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PERSPECTIVES



OPINION



Two-way traffic: centrosomes and the cell cycle Greenfield Sluder Abstract | The well recognized activities of the mammalian centrosome — microtubule nucleation, duplication, and organization of the primary cilium — are under the control of the cell cycle. However, the centrosome is more than just a follower of the cell cycle; it can also be essential for the cell to transit G1 and enter S phase. How the centrosome influences G1 progression is a mystery.



The centrosome is the primary microtubule organizing centre (MTOC) of the mammalian cell. It consists of a pair of centrioles associated with a cloud of amorphous pericentriolar material (PCM; BOX 1). During interphase, the centrosome nucleates and organizes the cytoplasmic microtubule array, which is involved in the determination of cell polarity, cell motility and organelle transport, towards or away from the cell centre. In preparation for mitosis, the interphase centrosome is precisely duplicated as the cell enters S phase, and in G2 phase the sister centrosomes start to move to opposite sides of the nucleus. During mitosis, centrosomes nucleate most spindle microtubules and thereby determine spindle polarity, spindle position/orientation and the plane of cleavage. However, even though centrosomes function in a dominant manner to determine spindle polarity, mammalian somatic cells can assemble a bipolar spindle, segregate chromosomes and divide successfully without centrosomes1,2. But cells dividing without centrosomes take a significantly longer and more variable amount of time to go through mitosis, they sometimes fail to assemble a bipolar spindle, almost half fail to complete cleavage and spindle positioning can be abnormal (E. Hinchcliffe, personal communication)3–6. So, although centrosomes are not absolutely required for mitosis, they are essential for the fidelity of cell division. The centrosome as cell-cycle ‘follower’



The traditional viewpoint that the animal centrosome is a downstream target of the
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mechanisms that control the cell cycle originated from two sorts of observations. First, centrosomes are not needed for cellcycle progression in sea urchin zygotes and Xenopus laevis egg extracts7,8. And mammalian somatic cells from which the interphase centrosome is microsurgically removed progress with approximately normal timing from S phase into mitosis 3 . Second, the well-recognized activities of the centrosome are temporally linked to, and dependent on, cell-cycle progression. For example, the number of microtubules that are nucleated by centrosomes is low in early interphase and increases as the cell approaches mitosis. This does not simply reflect changes in cytoplasmic conditions that alter microtubule assembly characteristics as the cell enters mitosis. The number of microtubules growing in vitro from centrosomes in lysed cell models increases the closer the cells are to the onset of mitosis9,10 owing to the phosphorylation of proteins in the PCM11–13 and increases in the amount of γ-tubulin at the centrosome14,15. Another important activity of the centrosome — its precise duplication — is directly under the control of the cell cycle. Under normal circumstances this event is initiated by the late G1 rise in the activities of cyclin-dependent kinase 2 (CDK2) coupled to cyclin E or cyclin A, the kinase complexes that drive the cell into S phase16 BOX 2. So, coordination of centrosome and DNA duplication is assured by a common control. The centrosome as cell-cycle ‘leader’



This view of the centrosome as just a faithful follower of the cell cycle, although true, is incomplete. Indications that the centrosome might carry out an active role in the control of cell-cycle progression first emerged from a study in which mammalian somatic cells were microsurgically cut at various points during interphase into a centrosome-free nucleated cell (karyoplast) and a centrosome-containing fragment of the cell (cytoplast)17 (FIG. 1). Intermittent observations over 10 days revealed that the karyoplasts assembled an interphase array of



microtubules but no karyoplasts were seen in mitosis. This was not the consequence of mechanical damage, because control amputations of large areas of cytoplasm did not alter the ability of the cells to divide several times3,17. However, when this experiment was repeated and karyoplasts were continuously monitored by time-lapse video microscopy, a more detailed picture of karyoplast behaviour emerged3. When the microsurgery was carried out around the time of S phase, most of the karyoplasts progressed into mitosis without delay, something not previously seen owing to the intermittent nature of the observations17. Spindle assembly occurred through an acentrosomal pathway and chromosomes appeared to be equally segregated in anaphase. However, the karyoplasts took a substantially greater and more variable amount of time than normal to complete mitosis, and 41% failed to complete cleavage. The real surprise came when the postmitotic karyoplasts were followed for another 50–70 hours (equivalent to 2–3 cell-cycle durations). Almost all karyoplasts, whether cleavage was complete or not, arrested before the onset of DNA synthesis. Although the karyoplasts did not reform centrioles, as observed by serial section electron microscopy, they all reassembled a functional MTOC, as evidenced by an extensive interphase array of microtubules that were associated with a single concentration of γ-tubulin and pericentrin (FIG. 2). The extent to which the microtubule array was organized in a radial fashion varied between karyoplasts. In some, the degree of organization was similar to that seen in the adjacent control cells; in others, the microtubule array did not appear to have a well defined focus (FIG. 2). Subsequent work indicated that postmitotic karyoplasts arrest with elevated levels of p21, an absence of the Ki-67 proliferation antigen and hypophosphorylated retinoblastoma protein (Rb) — implying a p53-mediated, early G1 arrest (J. Nordberg and G.S., unpublished observations). The tumour suppressor p53 is activated in
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Box 1 | Centrosome structure a
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The centrosome of the mammalian somatic cell is a small (~1 μm) body composed of a pair of centrioles associated with a cloud of amorphous material called the pericentriolar material (PCM). Part a of the figure is an electron micrograph of a mother-daughter centriole pair; the mother is shown in cross-section and the daughter is shown in longitudinal section. The arrowheads delimit the distribution of the PCM. Both centrioles consist of a barrel of nine triplet microtubules held together by linkers; within each barrel are a number of poorly understood luminal structures (not shown). One centriole (which is often called the mother centriole) is older and functions as the assembly site for the younger, or daughter, centriole during centrosome duplication in S phase of the previous cell cycle. The mother centriole differs from the daughter in that it has nine distal and nine subdistal appendages radiating from its exterior surface (see figure, part b)47,48. The primary cilium, when present during interphase, is organized by the mother centriole (not shown). The PCM surrounds primarily the mother centriole in many somatic cells and both centrioles in eggs47,49–52. The PCM binds γ-tubulin ring complexes that nucleate the interphase microtubule array and the astral microtubules during mitosis53,54. In addition, the PCM binds a variety of cell-cycle regulatory proteins24,55–57 (for a comprehensive list of proteins found in the isolated mammalian centrosome, see supplementary materials in REF. 58). Although the centrioles do not directly nucleate cytoplasmic microtubules, microtubules that are nucleated in the PCM become attached to the globular tips of the nine subdistal appendages of the mother centriole47,59,60, and function to anchor this centriole in the cytoplasm5,61. The centriole pair localizes the PCM into a focal body, and thereby determines the number of microtubule-organizing centres that are present in the cell under normal circumstances16,62. Part a of the figure is reproduced with permission from REF. 49 © (1982) Société Française de Microscopies. Part b is modified with permission from Nature Reviews Molecular Cell Biology REF. 55 © (2001) Macmillan Magazines Ltd.



response to various cellular stresses; it functions as a transcription factor to upregulate the expression of CDK inhibitors, such as p21, which arrest the cell cycle BOX 2. Khodjakov and Rieder4 obtained similar and complementary results using a laser to ablate centrosomes in mammalian somatic cells during mitosis. After ablation of one centrosome at metaphase, the cells completed a bipolar mitosis and cleaved without noticeable delay. The daughter cells inheriting a centrosome underwent DNA synthesis and some cells later entered mitosis. The daughters lacking a centrosome, by contrast, assembled a disorganized array of interphase microtubules
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and arrested in G1 for at least 72 hours. So removal of the centrosome in mitosis leads to an immediate G1 arrest; the cell does not need to go through mitosis in its entirety without a centrosome for the G1 arrest to occur. G1 arrest, prolonged mitosis and tetraploidy. Karyoplasts spent longer than normal, on average, in mitosis; this raised the possibility that the G1 arrest was the result of a prolongation of mitosis and, possibly, exit from mitosis without full downregulation of the ‘spindle-assembly checkpoint’ signalling pathway that prolongs mitosis when one or more kinetochores are not attached to



microtubules. Indeed, nocodazole (a drug that inhibits microtubule assembly)-treated cells that exit mitosis without microtubules need prolonged activity of the spindleassembly checkpoint to later arrest in G1 in a p53-dependent fashion18. However, prolongation of mitosis is not the reason for the G1 arrest of karyoplasts, because some went through mitosis within the normal range of mitotic durations, yet still arrested in G1 REF. 3, and laser ablation of centrosomes at metaphase does not prolong mitosis4. Also, when control cells were treated with low doses of paclitaxel (Taxol; which stabilizes microtubules), mitosis was prolonged to the same extent (mean and range) as that observed for karyoplasts, and many progressed through interphase into another mitosis3. Putative chromosome segregation defects that could result in aneuploid daughter karyoplasts are not a probable cause for the G1 arrest because karyoplasts that failed cleavage also arrested in G1 even though they have a complete — albeit doubled — complement of chromosomes. Finally, the G1 arrest of post-mitotic karyoplasts cannot be a result of the failure of the cleavage process or a ‘tetraploidy checkpoint’19 because over half of the karyoplasts successfully completed cleavage, and this checkpoint does not exist in mammalian somatic cells20. Focusing on the centrosome. Together, these studies indicated that the G1 arrest caused by centrosome removal does not occur through the lack of MTOC activity, total microtubule content, or prolongation of mitosis. The logical conclusion at the time was that G1 progression depended on the presence of core centrosome components — centrioles or molecular complexes that require the presence of centrioles for their activity. However, the notion that the G1 arrest is caused uniquely by the removal of centrioles is too simple. Alterations in the expression levels of several PCM proteins can also cause G1 arrest despite the presence of a presumably normal complement of centrioles. For example, when PCM1, a protein of the PCM and pericentriolar satellite bodies (small electron-dense aggregates of amorphous material near the centrosome), is knocked down using short interfering (si)RNA, cultured cells arrest in G1 with an extensive, although disorganized, interphase array of microtubules21 (A. Merdes, personal communication). Similarly, the injection of a PCM1 antibody into mouse
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Box 2 | G1 cell-cycle controls During G1, the mammalian somatic cell is sensitive to many intracellular and extracellular stimuli, which are integrated to determine whether the cell will re-enter the cell cycle, wait for cellular damage to be repaired, differentiate, or trigger apoptosis. The figure shows a highly simplified representation of some of the interactions between the important players that control G1 progression. For more complete coverage of this complex subject, as well as the incompletely understood compensatory pathways that allow cell proliferation to occur in mouse models in which CDK2 and cyclin E1 and E2 have been knocked out, see REFS 6369.



Starting (green pathway) At the cell surface, mitogenic signals and integrin signalling at focal adhesions activate a pathway — through focal adhesion kinase (FAK), Ras and extracellular-signal-regulated kinase (ERK) — that leads to the accumulation of cyclin D.



Core pathway (blue) Cyclin D forms a complex with the cyclin-dependent kinases CDK4 and CDK6, which then phosphorylate retinoblastoma protein (Rb) bound to the transcription factor E2F. Multiple phosphorylations of Rb lead to the release of E2F, which promotes the synthesis of cyclins A and E. These associate with CDK2 to form active kinase complexes that drive entry into S phase. CDK2–cyclin E and CDK2–cyclin A also both phosphorylate Rb to form a positive feedback loop. P, phosphate.



Controlling entry into S phase (red) Various cellular defects (see figure, upper right) can each lead to the accumulation of p53, which can promote apoptosis (programmed cell death) or the accumulation of the CDK2 inhibitor p21. p21 activity is also influenced by the activity of the ERK1/2 kinases, the activities of which respond to cell-surface signalling (left). Other negative regulatory factors (lower right) can lead to the accumulation of p27, which inhibits the activity of CDK4/6–cyclin D as well as CDK2– cyclin A/E. Mitogenic signals Integrins FAK Apoptosis
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zygotes causes a G1 arrest in the first cycle after fertilization22. Also, knocking down centriolin, a protein found at the tips of the subdistal appendages of centrioles and involved at the midbody in cleavage completion, causes a G1 arrest23. In addition, expression of the centrosome-anchoring domain of large A-kinase anchoring protein AKAP450 displaces the endogenous fulllength protein from the centrosome and causes a G1 arrest24; the expression of the
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N-terminal centrosome-binding domain of poly (ADP-ribose) polymerase has been reported to block HeLa cells in G1 REF. 25; the expression of CSPP–EGFP (centrosome/spindle pole-associated protein coupled to enhanced green fluorescent protein) was reported to arrest HEK293T cells in G1 REF. 26; and the destabilization of centrosome-associated dynactin seems to delay entry into S phase27. Remarkably, the siRNA-mediated knockdown of any of 15



centrosome-associated proteins results in a p53-dependent G1 arrest28 (K. Mikule and S. Doxsey, personal communication). What causes the G1 arrest?



How centrosome defects lead to a G1 arrest resists simple explanation, because many seemingly disparate experimental perturbations of the centrosome produce the same result. We do not know if all these perturbations produce different defects or if they all lead to a common defect that is sensed by the cell. Below, I briefly outline some theoretical, and admittedly speculative, possibilities for this G1 arrest in the hope of stimulating thought and discussion. The centrosome as an integral part of the mechanisms that drive G1 progression. In principle, experimental perturbations of the centrosome could impair a pathway directly involved in G1 progression or entry into S phase. This notion is supported by the recent discovery that cyclin E contains a centrosome localization signal (CLS) motif 29. Importantly, expression of the CLS peptide not only prevented cyclin E from binding to the centrosome, but also blocked the initiation of S phase. This implies that binding of cyclin E to the centrosome is required for DNA synthesis. This intriguing possibility, however, must be considered in light of two sorts of observations. First, cyclin-E1- or cyclin-E2-knockout mice are viable, although the cyclin E2–/– males are sterile30. CyclinE1,E2-double knockout mice progress to day 10 of embryonic development before placental defects occur. So, unless maternal pools of cyclin E2 support development to day 10, the binding of cyclin E to the centrosome is not required for entry into S phase. Nevertheless, this does not preclude the possibility that the binding to the centrosome of cyclin A (which contains a putative CLS motif 29) or other proteins containing CLS-like motifs is important for entry into S phase. Second, unless the previously described knock-downs of various centrosomal proteins block the binding of CLS-containing proteins to the centrosome, there must be additional causes for the centrosome-based G1 arrest. In a different vein, the loss of centrioles or individual centrosome-associated proteins could loosen or disrupt centrosome structure in a functionally equivalent manner. As with a chain, a break in any link can profoundly compromise the integrity and function of the structure. If the centrosome functions as an intermediate that brings regulatory proteins, their upstream regulators, and substrates into close proximity to



VOLUME 6 | SEPTEMBER 2005 | 745



PERSPECTIVES G1 in a p53-dependent manner18,35,36. This is correlated with the displacement of active p53 from the centrosomes37,38. However, the notion that the G1 arrest is uniquely the consequence of disrupted microtubule anchorage at the centrosome is undercut by the report that the knock-down of centriolin produces cells that arrest in G1 without apparent loss of microtubule organization23.
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Figure 1 | Diagrammatic representation of the microsurgical operation. a | Cells in which the centrosome is slightly separated from the nucleus are selected and the microneedle is pressed down between the nucleus and the centrosome. After the operation, the enucleate cytoplast containing the centrosome is wiped off the coverslip and the nucleated karyoplast is viewed by continuous time-lapse video cinematography. The karyoplast assembles a microtubule organizing centre and grows in size. b | Control microsurgery. Removal of a large area of cytoplasm does not compromise the ability of the cell to continue proliferating. Modified with permission from REF. 70 © (1992) Elsevier Science.



interact31–33, loosening of the centrosomal fabric might prevent essential reactions from occurring efficiently. However, this line of reasoning must be tempered by observations that cell-cycle progression through G1 does not absolutely depend on the presence of centrioles. For example, HeLa cells, which have suppressed p53 levels, progress through G1 after centrosome ablation in mitosis34. Nevertheless, when the p53 pathway is intact, the cell might be able to sense perturbations in the centrosome structure. Signalling by the centrosome? Perhaps there is a signalling pathway of centrosomal origin that responds to defects in the structure or function of the centrosome by inducing a G1 arrest. In principle, such a response could arise from the lack of a positive signal that promotes G1 progression28 or the activation of a negative, or ‘stop’, signal that enforces a cell-cycle arrest. The fact that zygotes and HeLa cells progress through G1 without centrioles shows that a positive signal originating from an intact centrosome is not required for G1 progression. Should the G1 arrest be caused by a negative signal, such a signal cannot originate from the centrioles, because their removal does not relieve the G1 arrest in
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normal cells3,4. The logical place to look for the origin of such a putative negative signal would be the PCM, or — in the case of karyoplasts — the PCM components that come together to function as a MTOC after mitosis. Alternatively, the defect sensed by the cell could be in the interaction between the centrosome and the microtubules that it nucleates. Post-mitotic karyoplasts and cells in which PCM1 has been knocked down assemble an extensive array of microtubules that are usually less well organized into a radial array near the centrally located MTOC when compared to control cells (FIG. 2). This implies that there is a reduction or alteration of microtubule minus-end anchorage at the cell centre3,4,21,22. If interactions between microtubule minus ends (the ends that are closest to the MTOC) and nucleating and/or anchoring complexes participate in a hypothetical signalling activity, then a reduction in microtubule anchoring could produce a defect that the cell could sense. The possible importance of microtubule presence and function at the end of mitosis for G1 progression is consistent with findings that cells coming out of prolonged mitosis without cytoplasmic microtubules, but with otherwise complete centrosomes, arrest in



Moving away from the centrosome. Attention so far has been centered on what might or might not be happening at the centrosome, but this is not the only place to look for signalling that could stop the cell cycle. Perhaps centrosomal perturbations compromise interactions that occur at the plus ends of microtubules that are nucleated by the G1 centrosome (the growing tips distal to the centrosome). The tips of cytoplasmic microtubules are intimately associated with focal adhesions, and repeatedly grow back and forth to these sites of substrate adhesion39–41. Loss of microtubule anchorage at the cell centre owing to the various experimental interventions described above might alter the interactions of microtubule tips with focal adhesions, or influence the functional properties of the actin cytoskeleton42. This, in turn, could alter signalling activities at focal adhesions that promote cell-cycle progression. The notion that altering microtubule-tip dynamics can influence cell-cycle progression is supported by a report that paclitaxel leads to G1 arrest in non-transformed cells, and this correlates with elevated p27Kip1 levels43. In addition, when microtubules are disrupted shortly after release from serum starvation, rat and human fibroblasts arrest or delay in G1 owing to the accumulation of transcriptionally active p53 REFS 43,44. This is thought to result from the upregulation of the integrin–Raf–extracellular-signalregulated-kinase (ERK) signalling pathway owing to the formation of more, and larger, focal adhesions44. Last, alterations in the spatial organization of the cytoskeleton, caused by growing cells on small areas of substrate to constrain cell spreading, leads to a G1 arrest 45,46 with elevated levels of p27Kip1, depressed cyclin D levels and hypophosphorylated Rb. This arrest is independent of the reduced contact area between the cell and its substrate, because growth of cells on an array of much smaller spots of substrate allows spreading of the cells and G1 progression, although the total area of cell–substrate contact is equivalent to those that are spatially constrained45,46. Together, these observations
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PERSPECTIVES effects this has on cytoskeletal organization. Conceivably, both possibilities are true. The discovery of the involvement of the centrosome in G1 cell-cycle progression opens a new chapter in our appreciation for the complexity of the interrelationship between centrosomes and the cell cycle. Although the fact that so many seemingly diverse centrosomal perturbations all cause a G1 arrest is perplexing, the new mysteries to be addressed continue our fascination with the centrosome and its key role in so many aspects of the cell cycle. Greenfield Sluder is at the Department of Cell Biology, University of Massachusetts Medical School, 377 Plantation Street, Worcester, Massachusetts 01605, USA. e-mail: [email protected] doi:10.1038/nrm1712 1. 2.



Figure 2 | Centrosomal proteins and microtubules in post-mitotic karyoplasts. Two post-mitotic karyoplasts, arrested in G1 phase, stained for microtubules and centrosomal proteins. a | This karyoplast was followed in vivo, then fixed, and immunostained for α-tubulin (green) and γ-tubulin (red) ~4 hours after mitosis (cleavage failed). The extensive interphase array of microtubules is centred on a single concentration of γ-tubulin. The microtubules, although not tightly focused where the γ-tubulin concentration is highest, have a radial organization that is within the range that is shown by control cells. b | Another post-mitotic karyoplast fixed and immunostained for α-tubulin and pericentrin (red) ~64 hours after mitosis (cleavage failed). The extensive array of cytoplasmic microtubules does not seem to be well organized or tightly associated with the pericentrin next to the two nuclei (blue). Scale bar, 10 µm. Image reproduced with permission from REF. 3 © (2001) American Assocation for the Advancement of Science.
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raise the possibility that centrosomal perturbations lead to a G1 arrest by altering the spatial organization and therefore the function of the cytoskeleton.
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Concluding remarks



In seeking to explain how centrosome defects induce a G1 arrest, it is difficult to express a preference for one line of reasoning over all others, because disruption of centrosomal structure could produce different insults, any one of which could trigger a G1 arrest. Going forward, we would like to know if there is something special about the centrosome itself — for example, a putative signalling activity — that prevents the cell from activating p53, or whether a centrosomal defect is sensed only by the downstream
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