aspartic acid, exerted a lesser inhibitory effect on cell proliferation than did Astrin WT. Conversely, the S115A mutant, which no longer served as a substrate of Aurora-A by replacing serine with alanine, could impose a stronger growth inhibitory effect than could WT. Flowcytometer analysis revealed that S115A induced the increase of G2/M (Fig. 4B). Nevertheless, slight and no increase of G2/M was observed in Astrin WT and S115D cells respectively. The examination of the mitotic index further indicated that the highest level of mitotic cells was detected in S115A-transfected cells, followed by Astrin WT cells. A similar level of mitotic cells was observed for S115D and EGFP control cells (Fig. 4C). Knockdown of Mad-1 abolished the S115A-induced elevation of mitosis, indicating that activation of spindle assembly checkpoint is important to S115A-induced delay of mitosis progression. To understand which mitotic subphase was affected, HeLa cells were transfected with Astrin shRNA first to deplete endogenous Astrin. The cells with reduced Astrin were sequentially transfected with EGFP, EGFP-Astrin WT, S115D or S115A, and nocodazole was added to arrest cells in mitosis. Cells were then changed to a fresh medium without nocodazole to allow cell cycle progression for 0-2 hours. The cells were stained with Hoechst 33342 and examined under a fluorescence microscope. The percentage of cells residing at various mitotic subphases at each time point was calculated (Fig. 4D and 4E). Nearly 100% of all transfected cells were arrested at prometaphase at 0 hour, indicating that the 3 Astrin transfected cells could typically respond to the nocodazole-induced mitosis arrest. When the cell cycle was allowed to progress for 0.5 hour, a proportion of EGFP cells left prometaphase. However, the majority of all Astrin variants harboring cells remained at prometaphase, revealing that the 3 Astrin variants could not recover from nocodazole block as efficiently as EGFP control did. After release from nocodazole block for 1 hour, certain of the Astrin S115D cells left prometaphase. This shows that of the 3 Astrin versions, S115D restores mitosis progression most efficiently. When the cell cycle propagated for 2 hours, the majority of EGFP or S115D cells reached cytokinesis. Nearly 50% of S115A cells and 35% of Astrin WT cells remained at metaphase. Simultaneously, we also examined the DNA segregation behavior. It was observed that S115A induced chromosome misalignment at metaphase (Fig. 4F) and DNA lagging during anaphase to cytokinesis (Fig. 4G). 

Astrin S115A disturbs the spindle pole size and loses the spindle stabilizing activity
It has been documented that the knockdown of Astrin generates tripolar spindle poles (20). To investigate whether Aurora-A-induced Astrin phosphorylation is required for the maintenance of bipolar spindle poles, HeLa cells were transfected with Astrin shRNA for two days, which was followed by the overexpression of the EGFP empty vector, EGFP-Astrin WT, S115A, or S115D. As shown in Fig. 5A, transfection of EGFP failed to rescue the Astrin shRNA induced tripolar spindle poles. By contrast, Astrin WT, S115D, or S115A could restore the formation of the bipolar spindles. However, the spindle pole of Astrin S115A is smaller than those of WT and S115D. Careful measurement revealed that the distance of spindle pole perpendicular to the pole-to-pole axis (Y axis in Fig. 5B) was decreased in Astrin S115A cells compared to that in WT and S115D cells. In addition, no significant difference was detected for the pole-to-pole distance of the spindle pole (X axis in Fig. 5B) for the 3 Astrin versions. The observation indicates that Aurora-A-provoked Astrin phosphorylation may regulate the formation of spindle poles with normal width. On the other hand, Astrin is known to have a spindle-stabilizing activity (25). To understand whether the Aurora-A-triggered phosphorylation plays a role in the regulation of spindle stability, cells transfected with EGFP empty vector, EGFP-Astrin WT, S115A or S115D were treated with nocodazole to depolymerize spindle. As shown in Fig. 5C, when nocodazole was not added, all the cells contained typical spindles. However, the majority of spindles were gone in nocodazole-treated cells overexpressing EGFP, implying that EGFP could not stabilize spindle. Overexpression of Astrin WT protected parts of spindle from depolymerization, however, Astrin S115A lost, and S115D enhanced the spindle-stabilizing activity of Astrin. Collectively, these data manifest themselves that Aurora-A-mediated phosphorylation of Astrin contributes to the maintenance of spindle pole with regular size and the stability of spindle.

Astrin regulates Separase via controlling the ubiquitination of Securin

To understand how Astrin S115A impairs the mitotic progression, it was firstly noted that Astrin is documented to maintain the cohesion of sister chromatids through inactivating Separase with uncharacterized mechanisms (33). Separation of sister chromatids, regulated by the activation of Separase, is essential for a mitotic cell to progress from metaphase to anaphase. These observations collectively prompted us to speculate that Astrin S115A might fail to inactivate Separase due to the S115A-induced severe delay of mitosis at metaphase (Fig. 4D). Separase is activated when its full length is decreased by proteolytic cleavage into smaller active fragments when cells are progressing from early to late mitosis (33). To test the possibility, the activation status of Separase, judged by the decrease of full-length Separase, was examined in cells which were transfected with pcDNA3.1 empty vector and the 3 forms of HA-Astrin and recovered from nocodazole block for 0-8 hours (Fig. 6A). The level of Separase full length was reduced when cells were released from nocodazole block in pcDNA3.1 transfected cells, implying that Separase was cleaved and activated when cells were about to pass metaphase normally (Fig. 6B and 6C). Overexpression of Astrin WT slightly increased the cleavage rate of Separase, and Astrin S115A hampered and S115D accelerated the decrease of Separase. 
To further address how Astrin S115A blocks the activation of Separase, we showed that the protein stability of Securin, the upstream inhibitor of Separase, was greatly enhanced and reduced by Astrin S115A and S115D respectively (Fig. 6D and 6E). Furthermore, Astrin S115D could bind Securin stronger than Astrin WT, and S115A did not interact with Securin (Fig. 6F and 6G); concomitantly, the level of ubiquitinated Securin for the Astrin S115A was much lower than that in Astrin WT and S115D. Collectively, these data indicate that the Astrin, when phosphorylated by Aurora-A, binds and induces ubiquitination and degradation of Securin. The Astrin S115A mutant is unable to interact with Securin, and the intact and functional Securin blocks the activation of Separase, which principally arrests cells in metaphase. 

Reduced binding of Astrin S115A to CLASP-1α, LC8, SKAP and PLK1

The finding, that the Astrin S115A loses the binding activity to Securin, raises a possibility that Astrin S115A induced mitosis defects might be mediated by the failure of S115A to interact with the cellular partners of Astrin in mitosis.
Indeed, the binding of Astrin to SKAP (Fig. 7A), CLASP-1α (Fig. 7C), LC8 (Fig. 7E), or PLK1 (Fig. 7G) was weaker for S115A and stronger for S115D than their WT version. However, roughly equal binding of SNM1B (Fig. 7H) or Aurora-A (Fig. 7I) to the 3 versions of Astrin was observed. Moreover, the targeting of SKAP (Fig. 7B), CLASP-1α (Fig. 7D), and LC8 (Fig. 7F) to kinetochore was reduced in Astrin S115A cells. Taken together, we show here that the Aurora-A-elicited Astrin phosphorylation enables the interaction of Astrin with many of its mitotic partners, and which has been known important for ensuring the mitosis progression smoothly. 


Discussion

Although the roles of Astrin in mitosis have been partially clarified, the regulation process of Astrin remains largely unknown. We provide several lines of evidence identifying Astrin as a mitotic phosphoprotein, and demonstrating Astrin as a genuine substrate of Aurora-A. First, the slower electrophoretic migration of Myc-Astrin in mitotic cells is abolished by incubation with protein phosphatase, and a similar electrophoretic migration pattern for the endogenous Astrin is detected predominantly during mitosis. Second, the Astrin protein generated from in vitro transcription and translation, or isolated from cultured cells by immunoprecipitation, displays electrophoretic upshift and P32-labeled phosphate incorporation when incubated with recombinant Aurora-A in an in vitro kinase reaction. Third, the isotope-labeled Astrin exhibits slower migration when incubated with mitotic extracts, and the electrophoretic change is not observed when endogenous Aurora-A is removed by the Aurora-A-specific antibody-based immunodepletion. Fourth, the level of Astrin phosphorylation in mitosis is greatly reduced when Aurora-A is knocked down by its specific shRNA. Thus, we are the first to demonstrate Astrin as a mitotic phosphoprotein and as a substrate of the mitotic kinase Aurora-A. 
The Aurora-A-dependent phosphorylation sites have been characterized as (K/R)X(S/T)(I/L/V), where X stands for any residue and an underline indicates the potential phosphorylation site (9), or (R/K/N)RX(S/T)B, where B stands for hydrophobic reside (36). Here, we demonstrate that Aurora-A phosphorylates Astrin at the sequence 112PKTSE116, which only partially matches the 2 consensus sequences, namely (K/R)X(S/T), indicating a nontypical phosphorylation determinant for Aurora-A. Similarly, 4 serines of HURP have been confirmed as the phosphorylation sites of Aurora-A (39), but only the sequence 723RMSL726 matches the consensus sequence (K/R)X(S/T)(I/L/V). Similarly to Astrin, the other 2 sites, 625GLSV628 and 755NSSI758, only match a part of the consensus sequence (S/T)(I/L/V), and the last site, 828SASR831, does not match any consensus sequence. In conclusion, although many of Aurora-A’s substrates share consensus phosphorylation sites, some of them only share partial consensus sequences, and some of them even contain nontypical phosphorylation sequences.
Only a few studies have reported the phosphorylation regulation of Astrin. Astrin is documented as an in vitro substrate of Cdk1, although the cellular significance remains unknown (8). Astrin is also identified as an in vivo substrate of GSK3β (11). The GSK3β-provoked Astrin phosphorylation is required for the accumulation of Astrin at the spindle and kinetochore. Our analyses demonstrate Astrin as an in vitro and in vivo substrate of Aurora-A. Aurora-A-induced Astrin phosphorylation is essential for the interaction of Astrin with its cellular partners, Securin, SKAP, LC8 and CLASP-1α, ensuring the separation of sister chromatids, alignment of chromosome to metaphase plate, stabilization of the spindle, and silencing of the spindle-assembly checkpoint. 
Aurora-A does not regulate the binding of Astrin to spindle poles. Astrin S115A remains localized to the spindle pole, in line with the report that knockdown of Aurora-A does not alter the spindle-associating activity of Astrin (13). By contrast, Astrin targets Aurora-A to the spindle (13) where a variety of spindle-pole regulators are activated through Aurora-A-elicited phosphorylation (3), Aurora-A in turn phosphorylates Astrin to regulate the function of Astrin in mitosis. The mutual regulation of Aurora-A and Astrin may therefore form an essential part of a delicate network for smoothly propagated mitosis.
Aurora-A-catalyzed Astrin phosphorylation at S115 regulates many aspects of mitosis (Fig. 8). Astrin is crucial for the kinetochore targeting of CLASP-1α (29), and the interaction of Astrin with CLASP-1α is required to promote the stability of the kinetochore microtubule, chromosome alignment, and silencing of the spindle-assembly checkpoint (25). Similarly, the Astrin-SKAP protein complex facilitates chromosome alignment and segregation, cohesion of sister chromatids, and targets CLASP to kinetochore (14). The interaction of Astrin with SKAP, CLASP-1α or LC8 is observed, in the study, to be regulated by the Aurora-A-induced phosphorylation, which can explain why the Astrin phosphorylation deficient mutant abnormally activates spindle assembly checkpoint, hinders mitosis progression, disturbs chromosome alignment, and decreases the spindle stability. The significance of the interaction of Astrin and LC8 has not been resolved. LC8 functions to enhance mitotic spindle (2). Localization of LC8 to kinetochore is regulated by Astrin (29), collectively suggesting that Astrin may regulate spindle stability by targeting LC8 to kinetochore. At last, Astrin S115A induces the formation of a smaller spindle pole. The report, that knockdown of CLASP in fly leads to a smaller spindle pole (19), raises a possibility that the Astrin S115A-induced formation of a smaller spindle pole could be caused by the disruption of the interaction of Astrin S115A and CLASP-1α. 
The interaction of Astrin with PLK1 is reported in meiosis and mitosis, and the cellular significance for that remains elusive (14, 40). It is suggested that PLK1 likely phosphorylates Astrin at T24, S66 or S447 in meiosis, and the phosphorylation is required for the meiotic progression. Our study shows that active PLK1 preferentially binds to the Aurora-A-catalyzed phospho-Astrin with unknown function. Since PLK1 is known engaged in the regulation of spindle assembly checkpoint (4, 27, 31, 32), it is suggested that the interaction of PLK1 with phospho-Astrin might contribute to the regulation of spindle assembly checkpoint.
Astrin guarantees the cohesion of sister chromatids by inactivating Separase (33). However, it is not clear how Astrin regulates Separase. We show here that The Aurora-A-catalyzed phospho-Astrin directly binds to Securin and induces the ubiquitination and degradation of Securin, which thereby allows the activation of Separase. Hence, the Astrin-elicited inhibition of sister chromatids separation can be relieved by Aurora-A, which is in line with the observation that overexpression of Aurora-A triggers premature segregation of sister chromatids (37). 
The interaction of Astrin with CLASP-1α is critical to the inactivation of the spindle-assembly checkpoint (25). Astrin S115A binds to CLASP-1α less efficiently and induces a higher level of mitotic cells in a Mad-1 dependent manner. By contrast, S115D binds more tightly to CLASP-1α and elicits a similar level of mitotic cells to the EGFP control, which implies that Aurora-A-catalyzed Astrin phosphorylation facilitates the interaction of Astrin and CLASP-1α, and sequentially silences the spindle assembly checkpoint. This conclusion can explain why Aurora-A is able to override the spindle-assembly checkpoint (15). 
The Astrin phosphorylation-deficient mutant activates spindle assembly checkpoint and delays mitosis progression, decreases spindle strength and misaligns chromosomes, and fails to activate Separase, collectively resembling the cell phenotype with knocked down Astrin (25, 33). The only difference is that Astrin shRNA induces multipolar spindle pole and S115A retains the bipolar-spindle-pole forming activity. This observation indicates that (I) most of the Astrin functions detected in the study are regulated by the Aurora-A-induced phosphorylation; (II) Astrin executes its cellular functions by interacting with its cellular partners. Accordingly, the versatile mitotic kinase Aurora-A phosphorylates Astrin, which guarantees the undisturbed mitotic progression by integrating Astrin into the mitotic networks.
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Fig.s legends 

Fig. 1. Astrin is phosphorylated in mitosis. (A) HeLa cells, synchronized in G1/S boundary by double thymidine protocol, were either stained with Hoechst 33342 to count mitotic cells or applied to Western blot employing antibodies against Astrin or actin. 200 cells were examined for the counting of mitotic cells. (B) 293T cells were transfected with Myc-Astrin and incubated with (mitosis) or without (asynchronized) nocodazole to enrich mitotic cells. These cells were subsequently harvested and subjected to cell extract preparation. The mitotic extracts were incubated with buffer (-) or λ phosphatase (+) before performing SDS-PAGE. Western blot using anti-Myc antibodies was performed.

Fig. 2. Astrin serves as a substrate of Aurora-A. (A) 35S-Astrin, produced by in vitro transcription and translation in the presence of (35S)-methionine, was incubated with or without His-Aurora-A, followed by SDS-PAGE and autoradiography. (B) Myc-Astrin was transfected into 293T cells, and immunoprecipitation using antibodies against Myc was performed to harvest Myc-Astrin protein. The collected Astrin protein was incubated with His-Aurora-A in the presence of (γ-32P)-ATP and a kinase buffer at 30°C for 30 minutes. After performing SDS-PAGE and transblotting, the membrane was applied to autoradiography (upper), followed by conducting Western blot using antibodies against Myc (lower). (C) 293T mitotic extracts were incubated with bead-conjugated Aurora-A antibodies to deplete Aurora-A. IgG conjugated beads were used as control. The cell extracts were sequentially incubated with 35S-Astrin and applied to SDS-PAGE, autoradiography, and Western blot using antibodies against Aurora-A or actin. (D) 293T cells, cotransfected with Myc-Astrin, and pSuper empty vector or pSuper-Aurora-A shRNA, were treated with nocodazole to enrich mitotic cells. Subsequently, these cells were applied to Western blot using antibodies against Myc, Aurora-A or actin. 

Fig. 3. Mapping of the Aurora-A-induced phosphorylation site on Astrin. (A) Schematic diagram of Astrin domain map. (B) The bacteria-expressed Astrin proteins, including those with full length (FL), coiled-coil domain I and II (amino acid 478-902, CC I and 909-1193, CC II), amino acid 1-478, amino acid 1-151 and amino acid 1-94, were purified and incubated with His-Aurora-A respectively in the presence of a kinase reaction buffer containing (γ-32P)-ATP. These reaction complexes were electrophoresed, transblotted and subjected to coomassie blue staining (upper) or autoradiography (lower). Star sign indicates the intact form of Astrin 1-151. The bands smaller than the intact form were degraded products. (C) The Astrin 1-151 fragment with S115A mutant or its WT control was incubated with His-Aurora-A for in vitro kinase reaction. Upper is the coomassie blue staining, and lower is autoradiography. Aurora-A underwent autophosphorylation during the in vitro kinase reaction.

Fig. 4. Astrin S115A interferes with mitosis progression and disturbs chromosome movement. (A) Astrin S115A retards cell proliferation. 293T cells, transfected with EGFP empty vector, EGFP-Astrin WT, S115A or S115D, were applied to single-cell proliferation assay where each single cell grew into “minicolonies” after 2 days. The cells unable to proliferate remained single. (B) Astrin S115A increases the percentage of G2/M cells. 293T cells, transfected with EGFP, EGFP-Astrin WT, S115A, or S115D, were subjected to flowcytometer. The percentage of cells residing in G1, S, or G2/M was calculated and plotted. (C) Astrin S115A elevates mitotic index. The EGFP, EGFP-Astrin WT, S115A or S115D transfected cells were applied to the counting for mitotic cells, which were judged by the cell morphology and DNA configuration revealed by Hoechst 33342 staining. 200 cells were counted for each experiment. 3 independent experiments were performed. (D) and (E) Astrin S115A delays mitosis propagation. 293T cells were transfected with Astrin shRNA. Sequentially, these cells were transfected with EGFP empty vector, EGFP-Astrin WT, S115A, or S115D, and were then treated with nocodazole. Cells were released from nocodazole block by changing with fresh medium without nocodazole for 0-2 hours. The cells collected at each time point were fixed and stained with Hoechst 33342. 2 expressions of the percentage of transfected cells, residing at different mitotic subphases, classified by each specific subphase (D) or release time (E) on X-axis, were adopted. (F) and (G) Astrin S115A enhances chromosome misalignment and DNA lagging. After performing the same experimental procedures with (D) and (E), the percentage of cells, with misaligned chromosomes at metaphase (F), or lagging DNA at anaphase to cytokinesis (G), was counted. 200 mitotic cells were counted for each experiment. 3 independent experiments were performed. *, ** and *** stand for Student’s t-test-based statistical significance with p<0.05, 0.01 and 0.001 respectively.

Fig. 5. Astrin S115A narrows the spindle pole and fails to stabilize spindle. (A) Rescue of Astrin shRNA-induced generation of tripolar spindle poles by the 3 versions of Astrin. HeLa cells transfected with Astrin shRNA first, followed by the transfection of EGFP empty vector, EGFP-Astrin WT, S115A, or S115D. The cells were subsequently incubated with anti-α-tubulin antibodies and Hoechst 33342 for immunofluorescence. Besides, the reduction of endogenous Astrin protein by Astrin shRNA was shown by the Western blot adopting antibody against Astrin or actin. sh Luc and shAstrin indicate shRNA for either luciferase and Astrin respectively. (B) The effect of various Astrin variants on spindle pole size. HeLa cells transfected with Astrin shRNA first, followed by the transfection of EGFP empty vector, EGFP-Astrin WT, S115A, or S115D. The cells were subsequently incubated with anti-α-tubulin antibodies and Hoechst 33342 for immunofluorescence. The spindle pole size was shown by measuring the distance of Y and X of the spindle pole. 40 cells were examined for each group. 3 independent experiments were performed. (C) Astrin S115A loses the kinetochore microtubule stabilizing activity. 293T cells, transfected with EGFP, EGFP-Astrin WT, S115A and S115D, were treated with nocodazole, to enrich cells in mitosis. The cells were washed with PBS twice. Sequentially, the cells were cultured with fresh medium without nocodazole to allow for the reformation of spindle pole and cell cycle progression to metaphase. The cells were then exposed to high dose of nocodazole (1500 ng/ml) for 10 minutes to depolymerize the microtubule, and subjected to immunofluorescence with anti-α tubulin antibodies. DNA was visualized by Hoechst 33342 to judge metaphase. The cells were examined with fluorescence microscope, and 8 untreated cells and 16 nocodazole treated cells for each transfected group were photographed and presented on the left panel. To quantify the spindle stabilizing activity of Astrin, the spindles with different statuses, ranging from losing all spindle to retaining over 50% of the original spindle, were designated as A, B, C and D. The % of cells with each status of spindle was counted and plotted on the reight. Noc indicates the abbreviation of nocodazole. * and ** stand for statistical significance with p<0.05 and 0.01 respectively by Student’s t-test. 

Fig. 6. Astrin S115A fails to induce the cleavage of Separase full length and promotes the protein stability of Securin. 293T cells, transfected with pcDNA3.1, HA-Astrin WT, S115A or S115D, were incubated with nocodazole. Sequentially, the cells were changed to a medium without nocodazole for 0-8 hours. Cells collected at each time point were subjected to Western blot using antibodies against (A) HA, actin, (B) Separase, and (D) Securin. The intensity of Separase (C), Securin (E) and actin was measured by densitometer. The protein level of Separase or Securin was normalized against that of actin, and the ratio of the normalized Separase and Securin at each time point over that at 0 hour was calculated and plotted. (F) and (G) Astrin S115A cannot induce ubiquitination of Securin. 293T cells transfected with pcDNA3.1, HA-Astrin WT, S115A or S115D (F), or cotransfected with pcDNA3.1, HA-Astrin WT, S115A or S115D and Myc-ubiquitin (G), were incubated with the proteasome inhibitor MG132 and then applied to immunoprecipitation adopting antibodies against Securin. Western blots employing antibodies against Securin, Ubiquitin (Ub) (F) or Myc (G), and HA were then followed. * stands for statistical significance by Student’s t-test with p<0.05.

Fig. 7. Astrin S115A cannot efficiently interact with its mitotic partners. (A), (C), (E), (G) Reduced binding of Astrin S115A to SKAP, CLASP-1α, LC8 and PLK1 respectively. 293T cells, cotransfected with each one of HA-Astrin WT, S115A and S115D, and (A) GFP-SKAP, (C) GFP-CLASP-1α, (E) GFP-LC8, (G) nothing were subjected to immunoprecipitation with anti-HA antibodies. Western blots, adopting antibodies against HA, and GFP (A) (C), (E), or p-PLK1 (G) were followed. In (A), (C) and (G), anti-GFP or p-PLK1 antibodies were also employed to conduct immunoprecipitation to test the interaction of GFP-SKAP, GFP-CLASP-1α or p-PLK1 and the 3 HA-Astrins. (B), (D), (F) Astrin S115A mislocalizes SKAP, CLASP-1α and LC8. 293T cells, cotransfected with GFP tagged SKAP (B), CLASP-1α (D) or LC8 (F), and each one of HA-Astrin WT, S115D and S115A, were applied to immunofluorescence using anti-HA antibodies. DNA was labeled with Hoechst 33342. The cells were examined under a fluorescence microscope. The % of cells with largely reduced number of kinetochore-associated GFP-SKAP, GFP- CLASP-1α and GFP-LC8 was counted, calculated and plotted. 200 cells were examined for each group. 3 independent experiments were performed. (H) and (I), no significant difference of the interaction of the 3 Astrins with SNM1B and Aurora-A. 293T cells transfected with pcDNA3.1 or the 3 Astrins were subjected to immunoprecipitation adopting antibodies against HA (H) or Aurora-A (I). Western blot using antibodies against HA, SNM1B, or Aurora-A were then followed. * indicates statistical significance with p<0.05 by Student’s t-test. Sup and ppt are the abbreviations of supernatants and pellets respectively.

Fig. 8. Illustration of the conclusion for the study. The mitotic kinase, Aurora-A, phosphorylates Astrin at Ser 115, leading to the binding of Astrin to the mitotic regulators. Interaction of phospho-Astrin with SKAP, CLASP-1α and LC8 is essential for the undelayed progression of mitosis, accurate alignment of chromosome, increased stability of spindle, and inactivation of spindle assembly checkpoint. The interaction of phospho-Astrin with Securin leads to the ubiquitination and degradation of Securin, which in turn allows the activation of Separase and the separation of sister chromatids. Moreover, the Aurora-A-induced phosphorylation of Astrin is required for the maintenance of the spindle pole with regular pole-to-pole distance, and which might be mediated by the interaction of Astrin and CLASP-1α.
