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REPORT BODYJ INTRODUCTION 
References notated by asterisks (*) represent publications related to work in this proposal. 

Centrosomes are essential organelles that control a multitude of cellular functions (see *'). They are critical 
elements in the organization of the mitotic spindle and the accurate segregation of chromosomes during mitosis. 
They also control cell shape and cell polarity, which are fundamental properties of epithehal gland organization. 
We (and another group) were first to discover that centrosomes were structurally and numerically abnormal in 
most mahgnant human carcinomas *l This striking observation has important implications for cancer 
progression since it suggests that centrosome defects might contribute to cytologic anaplasia and genomic 
instability that so often accompany these advanced cancers. 

REPORT BODY: RESEARCH ACCOMPLISHMENTS 

Support for a role for centrosome defects in the development of prostate cancer comes from work accomplished 
in this proposal. In this progress report, we provide data showing that we have achieved many of the stated 
objectives and made an unexpected discovery. Below we provide an outline our accomplishments as well as a 
more detailed explanation of the results and their significance. 

Tasks completed: 
♦ Task 1: Identified centrosome defects in a significant number of precancerous lesions *^ 
♦ Task 1: Identified relationship between genetic instability and centrosome defects in precancerous lesions 

♦ Task 1: Determined that centrosome defects increase with increasing Gleason grade **. 
♦ Task 2: Discovered that pericentrin induces oncogenic features in prostate cells **. 
♦ Task 2: Identified novel mechanisms for chromosome missegregation through centrosome dysfunction. 
♦ Task 3: Identified several centrosome proteins that induce genetic instability when silenced by siRNA. 

Tasks still underway (ftinded by no cost extension): 
♦ Task 1: Do centrosome defects in PIN lesions predict bad tumor behavior? 
♦ Task 2: Do pericentrin-expressing cells form induce/exacerbate tumor formation in mice? 

We show that centrosome defects, cytologic anaplasia and genomic instability-all features shared by prostate 
tumor cells-can be artificially induced in nontumor cells and exacerbated in prostate tumor cells by elevating 
the levels of a single centrosome protein called pericentrin **-\ Based on this and other observations, we 
proposed a model that views centrosome dysfunction as a critical contributor to prostate cancer development 
and progression. Consistent with this idea is the known role of centrosomes in nearly all of functions modified 
during prostate tumor progression fi-om clinically indolent forms (majority) to clinically aggressive forms 
(minority) \ Further support for a role for centrosomes in tumorigenesis comes from another major observation 
made during the course of this work-that centrosome defects are not only present in aggressive prostate tumors, 
but also occur in early prostate cancer (low Gleason grade) and in a fraction of "precancerous" (noninvasive) 
lesions *\ Moreover, we show that centrosome defects occur together with genetic instability at this very early 
stage of prostate cancer providing support for a centrosome-mediated induction of aneuploidy that could 
contribute to prostate tumor progression *l We used gene silencing methods (RNAi/siRNA) * to identify other 
centrosome proteins that induce aneuploidy and we are now checking these for changes during tumorigenesis. A 
final aspect of the work that is still underway is to determine whether centrosome defects in PIN lesions are 
prognostic indicators for aggressive tumor behavior. We had difficulty obtaining sufficient quality material to 
complete this task, but are now in a position to do so. 



Stephen Doxsey (DAMD17-98-1-8521) 
In summary, our data are consistent with the idea that centrosome defects and elevated pericentrin levels 
contribute to rather than result from the tumorigenic process. This work is highly relevant to prostate cancer 
biology because it has the potential to uncover a unique pathway for prostate cancer progression that may also 
be involved in the genesis of prostate cancer ^l Moreover, elucidation of the mechanisms and molecules such 
as pericentrin and other novel aneuploid-inducing centrosome proteins identified during the course of this study, 
may identify new and powerful prognostic markers as well as novel cancer-specific therapeutic targets for 
cHnically aggressive prostate cancer, the form of prostate carcinoma that is clinically most critical in terms of 
diagnosis, treatment and health care expenditure. 

A more detailed description of the first 4 accomplishments Hsted above (tasks completed) can be found in 
manuscripts included in the appendices. The 5* accomplishment was made through the development of 
technology to image chromosome segregation in living normal and tumor cells using GFP histone 2B, Two 
novel observations were made. First, we found that dividing tumor cells with only a single centrosome (2 is 
normal) were able to organize a bipolar spindle by using the plasma membrane to form a spindle pole. To our 
knowledge, this has never been reported in any human cell. Second, we found that chromosomes in tumor cells 
segregated normally when bipolar spindles were formed but lost their attachment to the spindle if multipolar 
spindles were organized. This indicated that the geometry of the chromosomes relative to the centrosomes or 
forces thereby exerted, are important for segregating chromosomes. We do not believe that this has ever been 
suggested as a mechanism for loss of chromosomes and subsequent formation of micronuclei. The ^ 
accomplishment was the identification of 6 other centrosome genes that induce aneuploidy using a screen 
involving gene silencing. These genes are now being investigated as potential contributors to the prostate cancer 
phenotype. We are testing for changes in their levels during prostate cancer progression. With this new and 
powerful strategy in operation, we will not examine centrosome fractions from normal and tumor cells to 
identify changes in centrosome proteins as originally planned. 

REPORT BODY: REPORTABLE OUTCOMES. 

♦   Manuscripts related to work done during the course of this proposal (5 published, 3 in revision, 3 In 
preparation): 

1. Zimmerman, W. and Doxsey, S. Interaction between pericentrin and the gamma tubuhn ring complex is required 
for microtubule organization, spindle integrity, cell cycle progression and genetic stabihty, (in preparation). 
2. Rosa, J, Wahl, G. and Doxsey, S. Tumors in mice with the p53 xx mutation have significantly greater centrosome 
defects and genetic instability than in p53 null mice. (In preparation). 
3. Pihan, G. and Doxsey, S. Mutations and aneuploidy in the origins of cancer: Strange bedfellows or a marriage 
made in heaven? (commissioned by Cancer Cell) 
4. Chen, D., Purohit, A., Doxsey, S. and Newton, A. Pericentrin anchors PKC bll at centrosomes and when 
disrupted induces multipolar spindle formation and aneuploidy. (in preparation). 
5. Pihan, G. Zhou, Y., Wallace, J., Zhou, Y. and Doxsey, S. Centrosome abnormahties and genetic instability occur 
together in precancerous lesions, (in revision for Cancer Research) 
6. Gromley, A., Jurczyk, A., Silliboume, J., Halilovic, E., Powers, C, Craig., R. Blomberg, M., Mogensen, M. and 
Doxsey, S. A novel protein of the maternal centriole involved in cytokinesis and cell cycle progression, (in revision 
for Nature Cell Biology) 
7. Doxsey, S. Duplicating dangerously: linking centrosome duplication and aneuploidy. Molecular Cell 10,1-2, 
2002. 
8. Doxsey, S.J. Re-evaluating centrosome function. Nature Reviews in Molecular Biology 2,688-699, 2001. 
9. Pihan, G., Purohit, A., Wallace, J., Liotta, L. and Doxsey, S. Centrosome defects can account for the cellular and 
genetic changes that accompany prostate cancer progression. Cancer Res. 61,2212-2219 (2001) (see editorial in 
Science 292,426-429,2001). 
10. Doxsey, S.J. Centrosomes as command centers for cellular control, Nat. Cell Biol. 3, E1-E3,2001. 
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11. Tynan, S., Purohit, A., Doxsey, S. J. and Vallee, R. A distinct subclass of cytoplasmic dynein containing 
light intermediate chain 1 is specific for pericentrin binding. J. Biol. Chem. 275, 32763-32768,2000. 

♦ Presentations Related to Prostate Cancer (36 total, presented by S. Doxsey, 2000-2003)^ 

In 2000; 3/00, Symposium on Colon Cancer Development and Progression, Montreal, Canada; 3/00, 
American Heart Association Research Conference, Dallas, TX; 11/00 Massachusetts General Hospital, 
Boston, MA; 11/00 University of Minnesota, Dept. Cell Biology, Minneapolis, MN; 12/00 American 
Society Cell Biology, "Spindle pole duplication and function". 
In 2001:1/01, University of California, San Diego, CA; 1/01, Fred Hutchison Cancer Center, Seattle, 
WA (host, Brian Reid); 4/02, University of Virginia; 5/01, Armed Forces Institute of Pathology, 
National Institutes of Health, Washington, D.C.; 5/01, Dana Farber Cancer Research Center, Boston, 
MA; 6/01, Gordon Research Conference "Centrosome Assembly"; 7/01, Marine Biological Laboratories, 
Woods Hole, MA; 8/01, FASEB Res. Conf., "Nuclear Structure and Cancer", Saxtons River, VT; 10/01, 
AACR Special Conference on Cancer and Chromosomal Organization, "Centrosomes and Cancer", 
Palm Desert, CA.; 12/01, American Society of Cell Biology, Washington, D.C., "Centrosome-Anchored 
Regulatory Pathways". 
In 2002; 2/02 Northwestern University; 4/02, AACR Sunrise Session: "Centrosomes and Cancer"; 4/02, 
Amherst College; 4/02 Columbia University, NY, NY; 4/02, National Cancer Institute Workshop on "Mitotic 
Checkpoints and Cancer"; 6/02, Louisiana State University; 9/02, Symposium "Centrosomes" Heidelberg< 
Germany; 9/02, Cytokinetics SAB; 9/02 CapCURE (poster); 9/02, CNIO Cancer Conference, "Cell Cycle and 
Cancer", Madrid, Spain; 10/02, University of Iowa, Iowa City, lA; 11/02, Penn State University, Hershey, PA; 
12/02, Carnegie Institute, Washington, D.C.; 12/02, American Society of Cell Biology, San Francisco, CA, 
"Centrosomes and Cancer"; 12/02, American Society of Cell Biology, San Francisco, CA, "siRNA to target 
centrosome genes in normal and cancer cells". 
Planned for 2003; 4/03, "Plenary Lecture", USGEB Meeting, Davos, Switzeriand, "Centrosomes and Cancer"; 
4/03, Worcester Polytechnic Institute; 4/03, University of Pittsburg; 5/03, Wistar Institute, University of 
Pennsylvania; 6/03, FASCEB meeting; "Nuclear Structure and Cancer"; 07/03, Clark University, Worcester 
MA. 

Abstracts Related to Prostate Cancer (33 during 2000-2002). 

♦ Patents. 
♦ 1. Cancer Detection by Centrosome Abnormality (U.S. #5,972,626). 
♦ 2. Centrosome Defects in precancerous lesions as tools for tumor diagnostics, prognostics and treatment 

(U.S. patent pending; UMass docket#:UMMC 02-33) 
♦ 3. Novel centrosome proteins involved in cytokinesis and cell cycle control (U.S. patent pending; 

UMass docket #: UMMC 02-23) 
♦ 4. Centrosome protein-induced cell cycle arrest as a potential cancer therapeutic (patent pending) 

♦ Clinical Translational Research. We ultimately hope to develop prognostic tests and therapeutics for 
detection of centrosome defects in PIN and for the treatment of aggressive prostate cancer, respectively. 

♦   Development of Permanent Cell Lines (Prostate Tumor and Nontumor Lines): 
1. HA-pericentrin-expressing cells (tetracycline-inducible) to study oncogenic effect of pericentrin. We 
constructed 3 tumor lines (PC-3, DU-145, LN-Cap). 
2. GFP-histone fH2B)-expressing cells for studying segregation of GFP-labeled chromosomes in living cells: 
PC-3, DU-145, LN-Cap. 
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Funding obtained based on tliis work. 1. Received funding from Department of Defense for a 
postdwtoral fellow in Doxsey laboratory to work on centrosomes in breast cancer (Aruna Purohit, $50K, 1 
year, 2000, Concept Award, BC996519). 2. Received funding from Department of Defense for a 
postdoctoral fellow in Doxsey laboratory to work on centrosomes in breast cancer (Keith Mikule, $17IK, 3 
years, 2003-2006, Postdoctoral Traineeship Award, 80)21594). 3. Received funding from Department of 
Defense for a predoctoral fellow in Doxsey laboratory to work on centrosomes in breast cancer (Agata 
Jurczyk, $90K, 3 years, 2003-2006, Predoctoral Traineeship Award, BC020172). 4. Received funding from 
The Hershey Family Foundation/Prostate Cancer Walk Committee to intitiate studies on "Differentiation 
Therapies Based on Inhibiting Centrosome Genes" (1 year, $30K, 2003). 
Promotions obtained based on research supported by this award. The P.I. (SJD) was promoted to 
Associate Professor (7/99) based in part on work accomplished in this proposal and is currently being 
promoted to Full Porfessor based in part on this work. Dr. Aruna Purohit was promoted to Instructor based 
on her work on prostate cancer (20(X)). 
Reviewer: Prostate Cancer Review Panel (1997-present) and Breast Cancer Review Panel (1999-present); 
2002: ad hoc reviewer, NIH. 

REPORT BODY: CONCLUSION. 

We believe that our work on centrosome dysfunction will have a significant impact on our understanding of 
prostate cancer progression and etiology. It also has the potential to improve our ability to detect and treat the 
more aggressive and devastating forms of this disease. One compelling reason for this assertion is that our 
hypothesis examines a fundamentally different and unexplored mechanism for prostate cancer development and 
progression: that centrosome defects cause genetic instability and cytologic anaplasia, and thus underlie the 
genesis of malignant disease. For this reason, the reviewers of the original proposal described it as unique and 
highly innovative. Insights gained from this approach should yield novel information on cellular processes, 
structures (centrosomes) and molecules (pericentrin) that have the potential to serve as therapeutic targets and 
prognostic indicatore of malignant disease. The discovery that centrosome defects are present in precancerous 
lesions of the prostate and the identification of a tumor-specific centrosome abnormality indicates that 
centrosome defects may serve as prognostic indicators of malignant disease. The presence of centrosome 
defects at the earliest disease stages also suggests that centrosomes may play an active role in the tumorigenic 
process and thus, may serve as prime therapeutic targets. We hope to complete the analysis of PIN lesions to 
determine if centrosome defects at this stage serve as prognostic indicators of aggressive disease. Pericentrin 
may be a novel molecular target for prostate cancer therapeutics since artificial elevation of pericentrin in 
normal prostate cells induces a tumor-like phenotype and since pericentrin levels are sj^cifically elevated in 
tumors and precancerous lesions. Within the next year we will test whether pericentrin-expressing cells develop 
or exacerbate tumor formation in vivo. Other proteins identified in the siRNA screen of centrosome protein 
function may also serve as prime targets for cancer therapeutics. In conclusion, we have produced compelling 
data in support of our unique centrosome-based model for prostate cancer progression. We believe this research 
will provide novel and more discriminating tools for prostate cancer prognosis and treatment. 
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Abstract 

Centrosomes play critical roles in processes that ensure proper segregation of chromosomes 

and maintain the genetic stability of human cells. They contribute to mitotic spindle 

organization and regulate aspects of cytokinesis and cell cycle progression. We and others 

have shown that centrosomes are abnormal in most aggressive carcinomas. Moreover, 

centrosome defects have been implicated in chromosome instability and loss of cell cycle 

control in invasive carcinoma. Others have suggested that centrosome defects only occur 

late in tumorigenesis and may not contribute to early steps of tumor development. To 

address this issue, we examined pre-invasive human carcinoma in-situ lesions for 

centrosome defects and chromosome instability. We found that a significant fraction of 

precursor lesions to some of the most common human cancers had centrosome defects 

including in situ carcinomas of the uterine cervix, prostate and female breast. Moreover, 

centrosome defects occurred together with mitotic spindle defecte, chromosome instability 

and high cytologic grade. Since most pre-invasive lesions are not uniformly mutant for p53, 

the development of centrosome defects does not appear to require abrogation of p53 

function. Our findings demonstrate that centrosome defects occur concurrently with 

chromosome instability and cytologic changes in the earliest identifiable step in human 

cancer. Our results suggest that centrosome defects may contribute to the earliest stages of 

cancer development through the generation of chromosome instability. This, together with 

ongoing structural changes in chromosomes, could accelerate accumulation of alleles 

carrying pro-oncogenic mutations and loss of alleles containing wild-type tumor suppressor 

genes and thus accelerate the genomic changes characteristic of carcinoma, the most 

prevalent human cancer. 



Introduction. 

Chromosomal instability or CIN is the most common form of genetic instability in 

human cancer and is thought to be caused by continuous chromosome missegregation during 

mitosis (1,2). Together with structural chromosome changes caused by chromosome breakage 

and missrepair, CIN is thought to be important to promote the Darwinian genomic evolution 

characteristic of cancer whereby protooncogene mutations accumulate and normal alleles of 

mutated tumor suppressor genes are lost (2-4). In fact, loss of heterozygocity in cancer 

primarily affects whole chromosomes or large chromosomal domains suggesting that it results 

from gains or losses of entire noimal or rearranged chromosomes (5). CIN is thought to 

facilitate the inexorable evolution of cancere toward cellular states that support tumor cell 

growth, dissemination and resistance to therapy (1-3,6,7). A common element in the chain of 

events associated with loss of fidelity in chromosome segregation is centrosome dysftmction 

(for review, see (7-12)). 

Centrosomes are the primary microtubule-organizing centers in animal cells. They 

contribute to the organization of microtubule spindles in mitosis and appear to control 

progression through cytokinesis and entry into S phase (9,13-15). Our laboratory and another 

first detected centrosome defects in aggressive carcinomas of multiple origins (2,16). Several 

subsequent studies confirmed these observations and extended them to other tumor types and 

animal models (17-22). The discovery of centrosome defects in essentially all carcinomas 

sparked interest in this organelle m a global contributor to the development and progression of 

tumors that exhibit genetic instability (2, 8-11, 23). The established role of centrosomes in 

organizing mitotic spindles suggested a model in which tumor cells with multiple centrosomes 



organize mulitpolar spindles that missegregate chromosomes and contribute to genetic 

instability. This phenomenon could occur in diploid cells or in cells that previously failed in 

cell division to create polyploid cells with supernumerary centrosomes (24). Despite the 

occurrence of centrosome defects in most common human cancers and their known role in the 

assembly of mitotic spindles and chromosome segregation, a role for centrosomes in the 

earliest steps of human tumor development has not been well established. 

Recent resulte from our laboratory have shown that centrosome defects and genetic 

instability occur in some low grade prostate tumors suggesting that fliey are present prior to 

development of aggressive tumors (21). Moreover, overexpression of some centrosome- 

associated proteins, including pericentrin, TACC, polo and aurora (21, 24-28) induce tumor- 

like features. Centrosome defects have also been observed during the early stages of tumor 

development in a rat mammary carcinogenesis model (29) suggesting that centrosome defects 

may also occiu in pre-invasive human tumore. A recent study of invasive human carcinoma 

showed that centrosome abnormalities occurred in some pre-invasive breast lesions (20). The 

authors analyzed seven cases in a single tissue (breast) and reported on one parameter of 

centrosome defect (size) but did not examine the relationship between centrosome defects and 

CIN in the pre-invasive lesions. It is important to perform a comprehensive analysis of 

centrosome defects in pre-invasive lesions for several reasons. A comparative analysis of pre- 

invasive lesions from tissues with different propensities to develop aggressive cancere may 

provide important information about the role of centrosomes in the development and 

progression of cancer. This type of analysis could also identify centrosome defects as a 

universal diagnostic indicator of most, if not all carcinomas. The presence of centrosome 

defecte in pre-invasive lesions may also provide a prognostic marker for tumor development. 



especially in prostate cancer where the relationship of pre-invasive lesions to aggressive 

cancer is imclear. . 

In this study, we analyzed 116 pre-invasive lesions from three different human tissues 

(breast, cervix, prostate). We show that centrosome defects occur in all tissue tissues and that 

they co-segregate with other tumor-like features associated with centrosome dysfunction 

including spindle abnormalities, cytologic changes and chromosomal instability (2,21). 



Materials and Methods. 

Immunohistochemical staining and analysis. Formalin-fixed paraffin-embedded tissue from 

carcinoma in situ of tfie uterine cervix, female breast and male prostate was selected from the 

files of the Pathology Department at UMass Memorial Health Care. Samples were 

immunostained with pericentrin antibodies as described (2, 21, 27). Standard histopathologic 

criteria were applied to newly prepared hematoxylin and eosin stained sections to confirm the 

presence of carcinoma in situ in the specimen (30). Centrosomes were considered abnormal if 

they had a diameter greater than twice the diameter of centrosomes present in normal 

epithelium within the same section, if the ratio of their greatest and smallest diameter 

exceeded 2 or if there were more than two centrosomes in more flian 5% of the cells examined 

(21). Y-tubulin was chosen to stain mitotic spindles in archival formalin fixed paraffin 

embedded tissues because it decorates spindle poles (Pihan, unpublished) while a large 

fraction of a and p tubulins are cytoplasmic and obscure the spindle microtubule signal 

(Pihan, unpublished observations). Multipolar mitoses, an obvious consequence of 

supernumerary centrosomes, are common in carcinoma cell lines with abnormal centrosomes 

as we and others have previously shown (2,22,31,32). 

CIN analysis. Tissue sections parallel to those used for pericentrin immunohistochemistry 

were used to stain centromeres of chromosome 1 and 8 (2). Briefly, after de-paraffmization, 

sections were co-denatured with biotinylated centromeric probes specific for chromosomes 1 

or 8 and hybridized overnight at 37°C in a Hybrite oven (Vysis, Chicago, XL) in the 

hybridization buffer recommended by the probe manufacturer. After appropriate stringency 

washes sections were placed on the automatic immunostainer and an ABC/DAB protocol 



similar to the one used above for immunohistochemistry was used to reveal the hybridized 

probe. Nuclei were lightly counterstained with hematoxylin. For quantitative analysis, the 

number of hybridization signals in 100 to 200 nuclei from in-situ carcinoma and 

morphologically normal adjacent epithelium was recorded (2). Using these probes it has been 

shown that normal diploid tissue has 10-15% cells with more than 3 signals per nucleus (2, 

33). In tissue sections some nuclei are truncated leading to artificially increased numbere of 

diploid cells with apparently less than two signals per nuclei. For this reason, we primarily 

computed signal gains (greater than two) and not apparent losses. We also separately analyzed 

cells with only one copy of a given chromosome. Due to limitations imposed by truncation 

artifacte, we did not attempt to obtain an absolute measure of chromosome instability in 

sections, as it can be done on cell lines (2, 6). Rather, we defined tumors with likely 

aneuploidy/CIN as those in which the fraction of nuclei with more than two signals exceeded 

20% (33) and used this measurement as an index of chromosome instability/aneuploidy. Cells 

with only one chromosome were recorded and discussed separately. 



Results. 

Centrosome defects are present in pre-invasive cancerous lesions. Using antibodies to the 

centrosome protein pericentrin (35), we examined centrosomes in carcinoma in-situ of the 

uterine cervix (CIC), female breast (DCIS) and prostate (PIN) as described (2, 21). Several 

distinct centrosome abnormalities were detected in these lesions, including supernumerary 

centrosomes (Fig.l B arrowheads), abnormally shaped centrosomes, such as elongated or 

corkscrew forms (Fig.l D, F) and centrosomes of larger diameter than those in normal 

epithelium within the same tissue section (Fig.l B, D). Thirty to seventy two percent of all 

precancerous lesions had abnormal centrosomes (Fig.2 A-C) while such abnormalities were 

rarely, if ever, detected in nontumor cells (Fig.2 A-C). Centrosome defects were more 

prevalent in DCIS and CIC lesions than in PIN lesions. This difference was consistent with 

differences in histological, cytological and genetic features of these lesions. For example, 

DCIS and CIC show a high degree of nuclear atypia, cytologic disarray, loss of cell polarity 

and genetic instability. In fact, on cytologic features alone, they are often indistinguishable 

from invasive breast and cervical cancers (36,37). In contrast, PIN lesions show remarkable 

preservation of cell polarity and glandular architecture and can only be distinguished from 

normal glands by subtle changes in nuclear and nucleolar features. Similar levels of 

centrosome defects in pre-invasive lesions were identified using antibodies to Y-tubulin, 

another core protein of the centrosome (data not shown). 

The incidence of centrosome defects increases with higher histologic grade of in-situ 

carcinomas. In-situ carcinomas of different histologic/cytologic grade differ in their 

associated risk of progression to invasive carcinoma (36, 38, 39). We observed a higher 



incidence of centrosome defecte in the higher grades of all three precancerous lesions (Fig. 3). 

The increase in centrosome abnormalities was greater m the lesions associated with a higher 

propensity to evolve into invasive carcinoma, and is consistent with a model where 

centrosomes contribute to the cytologic and genetic changes that occur during progression of 

precancerous lesions. 

Mitotic spindle abnormalities are frequent in carcinoma in situ. One expected 

consequence of supernumerary centrosomes in mitotic cells was the development of 

multipolar mitotic spindles (2,27). To identify abnormal spindles, we stained sections with y- 

tubulin, which provided the best marker for spindle poles in our immunohistochemical 

procedure (Fig. 4, see Materials and Methods). The total number of mitotic figures was 

generally low. The percentage of samples that contained spindles was 74% (29/39, CIC), 35% 

(12/34, DCIS) and 0% (0/42, PIN). The low incidence of spindles in PIN lesions is likely the 

result of delayed fixation of these tissues and the relatively slow growth of prostate tumor 

cells compared with the other in situ lesions. Of the tumore with spindles, 75% (9/12) of DCIS 

and 34% (10/29) of CIC had at least one abnormal spindle (Fig. 4H and G). Defective 

spindles included multipolar spindles (3 or more poles. Fig. 4 B, D, F), multiple bipolar 

spindles in single cells (Fig. 4E) and asymmetric bipolar and multipolar spindles (Fig.4D, F). 

In lesions with 10 or more spindles, a number chosen to avoid flie inherent bias introduced in 

data by low spindle counts, the average number of multipolar spindles was 10-16% (Fig. 41). 

Monopolar spindles were also detected but they could not be authenticated due to the 

compounding effect of truncation artifacts induced by tissue sectioning. Mitotic figures were 

infrequently observed in normal epithelium adjacent to in situ lesions, a Hkely consequence of 

the low mitotic rate of these tissues. When present, these spindles were normal (symmetric. 



bipolar, ii=4, data not shown). The absence of spindle abnormalities in normal tissues was 

consistent with our previous results in nontumor tissues (5,20) and was confirmed in another 

epithelial tissue with a high proliferative rate. In samples of celiac sprue, a form of intestinal 

malabsortion in which the intestinal epithelium has increased mitotic activity do to increased 

rates of mucosal regeneration, we never observed abnormal mitoses (n= 45). Taken together, 

these data indicated that spindle defects were specific for in situ lesions. 

Centrosome defects correlate with CIN in precancerous lesions. Both chromosome 

instability (2,6,16) and centrosome defecte are common features of epithelial cancers (11,16, 

21, 31). We have previously demonstrated a correlation between the extent of centrosome 

defects and CIN in invasive prostate cancer (2,21). To determine whether a correlation exists 

between centrosome defects and CIN in carcinoma in situ, we examined consecutive serial 

tissue sections for these anomalies (2,21). While CIN was observed in many in situ lesions, it 

was never seen in normal epithelium in the same tissue section (Fig. 5A, C and E). Moreover, 

in all three in situ carcinomas there was a statistically significant non-random association 

(Fisher exact test p < 0.005) between centrosome defects and CIN (Fig. 5G-I). In fact, most 

lesions with centrosome defects showed CIN (63-71%, Fig. 5). Conversely, the fi-action of 

cases that lacked centrosome defects lacked CIN (81-95%, Fig. 5). The correlation between 

centrosome defects and CIN was significant despite the vastly different degrees of centrosome 

defects between DCIS, CIC and PIN (Fig 2). Interestingly, there were more lesions that had 

centrosome defects and lacked CIN (-30%) than lesions with CIN that lacked centrosome 

defects (-10-20%), consistent with a model where centrosome defects precede CIN in the 

progression of the tumor-like phenotype in precancerous lesions (2, 9). Comparison of the 

fi-action of cells with one chromosome signal (hypoploi(b) across all three precancers showed 
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that carcinoma in situ invariably contained fewer cells with one chromosome signal than 

control tissues (DCIS, 28.9 +/- 12 vs. control, 38,1 +/- 10, p=0.023; CIC, 31.2 +/- 12 vs. 

control 41.3 +/- 9, p=0.0023 and PIN, 24.6+/- 13 vs. control 31.2 +/- 10, p=0.03). In 

conclusion, in situ lesions have a lower frequency of single chromosome copy number and a 

higher frequency of multiple chromosome copy number suggesting that cells in these early 

lesions are mostly polyploid and almost never hypoploid. 
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Discussion. 

Our results demonstrate that centrosome defects are present in a significant fraction of 

in situ carcinomas of the breast, cervix and prostate. These results extend our previous 

observations that centrosome defects are present in low-grade tumore and increase in more 

aggressive carcinomas (21). They also expand on other studies showing centrosome defects 

in a limited number of in situ lesions from human breast and rat tissues (20,29). Because p53 

mutations are not universal in these pre-invasive lesions (see below) we conclude that 

abrogation of p53 function is not a prerequisite for the development of centrosome defects 

early in tumor development. These observations are consistent with a role for centrosome 

defecte in the establishment of carcinoma and perhaps the progression of early lesions to more 

aggressive cancers. 

Centrosome defects occur frequently in advanced forms of some of the most common 

human cancers and may confribute to genetic instability by impairing the fidelity of 

chromosome segregation during mitosis (1,3,8,9,11,16). It is currently held that carcinoma 

in-situ is the immediate precursor of invasive epithelial cancers and that it shares some but not 

all genotypic and phenotypic characteristic of invasive cancer (38,40,41). Our results show 

that centrosome defects are present at the earliest morphologically recognizable stages of 

tumor development in some of the most common human cancers. They provide a mechanistic 

explanation for the commonly observed CIN and aneuploidy observed in most lesions found 

in human carcinoma in situ and experimental models of carcinogenesis (33, 42-45). These 

data are consistent with a role for centrosome defects in the generation of genetic instability 

during the early stages of the tumorigenic process. 
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Our study also demonstrates that centrosome defects correlate with the 

histologic/cytologic grade of the in-situ lesion and thus support a role for the centrosome in 

the induction of the morphologic phenotype characteristic of carcinoma in situ, Centrosomes 

have been shown to play a role in cell polarity (46) shape (47, 48) and motility (47), all of 

which are perturbed in all in-situ cancers examined in this study. Moreover, the presence of 

mitotic spindle defects in many CIC and DCIS lesions and the co-segregation of centrosome 

abnormalities with CIN, strongly suggest that centrosome defects have a functional impact in 

in-situ carcinoma. 

Our results are consistent with a role for centrosome defects in the development of 

aggressive tumors, rather than those that remain benign. This idea is supported by the high 

prevalence of centrosome abnormalities in lesions with a high rate of progression to high- 

grade cancer (DCIS and CIC) and the low prevalence of centrosome defects in PIN lesions, 

the majority of which progresses to low grade invasive cancers. Because DCIS and CIC are 

usually indistinguishable cytologically from aggressive cancers (36,49) it is believed that they 

give rise to these aggressive cancere. In contrast, cancers of the prostate are usually low-grade 

(50) consistent with the low-grade appearance of most PIN lesions. These results support our 

centrosome-mediated model of tumor genesis (2) where centrosome defects induce dramatic 

and persistent changes in chromosome number (CIN) thereby shuffling the genome and 

allowing selection of the most aggressive phenotypes such as those seen in invasive cancers. 

The presence of centrosome abnormalities at the earliest stages of disease may also 

have the potential to predict evolution of in-situ lesions into high-grade invasive cancers. This 
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is of particular interest for the management of prostate cancer since the majority of these 

tumors are biologically low grade, but with time may progress to aggressive form. Currently, 

these cancers are often treated by prostatectomy because there is no effective prognostic 

indicator of aggressive disease. If centrosome abnormalities can predict development to high- 

grade cancer, they would provide a sorely needed surrogate marker for aggressive disease. We 

are currently testing if centrosome defects correlate with aggressive prostate cancer by 

examining PIN lesions from patiente that subsequently progress to invasive cancer. Based on 

our previous work showing that the incidence of centrosome defects are higher in more 

aggressive tumora (21), we are hopeful that their incidence will also be higher in precancerous 

lesions that subsequently progress to aggressive tumors. 

An interesting observation made m this study was the presence of low, yet measurable 

levels of centrosome defects in morphologically normal epithelium adjacent to CIC lesions 

(Fig. 2A). We speculate that this may be due to the presence of human papilloma virm 

infection. It is well eslablished that papilloma virus is the cause of nearly all carcinomas of the 

cervix and is present m all precursor lesions (51). Moreover, it has recently been demonstrated 

Hiat papilloma virro can rapidly induce centrosome abnormalities in squamous epithelial cells 

in vitro (52). 

Our observations also suggest a mechanism for centrosome-mediated generation of 

genetic instability in carcinoma in situ. The excellent correlation between centrosome defects, 

aberrant spindles and CIN indicate that abnormal centrosomes contribute to spindle 

disorganization, chromosome missegregation and genetic instability in these lesions. These 

data also suggest that supernumerary centrosomes lead to multipolar spindles and do not 
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merely coalesce to form bipolar spindles as it has been suggested from work in cell lines (8, 

53). 

Although our study answers the important question of whether centrosome defects 

occur in pre-invasive cancere, it also leaves unanswered a number of interesting issues. One of 

the most important issues is whether centrosome defects are a cause or consequence of the in- 

situ carcinoma phenotype. This is an issue of overriding importance in that the identification 

of tiie mechanism by which centrosome abnormalities arise may lead to both predictive testing 

and cancer-specific therapeutic interventions. There are many ways in which centrosome 

defects can arise. These include changes in proteins involved in cell cycle control, in 

centrosome structure or fimction and in DNA repair. For instance, mutation or elimination of 

p53 (54-56), or p53 downstream effectors/regulators such as Mdm2 (57), pil^^^^*?^ (54, 57, 

58) and GADD45 (44, 59) induce centrosome abnormalities. Abrogation of postmitotic p53 

dependent checkpoints may be critical in allowing tetraploid cells with supemumeray 

centrosomes to continue to cycle (60-64). Similarly, alteration in the levels of centrosome- 

^sociated proteins such as pericentrin (21, 27), ftubulin (65) aurora (24, 25, 28) polo (66), 

TACC (67) and RanBP (68) lead to abnormal centrosomes. Moreover, mutation or functional 

abrogation of proteins involved in DNA repair such as Xrcc3 (69), Xrcc2 (69), BRCAl (70, 

71), BRCA2 (70, 72, 73), Mrell (74), DNA polymerase beta (75), or genome damage 

signaling proteins such as ATR (76) can also lead to centrosome abnormalities. Lastly, 

centrosome abnormalities can arise by mutation of the adenomatous polyposis coli gene 

(APC) whose product interacts with microtubules (77), by cytokinesis failure (24) and by 

ectopic assembly of centrosome components into acentriolar microtubule organizing centers 

(9,21,27). 
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We do not know which of these mechanisms is responsible for inducing centrosome 

defects in carcinoma in situ or if another as yet unidentified mechanism/pathway is involved. 

We believe it is unlikely that p53 mutations can account for our findings. Firet p53 mutations 

are not common in DCIS (78) and PIN (79). Second, centrosome defects in carcinoma in situ 

are not only numerical but also structural. Third, human somatic cells rendered p53-/- by 

targeted homologous recombination do not develop Cm or centrosome abnormalities unless 

challenged (80) Fourth, overexpression of endogenous p53, which correlates highly with 

mutated p53 occurred in less than 20% of CIC and PIN lesions (results not shown). Fifth, 

supernumerary centrosomes in p53-/- or p53 mutant cells (54, 55) may be secondary to the 

combined effects of cytokinesis failure and abrogation of postmitotic checkpoints thus 

allowing polyploid cells to re-enter the cell cycle and undergo mitosis with supernumerary 

centrosomes (24). Under these conditions, cells with supernumerary centrosomes have the 

potential to perpetuate chromosome instability by missegregating chromosomes through 

multipolar mitoses. 
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Conclusion. In conclusion, we have shown that centrosome defects are present in a significant 

percentage of pre-invasive carcinomas and that they occur together with mitotic spindle 

defects and chromosome instability. We propose that centrosomes may contribute directly to 

chromosome nhissegregation and genetic instability and through this process, accelerate 

accumulation of genes with oncogenic mutations and loss of genes encoding tumor 

suppressors, as characteristically observed in human carcinoma. 

Acknowledgements 

This work was supported by the Department of Defense (PC000018) to S.J.D. and G.A.P. 

and by the National Institutes of Health (GM51994) and National Cancer Institute 

(CA82834) to S.J.D. 

17 



Refereoces. 

1. Lengauer, C, Kinzler, K. W., and Vogelstein, B. Genetic instabilities in human 

cancers. Nature. 396: 643-9., 1998. 

2. Pihan, G. A., Purohit, A., Wallace, J., Knecht, H., Woda, B., Quesenbeny, P., and 

Doxsey, S. J, Centrosome defects and genetic instability in malignant tumors, 

Cancer Res. 58: 3974-85., 1998. 

3. Cahill, D. P., Kinzler, K. W., Vogelstein, B., and Lengauer, C. Genetic instability 

and darwinian selection in tumours. Trends Cell Biol. 9: M57-60., 1999. 

4. Hahn, W. C. and Weinberg, R. A. Modelling the molecular circuitry of cancer, 

Nat Rev Cancer. 2: 331-41., 2002. 

5. Thiagalingam, S., Laken, S., Willson, J. K., Markowitz, S. D., Kinzler, K. W., 

Vogelstein, B., and Lengauer, C. Mechanisms underlying losses of heterozygosity 

in human colorectal cancers, Proc Natl Acad Sci USA. 98: 2698-702., 2001. 

6. Lengauer, C, Kinzler, K. W., and Vogelstein, B. Genetic instability in colorectal 

cancers. Nature. 386: 623-7., 1997. 

7. Pihan, G. A. and Doxsey, S. J. The mitotic machinery as a source of genetic 

instability in cancer, Semin Cancer Biol. 9: 289-302., 1999. 

8. Brinkley, B. R. Managing the centrosome numbers game: from chaos to stability 

in cancer cell division. Trends Cell Biol. //.- 18-21,, 2001. 

9. Doxsey, S. Re-evaluating centrosome function, Nat Rev Mol Cell Biol. 2: 688- 

98., 2001. 

Lingle, W. L. and Salisbury, J. L. The role of tiie centrosome in the development 

of malignant tumors, Curr Top Dev Biol. 49: 313-29,2000. 

10 

18 



11. Marx, J. Cell biology. Do centrosome abnormalities lead to cancer?. Science. 292: 

426-9., 2001. 

12. Winey, M. Cell cycle: driving the centrosome cycle, Curr Biol. 9: R449-52., 

1999. 

13. Hinchcliffe, E. H. and Sluder, G. "It takes two to tango": underetanding how 

centrosome duplication is regulated throughout the cell cycle, Genes Dev. 15: 

1167-81., 2001. 

14. Khodjakov, A. and Rieder, C. L. Centrosomes enhance the fidelity of cytokinesis 

in vertebrates and are required for cell cycle progression, J Cell Biol. 153: 231- 

42., 2001. 

15. Piel, M., Nordberg, J., Euteneuer, U., and Bomens, M. Centrosome-dependent 

exit of cytokinesis in animal cells. Science. 291: 1550-3., 2001. 

16. Lingle, W. L., Lutz, W. H., Ingle, J. N., Maihle, N. J., and Salisbury, J. L. 

Centrosome hypertrophy in human breast tumors: implications for genomic 

stability and cell polarity, Proc Natl Acad Sci USA. 95:2950-5., 1998. 

17. Ghadimi, B. M., Sackett, D. L., Difilippantonio, M. J., Schrock, E., Neumann, T., 

Jauho, A., Auer, G., and Ried, T. Centrosome amplification and instability occurs 

exclusively in aneuploid, but not in diploid colorectal cancer cell lines, and 

correlates with numerical chromosomal aberrations. Genes Chromosomes Cancer. 

27.-183-90., 2000. 

18. Haruki, N., Harano, T., Masuda, A., Kiyono, T., Takahashi, T., Tatematsu, Y., 

Shimizu, S., Mitsudomi, T,, Konishi, H., Osada, H., and Fujii, Y. Persistent 

increase in chromosome instability in lung cancer: possible indirect involvement 

of p53 inactivation. Am J Pathol. 159: 1345-52., 2001. 

19 



19. Kuo, K. K., Sato, N., Mizumoto, K., Maehara, N., Yonemasu, H., Ker, C. G., 

Sheen, P. C, and Tanaka, M. Centrosome abnormalities in human carcinomas of 

the gallbladder and intrahepatic and extrahepatic bile ducts, Hepatology. 31: 59- 

64, 2000. 

20. Lingle, W. L., Barrett, S. L., Negron, V. C, D'Assoro, A. B., Boeneman, K., Liu, 

W., Whitehead, C. M., Reynolds, C, and Salisbury, J. L. Centrosome 

amplification drives chromosomal instability in breast tumor development, Proc 

Natl Acad Sci USA. 99:1978-83., 2002. 

21. Pihan, G. A., Purohit, A., Wallace, J., Malhotra, R., Liotta, L., and Doxsey, S. J. 

Centrosome defecte can account for cellular and genetic changes that characterize 

prostate cancer progression, Cancer Res. 61: 2212-9., 2001. 

22. Sato, N., Mizumoto, K., Nakamura, M., Nakamura, K., Kusumoto, M., Niiyama, 

H., Ogawa, T., and Tanaka, M. Centrosome abnormalities in pancreatic ductal 

carcinoma, Clin Cancer Res. 5: 963-70., 1999. 

23. Doxsey, S. The centrosome-a tiny organelle with big potential, Nat Genet. 20: 

104-6., 1998. 

24. Meraldi, P., Honda, R., and Nigg, E. A. Aurora-A overexpression reveals 

tetraploidization as a major route to centrosome amplification in p53-/- cells, 

Embo J. 21:483-92., 2002. 

25. Bischoff, J. R., Anderson, L., Zhu, Y., Mossie, K., Ng, L., Souza, B., Schiyver, 

B., Flanagan, P., Clairvoyant, F., Ginther, C, Chan, C. S., Novotny, M., Slamon, 

D. J., and Plowman, G. D. A homologue of Drosophila aurora kinase is oncogenic 

and amplified in human colorectal cancers, Embo J. 17: 3052-65., 1998. 

20 



26. Gergely, F, Kidd, D., Jeffers, K., Wakefield, J. G., and Raff, J. W. D-TACC: a 

novel centrosomal protein required for normal spindle function in the early 

Drosophila embryo, Embo J. 19:241-52., 2000. 

27. Purohit, A., Tynan, S. H., Vallee, R., and Doxsey, S. J. Direct interaction of 

pericentrin with cytoplasmic dynein light intermediate chain contributes to mitotic 

spindle organization, J Cell Biol. 147: 481-92., 1999. 

28. Zhou, H., Kuang, J., Zhong, L., Kuo, W. L., Gray, J. W., Sahin, A., Brinkley, B. 

R., and Sen, S. Tumour amplified kinase STK15/BTAK induces centrosome 

amplification, aneuploidy and transformation, Nat Genet. 20: 189-93., 1998. 

29. Goepfert TM, A. Y., Zhong L, Medina D, Brinkley WR Centrosome 

amplification and overexpression of awora A are early events in rat mammary 

carcinogenesis. Cancer Research. 62:4115-22,2002. 

30. Rosai, J. Akerman's Surgical Pathology, Eighth edition. New York: Mosby, 1996. 

31. Lingle, W. L. and Salisbury, J. L. Altered centrosome structure is associated with 

abnormal mitoses in himian breast tumors. Am J Pathol. 155: 1941-51., 1999. 

32. Saunders, W. S., Shuster, M., Huang, X., Gharaibeh, B., Enyenihi, A. H., 

Petersen, I., and GoUin, S. M. Chromosomal instability and cytoskeletal defects in 

oral cancer cells, Proc Natl Acad Set USA. 97: 303-8., 2000. 

33. Bulten, J., Poddighe, P. J., Robben, J. C, Gemmink, J. H., de Wilde, P. C, and 

Hanselaar, A. G. Interphase cytogenetic analysis of cervical intraepithelial 

neoplasia. Am J Pathol. 152:495-503., 1998. 

34. Bright, R. K., Vocke, C. D., Emmert-Buck, M. R., Duray, P. H., Solomon, D., 

Fetsch, P., Rhim, J. S., Linehan, W. M., and Topalian, S. L. Generation and 

21 



genetic characterization of immortal human prostate epithelial cell lines derived 

from primary cancer specimens, Cancer Res. 57: 995-1002., 1997. 

35. Doxsey, S. J., Stein, P., Evans, L,, Caiarco, P. D., and Kirschner, M. Pericentrin, a 

highly conserved centrosome protein involved in microtubule organization. Cell. 

76: 639-50., 1994. 

36. Cmm, C. P. and McLachlin, C. M. Cervical intraepithelial neoplasia, J Cell 

Biochem Suppl. 23: 71-9,1995. 

37. O'Connell, P., Pekkel, V., Fuqua, S., Osbome, C. K., and Allred, D. C. Molecular 

genetic studies of early breast cancer evolution. Breast Cancer Res Treat. 32: 5- 

12,1994. 

38. Bostwick, D. G. Prostatic intraepithelial neoplasia is a risk factor for cancer, 

Semin Urol Oncol. 17: 187-98., 1999. 

39. Douglas-Jones, A. G., Gupta, S. K., Attanoos, R. L., Morgan, J. M., and Mansel, 

R. E. A critical appraisal of six modem classifications of ductal carcinoma in situ 

of the breast (DCIS): correlation with grade of associated invasive carcinoma, 

Histopathology. 29: 397-409., 1996. 

40. Schultz, L. B. and Weber, B. L. Recent advances in breast cancer biology, Curr 

Opin Oncol. 11:429-34., 1999. 

41. Wolf, J. K. and Ramirez, P. T. The molecular biology of cervical cancer. Cancer 

Invest. iP.-621-9,2001. 

42. Levine, D. S., Sanchez, C. A., Rabinovitch, P. S., and Reid, B. J. Formation of the 

tetraploid intermediate is ^sociated with the development of cells with more than 

four centrioles in the elastase- simian virus 40 tumor antigen transgenie mouse 

model of pancreatic cancer, Proc Natl Acad Sci USA. 88: 6427-31., 1991. 

22 



43. Li, R., Yerganian, G., Duesberg, P., Kxaemer, A., Wilier, A., Rausch, C, and 

Hehlmann, R. Aneuploidy correlated 100% with chemical transformation of 

Chinese hamster cells, Proc Natl Acad Sci USA. 94: 14506-11., 1997. 

44. Wang, X. W., Zhan, Q., Coursen, J. D., Khan, M. A., Kontny, H. U., Yu, L., 

Hollander, M. C, O'Connor, P. M., Fomace, A. J., Jr., and Harris, C. C. GADD45 

induction of a G2/M cell cycle checkpoint, Proc Natl Acad Sci USA. 96: 3706- 

11., 1999. 

45. Weinberg, D. S. and Weidner, N. Concordance of DNA content between prostatic 

intraepithelial neoplasia and concomitant invasive carcinoma. Evidence that 

prostatic intraepithelial neoplasia is a precursor of invasive prostatic carcinoma. 

Arch Pathol Lab Med. 117:1132-7., 1993. 

46. Bomens, M. Centrosome composition and microtubule anchoring mechanisms, 

Curr Opin Cell Biol. 14: 25-34., 2002. 

47. Niu, M. Y., Mills, J. C, and Nachmias, V. T. Development of polarity in human 

erythroleukemia cells: roles of membrane ruffling and the centrosome, Cell Motil 

Cytoskeleton. 36: 203-15,1997. 

48. Yvon, A. M., Walker, J. W., Danowski, B., Fagerstrom, C, Khodjakov, A., and 

Wadsworth, P. Centrosome reorientation in wound-edge cells is cell type specific, 

Mol Biol Cell. 13: 1871-80., 2002. 

49. van de Vijver, M. J. Ductal carcinoma in situ of the breast: histological 

classification and genetic alterations. Recent Results Cancer Res. 152: 123-34, 

1998. 

50. von Eschenbach, A. C. The challenge of prostate cancer, CA Cancer J Clin. 49: 

262-3., 1999. 

2^ 



•  . t 

51. Munger, K. The role of human papillomavirases in human cancers. Front Biosci. 

7.d641-9.,2002. 

52. Duensing, S. and Munger, K. Centrosome abnormalities, genomic instability and 

carcinogenic progression, Biochim Biophys Acta. 2: M81 -8,2001. 

53. Ring, D., Hubble, R., and Kirechner, M. Mitosis in a cell with multiple centrioles, 

J Cell Bid. 94: 549-56., 1982. 

54. Fukasawa, K., Choi, T., Kuriyama, R., Rulong, S., and Vande Woude, G. F. 

Abnormal centrosome amplification in the absence of p53. Science. 271: 1744-7., 

1996. 

55. Tarapore, P., Horn, H. F., Tokuyama, Y., and Fukasawa, K. Direct regulation of 

the centrosome duplication cycle by the p53- p21Wafl/Cipl pathway, Oncogene. 

20.-3173-84., 2001. 

56. Wang, Xr J., Greenhalgh, D. A., Jiang, A., He, D., Zhong, L., Medina, D., 

Brinkley, B. R., and Roop, D. R. Expression of a p53 mutant in the epidermis of 

transgenic mice accelerates chemical carcinogenesis, Oncogene, 17: 35-45., 1998. 

57. Carroll, P. E., Okuda, M., Horn, H. F., Biddinger, P., Stambrook, P. J., Gleich, L. 

L,, Li, Y. Q., Tarapore, P., and Fukasawa, K. Centrosome hyperamplification in 

human cancer: chromosome instability induced by p53 mutation and/or Mdm2 

overexpression, Oncogene. 18: 1935-44., 1999. 

58. Mantel, C, Braun, S. E., Reid, S., Henegariu, O., Liu, L., Hangoc, G., and 

Broxmeyer, H. E. p21(cip-l/waf-l) deficiency causes deformed nuclear 

architecture, centriole overduplication, polyploidy, and relaxed microtubule 

damage checkpoints in human hematopoietic cells. Blood, 93: 1390-8., 1999, 

24 



59. Hollander, M. C, Sheikh, M. S., Bulavin, D. V., Lundgren, K., Augeri- 

Henmueller, L., Shehee, R., Molinaro, T. A., Kim, K. E., Tolosa, E., Ashwell, J. 

D., Rosenberg, M. P., Zhan, Q., Femandez-Salguero, P. M., Morgan, W. F., 

Deng, C. X., and Pomace, A. J., Jr. Genomic instability in Gadd45a-deficient 

mice, Nat Genet 23: 176-84., 1999. 

60. AndrcMsen, P. R., Lohez, O. D., Lacroix, F. B., and Margolis, R. L. Tetraploid 

state induces p53-dependent arrest of nontransformed mammalian cells in Gl, 

MolBiolCell 12: 1315-28., 2001. 

61. Casenghi, M., Mangiacasale, R., Tuynder, M., Caillet-Fauquet, P., Elhajouji, A., 

Lavia, P., Mousset, S., Kirsch-Volders, M., and Cundari, E. p53-independent 

apoptosis and p53-dependent block of DNA rereplication following mitotic 

spindle inhibition in human cells, Exp Cell Res. 250: 339-50., 1999. 

62. Khan, S. H. and Wahl, G. M. p53 and pRb prevent rereplication in response to 

microtubule inhibitors by mediating a reversible Gl arrest. Cancer Res. 58: 396- 

401., 1998. 

63. Lanni, J. S. and Jacks, T. Characterization of the p53-dependent postmitotic 

checkpoint following spindle disruption, Mol Cell Biol. 18: 1055-64., 1998. 

64. Minn, A. J., Boise, L. H., and Thompson, C. B. Expression of Bcl-xL and loss of 

p53 can cooperate to overcome a cell cycle checkpoint induced by mitotic spindle 

damage. Genes Dev. 10:2621-31., 1996. 

65. Shu, H. B. and Joshi, H. C. Gamma-tubulin can both nucleate microtubule 

assembly and self-assemble into novel tubular structures in mammalian cells, J 

Cell Biol. 130: 1137-47., 1995. 

25 



66. Conn, C. W., Hennigan, R. F., Dai, W., Sanchez, Y., and Stambrook, P. J. 

Incomplete cytokinesis and induction of apoptosis by overexpression of the 

mammalian polo-like kinase, Plk3, Cancer Res. 60: 6826-31., 2000. 

67. Raff, J. W. and Glover, D. M. Centrosomes, and not nuclei, initiate pole cell 

formation in Drosophila embryos. Cell. 57: 611-9., 1989. 

68. Wiese, C, Wilde, A., Moore, M. S., Adam, S. A., Merdes, A., and Zheng, Y. Role 

of importin-beta in coupling Ran to downstream targete in microtubule assembly. 

Science. 2Pi.-653-6., 2001. 

69. Griffm, C. S., Simpson, P. J., Wilson, C. R., and Thacker, J. Mammalian 

recombination-repair genes XRCC2 and XRCC3 promote correct chromosome 

segregation, Nat Cell Biol. 2: 757-61., 2000. 

70. Bertwistle, D. and Ashworth, A. The pathology of familial breast cancer: How do 

the functions of BRCAl and BRCA2 relate to breast tumour pathology?. Breast 

CancerRes./.-41-7,1999. 

71. Xu, X., Weaver, Z., Linke, S. P., Li, C, Gotay, J., Wang, X. W., Harris, C. C, 

Ried, T,, and Deng, C. X. Centrosome amplification and a defective G2-M cell 

cycle checkpoint induce genetic instability in BRCAl exon 11 isoform-deficient 

cells, Mol Cell. 3: 389-95., 1999. 

72. Kraakman-van der Zwet, M., Overkamp, W. J., van Lange, R. E., Essers, J., van 

Duijn-Goedhart, A., Wiggers, L, Swaminathan, S., van Buul, P. P., Errami, A., 

Tan, R. T., Jaspers, N. G., Sharan, S. K., Kanaar, R., and Zdzienicka, M. Z. Brca2 

(XRCCll) deficiency results in radioresistant DNA synthesis and a higher 

frequency of spontaneous deletions, Mol Cell Biol. 22: 669-79., 2002. 

26 



73. Tutt, A., Gabriel, A., Bertwistle, D., Connor, F., Paterson, H., Peacock, J., Ross, 

G., and Ashworth, A. Absence of Brca2 causes genome instability by 

chromosome breakage and loss associated with centrosome amplification, Curr 

BioL P.-1107-10., 1999. 

74. Yamaguchi-Iwai, Y., Sonoda, E., Sasaki, M. S., Morrison, €., Haraguchi, T., 

Hiraoka, ¥., Yamashita, Y. M., Yagi, T., Takata, M., Price, C, Kakazu, N., and 

Takeda, S. Mrell is essential for the maintenance of chromosomal DNA in 

vertebrate cells, Embo J. 18: 6619-29., 1999. 

75. Bergoglio, V., Pillaire, M. J., Lacroix-Triki, M., Raynaud-Messina, B., Canitrot, 

Y., Bieth, A., Gares, M., Wright, M., Delsol, G., Loeb, L. A., Cazaux, €., and 

Hoffmann, J. S. Deregulated DNA polymerase beta induces chromosome 

instability and tumorigenesis. Cancer Res. 62: 3511-4., 2002. 

76. Smith, L., Liu, S. J., Goodrich, L., Jacobson, D., Degnin, C, Bentley, N,, Carr, 

A., Flaggs, G., Keegan, K., Hoekstra, M., and Thayer, M. J. DupHcation of ATR 

inhibits MyoD, induces aneuploidy and eliminates radiation-induced Gl arrest, 

Nat Genet. 19: 39-46., 1998. 

77. Fodde, R., Kuipers, J., Rosenberg, C, Smits, R., Kielman, M., Caspar, C, van Es, 

J, H., Breukel, C, Wiegant, J., Giles, R. H., and Clevers, H. Mutations in the APC 

tumour suppressor gene cause chromosomal instabiUty, Nat Cell Biol. 3: 433-8., 

2001. 

78. Rajan, P. B., Scott, D. J., Perry, R. H., and Griffith, C. D. p53 protein expression 

in ductal carcinoma in situ (DCIS) of the breast. Breast Cancer Res Treat. 42: 

283-90., 1997. 

27 



79. Takayama, H,, Shin, M., Nonomura, N., Okuyama, A., and Aozasa, K. p53 

mutations in prostatic intraepithelial neoplasia and concuirent carcinoma: analysis 

of laser capture microdissected specimens from non- transition and transition 

zones, Jpn J Cancer Res. 91: 941-7., 2000. 

80. Bunz, F., Fauth, C, Speicher, M. R., Dutriaux, A., Sedivy, J. M., Kinzler, K. W., 

Vogelstein, B., and Lengauer, C. Targeted inactivation of p53 in human cells does 

not resuh in aneuploidy. Cancer Res. 62: 1129-33., 2002. 

28 



Figure Legends. 

Fig 1. Centrosome defects occur in carcinoma In situ. Photomicrographs of normal 

epithelium (A, C, and E) and adjacent in situ carcinoma (B, D and F) immunostained 

with antibodies to pericentrin to visualize centrosomes. Magnifications are all the same 

(lOOOX). In normal epithelia, centrosomes are round and uniform in size (arrowheads. A, 

C and E) while in carcinoma in situ they are larger (arrowheads in B, D, F), multiple (B) 

or structurally abnormal (arrowheads in D and F). Nuclei are stained light blue with 

hematoxylin. Inset in D shows higher magnification of an elongated centrosome. Note 

that nucleus and cell in B are considerably larger than those in adjacent normal epithelial 

cells (A). 

Fig 2. Centrosome defects are prevalent in carcinoma In situ. Centrosome defects are 

present in 62, 75 and 28 percent of CIC (A), DCIS (B) and PIN (C) lesions, respectively 

(N, normal epithelia). First column (A-C), cumulative defects; second column (A'-C), 

breakdown of centrosome defects by category (#, number, Sz, size, Sh, shape). 

Fig 3. The incidence of centrosome defects increases with Increasing histologic 

grade. The cumulative incidence of centrosome defects in each pre-invasive lesion (left 

column) includes grades 1-3 for CIC (A, 1-3) and low (L) and high (H) grades for DCIS 

(E) and PIN (I). N, normal epithelium. Each subcategory of centrosome defecte increases 
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with grade including incre^ed centrosome number (B, F, J), shape abnormalities (C, G, 

K) and size (D, H, L). 

Fig 4. Mitotic spindle defects are common in CIC and DCIS. Examples of bipolar 

mitotic spindles immunostained with y-tubulin in CIC and DCIS (A and C, respectively). 

Examples of multipolar spindles (B, CIC, D, F, DCIS) and multiple spindles (E, DCIS). 

Quantitative analysis of the number of bipolar spindles (x axis) and multipolar spindles (y 

axis) in each CIC lesion (G) and DCIS lesion (H). Each circle represents a single lesion. 

Filled circles represent lesions with ten or more mitoses and were included in tiie 

estimation of the extent of mitotic spindle defects in CIC and DCIS. On average 10% and 

17% of the spindles, in CIC and DCIS lesions with more than 10 immunosteined spindles 

(red circles in G and H) are abnormal. 

Fig 5. Centrosome abnormalities correlate with chromosome instability in 

carcinoma in-situ. Examples of in situ hybridization reactions performed on samples of 

CIC (B), DCIS (D) and PIN (F). Many cells have more than two signals for chromosome 

#8 (arrowheads in B, D, F) and thus exhibit chromosome instability (CIN+). Cells in 

adjacent normal epithelium (A, C, E) rarely have more than two signals. Quantitative 

analysis of chromosomal instability (CIN+) in CIC (G), DCIS (H) and PIN (I) lesions 

with normal centrosomes (N) or abnormal centrosomes (A). CIN is present in most 

lesions with abnormal centrosomes and a small fraction of lesions lacking centrosome 

abnormalities. 
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Centrosomes nucleate microtubules and contribute to mitotic spindle function. Th^ also 

participate in cytokinesis and cell cycle progression in ways that are incompletely 

understood. Here we describe a novel human protein called centriolm that localizes to the 

maternal centriole and functions in both processes, Centriolin silencing induces 

cytokinesis failure by a novel mechanism whereby cells remain interconnected by long 

intercellular bridges and fail to cleave. CeUs continue to cycle, re-enter mitosis and form 

multicelluar syncytia. They eventually divide or undergo apoptosis specifically during the 

protracted cytokinesis period. Ultimately, viable cells airest in Gl/GO. The cytokinesis 

activity lies in a centiiolin domain homologous to proteins of yeast regulatoiy pathw^s 

that control late stages of mitosis, and this domain binds Bub2p, anotiier component of 

tiie yeast pathway. We conclude that centriolin is required for a late stage of vertebrate 

cytokinesis perhaps during the final cell cleavage event, and plays a role in progression 
into S-ph^e. 

Introduction 

Centrosomes are tiie major microtubule nucleating organelles in most vertebrate cells 

(see '). In mitosis tii^ contribute to spindle organization and fimction and in interphase 

tiiey organize microtubule arrays that serve as fracks for transporting proteins, organelles 

and chromosomes. The centrosome also anchors regulatory molecules and may serve as a 

centeal site that receives, integrates and transmits signals that regulate fundamental 

cellular fimctions. The core of the centi-osome is comprised of a pair of centrioles, 

microtubule barrels that appear to anchor microtubules ^'\ Each centriole is surrounded 

by pericentriolar material or centrosome matrix, which nucleates the growth of new 

microtubules and seems to be organized by tfie centiioles \ Although best known for 

then- role m microtubule nucleation, recent data suggests tiiat centrosomes also play key 

roles m cytokinesis and cell cycle progression. 

A role for centrosomes to definmg the site of cell cleavage during cytokinesis has been 

suggested for some time I Recent studies with vertebrate cells provide evidence for a 

direct Imk between cenfrosome activity and completion of cytokinesis. Elimination of 
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centrosomes from interphase cells by removal with a microneedle * or from mitotic cells 

by laser ablation , caused cytokinesis defects, arrest or failure. In another study, it was 

shown that during the final stages of cytokinesis the maternal centriole moved to the 

intercellular bridge, the microtubule-filled interconnection between nascent daughter 

cells . This centriole re-positioning correlated with bridge narrowing and microtubule 

depolymerization, and centriole movement away from the bridge correlated with cell 

cleavage or abscission. The authors suggested that the maternal centriole may anchor a 

regulatory pathway that controls the final stages of cell division m vertebrate cells. This 

would be analogous to regulatory pathways anchored at spindle pole bodies (the 

centrosome equivalent) in budding and fission yeasts that confrol mitotic exit and 

cytokinesis (for review see '""). However, no vertebrate pathway analogous to the mitotic 

exit network (MEN) in budding yeast or septation initiation network (SIN) in fission 

yeast has been itoitified '^''^. Moreover, the role of centrosome-associated molecules in 

the process of cytokinesis is poorly understood 

In addition to their role in cytokinesis, centrosomes nmy be involved in cell cycle 

progression. When centrosomes were removed from vertebrate cells, half of the cells 

completed mitosis but did not initiate DNA repUcation *''^. The authors suggested that 

centrosomes controlled entry mto S-phase by recruiting or concentrating "core" 

centrosome molecules required for this process or that they indirectly activated a cellular 

checkpoint tiiat monitored aberrant centrosome number. In another experimental system, 

vertebrate cells treated with cytochal^in D to inhibit actin-mediated cell cleavage also 

arrested cells in Gl as binucleate cells with supernumerary centrosomes *'*. While these 

results suggest that changes in centrosome number can affect entry into S-phase, the 

precise role of centrosomes in cell cycle progression in vertebrate cells will require 

identification of the molecular components and pathways that control these events. 

In this manuscript we identify a novel component of the vertebrate maternal centriole 

called centriolin. Abrogation of centriolin fimction by siRNA silencing, overexpression or 

antibody inhibition produces cytokinesis failure and Gl arrest, just as seen when 

cenfrosomes are experimentally eliminated from cells. Centriolin silencing produces a 
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novel cytokinesis phenotype in which dividing cells remain interconnected by long strands 

of cytoplasm and fail to cleave. The cytokinesis activity lies in a centriolin domain that is 

homologous to the MEN/SIN components Nudlp/Cdcl Ip and binds the Nudlp- 

interacting GTPase-activating protein Bub2p. We conclude that centriolin is required for a 

distinct step in the final stages of vertebrate cytokinesis and can influence entry into S- 

phase. 
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Resulte 

Identification and cloning of a novel protein locaUzed to tlie maternal centriole and 
intercellular bridge. 

Using sera from patients with the autoimmune disease scleroderma that react with 

centrosomes " we screened a human placenta %tl 1 cDNA expression library to identify 

genes encoding the autoantigens. Of the 3 x 10* clones screened, only one of 1.7 Kb was 

identified indicating that the mRNA for this molecule was rare. The Ml-length cDNA 

was obtained and the protein encoded by the cDNA was called centriolin (see below and 

Me1ho<k). The amino acid sequence of centriolin predicted a protein with several coiled- 

coil regions interrupted by noncoiled domains ** (Fig, la). Two domains within the 

centriolin sequence shared homology with human oncogenic transforming acidic coiled 

coil poteins (TACCs) which localize to centrosomes and are implicated in microtubule 

stabilization and spindle fimction ". Another domain of centriolin was homologous to 

human stalimin, an oncogenic protein involved in microtubule destabilization '^, The 

carboxyl terminus of centriolin was identical to CEPl 10, a naturally occurring fusion to 

the fibroblast growth factor (FGF) receptor that locaHzes to centrosomes, is oncogenic 

and is of unknown fimction *'. A region of centriolin near the amino terminus shared 

homology with Nudlp and Cdcl Ip, budding and fission yeast spindle pole bo^ proteins 

that anchor components of the yeast MEN and SIN, respectively, and are required for 

completion of mitosis and cytokmesis (see '""). The 120 amino acid region of shared 

homology between the Nudl domain, Nudlp and CDcl Ip all have leucine rich repeats 

and are predicted to form p helix structures in tertiary structure prediction prograoK. 

Antibodies raised against recombinant centriolin recognized a band of-270 kD on 

Westem blots of isolated centrosome flections while preimmune sera showed no specific 

hmds (Fig. lb, panels 3 and 4). The protein w^ not detected by Westem blotting of 

whole-cell lysates, consistent with the probable low abundance of this and other 

centrosome autoantigens 'I In vitro translation and overexpression of the protein in 

mammalian cells usmg the fiilWength cDNA produced a protem with a molecular weight 

similar to the endogenous protein (Fig. lb, panels 1 and 2), 
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Immunofluorescence microscopy demonstrated fliat centrioMn was localized to 

centrosomes in a wide variety of species including human, monkey, hamster, mouse, and 

Xenopus (Fig. 1,2, data not shown), Centrosome localization was confirmed by showmg 

that a hemagglutinin (HA)-tagged centriolin protein ectopically expressed in COS cells 

localized to centrosomes (Fig. 2a), The endogenous protein was present on the 

centrosome throughout the cell cycle. In late Gl/early S phase centrosomes begin to 

duplicate and by G2/M duplication is usually completed. During the duplication process, 

centriolm was present on only one of the two duplicating cenfrosomes although other 

proteins such as -y tubulin were found on both (Fig. Ic, G2 cell). Beginning at late 

G2/prometaphase, dim staining was observed next to a brightly-stained centrosome. By 

metaphase when centrosomes become "mature", both centrosomes had equally high 

levels of centriolm and were higher than any other cell <ycle stage. This demonstrates 

that centriolin is a marker for centrosome maturation, a characteristic shared with cenexin 

and ninein \ At the metaph^e to anaphase transition, centriolin staining dimmished at 

centrosomes and reached its lowest levels by late anaphase/telophase. During c^okinesis, 

centrioHn sometimes appeared as one or two dots adjacent to the intercellular bridge 

suggesting that the centrosome/centriole had moved to this site (Fig. Ic, Telo early, 

middle panels). This staming pattern was consistent with recent time lapse imaging 

experiments showing that the matemal centriole translocates to the intercellular bridge 

during cytokinesis I Centriolin next appeared as diffusely organized material within the 

intercellular bridge and ultunately became concentrated at the midbody (Fig. Ic, Telo 

late, bottom panels). 

The organization of centriolin at the centrosome was more precisely determined by 

serum-starving cells to mduce growth of a primaiy cilium from the matemal centriole ^l 

In these cells, centriolin staming was confmed to the matemal centriole underlying the 

cilium (Fig. 2b), Immunogold electron microscopy on centrosome fractions '*•" 

confirmed localization to the matemal centriole (Fig, 2e, "M") and ftirther demonstrated 

that the protein was concentrated on subdistal appendages, specialized substractures of 

the matemal centriole implicated in microtubule anchoring (Fig. 2c-e) ^l Based on its 
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centriolar localization the protein was named centriolin. Centriolin was also found at 

noncentrosomal apical bands of material in specialized epithelial cells that lack proteins 

involved in microtubule nucleation and appear to anchor the minus ends of microtubules 
'^(Fig.2f,g). 

Centriolin sflencing by siRNA induces cytokinesis failure and a novel cytokinesis 
phenotype. 

To determine the fiinction of centriolin, we reduced its levels usmg small interfering 

RNAs (siRNAs) ^\ Treatment of telomerase-immortalized diploid human retinal pigment 

epithelial cells (RPE-1) ^* with centriolm-specific siRNAs caused a significant reduction 

m centriolin mRNA levels (Fig. 3a). Although we were unable to examine protein levels 

by Western blotting of whole cell lysates due to the rare nature of this and other 

centrosome autoantigens ^\ immunofluorescence staming demonstrated that centriolm 

was undetectable or greatly reduced at centrosomes in most cells (86%, n=1012). 

Quantitative analysis showed that immunofluorescence signals at individual centrosomes 

was significantly below those m cells treated with control lamin A/C siRNA despite 

severe disruption of the nuclear lamina in the latter (Fig. 3b) ^^ The midbody stainmg of 

centriolin was also reduced in cells treated with siRNAs targeting centriolin (data not 
shown). 

Because centriolin shares homology with proteins known to affect microtubule 

organization and cytokinesis, we examined cells with reduced centriolin for defects in 

these fimctions. The most obvious cellular change detected in RPE-1 cells with reduced 

centriolin w^ a dramatic incre^e in the percentage of late-stage mitotic cells (Fig. 3c, 

~70-fold mcrease, 35% vereus 0.5% in controls). In addition, we observed an increase m 

the percentage of binucleate cells in three different cell lines demonstrating that a certam 

proportion of cells failed to cleave (Fig. 3d). The incidence of binucleate cells was 

significantly greater flian conti-ols alfliough somewhat lower than that observed for some 

other proteins involved in cytokmesis ^'■^'. A similar cytokinesis phenotype was observed 

with a second set of siRNAs targeting a different centriolm sequence and with 

morpholino antisense DNA oligonucleotides targeting centriotin (data not shown). 
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The dramatically high percentage of cells in late mitotic stages suggested a unique 

cytokinesis defect in these cells. When carefuUy analyzed by immunofluorescence 

microscopy, cells with reduced centriolm appeared to be arrested or delayed in the final 

stages of cytokinesis. Most cells retained intercellular bridges of varying length and 

thickness (arrowheads, Fig. 3m,n). In some cases, cells remamed connected even though 

one or both of the future daughter cells had re-entered mitosis ("M", Fig. 3n). Some cells 

failed to cleave forming syncytia with two, three of four cells remaining interconnected 

(Fig. 3m,n). Although midbodies appeared normal by microtubule labelmg and -y tubulin 

labeling during the early stages of cytokmesis (telophase. Fig. 3j, data not shown), they 

were not detected in cells with long persistent intercellular bridges. 

A more complete understanding of the mechanism of cytokinesis failure w^ obtamed by 

imaging living HeLa cells treated with centriolm-specific siRNAs (Fig. 4). As expected, 

control cells (lamin siRNA) performed a distinct ceU cleavage event with normal timing 

(average 2 hours after mitosis) and immediately flattened and crawled apart (Fig. 4a). 

Cells silenced for centriolin processed normally through mitosis (Fig. 4e, Fig. 3g-j) and 

sometimes cleaved normally, but most failed to cleave or cleaved after prolonged periods 

of tune (up to 23.2 hours after metaphase. Fig. 4b-4 f). These cells arrested in a unique 

post-telophase state. Most were unusually elongated, each with a persistent intercellular 

bridge of variable diameter. The intercellular bridges were veiy sfynamic. They alternated 

between thin threads of interconnecting cytoplasm to veiy thick interconnectiorB of large 

diameter that appeared able to produce membrane rufQes (Fig, 4b, 5:50, arrow). 

Midbodies were not detected withm persistent interconnections between cells suggesting 

that they were lost sometune during the protracted period spent in cytokinesis. 

Interconnected cells sometimes coalesced to form single cells then quickly moved apart 

agam (Fig. 4d). They sometimes made multiple failed attempts at cleavage, but in no case 

did we observe a cell that formed a stable binucleate. Cells that retained intercellular 

connections for long periods of time continued to progress through the cell cycle. To our 

surprise, some cells re-entered the next mitosis while still interconnected and produced 

interconnected "progeny" that formed two to four-cell ^Ticytia, thus confirming our 
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esults from indirect immunofluorescence on RPE-1 cells. In some cases, cells that 

remained interconnected for long periods of time appeared to undergo apoptosis. They 

showed extensive blebbing, increased phase-density, decreased size and lifted from the 

substrate (Fig. 4b, upper cell, 7:20). 

We next examined microtubule organization in cells with reduced centriolin. At all cell 

cycle stages, microtubule organization appeared normal including the spindle midzone 

microtubules in anaphase and midbody microtubules in telophase (Fig. 3e-j). Microtubule 

nucleation from centrosomes also appeared normal (Fig. 3k,l) although a slight del^ was 

sometimes observed within the first minute or two. -y tubulin, a marker for centrosome- 

associated microtubule nucleation, was localized normally to centrosomes (Fig. 3b) m 

were other several other centrosome antigens including GCP-2 ^° and cNap-1 ^* (data not 

shown). These data indicate that cytokinesis failure did not result from disruption of 

microtubules or centrosomes. 

Overexpression of the centriolin Nudl domain induces cytokinesis faUure in a 

microtubule-independent manner. 

We next tested the effect of ectopic expression of centriolin and its Nudl domain on 

c^okinesis and microtubule organization (Fig. 5a-g). The most striking defect in COS-7 

cells expressing HA-tagged centriolin was a high percentage of binucleate cells that 

comprised over 20% of the population (Fig. 5g). In addition, we observed an increase in 

Ihe proportion of cells in telophase and cells with cytokinesis defects. The most common 

defect v/m the presence of microtubule bundles within intercellular bridges in late stage 

teloph^e cells (Fig. 5a). This suggested that microtubule bundling may contribute to the 

observed cytokinesis feilure (binucleate formation). However, this was not the case. We 

found that overexpression of the 120 amino acid GFP-tagged Nudl domain of centriolin 

w^ sufiScient to induce cytokinesis failure and binucleate formation (Fig. 5e,g) at levels 

sunilar to those <fescribed for other proteins involved in c^okinesis ^'"^'. This occuired in 

the absence of detectable changes in microtubule organization at any cell cycle stage 

including telophase when midbodies formed (Fig. 5c,d) and without disrupting 

endogenous centriolin from centrosomes (Fig. 5f). The results from gene silencing and 
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protein overexpression support a microtubule-independent mechanism for (ytokinesis 

failure. 

The centriolin Nudl domain interacts with the yeast Bub2p in vitro. 

Budding yeast Nudlp anchors the MEN to the spindle pole body through direct 

interactions with Bub2p and perhaps other MEN components "'^l To determine if the 

centriolin Nudl homology domain (Fig. 5h) had similar properties we tested its ability to 

bind Bub2p by dkected two-hybrid analysis and immunoprecipitation. Because no 

vertebrate Bub2p homologue has been unequivocally identified ^ we examined the 

ability of the centriolin Nudl domain to interact with yeast Bub2p. Both two-hybrid 

analysis and immunoprecipitation from yeast cells co-expressing the two protems 

revealed a strong and specific interaction between the centriolin Nudl donrahi and Bub2p 

(Fig. 5i j). No signal was observed when either protein w^ used alone and no binding 

was detected between the centriolin Nudl domain and the budding yeast MEN 

component Bfalp, consistent with mteractions observations in budding yeast between 

Nudlp and Bub2p but not Bfalp '°. 

Cleavage failure is observed m Xenopus embryos mjected with centriolin antibodies. 

A third and final approach was used to examine centriolm function. When aflBnity- 

purified anti-centriolin antibodies (Fig. lb) were micromjected mto one cell of two-cell 

Xenopus embryos ", the injected cell failed to cleave or cleaved a few times then 

arrested; uninjected cells or preimmune IgG-injected cells divided normally (Fig. 6a,d). 

Centriolin antibody-injected cells arrested with two nuclei and two well-organized 

microtubule asters indicating that kaiyokmesis and microtubule organization were 

normal, but cells failed to complete the final event of mitosis, cell cleavage (Fig. 6c). 

Preimmune IgG-injected cells had a single nucleus witii one or two microtubule asters 

depending on their cell cycle stage, as would be expected for cells that had untegone 

normd cell cleavage (Fig. 6b), Taken together, the results from gene silencing, antibody 

mjection and protein overexpression in several experimental systems all demonstrate that 

centriolin plays an important role in the late stages of cytokinesis. 
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siRNA-induced gene silencing of centriolin causes Gl/GO arrest. 

Cytokinesis defects and delays induced by siRNAs targeting centriolin were observed at 

early times after treatment of RPE-1 cells (24 hours). At later times (48-72 hours post 

treatment) a reduction in the mitotic index was observed suggesting that the cells were 

arrested at some other stage of the cell cycle. This was directly tested by treating cells 

with nocodazole to induce mitotic arrest. Under these conditions, most lamm siRNA- 

treated control RPE-1 cells arrested in mitosis (71%), while only a small fraction of 

centriolin siRNA-treated cells arrested at this cell cycle stage (-1%). To determine the 

cell cycle stage of arrest, cells were analyzed by flow cytometry. In the presence of 

nocodazole, control cells showed a significant shift from the Gl peak to the G2/M peak 

(Fig, 7a, red). In contrast, cells treated with siRNAs targeting centriolin did not 

significantly shift mto the G2/M peak in the presence of nocodazole but remained largely 

m GI (Fig. 7a, blue). The mability to undergo a nocodazole-induced shift into the G2/M 

peak was a feature shared by cells driven into GO by serum starvation (Fig. 7b, blue). 

Cells were not arrested in S-phase as the proportion of cells in S-phase was slightly 

decreased in cells silenced for centriolin both in the presence of nocodazole (centriolin, 

13%; lamin, 23%) or in its absence (centriolin, 13%; lamin, 19%). These results 

demonstrate that cells with reduced centriolm arrest prior to S-phase, possibly in Gl/S, 

Gl,orGO. 

Ki-67 stainuig mm also used to examine the stage of cell cycle arrest Ki-67 is an 

antibody directed against a nuclear protein that stains cychng cells or cells arrested in 

cycle (ex. Gl/S, S-phase ") but not cells that exit the cell cycle and become quiescent 

(CM) or undergo differentiation. As expected, nearly all untreated RPE-1 cells or control 

cells treated with siRNAs targeting GFP or lamins A/C were positive for Ki-67 (Fig. 

7c,d). However, most cells with reduced centriolin had undetectable levels of Ki-67 

staining (Fig. 7c,d). Taken together, results from mitotic uidex assays, flow cytometry 

and Ki-76 staining m RPE-1 cells and HME-1 cells (data not shown) demonstrated that 

reduction of centriolin levels prevented cells from entering S-phase and appeared to driv 

them out of cycle into a GO-like state. This cell cycle arrest effectively prevents initiati^ 

of additional rounds of centrosome duplication in cells compromised by having 

e 

on 
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diminished levels of centriolin. 

12 



Gromley et al. 

Discussion 

In this paper we characterize centriolin, a core centrosome/centriole component whose 

disruption induces cytokinesis failure and subsequent Gl/GO arrest. The ability of 

centrioHn to perturb these ftmctions may provide a molecular explanation for the 

cytokinesis defects and Gl arrest previously observed in vertebrate cells following 

experimental removal of entire centrosomes ^•'. Moreover, association of centriolin with 

the maternal centriole may be a molecular requirement for activation of the final stages of 

cytokinesis, a function recently suggested for the maternal centtiole in vertebrate cells *, 

Our data demonstrate that centriolin is required for a late step in cytokinesis, perhaps the 

final stage of cell cleavage known as abscission. Recent evidence suggests that the 

maternal centriole is required for three different fimctions during cytokinesis. Movement 

of the maternal centriole to the intercellular bridge correlates with bridge narrowing and 

depolymerization of microtubules within tiie bridge, and movement away from the bridge 

correlates with cell abscission I While mitosis and the early events of cytokinesis appear 

normal in cells with reduced centriolin, including the formation of intercellular bridges 

with reduced diameter and few/no microtubules, the final abscission event is delayed or 

never completed. This is perhaps best seen in cells tiiat re-enter mitosis while still 

interconnected. Under tiiese conditions, the progeny also appear to Ml cytoMnesis at the 

final stage of cell abscission and form multicellular syncytia. 

The cytokinesis phenotype observed in cells treated witii siRNAs targeting centriolin is 

unique among proteins fliat fvmction in cytokinesis. The predominant feature in both 

HeLa cells and RPE-1 cells treated with centriolin-specific siRNAs is the persistent 

retention of intercellular bridges that keep would-be daughter cells interconnected for 

extended periocfa of time. This is in contrast to the phenotype reported for other proteins 

that cause (ytokinesis failure, namely coalescence of dividing cells into binucleate cells. 

These include bona fide cytokinesis proteins located to tiie central spindle, regulatory 

proteins tiiat control this process, microtubule associated protems and the centrosome 

protem^tubulin   " ' "  .Thus, tiie mechanism ofcentriolin-induced cytokinesis failure 
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appears to be distinctly different from that of other vertebrate proteins involved in 

cytokinesis. Although we observe a low but consistent level of binucleate cells when 

centriolin levels are reduced, this likely reflects a transient event that is part of a dynamic 

process. Tune-lapse imaging demonstrates that "binucleate" cells ultimately move apart, 

but can re-coalesce into binucleate cells as they try to complete cytokinesis. Thus, we do 

not believe that cells treated with centriolin siRNAs accumulate as binucleate cells as 

seen when bona fide cytokinesis proteins are perturbed. Rather, our data indicate that 

cells with reduced centriolin remain mterconnected by intercellular bridges but ultimately 

divide to form viable progeny or undergo cell death in the process. Division of cells into 

viable progeny may not proceed by normal mechanisms but may occur artificially by 

traction-mediated cytokinesis where cells in culture crawl apart and break in two *°. 

Another unique featare of cells with reduced centriolin is their apparent ability to activate 

apoptosis following long delays in cytokinesis. These cells bleb, round up and lose 

contact with the substrate, while control cells immediately flatten and crawl apart. This 

suggests that ceUs silenced for centriolin may respond to long delays in cleavage by 

undergoing apoptosis. Alternatively, ceUs may trigger apoptosis because they cleave 

artificially by traction-mediated cytokinesis prior to completion of a series of 

biochemicayregulatory events that may be required for completion of cytokinesis (see % 

In either case, the apoptotic events are cell cycle specific as they have been observed only 

at late stages of cytokinesis. 

We have not yet determined the precise mechanism of cytokinesis failure following 

abrogation of centriolin fimction. Spindle organization, fimction and duration were not 

different from control cells. Moreover, microtubule organization appeared normal under 

three different experimental conditions (gene silencing, Nudl domain overexpression, 

centriolin antibodies). Midzone microtubules, midbodies and centrosome nucleation and 

integrity also appeared normal. A possible clue to the molecular mechanism of 

cytokinesis failure came from the analysis of the 120 amino acid Nudl domain of 

centriolin. We determined that the cytokinesis activity of centriolin resides in tills domain 

which shares homology wifli yeast proteins mvolved in microtubule anchoring and 
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regulation of mitotic exit/cytokinesis, Nudlp and Cdcl Ip. Like Nudlp, tlie centriolin 

Nudl domain produces defects in the final stage of mitosis and interacts with yeast 

Bub2p. Importantly, the cytokinesis phenotype is observed without perturbing 

localization of centriolin to centrosomes, suggesting that the phenotype could be 

produced by sequestration of other proteins involved in the completion of cytokinesis, 

perhaps members of a vertebrate pathway similar to the MEN/SIN. Based on tiiese 

results, we propose a model in which tiie centriolin Nudl domain induces (^okinesis 

failure by disrupting a regulatory pathway in vertebrate cells similar to the yeast MEN 

and SIN pathways. Unequivocal demonstration of tiiis point will require identification of 

otiier members of the pafliway. Alternative explanations for the centriolin-induced 

cytokinesis failure, that do not exclude a role m regulation, are defects in activation of the 

final cell cleavage event or defects in the incorporation of membrane into tiie cleavage 
site«>«. 

Cells that fail in cytokinesis become aneuploid and contain excess centrosomes. Such 

cells have tiie potential to contribute to tumorigenesis by inducing fiirflier genetic 

instability tiirough tiie organization of multipolar spindles by supernumerary centrosomes 

and by facilitating tiie accumulation of activated oncogenes and the loss of tumor 

suppressor genes ^-^^ In this regard, regulation of centriolin activity is critical for 

ensuring accurate segregation of chromosomes and preventing genetic instability that can 

potentially drive tumor development. 

Our results demonstrate tiiat cells witii reduced centriolin ultimately arrest in Gl/GO. 

Previous studies have shown that Gl arrest occure when entire centrosomes are 

physically eliminated fi-om vertebrate cells by laser ablation or microsurgery *'. Our 

results suggest that even minor changes m centrosome composition can effectively inhibit 

cell cycle progression. However, tiie mechanism by which cells arrest is unknown. 

Because our cells experience difficulty in stytokinesis, it is tempting to suggest tiiat 

Gl/GO arrest is a consequence of improper cytokinesis. However, it has also been 

suggested tiiat Gl arrest in cells lacking centrosomes may resuh fi-om the loss of core 

centrosome components, improper spmdle alignment or the presence of excess DNA in 
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binucleate cells *'''"''2'. We are currently testing a model in which loss of core centrosome 

components activates a checkpoint involved in monitoring "centrosome integrity" and 

thus prevents centrosome duplication by arrestuig cells in Gl/GO as we and othere have 

proposed'"'^^ 
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Experimental procedures 

Cell culture and transfections 

The cells used primarily in this study were diploid, telomerase-immortalized human 

retinal pigment epithelial cells (hTERT-RPE-ls, Clontech, Palo Alto, CA) ^^ Other cells 

included HeLa, COS-7, hTERT-HMEl (human mammaiy epitheliaX U20S and Xenopus 

tissue culture cells (XTC). All were grown as described (ATCC, Manassas, VA). COS-7 

cells were transfected with cDNAs encoding centriolin, the Nudl domain, GFP and HA 

m described (Lipofectamme, InVitrogen, Carlsbad, CA). 

Antibodies. 

Amino acids 268-903 or centriolin were fiised with glutathione-S-transfer^e (GST, 

Clontech), overe>q)ressed m E. coli and purified m described ", Antibodies raised in 

rabbits were affinity-purified by passing sera over a GST column to remove anti-GST 

antibodies then over a GST-centriolin column. Antibodies to the following proteins were 

also used in this study: lamin A/C (Cell Signaling Technolo^, Beverly, MA), a and y 

tubulins, (Sigma, St. Louis, MO), LexA (Santa Cruz, Santa Cruz, CA), GAL4 TAD 

(Clontech), Ki-67, hemagglutinin (BD Biosciences, Franklin Lakes, NJ). 

Immunofluorescence and electron microscopy. 

Cells were prepared for immunofluorescence and imaged as described '^ then 

deconvolved using Metamorph software (Universal Imaging Corp., Downingtown, PA). 

Fluorescence quantification of centrosomes was performed as described'*'. Unless 

otherwise note4 all immunofluorescence images are two-dimensional projections of 

three-dimensional reconstructions to ensure that all stained material was visible in two- 

dimensional images. Immunogold electron microscopy was performed m described '^ 

using centrosome fi-actions fi-om HeLa cells ^ and antibodies to centriolin followed by 

antibodies coupled to 5 nm gold particles (Amersham, Piscataway, NJ). Pillar cells were 

prepared and stained as described ^'*. 
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Centriolin cloning. 

A cDNA of ~ 1.7 kB was identified by screening a human placenta expression libraiy 

with serum from individuals with scleroderma 'I The nucleotide sequence was compared 

with others (blastn) in the human genome database (NCBI) and revealed a sequence with 

99% identity on chromosome 9 q34.11-34.13. Genscan predicted a ~7 kb gene 

comprising 40 exons. PCR primers were used to obtmn a ~7 Kb cDNA m a human testes 

cDNA library. The 5' end, obtained by rapid ampUfication of cDNA ends (RACE), was 

identical to the predicted sequence. A full-length HA-tagged centriolin was obtained by 

inserting an HA tag (YPYDVPDYASL) 5' to the RACE fragment and ligating the HA- 

centriolin cDNA to the original fragment. The ftill-length centriolin cDNA contained 

6975 nucleotides with an open reading frame of 2325 ammo acids and predicted a 

molecular weight of 269 kD, consistent with the molecular weight of endogenous 

centriolin (Fig, 1). 

Regions flanking the ORE had a translational start (Kozak sequence), polyadenylation 

sequence, poly-A tail and multiple upsfream and downstream stop codons. The construct 

was inserted into pcDNA 3.1 Zeo (+) (InVitrogen) using BamHI and NotI restriction 

sites. Centriolm was translated in vitro (TNT, Promega, Madison, WI) and expressed m 

cultured cells using conventional procedures (Lipofectamine, InVitrogen). Centriolin 

amino acids 435-623 and 1385-1658 were 24% identical (I)/47% similar (S) and 20% 

1/41% S to the C-terminal half of TACCs, respectively. Amino acids 879-913 were 40% 

1/51% S to amino acids 72-106 of human stathmin. Amino acids 126-234 were 31-35% 

1/47-50% S to Nudlp and Cdcl Ip. 

siRNAs and morpholino antisense. 

siRNAs targeting centrioUn, lanun A/C and GFP mRNAs were made as complimentary 

single stranded 19-mer siRNAs with 3' dTdT overhangs (Dharmacon Research, 

Lafayette, CO), deprotected, annealed and delivered into cells (Oligofectamine, 

Invifrogen). A 400 |xM stock was used to mcrease the eflficienQ^ of gene silencing 

observed using published stocks. Nucleotides targeted: m centriolin, 117-136 and 145- 

163, in lamin A/C, 608-630 and in pEGFP-Cl (Clontech), 233-252. 
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Fluorescein-conjugated morpholino antisense DNA oligonucleotides (Gene Tools, 

Philomath, OR) targeting the start codon of centriolin (5'- 

rrrGTTGAGAACCTTTCTTCATTGC) were introduced into cells using the EPEI 

agent (Gene Tools), The mverse sequence was used as control. 

Time lapse imaging. 

HeLa cells plated on coverslips (25 mm diameter) were treated with siRNAs targeting 

centriolin for 50 hours. They were placed in a chamber (PDMI-2, Harvard Apparatus, 

MA) in complete medium with CO2 exchange (0.5 liters min ^) at 37° C. Cells were 

imaged every 10 minutes for 12-20 hours using a 20X or 40 X phase contrast lens with a 

peen interference filter on an mverted microscope (Olympus IX-70, Melville, NY). 

Images were captured on a CoolSnap HQ CCD camera (Roper Scientific, Tucson, AZ) 

and concatenated using Metamorph software (Universal Imaging, Downington, PA). 

Primary cilimn formation and microtubule nucleation. 

Primary cilia were induced by culturing hTERT-RPE-1 cells in medium with 0.25% 

serum for 48 hrs and identified using the GT335 antibody raised to polygluatamylated ex, 

P tubulins *. Microtubule nucleation w^ performed as described "** by treated with 

nocodazole (1 mg ml ~') for 1 hour at 37°C, fixing cells at various times after washing out 

drug then staining for microtubules. 

RT-PCR. 

Centriolin mRNA levels were ^sayed by reverse transcription polymerase chain reaction 

using 10 Hi mRNA (OneStep RT-PCR, Qiagen, Valencia, CA); a tiibulin served as an 

internal control in tiie same reaction. Alls products were sequenced. Primers: specific for 

human a tubulin, forward 5'-AAAGATGTCAATGCTGCC-3' and reveree 5'- 

TCCTCTCCTTCTTCCTCAC-3'; for centriolin, forward 5'- 

CCATCATCATCTCACTCTC-3' and reverse 5'-CTTCCCTAACCATACTGG-3'. 

19 



Gromley et al. 

Yeast two hybrid analysk and inununoprecipitations. 

A fragment containing amino acids 127-233 of centriolin w^ cloned into EcoR I and Sal 

I sites of pGADT7 (Clontech) to produce a fiision with the GAL4 transactivation domain 

(TAD). Constructs pEG202 (LexA), pGP69 (LexA-5C«2), pGP122 (LexA-BFAl) and 

the yeast strain SGY37 were from Elmar ScMebel. SGY37, which contains a LacZ 

reporter gene under control of a LexA operator, was transformed with plasmid DNA 

using LiAc *^ and transformants selected for on dropout medium. We used semi- 

quantitative p-galactosid^e assays ^ and more quantitative p-galactosidase assays with 

CPRG (chlorophenol red-P-D-galactopyranoside, Roche, Indianapolis, IN) as a substrate 

(Clontech Yeast Protocols Handbook). Co-immunopreciptation of LexA and GAL4 TAD 

fiision proteins were carried out as described ^°. 

Flow cytometry. Cells treated with siRNAs for 50-70 hours were treated with 100 ng ml" 

for 12 hours, removed ifrom plates and fixed in methanol. Cells stained with propidium 

iodide were analyzed by flow cytometty (FACSCAN, Becton Dickinson, Burlingame 

CA) using Flojo software (Tree Star, Inc., Stanford University). 

Accession numbers. Centriolin, AF513978, lamin A/C, X03444. 
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Figure legends 

Figure 1 CentrioBn is a -270 kD coiled coil protein localized to mature centrosomes 

and the midbody. (a) Schematic showing centriolin coiled coil regions (boxes), 

noncoiled regions (lines) and domains homologous to budding and fission yeast Nudlp 

and Cdcl Ip, human stathmin and human and Drosophila TACC protems. (b) Firet 

panel: ^ S(Methionine)-labeled HA-tagged centriolin produced by in vitro translation of 

cDNA and resolved directly (Cen) or after immunoprecipitation with HA antibodies (Cen 

IP); empty vector (Vec). Second panel: Western blots probed with anti-HA antibody 

showing overexpressed HA-tggged centriolin (HA-Cen> and its absence from cells 

ovferexpi-essing p galactosidase (p gal). Third and forth panels: Centrosome fi-actions 

prepared from HeLa cells and Xenopus cells (XTC) blotted with antibodies to centriolin 

(Cen) or preimmune sera (Prel), Arrowheads show position of centriolm. In XTC cells, 

the bands below centrioUn appear to be degradation products as they are sometimes 

observed in protein fractions produced by in vitro translation or overexpression. Bars 

represent positions of molecular weight markers (xlO^). (c) Immunofluorescence images 

of endogenous centriolm in RPE-1 cells at different cell cycle stages. Upper panels: 

Merged images of centriolin (green), ytubulm (red) and nuclei (blue) fi-om cells in Gl, 

G2, proM (prometephase), M (metaphase) and anaphase (A). Insets: higher 

magnifications of centrosomes stained for ytubulin (left panels) and centriolm (right 

panels). Centriolm localization to one of the two centrosomes is demonstrated most 

clearly in the G2 cell. Middle panels (Telo early) and bottom panels (Telo late) show 

separate hnages of ytabulin staming (left) and centriolin (right), ytubulin marks both 

mother and daughter centrioles, which are separated in some cases. Centriolm staining is 

confined to one of two centrioles, which sometimes appears at the intercellular bridge 

(Telo early), Centrioles lacking centriolin are mdicated by arrowheads in right panels. At 

later stages of telophase (Telo late), centriolin is also on the midbody. All 

immunofluorescence images (here and elsewhere) are two-dimensional projections of 

three-dimensional reconstructions to ensure that all stained material is visible, C, 

centriole, MB, midbody. Bar in bottom right of c, 10 nm for all except insets, 3 p,m. 
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Figure 2 Centriolin is localized to maternal centrioles and noncentr(»onial sites of 

microtubule anchoring, (a) HA-tagged centriolin overexpressed in COS-7 cells 

localizes to the centrosome (anti-HA, peen) at the convergence of microtubules (red, 

anti-a tubulin). (b) An RPE-1 cell immunostained with an antibody to polygluamylated 

tubulin (GT335)  to label centrioles and the primary cilium (red), and for centriolin 

(green) which is localized to the maternal centriole (m) associated with the primary 

cilium (yellow in merge) but not on the daughter centriole (d), n, nucleus, (c-e) Electron 

micrographs showing specific immunogold labeling of centriolin on subdistal appendages 

found on maternal (e, bottom, M) but not daughter centrioles (e, top, D). c and d are 

longitudinal and cross-sections, respectively, through maternal centrioles and e is a 

longitudinal section through both centrioles. Arrowheads show striations characteristic of 

subdistal appendages, (f, g) Centriolin is found at noncentrosomal sites of microtubule 

anchoring m pillar cells of the mouse cochlea ^'' (arrows), t. Schematic representation of 

pillar cell, g, Centriolin immunofluorescence staining overlaid with ph^e contr^t image. 

Centrosome and ^sociated cilium is shown schematically at top of cell in f Bars: a, g, 10 

Mm; b, 2 p,m; c-e, 100 nm. 

Figure 3 RPE-1 cells treated with siRNAs targeting centriolin retain persistent 

intercellular connections and fail in cytokinesis, (a) RT-PCR analysis shows that 

centrioHn mRNA is reduced in RPE-1 cells treated with centriolin-specific siRNAs (top 

right) but is unaffected in cells treated with siRNAs targeting lamins A/C (top left, 

sequence identity confirmed). Control (a tubulm) RT-PCR was performed m the same 

reaction mixtures with centriolin and lamin (bottom panels), (b) Immunofluorescence 

images (top right, y tubulin, red and centriolin, green) and quantification of centiiolin 

levels in centrosomes from cells treated with siRNAs as indicated. The top right panel 

shows a cell with undetectable centriolin at the centrosome/centriole and the top left 

panel shows a cell that is unaffected by the treatment and stains for centriolin 

(green/white). Graph shows the average centriolin fluorescence intensity/pixel at 

individual centrosomes (bars) in cells treated with lamin or centriolin siRNAs. The 

centrosome fluorescence in most centriolm siRNA-treated cells (83%) was below the 
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lowest values observed in control cells, (c) Graph showing a dramatic increase in the 

percentage of cells in telophase/cytokinesis following siRNA targeting of centriolin (-70- 

fold). n, total number of cells counted (c,d). (d) Graph showing the increased percentage 

of binucleate cells in HeLa, U20S and RPE-1 cell lines following treatment with 

centrioHn siRNAs (4 to 15-fold greater than controls). In c and d, values represent data 

from single experiments representative of 3-4 experiments. Time analyzed: HeLa, 48 

hours (h), 72 h, U20S, 72 h, RPE-1, 24 h. (e-1) Microtubule organization (e-j) and 

microtubule nucleation (k,I) are not detectably altered in cells treated with centriolin 

siRNA (f,hj,l) compared with cells treated with lamin siRNA (e,g,i,k). Arrows indicate 

position of centrosomes; no centrosome staining is observed in centriolin siRNA-treated 

cells. Insets in k and 1 are enlargements of centriolin staining at centrosomes (or 

microtubule convergence sites) at arrows. Cells in interphase (e and % lower cell), 

prometaphase/metaphase (proM/M, g,h) and telophase (ij) were labeled for microtubules 

(red), centrosomes (peen/yellow) and nuclei (blue), MB, xnidbody. (m,ii) Cells treated 

with siRNAs targeting centriolin were stained for microtubules (red) and DNA (blue). 

Arrowheads indicate contiguous connections between two or more cells. In m, three 

interconnected cells form a syncytium. In n, one daughter of an interconnected pair of 

cells has re-entered mitosis (M). Bar: in n, 5 p.m for e-j, 3.5 ^.m for k and 1 and insets, and 

15 \un for m and n. 

Figure 4 Time-lapse images of HeLa ceils treated with centriolin siRNAs reveab 

unique cytokinesis defects, (a) A cell treated with control siRNAs targeting lamin 

moves apart, forms visible midbodies (arrow) and completes the final cleavage event 

with normal timing (1-3 hours after metaphase). (b-d) CentrioHn siRNA-treated cells 

remain attached for extended periods of time through persistent intercellular bridges and 

sometimes do not show visible midbodies. b, A cell that remains attached by a long 

intercellular bridge for at least 8 hours. The cell cleaves, both daughter cells round up and 

at least one appears to undergo apoptotic cell death (upper cell, 7:20, extensive blebbing, 

decrease in size), c, A dividing cell that has not completed cleavage re-enterc the next 

mitosis. One cell rounds up and is drawn to the other. The other rounck up and both 

undergo the early stages of cytokmesis to form a total of four cells; these 'progeny' often 
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remain attached by intercellular bridges forming syncytia. d, Cell showing three failed 

attempts at cell cleavage over a 9.5 hour time period, (e) Cells treated with siRNAs 

targeting centriolin propess from nuclear envelope breakdown (NEB) to anaphase with 

normal timing, similar to lamin siRNA controls. Vertical bars represent recordings from 

single cells (e, f). (f) Centriolin siRNA treated cells are delayed in cytokinesis (-70%) 

compared with control lamin siRNA-treated cells, a value consistent with a 70-80% 

silencing eflBciency. Results represent recordings of individual cells from several 

independent experiments. Times in hours and minutes are included in upper portion of 

each panel m a-d. Bar in d, 10 jim for all. 

Figure 5 Cells expressing centriolin fail in cytokinesis, as do celb expressing the 

centriolin Nudl domain that interacfe with yeast Bub2p. (a) COS-7 cell 

overexpressmg HA-tagged centriolin (left mset) showing persistent microtubule bundles 

m the intercellular bridge during cytokinesis (main panel, a tubulin staining) despite 

reformation of the nucleus and decondensation of chromatin (DNA, right inset), (b) 

Control COS-7 cell (expressmg HA alone, left inset) at a similar cell cycle stage based on 

nuclear morphology (inset, right) show a narrow intercellular bridge and diminished 

microtubule polymer (main panel), characteristic of cells that have reformed nuclei and 

decondensed DNA. (c-f) COS-7 cells expressing a GFP-tagged Nudl domain of 

centriolin (insets, c,d, green; DNA, blue) have normal intercellular bridges (d, telophase, 

arrowhead) and normal microtubule organization (c, interphase) as in controls. However, 

the cells often become binucleate (e, yellow, blue nuclei) by a mechanism that does not 

involve disruption of the endogenous centrosome-^sociated centriolin (f, inset right 

shows enlargement of centrosome, inset left shows fransfected cell), (g) Quantitative 

analysis showing that HA-centrioHn and the GFP-tagged Nudl domain both induce 

significant bmucleate cell formation compared to controls (HA, OFF). Values are from a 

single experiment and representative of 3 experiments. Bar m d, 7 jim for all. n, total 

number of cells counted, (h) Alignment of the centriolin Nudl domain with the yeast 

Nudlp and Cdcl Ip proteins, (i) Dkect yeast two hybrid analysis demonstrates an 

interaction between the human Nudl domain with one of the two components implicated 

in GTFase activating protein (GAP) activity, Bub2p, but not Bfalp. The blue colony in 
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blue box (middle bottom) and increased p galactosidase activity (Bar 2 of graph) 

demonstrate a specific interaction between the human centriolin Nudl domain (hNudl) 

and yeast Bub2p. Bar 1, LexA- BUB2 x transactivation domain (TAD), Bar 2, LexA- 

BUB X TAD-hNudl, Bar 3, LexA-BFAl x TAD, Bar 4, TAD-hNudl x LexA-BFAl, Bar 

5, TAD-hNudl x LexA. (j) Specific co-immunoprecipitation of HA-tagged hNudl and 

Lex A-tagged yeast Bub2p fi-om yeast cells. Co-precipitation was observed using 

antibodies to either protein and only when both were co-expressed (top middle panel in 

each group). Lane 1, TAD-HA-hNudl x LexA, lane 2, TAD-HA-hNudlxBub2p-LexA, 

lane 3, TAD-HAxBub2p-LexA. 

Figure 6. CytoMnesis failure in Xenopus embryos injected with centriolin antibodies. 

(a) Xenopus two cell embryos injected into one cell with -50 nl anti-centriolin antibodies 

(2 mg ml" aflBnity purified) fail to cleave (arrows) while nonmjected cells (side opposite 

arrows) and cells injected with control rabbit IgG (2 mg ml"', top) cleave normally. (b,c) 

Immunofluorescence images showing two microtubule astere near a single nucleus (N) in 

a cell from an embryo injected with control IgG, (b), and two nuclei and two asters m a 

cell from a centriolin antibody-injected ceU (c, microtubules staked with anti-alpha 

tubulin). (d) Quantification of results from injection experiments showing ~8-fold 

increase in cleavage failure (representative of 3 experimente). n, number embryos 

examined. Bar in b, 10 \im for b, c. 

Figure 7 siRN^ targeting centriolin induce Gl/GO arrest, (a) RPE-1 cells treated 

with centriolm siRNAs (blue) do not shift into the G2/M peak following nocodazole 

treatment as seen for confrol lamin siRNA-treated cells (red), (b) The mabUity of cells 

treated with centriolm siRNAs to shift into the G2/M peak is similar to that observed in 

serum-starved cells (blue, serum starved; red, not starved), (c) Ki-67 staining of control 

cells (left cell, green) occurs together wifti centriolin stainmg 0eft cell, red at arrow); both 

are gone in centriolin siRNA-treated cells (right, arrowhead), (d) CeUs treated with 

siRNAs targeting centriolin lack Ki-67 staining (-70%), while most control cells stain 

positively (GFP siRNAs). a,b,d are representative experiments from 5 experiments for a, 

2 for b, 3 for d. Bar in d, 7.5 jim. n, total number cells counted. 
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Supplementaiy material: Time-lapse images of cells treated with siRNAs tai^eting 

lamin (control) or centriolin. (see Fig. 4 and Fig. 4 legend for additional details) 

Movie #1 (lamin.controLsiRNA) Cell treated with control siRNAs targeting lamin forms 

intercellular bridge, forms visible midbodies (phase dense structure between dividing 

cells) and completes the final cleavage event with normal timing (1-3 hours after 

metaphase). 

Movie #2 (Centriolin.siRNA) A cell that remains attached by a long intercellular bridge 

for at least 8 hours. The cell cleaves, both daughter cells round up and at le^t one 

appears to undergo apoptotic cell death-upper cell shows extensive blebbing, rounding 

up, decrease in size and ultimately loses substrate attachment. Note: apparent membrane 

ruffling in intercellular bridge. 

Movie #3 (Centriolin.siRNA) A dividing cell that remains attached by a long intercellular 

bridge re-enters the next mitosis. One cell roun(k up and is drawn to the other. The other 

rounds up and both undergo the early stages of cytokinesis to form a total of four cells; 

tiiese 'progeny' often remain attached by intercellular bridges forming syncytia (some 

connections can be seen in upper cell). 
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whimsy which confirms the autonomous nature of this 
RNA sensor. Similar 5' UTR sensors may be hiding in 
the shadows of biology, as yet unknown but responding 
to other environmental or cellular cues. Some may even 
be molecular fossils of structures dating back to an 
RNA world. PrfA is only one of a remarkable class of 
molecules that measure the immeasurable, but it will 
surely bring intense heat to the rapidly expanding uni- 
verse of gene expression control. 

John C. Newman and Alan Weiner 
Department of Biochemistry 
School of Medicine 
University of Washington 
Seattle, Washington 98195 
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Duplicating Dangerously: 
Linking Centrosome Duplication 
and Aneuploidy 

Centrosomes are far more fascinating than the first 
explorers of this organelle a century ago could ever 
have imagined. Recent evidence indicates that dereg- 
ulation of centrosome duplication affects centrosome 
number and promotes aneuploidy, features character- 
istic of human tumors. 

Centrosomes are the major microtubule organizing 
structures in vertebrate cells. They nucleate and orga- 
nize microtubules for numerous cellular functions and 
act as centers for integrating regulatory activities includ- 
ing cell cycle progression, checkpoint control, and 
stress responses. In dividing vertebrate cells, centro- 
somes form the poles of mitotic spindles where they 
direct segregation of chromosomes and play an impor- 
tant role in the final stages of cell division or cytokinesis 
(see Hinchcliffe and Sluder, 2001). 

Defects in centrosome function or number can ad- 
versely affect spindle function and cytokinesis and in- 
duce genetic instability. While bipolar spindles with two 
centrosomes segregate chromosomes equally into two 
daughter cells, increased centrosome numbers can pro- 
duce multipolar spindles that promote chromosome 
missegregation. Failure to duplicate or separate centro- 
somes in mitosis can induce formation of monopolar 
spindles that do not properly direct cell division and 
induce polyploidy. Polyploid cells with multiple centro- 
somes can also arise from cytokinesis failure resulting 
from centrosome dysfunction. The vital role of centro- 
somes in partitioning the genome led to the hypothesis 
by Boveri one hundred years ago that these organelles 
have the potential to contribute to genetic instability 
and human tumor development. Recent papers suggest 

that misregulation of centrosome duplication can alter 
centrosome number and possibly cause genetic insta- 
bility (Chen et al., 2002; Fisk and Winey, 2001; Okuda 
et al., 2000). 

A centrosome in the G1 phase of the cell cycle has 
two microtubule barrels, the centrioles, surrounded by 
a protein matrix that nucleates microtubules. As cells 
progress through the cell cycle, each centriole acts as 
a template to initiate growth of a new daughter centriole. 
The duplication process is completed by mitosis when 
the duplicated centrosomes separate and organize the 
mitotic spindle. Centrosome duplication is regulated by 
protein complexes containing the centrosome-associ- 
ated cell cycle kinase CDK2 and cyclin E or A; ubiquitin- 
mediated proteolysis and other kinases also play a role 
(see Hinchcliffe and Sluder, 2001). It is certain that a 
better understanding of centrosome duplication will 
emerge as phosphorylation targets of CDKs are iden- 
tified. 

One intriguing downstream target of CDKs was identi- 
fied in the September issue of Developmental Cell by 
Dynlacht and coworkers (Chen et al., 2002). This novel 
110 kDa protein, DP110, was localized to centrosomes, 
and its expression coincided with timing of CDK2 activa- 
tion and centrosome duplication. CP110 function was 
tested by reducing protein levels with small interfering 
RNAs (siRNAs). Cells were then examined following 
treatment with hydroxyurea, a drug that inhibits S phase 
progression but supports multiple rounds of duplication. 
While multiple rounds of centrosome duplication were 
completed in the presence of nonsense siRNAs, duplica- 
tion was inhibited in cells treated with CP110-specific 
siRNAs. To test the role of CDK-dependent phosphory- 
lation of CP110 in centrosome duplication, cell lines 
were constructed that stably expressed a mutant form of 
CP110 that could not be phosphorylated. Surprisingly, 
centrosome numbers and presumably centrosome du- 
plication did not appear aberrant in cells expressing the 
mutant CP110. However, expression of the mutant did 
induce tetraploidy. 
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It is clear that CP110 is involved in centrosome dupli- 
cation, but how the protein affects duplication and 
ploidy is not obvious. For example, while CP110 silenc- 
ing blocks centrosome duplication in S phase-arrested 
cells, it has no apparent effect on duplication in wild- 
type cells that progress normally through the cell cycle. 
One explanation for this result is that residual protein 
remaining in siRNA-treated cells (~10% of total) sup- 
ports a single round of duplication in cycling cells but 
is insufficient to support multiple rounds of duplication 
in S phase-arrested cells. Additional experiments in sys- 
tems that allow complete removal of the protein should 
provide insights into the role of CP110 in centrosome 
duplication in cycling cells, as will overexpression of the 
protein, which might induce centrosome amplification 
(see below). Another unresolved question is how appar- 
ently stable populations of cycling tetraploid cells with 
normal centrosome numbers develop from expression 
of the CP110 phosphorylation mutant. One might expect 
that such cells would lose the ability to duplicate their 
centrosomes and cease to proliferate. It is argued that 
these cells may represent clonal derivatives of the origi- 
nal cells that survived the otherwise lethal effects of 
centrosome dysfunction and polyploidy. In any case, a 
clearer picture of how the phosphorylation mutant af- 
fects centrosome duplication and ploidy will require 
analysis of cells at earlier stages of CP110 expression 
using inducible promoters. 

Two other downstream phosphorylation targets of 
CDK2-cyclin E that affect centrosome duplication have 
been identified. The mouse ortholog of budding yeast 
Mps1 p is a centrosome-associated kinase stabilized by 
CDK2 activity and thus appears to function jointly with 
CDK2 (Fisk and Winey, 2001). Overexpression of murine 
Mps1 induces reduplication of centrosomes during S 
phase arrest, while a kinase-deficient mutant blocks 
centrosome duplication altogether. However, the human 
Mps1 does not localize to centrosomes or affect centro- 
some duplication and appears to function primarily in 
control of the spindle checkpoint (Stucke et al., 2002). 
Additional studies performed under the same conditions 
will be required to understand the function of Mpsl. 
Another target of CDK2-cyclin E is nucleophosmin 
(NPM/B23) (Okuda et al., 2000). This protein associates 
with unduplicated centrosomes and appears to be re- 
leased from centrosomes following phosphorylation by 
CDK2-cyclin E. Inhibition of NPM/B23 in mammalian 
cells by antibodies or overexpression of a mutant protein 
that lacks the CDK2-cyclin E phosphorylation site, inhib- 
its centrosome duplication in normal cycling cells. Fu- 
ture studies will determine whether CP110, Mps1, and 
NPM/B23 act together or independently to control cen- 
trosome duplication. 

Centrosome defects have now been discovered in 
many human tumors although the mechanism by which 
they arise is unknown (Lingle et al., 2002; Pihan et al., 
2001). They could develop through primary defects in 
the centrosome cycle as discussed above, or by delays 
in cell cycle progression (e.g., S phase), cell division 
failure (Meraldi et al., 2002), or ectopic assembly of cen- 
trosome proteins into acentriolar spindle poles (Pihan et 

al., 2001). It is still unclear whether centrosome defects 
contribute to human cancer or if they are a consequence 
of the disease. Their presence at early stages of human 
tumor development (Lingle et al., 2002; Pihan et al., 
2001) and the ability of some centrosome proteins to 
induce tumor-like features upon overexpression are 
consistent with a role for centrosomes in tumor progres- 
sion. There is still no clear genetic evidence to indicate 
that centrosome abnormalities initiate or exacerbate tu- 
mor progression. A stronger link between centrosome 
defects and cancer will require identification of genetic 
mutations in the CDK targets described above and in 
other molecules that directly affect centrosomes in hu- 
man tumors. 

Human cancer arises from a stepwise accumulation 
of genetic changes (Hahn and Weinberg, 2002). It is 
possible that centrosome defects arise in or influence 
only cells that are mutated in pathways associated with 
tumorigenesis such as cell cycle progression, apopto- 
sis, and cell proliferation. Centrosome defects could act 
as epigenetic modifiers of the genome and together with 
genetic mutations provide a powerful driving force for 
increased genetic instability (Pihan and Doxsey, 1999). 
This condition could accelerate accumulation of alleles 
carrying prooncogenic mutations and loss of alleles con- 
taining wild-type tumor suppressor genes, features 
characteristic of the most prevalent human cancers. The 
consequence of these events would be to create a larger 
pool of genetically altered cells from which to spawn 
clonal populations with greater survival potential and 
other cancer-related qualities. Given the complexities 
of the cancer cell and of centrosome duplication and 
function, it may be some time before we fully understand 
the contribution of the centrosome to human tumori- 
genesis. 

Stephen Doxsey 
Department of Molecular Medicine 
University of Massachusetts Medical School 
373 Plantation Street 
Worcester, Massachusetts 01605 
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RE-EVALUATING 
CENTROSOME FUNCTION 
Stephen Doxsey 

Over the past 100 years, the centrosome has risen in status from an enigmatic organelie, 
iocated at the focus of microtubules, to a l<ey piayer in celi-cycie progression and celiular 
control. A growing body of evidence indicates that centrosomes might not be essential for 
spindle assembly v\/hereas recent data indicate that they might be important for initiating S 
phase and completing cytokinesis. Molecules that regulate centrosome duplication have been 
identified, and the expanding list of intriguing centrosome-anchored activities, the functions of 
which have yet to be determined, promises continued discovery. 

INTERPHASE 
The period between two mitotic 
divisions. 

CENTRIOLES 

Open-ended q'linders, 
comprised of nine sets of triplet 
microtubules linked together 
and containing appendages on 
the outside and protein 
assemblies and sometimes 
vesicles on the inside. 
Centrosomes usually contain 
two centrioles. 

MICROTUBULE 
A hollow tube, 25 nm in 
diameter, formed by the lateral 
association of 13 
protofilaments, which are 
themselves polymers of a- and 
P-tubulin subunits. 
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Centrosomes were named during the late 1800s by 
Theodor Boveri, on the basis of their central position in 
the cell'. At that time, the centrosome had been 
observed as a small focus of phase-dense material, sur- 
rounded by a larger region of less phase density. Even 
then, it was apparent that centrosomes focused the ends 
of thin cytoplasmic fibres in INTERPHASE cells and bipolar 
spindles in mitotic cells. 

Today, we know that the densely staining structures 
seen by Boveri are CENTRIOLES; the undifferentiated cyto- 
plasm is the surrounding pericentriolar material; and 
the thin filaments are MICROTUBULES (FIG. i). However, 100 
years after the discovery of centrosomes, our under- 
standing of their structure, composition and fiinction is 
still in its infancy. This article discusses selected issues, 
mainly about animal cell centrosomes, although impor- 
tant contributions about the molecular organization 
and function of centrosomes come from work on the 
yeast equivalent, the SPINDLE POLE BODY^"^. 

Centrosome organization 
Centrosomes are unusual in that they are the only non- 
membranous organelles in most vertebrate cells. They 
occupy a tiny volume (1-2 |im'), near the centre of the 
cell, and they are usually in close proximity to the nucle- 
us. In most vertebrate cells, centrosomes are composed 
of two main substructures — centrioles and pericentrio- 
lar material (FIG. i). Centrioles are strikingly symmetrical 
barrel-shaped structures, -0.5 |im long and -0.2 ^m in 

diameter. Their symmetry is derived from the nine sets 
of triplet microtubules that make up the barrel, together 
with other elements (FIG. i). Each centrosome has two 
centrioles that lie at right angles to one another and in 
close proximity at one end (proximal). One centriole 
has additional appendages at the end farthest from the 
other centriole (distal) and is called the mother or 
maternal centriole. 

The pericentriolar material usually surrounds both 
centrioles and is the site of microtubule nudeation'. 
The pericentriolar material seems to be an intercon- 
nected meshwork of fibres and protein aggregates that 
forms a matrbc or lattice. This matrix seems to be highly 
dynamic and is composed of a high proportion of 
COILED-COIL proteins. Elements of the matrix provide a 
scaffold for anchoring proteins that are involved in 
microtubule nudeation^ and other activities. 

The exact function of centrioles is still unclear. It 
has been known for some time that cells of higher 
plants, some meiotic cells and eggs in some embryon- 
ic systems lack centrioles. These cells form acentriolar 
microtubule-organizing centres (MTOCs), similar in 
appearance and composition to the nucleation-com- 
petent pericentriolar material of centrosomes'. In 
cells that contain them, centrioles can elongate the 
pre-existing microtubules at the distal end to produce 
a single, non-motile PRIMARY CILIUM'. The function of 
the primary cilium is unknown but defects in these 
structures in cells of the collecting duct of the kidney 
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Maternal centriole 

Distal appendages 

Subdistal 
appendage 

Microtubule 
Daughte' centno'e 

nterconnecting fibres 

Figure 1 | Centrosome stmcture. A pair of centrioles is shown, each with ninefold symmetry 
owing to the nine triplet miorotubules. Each centriole has pericentriolar material that nucleates 
microtubules around the ends closest to one another. Only the maternal centriole has two sets 
of extra appendages, distal and subdistal; the latter seems to anchor microtubules. A series of 
interconnecting fibres, different from the pericentriolar material (PCM), links the closest ends of 
the two centrioles. 

SPINDLE POLE BODY 
The acentriolar microtubule- 
organixing centre of yeast and 
diatoms. It is a plaque4ike 
structure ttiat is embedded in 
the nuclear membrane that 
faces the cytoplasm on one side 
and the nuclear interior on the 
other. 

COILED COIL 
A protein domain that forms a 
bundle of two or three ec- 
helices. Whereas short coiled- 
coil domains are inv^olved in 
protein interactions, long 
coiled-coil domains forming 
long rods occur in structural or 
motor proteins. 

PRIMARY CILIUM 
A single, probably non-motile, 
cilium that grows from the 
maternal centriole of the 
centrosome in most cell types. 

CYTOKINESIS 
The process of cytoplasmic 
division. 

seem to contribute to polycystic kidney disease'". For 
this reason, the primary cilium has been implicated in 
essential cellular functions, such as metering of solu- 
tion flow or sensing ion concentrations in these (and 
perhaps other) cells'". 

Basal bodies are cousins to centrioles that lack peri- 
centriolar material and form motile cilia and flagella, 
also by elongation of pre-existing microtubules. Basal 
bodies of sperm act as templates for the organization of 
inaternal components of the egg after fertilization. The 
inability of human sperm basal bodies to recruit mater- 
nal centrosome components has been implicated in fer- 
tilization faUures. Moreover, it has been suggested that 
basal bodies might be lost or damaged during prepara- 
tion of the nuclei that are used for intracytoplasmic 
sperm injection (ICSI) and for in vitro cloning of verte- 
brates, and could therefore contribute to the low success 
rates of these procedures"-'*'. 

Centrioles, like basal bodies, seem to be involved in 
the recruitment and organization of centrosome com- 
ponents in somatic cells: their disruption by antibodies 
against stabilized centriolar microtubules induces dis- 
persion of associated pericentriolar material". An addi- 
tional role for centrioles in cell-cycle progression has 
recently been postulated and is discussed in later sec- 
tions on CYTOKINESIS and the Gl to S transition. 

Centrosome-mediated microtubule events 
Microtubule nucleation. Centrosomes are the main 
site of microtubule nucleation in most cells. If cells 
are treated with drugs that depolymerize micro- 
tubules and are then washed, microtubules grow back 
primarily from centrosomes. Centrosome-nucleated 
microtubules are polarized with their rapidly growing 

(plus) ends in the cytoplasm and their slow-growing 
(or minus) ends anchored at the centrosome. The 
geometry of these microtubules is regular, each hav- 
ing 13 protofilaments that are organized into a tubu- 
lar structure'"*. By contrast, microtubules grown in 
vitro with high concentrations of tubulin have a vari- 
able number of protofdaments. This suggests the 
presence of a template for microtubule assembly at 
the centrosome. 

One template for microtubule nucleation at the cen- 
trosome is a ring-shaped multiprotein complex con- 
taining y-tubulin — a protein that is very similar to the 
a- and P-tubulins but is found primarily at centro- 
somes and does not incorporate into microtubules'*". 
These y-tubulin ring complexes (fTuRCs) are also 
found in the cytoplasm, but their function is 
unknown"-". They might be involved in cytoplasmic 
microtubule nucleation or capping", or they might 
simply be a source of nucleating complexes that are 
recruited to centrosomes when increased microtubule 
nucleation is required'-"-^". Budding yeast have a small- 
er, simpler, y-tubulin complex' whereas other organ- 
isms have both large and small y-tubulin complexes^'-^l 
The small y-tubulin complex and even y-tubulin alone 
can nucleate microtubules, albeit with lower 
efficiencies^^'". The three proteins that make up the 
small yeast complex — Spc97, Spc98 and Tub4 — are 
conserved among other organisms^**-", iiidicating that 
they probably have essential functions in microtubule 
nucleation. 

Recent advances in the structure and fijnction of the 
yTuRC indicate that it might be a template for micro- 
tubule nucleation and that it caps microtubule minus 
g„(jgis,2«7_ yfui^Cj jfg dome-shaped on one side and 
have repeating subunits on the other, which are thought 
to be small y-tubulin complexes. On the basis of these 
biochemical and structural data, a model has been pro- 
posed for the structure of the yTuRC", where several 
small y-tubulin subcomplexes are organized into a ring 
by other members of the fTuRC. The y-tubulin mole- 
cules within the small complexes seem to nucleate 
microtubule protofilaments perpendicular to the ring, 
and lateral interactions between protofilaments mediate 
formation of the tubular structure. 

An alternative structure has been proposed for the 
y-tubulin complex, in which a short segment composed 
of y-tubulin subcomplexes provides a preformed 
protofilament^". In this protofilament model, y-tubulin 
complexes would be organized in a curved, ring-like 
structure similar to the fTuRC. However, each y-tubulin 
complex would interact laterally with an ot/p-dimer to 
form microtubule protofilaments parallel to — rather 
than perpendicular to — the string of y-tubuHn sub- 
units. This would straighten the ring of y-tubulin com- 
plexes and produce a sheet of a/p-tubulin protofila- 
ments that would subsequently fold into a tube, 
producing a microtubule^'. Additional studies will be 
required to determine which of the two models is used 
for microtubule nucleation. 

Little is known about how y-tubulin complexes 
are recruited to, and anchored at, centrosomes in 
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MITOSIS 

The process of nuclear division. 

ASTER 

A radial array of microtubules 
focused on and usually 
nucleated by centrosomes or 
aggregates of 
centrosome/spinlde pole 
proteins. 

S VALUE 

(Sedimentation coefficient.) A 
standardized value, describing 
migration of 
molecules/particles under a 
centrifugal force. 

mammalian cells. They can nucleate microtubules in 
vitro, but they require additional factors to assemble 
onto centrosomes^''". In budding yeast spindle pole 
bodies, Spc72 in the inner (nuclear) plaque and 
Spcl 10 in the outer (cytoplasmic) plaque anchor y- 
tubulin complexes'"'". The Asp (abnormal spindle) 
protein in Drosophila melanogaster, together with iso- 
lated yTuRCs, can restore microtubule nucleation to 
salt-stripped centrosomes, indicating that this protein 
might provide the centrosome anchor for y-tubulin 
during MITOSIS'^. Mammalian and Xenopus laevis 
SpcllO-related proteins have been identified by a 
monoclonal antibody approach", but it is not known 
whether they can mediate assembly of y-tubulin com- 
plexes or bind to the human homologues of 
Spc97/Spc98 (GCP2/GCP3). 

Pericentrin has been implicated in the recruitment 
of yiuRCs to centrosomes in vertebrate cells". Recent 
studies show that pericentrin binds to GCP2 and/or 
GCP3 of the yTuRC by yeast two-hybrid and co- 
immunoprecipitation experiments (W. Zimmerman, 
J. Sillibourne and S.D., unpublished observations). 
The GCP2/GCP3-binding domain of pericentrin and 
a pericentrin antibody both precipitate endogenous y- 
tubulin complex components from Xenopus and cell 
extracts, and both inhibit ASTER formation and the 
recruitment of y-tubulin to sperm centrioles in 
Xenopus extracts. A larger isoform of pericentrin — 
called pericentrin B or kendrin''*'" — shares homolo- 
gy with the calmodulin-binding domain of the yeast 
y-tubulin-binding protein Spcl 10, and so seems to be 
the vertebrate homologue. Pericentrin B has charac- 
teristics that are distinct from pericentrin: it is present 
in protein complexes of different SVALUES and isoform- 
specific antibodies do not seem to inhibit aster forma- 
tion in Spisula solidissima extracts, whereas pericen- 
trin antibodies inhibit asters in Xenopus extracts*'''. 

Future studies will be required to understand the role 
of different pericentrin family members and other 
molecules in the recruitment of y-tubulin complexes 
to centrosomes. 

Polo and aurora kinases are localized to centro- 
somes and are important for centrosome integrity and 
separation, respectively". Polo mutants in Drosophila 
disrupt the organization of both mitotic spindles and 
centrosome-associated y-tubulin'*'". Extracts of polo- 
mutant embryos cannot restore the ability of salt- 
stripped centrosomes to nucleate microtubule asters. 
This can be rescued by addition of phosphorylated Asp 
or active Polo kinase. Polo and Asp co-fractionate in 
gradients to apposition, consistent with a large com- 
plex (25-38 S)", and they co-immunoprecipitate with 
one another and with y-tubulin"". Moreover, Polo 
phosphorylates Asp in vitro'^, indicating a possible 
mechanism for mitotic centrosome assembly in which 
Polo-activated Asp binds to, and anchors, y-tubulin 
complexes to centrosomes. 

Microtubule anchoring. It seems likely that microtubule 
nucleation and microtubule anchoring are two separate 
activities, mediated by different classes of molecules. 
Data supporting a separation of these activities come 
from the analysis of unique microtubule-anchoring sites 
at the apical domains of epithelial cells'" (FIG. 2). These 
sites function as anchoring sites for the minus ends of 
hundreds of microtubules, but they lack the compo- 
nents that are usually associated with microtubule 
nucleation such as y-tubulin and pericentrin. So far, 
only two proteins have been localized to these special- 
ized microtubule-anchoring sites—ninein"^ and centri- 
olin"'. These proteins are also associated with the subdis- 
tal appendages of the maternal centriole, which also act 
as microtubule-anchoring sites and also lack micro- 
tubule-nucleating proteins'"'''^ 

a  Flbroblast b Epithelial cell Apical domain 

Figure 2 {Model for microtubule nucleation, release and anchoring at centrosomes and in epitlielial cells. In this 
model, microtubules are nucleated In the pericentriolar material, released from their nucleating sites and translocated to sites of 
anchoring, a | Anchoring at the centrosome occurs at the subdistal appendages whereas in b | epithelial cells, it occurs at apical 
domains distinct from centrosomes. Despite the apparent differences in anchoring sites, both contain unique proteins (ninein 
and centriolin) and seem to lack components involved in microtubule nucleation (y-tubulin and pericentrin). Dynactin, a dyneln- 
Interacting complex, has also been Implicated in centrosomal microtubule anchoring'". 
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KINETOCHORE 

A structure that connects each 
chromatid to the spindle 
microtubules, which shorten as 
pairs of chromatids are 
separated to opposite poJes. 

During mitosis, a different type of minus-end 
microtubule anchoring is probably required. Mitotic 
microtubules are attached at their plus ends to special- 
ized sites on chromosomes called KINETOCHORBS (see the 
review by Kitagawa and Hieter on page 678 of this 
issue), and anchored at their minus ends to centro- 
somes or spindle poles. However, these interactions 
are not static — a- and p-tubulin subunits are contin- 
uously added at the kinetochore end and are lost from 
the end that is embedded in the spindle pole. This 
results in a continuous flux of the microtubule, with no 
net movement of chromosomes or spindle poles'". To 
maintain this dynamic association requires molecules 
that can remain attached to moving microtubules, such 
as spindle-pole-associated motor proteins. 

Microtubule release. Microtubule release from centro- 
somes has been observed in somatic cells''^ One candi- 
date for this activity is the centrosome-associated pro- 
tein katanin, which has been shown to sever 
microtubules in vitrd" and in viv(f. Other candidates 
include members of the Kinl subfamily of kinesins 
(XKCMl and XKIF2) that destabilize i«-virro-assem- 
bled microtubules equally at minus and plus ends'". 
Further studies should determine whether katanin, 
members of the Kinl family, or other proteins induce 
microtubule release in interphase and mitotic cells'". 

A hypothetical model that summarizes the micro- 
tubule nucleation, severing and anchoring frmctions of 
the centrosome is shown in FIG. 3. Microtubules nucleat- 
ed by the pericentriolar material of centrosomes are 
released"^'"', perhaps through the activity of micro- 
tubule-severing proteins. They are then translocated to 
apical domains in specialized epithelial cells or to sub- 
distal appendages of centrioles where they are 
anchored. The mechanisms by which microtubules are 
severed, translocated and anchored at sites distinct from 
those that mediate microtubule nucleation are impor- 
tant unresolved issues. 

Diffusion 

C Subunit exchange 

Figure 31 Models for centrosome protein assembly. 
a I Centrosome complexes diffuse to centrosomes and 
assemble in a microtubule- and dynein-independent manner. 
b I Centrosome complexes, in the form of large particles, 
assemble using microtubules and oytoplasmic dyneln 
motors. Particles are delivered to centrosomes or to areas 
between microtubules near the centrosome. Dyneln motors 
may be anchored at centrosomes by dynaotin or other 
anchoring proteins, or released after cargo delivery. 
c I Subunits exchange with those at the centrosome In either 
a or b. This could occur continuously or In a oell-oycle- 
dependent manner. 

Centrosome dynamics 
Many centrosome proteins undergo cell-cycle-regulated 
assembly onto centrosomes from cytoplasmic pools as 
protein complexes or larger protein particles (FIG. 3; see 
RER 20 for a review). Cytoplasmic dynein has been 
shown to mediate the assembly of centrosome/spindle 
pole proteins in both vertebrate cell systems and embry- 
onic systems™. Dynein interacts with many centro- 
some/spindle pole proteins""" and mediates their 
interaction with microtubules**". Moreover, these pro- 
teins undergo centripetal, microtubule-dependent 
movements that end at the centrosome, and their accu- 
mulation at centrosomes depends on dynein func- 
tion''"". Localization of centrosome proteins could 
occur by retrograde, dynein-dependent transport along 
microtubule tracks, in a process that is similar to 
intraflagellar transport {BOX i). 

Microtubule and dynein-independent mecha- 
nisms for assembly of centrosome proteins also exist, 
both in embryonic systems"-^'-"-"-™ and in vertebrate 
cells". It is possible that dynein-dependent and 

dynein-independent mechanisms represent redun- 
dant pathways for centrosome assembly, with one 
predominating in certain biological systems or during 
different cell-cycle stages. 

Centrioles are remarkably dynamic. In cells that 
express centrin fused to green fluorescent protein 
(GFP), both mother and daughter centrioles can under- 
go marked movements and move independently of one 
another*'-". Moreover, during the final stages of cell 
division (cytokinesis), the mother centriole moves 
across the entire cell to a position near the site of cell 
cleavage (FIG. 4). Some of these mitotic movements are 
microtubule-dependent and might be mediated 
through an interaction between centriole-associated 
microtubules and regions of the plasma membrane 
near the site of cell cleavage. 

Centrosomes and mitotic spindle assembly? 
The role of the centrosome in spindle assembly and 
function was su^ested as fer back as the late 1800s, when 
centrosomes were first identified. It seemed logical that 
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[Box 1 I Intraflagellar transport and centrosome assembly 

l^he process of centrosome protein assembly shares features with intraflagellar 
Ifansport. In intraflagellar transport, large multiprotein particles or 'rafts' shuttle 
lietween the basal bodies and flagellar tips. The rafts seem to carry pre-assembled 
protein cargoes to the tips of cilia and flagella and return to the basal bodies to 
«load'^'. Kinesin and cytoplasmic dynein are involved in the transport to and from 

pihe flagellar tip, respectively. The recruitment of centrosome proteins might use a 
[similar transport system with net movement towards centrosomes. Identification of 
protein carriers analogous to rafts will be required to substantiate this idea. 

ANEUPLOIDY 

Presence of extra copies, or no 
copies, of some chromosomes. 

centrosomes have a role in spindle assembly through 
their microtubule-nucleating and organizing functions 
and their association with the spindle poles. However, 
higher plants and many developmental systems lack 
canonical centrosomes but can still organize normal 
spindles and undergo cell division"^'. Moreover, recent 
data indicate that centrosomes are not essential for 
spindle assembly in mammalian cells'**', suggesting 
that most — if not all — cells can assemble spindles by 
non-centrosomal pathways. 

If centrosomes are not essential for spindle assem- 
bly then what is their role in this process? When pre- 
sent, centrosomes act dominantly to organize spindle 
poles*'. Centrosome-mediated spindle assembly could 
provide a redundant pathway to ensure high fidelity of 
chromosome segregation. Alternatively, it could 
ensure that centrosomes are inherited during each cell 

a Mammalian cell 

Jtotio 
spindle 

Intercellul; 
■ )rldge 

b S. cerevlslae 

l\/lother cell '— Spindle pole body —' 

Figure 4 | Centrosome and spindle pole body positioning during cytokinesis, a | During 
cytokinesis In a mammalian cell, Vne maternal {M) centriole moves to tiie Intercellular bridge. 
Subsequent to tills movement, the microtubules wltliin tiie bridge depolymerize and tiie bridge 
constricts. Movement of tiie centriole away from the bridge seems to release the an-est in 
cytotcinesis and the cell cleaves, b | The molecular details of a parallel pathway in budding 
yeast are better defined. Tem1 on the spindle pole body nearest the bud is modified from a 
GDP {D)-bound form to a GTP (T)-bound form when the spindle pole body enters the bud and 
meets the GTP-exchange factor Lte1 (dari< orange). This event, together wnlh destabllization of 
microtubules or loss of microtubule attachment to the bud neck, stimulates m'rtotic exit and cell 
cleavage. 

division so that they can complete other essential cellu- 
lar functions (see below). 

Centrosome dominance in spindle-pole formation 
has important implications in human cancer. When 
present in more than two copies, centrosomes con- 
tribute to the assembly of multipolar spindles that can 
missegregate chromosomes, creating ANEUPLOIDY. SO, 
although the role of centrosomes in bipolar spindle 
assembly is unclear, their dominant role in spindle- 
pole formation might contribute to the genetic insta- 
bility that is observed in tumour cells with supernu- 
merary centrosomes. 

Positioning of the mitotic spindle 
Positioning of the spindle within cells is important for 
several fundamental processes, including accurate seg- 
regation of chromosomes, asymmetric distribution of 
cell-fate determinants during development, normal 
and asymmetric cell divisions and defining the plane 
of cytokinesis. Centrosomes and associated astral 
microtubules seem to be important for spindle posi- 
tioning in mammalian and yeast cells*'"". A common 
feature of these systems is the interaction of molecules 
at the plus ends of centrosome-associated astral 
microtubules, with cytoplasmic dynein located in the 
cell cortex". Forces generated outside the central spin- 
dle by dynein contribute, at least in part, to the driving 
force for spindle positioning"'^''. In mammalian cells 
that lack centrosomes, no astral microtubules are pro- 
duced and spindles become mispositioned", causing 
subsequent problems during cytokinesis. Other 
cytoskeletal elements and motors function during 
spindle positioning'*"'*, and recent studies indicate 
that non-centrosomal mechanisms for spindle posi- 
tioning also exist*'"'™. 

Cytokinesis/checkpoint activation 
The role of the mitotic spindle in defining the site of cell 
cleavage during cytokinesis has been known for some 
time". Recent studies with vertebrate cells link centro- 
some activity to the completion of cytokinesis and pro- 
gression from Gl to S phase of the cell cycle. If centro- 
somes are eliminated from interphase cells by removal 
with a microneedle** or fi-om mitotic cells by laser abla- 
tion*', mitotic cells can still assemble mitotic spindles 
but roughly half fail to complete cytokinesis. Cells 
appear to remain attached by intercellular bridges or 
abort cytokinesis, forming binudeate cells. 

In another study in which centrioles were labelled 
with centrin coupled to GFP*', the final events of cell 
cleavage correlated with movement of the maternal 
centriole to the intercellular bridge that connects 
dividing cells, and this localization correlated with 
bridge narrowing and microtubule depolymerization 
within the bridge. Movement of the centriole away 
from the bridge occurred before cell cleavage. 
Moreover, conditions that adversely affected centriole 
movement, such as changes in cell adherence or con- 
fluency, delayed cytokinesis (FIG. 4). These studies indi- 
cate that centrosomes might be involved in the activa- 
tion of the final stages of cytokinesis or in the release 
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Box 2 I Chromosome and centrosome duplication 

The unique ability of centrosomes to duplicate once every cell cycle is shared by only 
one other cellular organelle — chromosomes. The mechanism of chromosomal DNA 
replication is relatively straightforward — pairing of nucleotide subunits with their 
complementary partners on a DNA template. But centrosome duplication seems to be 
much more complicated. 

Despite these differences, there are remarkable similarities between the two processes. 
First, both are initiated at roughly the same time in the cell cycle, the G1 to S transition. 
They are regulated by the same protein complexes containing Cdk2 and cyclin A/E. 
They both seem to require proteolysis of cohesive material to separate their subunits 
(sister chromatids and parental centrioles). Finally, replication of both DNA and 
centrosomes is semiconservative, with each newly replicated unit containing both new 
and old subunits. 

One important difference between the two processes seems to be the time that it will 
take to understand them fully. Whereas the mechanism of DNA replication was 
suggested immediately upon discovery of a structure consistent with a templating 
mechanism, the centrosome duplication process seems to be much more complex, and 
is likely to keep many investigators busy for some time. 

of cells from a CHECKPOINT that monitors the comple- 
tion of mitosis. 

Results from budding yeast are consistent with 
release from a checkpoint. Recent studies show that 
yeast cells remain in cytokinesis until the spindle pole 
body moves into the nascent daughter cell (bud), 
bringing into contact the GDP-bound form of Teml 
at the spindle pole body and a GUANINE-NUCLEOTIDE 

EXCHANGE FACTOR, Ltel, in the bud, thus producing the 
activated Teml-GTP. These events, together with 
microtubule depolymerization at the bud junction 
(neck) and loss of microtubule contact with the 
neck''^ trigger cytokinesis and the exit from mito- 
j;j83-86 (p]G 4)_ So, some of the events in this pathway 
seem to be similar between yeast and vertebrates*'*. 

The G1 to S transition 
In the absence of centrosomes, somatic cells arrest in 
Gl, and do not initiate DNA replication"*-''. It is possi- 
ble that the cells do not divide completely, but that 
they remain attached by thin intercellular bridges or 
divide by crawling apart — a process that is not likely 
to occur in normal tissues, owing to the crowded envi- 
ronment. In either case, these cells might activate a 
checkpoint that monitors aberrant centrosome num- 
bers or perhaps the presence of excess DNA (binucle- 
ate cells)". Results from fission yeast'"-", in which 
cytokinesis failure triggers a checkpoint that inhibits 
progression of the nuclear cell cycle (albeit at a later 
stage in the cell cycle; G2) are consistent with this 
model. Alternatively, centrosomes might be required 
to activate DNA replication — perhaps through the 
recruitment or concentration of molecules that are 
essential for the initiation of DNA synthesis"-'-'. It is 
still unclear whether centrosomes directly mediate 
these events, or whether centrosome defects trigger 
checkpoints that monitor the completion of mitosis. 
Regardless of the mechanism, one consequence of 
having a centrosome requirement for cell-cycle pro- 
gression is to ensure that dividing animal cells receive 
the appropriate number of flinctiona] centrosomes. 

CHECKPOINT 
A point where the cell dmsion 
c)'cle can be halted until 
conditions are suitable for the 
cell to proceed to the next stage. 

GUANINE-NUCLEOTIDE 
EXCHANGE FACTOR 
A protein that facilitates the 
exchange of GDP (guanine 
diphosphate) for GTP (guanine 
triphosphate) in the nucleotide- 
binding poclset of a GTP- 
binding protein. 

Actln polymerization 
Centrosomes might also have a role in coordinating 
actin polymerization during pseudocleavage in 
Drosophila embryos — an event similar to cytokinesis. 
This is not surprising, given the role of the spindle 
poies/centrosomes in defining the site of cytokinesis^'. 
The unexpected observation in this study is that centro- 
some-mediated actin polymerization seems to be inde- 
pendent of microtubules'*. This suggests that actin 
polymerization is controlled by a signal that diffuses 
from centrosomes or that is carried from centrosomes 
by a microtubule-independent mechanism. This obser- 
vation raises the possibility that centrosomes act as dif- 
fusion centres for signalling molecules, thus allowing 
them to influence processes elsewhere in the cell. 
Centrosomal gradients of activities could also be estab- 
Mshed in this way and could provide different cytoplas- 
mic environments that activate or inhibit cellular 
processes in much the same way that protein gradients 
establish patterning in Drosophila embryos'-l 

Monitoring DNA damage 
Another role for centrosomes might be in monitoring 
DNA damage. During early embryogenesis of 
Drosophila, mutations in the DNA-replication check- 
point lead to failures in chromosome segregation. A 
recent study shows that centrosomes in Drosophila 
embryos respond to mutations in the DNA-replication 
checkpoint by inactivating centrosomes in mitosis"". 
Identical results are obtained when normal embryos are 
treated with DNA-damaging agents or DNA-replication 
inhibitors. In all cases, mitotic centrosomes lose compo- 
nents of the y-tubulin ring complex and the ability to 
nucleate astral microtubules. Inactivation of centro- 
somes might be part of a damage-control system that 
prevents chromosome segregation if the checkpoint 
that monitors DNA replication or damage fails. 

Centrosome duplication 
Much like chromosomes, centrosomes duplicate pre- 
cisely once every cell cycle {BOX 2). The fidelity and tim- 
ing of centrosome duplication is essential for ensuring 
that this process is effectively coupled to other events, 
such as cell-cycle progression and DNA replication'-'. 
Uncoupling of these events can lead to excess centro- 
somes that organize multipolar spindles or single cen- 
trosomes with associated monopolar spindles. Recent 
studies from several laboratories have provided impor- 
tant insights into the mechanism and regulation of cen- 
trosome duplication. 

The centrosome cycle. A typical somatic cell in the Gl 
phase of the cell cycle contains one centrosome with 
two centrioles. The first visible sign of centrosome 
duplication is splitting of the two centrioles at the Gl/S 
transition (FIG. 5). At this early stage in the duplication 
process, the older mother centriole (FIG. i) and its asso- 
ciated pericentriolar material can be distinguished 
from the younger daughter centriole. It has appendages 
at the end farthest from the daughter and a subset of 
integral centrosome proteins that includes cenexin'*'. 

NATURE REVIEWS     MOLECULAR CELL BIOLOGY VOLUME 2    SEPTEMBER 2001 I 693 



REVIEWS 

ORTHOLOGUE 
Homologous genes in different 
species, tlie lineages of which 
derive from a common 
ancestral gene without gene 
duplication or horizontal 
transmission. 

SCF COMPLEX 
A multisubunit ubiquitin ligase 
that contains Skpl, a member 
of the cullin family (Cull), and 
an F-box-containing protein 
(Skp2),aswellasaRING- 
finger-containing protein 
(Rocl/Rbxl). 

PROTEASOME 
Large multisubunit protease 
complex that selectively 
degrades intracellular proteins. 
Targeting to proteasomes most 
often occurs through 
attachment of multi-ubiquitin 
tags. 

Figure 51 Centrosome duplication, a | In early G1, 
a centrosome has daughter (D) and mother (M) centrioles. 
b I The centrioles move apart and c | each nucleates the 
formation of a new centriole during G1 to S. d | By mitosis, 
the new centrioles have reached their full length and the two 
mature centrosomes, each with two centrioles, are 
segregated into the daughter cells upon cell division. 

Se-ttibulin", ninein^S e-tubulin", centrin""' and centriolin'". During 
S phase, new centrioles arise from the sides of the origi- 
nal centrioles and elongate through G2 to achieve their 
frill length by late G2 or M phase. Although it would 
seem simpler and more efficient for new centrioles to 
grow from the pre-existing templates provided by cen- 
triole ends, growth occurs in material closely apposed to 
the centriole and probably requires y-tubulin"". To 
complicate matters, basal bodies and centrioles can arise 
from amorphous cytoplasmic aggregates that have no 
discernible templates'"^"". 

During the duplication process, centriolar micro- 
tubules elongate and many centriolar and pericentriolar 
components accumulate'"''. In G2/early mitosis, the 
duplicated centrosomes separate in a two-part process. 
First, material interconnecting the centrosomes seems 
to be severed by the activity of a centrosomal kinase, 
NEK2, acting on a putative centrosomal substrate 

(cNAPl)""'"^. In a second step, the duplicated centro- 
somes move apart by the concerted action of molecular 
motors on microtubules between the two centro- 
somes'"', and the separated centrosomes subsequently 
participate in the organization of mitotic spindles. 

Regulation. Recent studies indicate that many regula- 
tory pathways might control centrosome duplication. 
Many of these regulatory proteins seem to interact 
with centrosomes, although it is still unclear whether 
they exert their influence locally or more globally. 
Cell-cycle progression from Gl to S phase requires the 
activity of protein complexes containing the centro- 
some-associated cell-cycle kinase Cdk2 and cyclin E. 
In Xenopus embryos and egg extracts, inhibitors of 
Cdk2 block centrosome duplication'^", apparently at 
one of the earliest stages — the splitting of 
centrioles". Cdk2 is also required for centrosome 
duplication in mammalian cells'"*''"'. However, cyclin 
A seems to predominate in mammalian cell systems'"' 
whereas cyclin E is more active in Xe«opus". 
Differential binding of cyclins A or E in the same 
organism could also mediate Cdk activity at different 
times during the duplication process. 

One downstream phosphorylation target of 
Cdk2-cyclin E is the mouse ORTHOLOGUE of the yeast 
Mpsl protein kinase. Mpsl is a Cdk2 substrate that 
seems to regulate centrosome duplication jointly with 
Cdk2 (RER 110). Another target of Cdk2-cyclin E is 
nucleophosmin'". This protein is localized to centro- 
somes before duplication (late M to Gl), and is 
released from centrosomes during duplication after 
phosphorylation by Cdk2-cyclin E. Inhibition of 
nucleophosmin in mammalian cells by antibodies or 
by overexpression of a mutant protein that lacks the 
Cdk2-cyclin E phosphorylation site inhibits centro- 
some duplication at an early stage'"'"^. These data 
indicate that nucleophosmin might regulate centro- 
some duplication by preventing centriole splitting 
until it is released from centrosomes or degraded. It is 
possible that nucleophosmin is ultimately regulated 
by p53-p21^''""^'P, indicating a potential mechanism 
by which centrosome duplication might be abnormal 
intumours"\ 

Consistent with the degradation model is the 
observation that the ubiquitin-mediated proteolysis 
pathway is required for centrosome duplication. 
Inhibition of several components of the SCF COMPLEX 

and the PROTEASOME in Xenopus extracts and embryos 
inhibited centrosome duplication and prevented cen- 
triole splitting, supporting the idea that proteolysis is 
required to sever connections between centrioles early 
in the centrosome duplication process"''. Other stud- 
ies have shown that mutations or knockouts of SCF 
components in mice and Drosophila result in excess 
centrosomes, suggesting that the proteolysis machin- 
ery limits centrosome duplication'"'"^ Additional 
studies will be required to define the precise role of 
proteolysis in duplication and to determine whether 
the molecular targets of proteolysis are at the centro- 
some or elsewhere. 
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Intrinsic actimties 
Centrosome duplication 
Microtubule nucleation 
Microtubuie severing 
Microtubuie anclioring 

Formation of primary cilium 

Formation of flagella and ciiia 
Anchoring regulatory acti\rtties 
Aster formation during fertilization 

External Influences 
Cytokinesis 
Checkpoint control 
Cell-cycle progression 
Spindle orientation 
Nuclear migration 

Figure 61 Intrinsic activities and external influences of centrosomes. The oun-ent status 
of centrosome activities that affect centrosomes {intrinsic activities) and those that influence 
other cellular sites or functions (external influences) is shov^n. 

Gytoplasmic organization 
Membrane transport 
Actin deposition 

Spindle-associated 
ubiquitin-mediated degradation 

MALDTOF 

A method designed to 
determine peptide mass maps 
ofverysmallamountsof 
enzymatically digested proteins 
witil a ver)^ liigh degree of 
accuraq^, Masses are 
determined by measuring 
peptides that are ionized in a 
vacuum. 

An apparently later step in the centrosome-dupli- 
cation pathway was recently discovered. The 
Caenorhabditis elegans ZYG-1 protein is a novel 
Idnase that is presumably required for the formation 
of new centrioles. zyg-1 mutants form monopolar 
spindles with single centrosomes containing only one 
centriole"'. However, cell-cycle progression is gener- 
ally unaffected in these mutants, and the ability of 
centrioles to split is apparently not impaired. ZYG-1 
locaUzes to centrosomes from anaphase to the begin- 
ning of Gl — the time when C. elegans embryos, like 
many other embryonic systems, initiate centrosome 
duplication. These data indicate that ZYG-1 acts at a 

stage of the duplication process after centriole split- 
ting, most likely during the formation of nascent cen- 
trioles. It will be interesting to determine whether the 
kinase is part of a novel regulatory pathway or 
whether it directly phosphorylates centrosome pro- 
teins that initiate new centriole formation. Also of 
interest is whether it interacts functionally with other 
pathways that control centrosome duplication such as 
Cdk2-cyclin E, SCF and Mpsl. 

itochoring of regulatoiy activities 

It is now widely accepted that centrosomes and spindle 
poles act as anchoring sites for molecular regulators of 
cellular functions, distinct fi-om functions typically 
ascribed to centrosomes. Molecules that associate with 
centrosomes are involved in a diverse set of cellular 
functions, including cell-cycle progression, checkpoint 
control, centrosome and spindle function and ubiqui- 
tin-mediated degradation (FIG. 6). However, little is 
known about the significance of their centrosome local- 
ization. In Drosophila embryos, cyclin B localizes to cen- 
trosomes during mitosis and is degraded as cells transit 
from metaphase to anaphase. Degradation proceeds 
from the centrosome up the spindle to the chromo- 
somes, and is retarded if the centrosome is detached 
fi-om the spindle pole' '*•'". So it seems that the degrada- 
tion of cyclins — and perhaps other proteins — is a 
solid-state phenomenon in that it is confined to a dis- 
tinct cellular location. 

A family of centrosomal proteins has recentiy been 
identified that binds cAMP-dependent protein kinase A 
(PKA) (for reviews see REFS 120,121). These A-kinase- 
anchoring proteins (AKAPs) are found at many cellular 
sites, where they function as molecular scaffolds not 
only for PKA, but also for other kinases (protein kinase 
C, for example), phosphatases and perhaps other regu- 
latory molecules. By interacting with regulatory mole- 
cules, AKAPs integrate diverse signalling pathways that 
regulate the phosphorylation of specific cellular sub- 
strates and effectors. The role of centrosome-associated 
AKAPs, as weU as the rapidly growing list of other regu- 
latory molecules is still largely unknown. 

Centrosome duplication 

Centrosome misregulation 

Eotopic assembly of MTOCs 

^   Centrosome defects 
(aberrant number, sfruotutB, size) 

^ Spindle abnormalities 
Chromosome missegregation 
Genetic instability 

Tumour progression 

X MT disorganization 

Loss of cell shape and polarity 
Loss of glandular organization 

Tumour progression/metastasis 

Rgure 7 | Two pathways for generating centrosome defects that could lead to genetic 
instability and loss of cell polarity in cancer. One pathway affects the centrosome- 
duplioation cycle (left) and the other affects centrosome assembly and integrity (right). 
Regardless of the pathway, centrosome defects have the potential to generate genetic 
instability and loss of cell polarity and shape, and thus contribute to tumorigenesis. 
MT, microtubuie; MTOC, microtubule-organizing centre. 

Future directions 

During the past five to ten years, there has been a 
change in the perception of the role of centrosomes. 
Their role in spindle assembly is in question as spin- 
dles form in the absence of centrosomes. However, 
centrosomes have a dominant role in spindle assem- 
bly when present. New roles for centrosomes are 
emerging. They seem to be involved in the comple- 
tion of cytokinesis and in cell-cycle progression. This 
new glimpse into the complexity of these organelles 
suggests that we are only beginning to uncover their 
true functions. 

Our understanding of centrosome composition is 
still limited. A full appreciation of how centrosomes 
contribute to cellular function will require isolation 
and characterization of the estimated hundreds of 
centrosome-associated molecules. The use of matrix- 
assisted-laser-desorbtion time-of-flight (MALDI TOF) 
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Figure 8 | Abnormal centrosomes in a human tumour and in a liuman tumour ceii line. 
a IA human tumour (paraffin section), stained by immunohistoctiemistry with antibodies to 
pericentrin (brown) shows normal centrosomes (ieft), whereas centrosomes in adjacent tumour 
celis (right, same magnification) show gross abnormalities (larger diameter, elongated forms, 
supernumerary and acentriolar forms), b | Two human breast tumour cells (right) and a non- 
tumour ceil (ieft bottom) treated with nocodazole to depolymerize microtubules, then washed 
free of the drug to allow microtubule regrowth from centrosomes. Microtubules, green; 
centrosomes (pericentrin), red or yellow; nuclei, blue. Note the large number and heterogeneity 
in size and shape of pericentrin-staining structures in tumour cells, many of which lack 
centrioles but contain nucleated microtubules and contribute to dysfunctional spindles (not 
shown). The non-tumour cell has the typical single centrosome and single focus of 
microtubules. Reproduced with permission from REF. 128 © (1998) American Association for 
Cancer Research. 

mass spectrometry will facilitate analysis of centro- 
some fractions and provide a framework for piecing 
together centrosome molecules, in much the same way 
that this technology has facilitated the functional char- 
acterization and molecular organization of the yeast 
spindle pole body". 

An under-explored question in centrosome biolo- 
gy is how centrosome-anchored regulatory proteins 
and messenger RNAs'" control cellular function. 
Many molecules localized to centrosomes are part of 

signal-transduction pathways'^" and others are known 
to regulate various cellular activities other than cen- 
trosome function (reviewed in REFS 87,123). 
However, the functional significance of the centro- 
some association of these molecules and how centro- 
somes communicate with the outside of the cell 
remain to be determined. 

Another area of centrosome biology that is likely to 
yield exciting results in the near future is the role of 
centrosomes in generating genetic instability (FIG. 7). 
As centrosomes act dominantly when present in 
somatic cells*^ they contribute to spindle abnormali- 
ties, chromosome missegregation and genetic instabil- 
ity— either alone or in combination with alterations 
in other cellular pathways (such as apoptosis, cell- 
cycle progression, cell-cycle checkpoints and cell- 
growth regulation) that have been implicated in the 
genetic instability that is observed in many cancers. 
Increased centrosome numbers and centrosome 
defects have been observed in most aggressive 
tumours (FIG. 8) and in some low-grade tumours and 
pre-cancerous lesions'^'*''". These centrosome abnor- 
malities could be generated by misregulation of cen- 
trosome duplication, or by ectopic assembly of micro- 
tubule-nucleating material in the absence of 
centrioles. Because both centrosomes and acentriolar 
MTOCs organize dysfunctional mitotic spindles, both 
have the potential to contribute to genetic instability 
during tumorigenesis. Also in support of a role for 
centrosomes in cancer is the observation that tumour- 
like features can be induced in vitro by modifying the 
levels of centrosome proteins and centrosome-associ- 
ated kinases linked to tumorigenesis'". However, a 
direct link between centrosome defects and cancer has 
not yet been established. 

The next five to ten years in centrosome research 
promise to be very exciting. The emerging view of the 
centrosome is one of a command centre that receives, 
integrates and transmits signals that regulate cellular 
activities*''. In this way, centrosomes may process sig- 
nals from the external environment through associat- 
ed microtubules and primary cilia'", through associa- 
tion of centrioles with the plasma membrane*' or 
through signal-transduction pathways'^". These sig- 
nals could be transmitted to other cellular sites or 
between adjacent cells in tissues. A better understand- 
ing of centrosomes beyond that of microtubule orga- 
nizers will provide important insights into fundamen- 
tal issues about cell regulation, and will probably have 
an important impact on the aetiology and control of 
diseases such as cancer. 

$»► Links  

DATABASE LINKS y-tubulin I a-tubulin I P-tubulin 1 Spc97 
I Spc98 I Tub41 Spc721 Spcl 101 Asp 1GCP2 1GCP3 I 
pericentrin I pericentrin BI polo 1 aurora i ninein 1 katanin 
I XKCMl 1XKIF21 cytoplasmic dynein I centrin I Teml 1 
Ltel I e-tubulin INEK21 cNAPl 1 Cdk2 1 cydin EI cydin A 
I Mpsl I nudeophosmin 1 p531 p211ZYG-11 cydin B 
FURTHER INFORMATION movie of pericentrin I movie of 
PCM-1 
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news and views 

Centrosomes as command centres 
for cellular control 

Stephen J. Doxsey 

For almost a century, our understanding of the tiny structure at the centre of the cell called the centrosome 
was limited to its ability to organize mitotic spindles and other microtubule arrays. However, recent studies 
have indicated new roles for centrosomes in cytokinesis and cell-cycle progression. 

The centrosome is positioned in the 
centre of interphase cells at the focus 
of a radial array of microtubules. 

Microtubules are polymers composed of a- 
and P-tubulin subunits, and their growth is 
initiated in the peripheral region of the cen- 
trosome (the pericentriolar matrix) by a 
complex containing a related protein called 
Y-tubulin'-^ At the centrosome core lies a 
pair of specialized barrel-shaped micro- 
tubule assemblies of unknown function 
called centrioles. The centrioles and sur- 
rounding pericentriolar matrix define the 
centrosome as one of the most complex 
non-membranous organdies in the cell. 
Despite their structural and molecular 
complexity, the only well-characterized 
fimction of centrosomes is to nucleate and 
organize polarized microtubule arrays that 
generate cell polarity and form the struc- 
tural framework of the meiotic and mitotic 
spindles. An emerging frontier in centro- 
some biology concerns the role of this 
organelle in anchoring regulatory mole- 
cules through interactions with scaffold 
proteins'-^. Despite a rapidly growing list of 
such centrosome-associated regulatory 
proteins and activities, there have been very 
few direct links between their locahzation 
to the centrosome and specific cellular 
functions. However, three recent papers'"^ 
provide such a link. Using different experi- 
mental approaches, the three studies have 
provided evidence to link centrosome activ- 
ity to the completion of cell division 
(cytokinesis) and the activation of DNA 
replication (entry into S phase). 

The central role of the mitotic spindle in 
defining the site of cell cleavage during 
cytokinesis has long been known*. 
Hinchcliffe et al? used microsurgery to 
remove the centrosome and then assayed 
the mitotic consequences by time-lapse 
video microscopy. Previous analysis of 
acentrosomal cells using fixed time points 
and static images indicated that they arrest 
in mitosis'. However, continuous monitor- 
ing by video microscopy demonstrated that 
acentrosomal cells entered mitosis and 
formed mitotic spindles. After this, most 
cells were delayed in mitosis before chro- 
mosome segregation, and many failed to 
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Figure 1 Positioning of centrosomes and spindle poie bodies during exit from cytolcinesis. 
a, A mitotic spindle in mammalian cells (left) writii two centi-osomes, each witii too cenW- 
oles (rectangles). The pericentriolar matrix around tiie maternal centriole (yellow) nucle- 
ates microtubules (irtiite). As cytokinesis progresses (right), nuclei reform in ttie daughter 
ceils (blue), the cell constricts and microtiibules remain in an intercellular bridge bettireen 
cells. At telophase (second left) the cytokinesis checkpoint (red arrows) is tiirned on. The 
maternal centriole containing microtubule-nucieating activi^ moves to the bridge (airow). 
The bridge consfricts and microttibules depolymerize. The checkpoint is still on. The 
maternal centriole moves away and back to ttie centrosome (arrow). Tlie checkpoint is 
turned off and the cell cleaves, b, A mitotic spindle in the mother cell of a budding yeast 
(Saccharomyces cerevisiae) has an inactive (GDP-bound) foim of ttie GTP-binding protein 
Teml on a spindle pole body facing the bud neck. TTie mitoHc exit (cytokinesis) check- 
point is on (left). The spindle nears the bud neck. Cytoplasmic micrvtaibules contact the 
neck and may maintain an active checkpoint (which is still on). The spindle moves Into 
the bud containing active protein (green). MicroUibules are destabilized or lose contact 
with tiie bud. SPB-associated Teml is activated by a GTP exchange factor (Ltel) in ttie 
bud (green) from the inactive GDP form (D) to the active GTP form (T). MIcrottibules 
destabilize and no longer interact wnth ttie bud neck. The checkpoint is off and mitotic 
exit is initiated, resulting in cell cleavage and ttie generation of two daughter cells (right). 
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complete cytokinesis. These cells remained 
attached by thin intercellular bridges or 
aborted cytokinesis to form single binucleate 
cells. Hinchcliffe and colleagues conclude 
that the mitotic delays are attributable to 
inefficient organization of mitotic spindles in 
cells lacking 'core' centrosome components 
such as centrioles and associated proteins. 
Cytokinesis defects were also observed in 
acentrosomal cells by Khodakov and Reider*, 
who used high-energy lasers to destroy cen- 
trosomes tagged with a chimaeric protein 
composed of y-tubulin and green fluorescent 
protein (GFP). When both centrosomes in 
mitotic spindles were destroyed, astral micro- 
tubules were lost, spindles became misorien- 
tated and chromosomes were unable to move 
out of the path of the cleaving cell. Thus, fail- 
ure of cytokinesis might result from physical 
obstruction of the cleavage furrow. 

An alternative and intriguing explana-, 
tion for cleavage failure in both of these 
acentrosomal systems is proposed by Piel et 
aV. Using time-lapse microscopy, they 
examined the behaviour of centrosomes 
labelled with centrin coupled to GFP. They 
found that the final cell-cleavage event is 
tightly correlated with centriole movement 
and specifically with movement of the 
maternal centriole, the older of the two cen- 
trioles. It serves as the template for the for- 
mation of the younger daughter centriole 
and, in this study, incorporated more 
GFP-centrin and was labelled more bright- 
ly than the daughter. The maternal centri- 
ole always moved to the intercellular bridge 
before the bridge narrowed and the micro- 
tubules within were depolymerized. When 
the centriole moved away, the cell proceed- 
ed to cleave. Furthermore, Drosophila cells 
lacking centrioles exhibited an extremely 
high rate of cytokinesis failure, and changes 
in the adherent properties or confluency of 
cells that diminished the efficiency of cen- 
triole movement to the bridge also delayed 
cell cleavage. These findings indicate that 
movement of the maternal centriole to the 
intercellular bridge may be required for 
completion of cytokinesis. 

Is it possible that a common 'thread' 
connects all three sets of findings? Carefirl 
examination of images presented in the 
three papers reveals thin thread-like bridges 
between postmitotic acentrosomal cells. 
These could represent persistent connec- 
tions between cells that have not completed 
cytokinesis. The remaining cells might have 
divided by an alternative mechanism, 
termed 'traction-mediated cytokinesis''", 
whereby cells crawl apart and break in two. 
This type of cleavage is unlikely to occur in 
vivo, where cells within tissues are not free 
to move greatly relative to one another. 
Thus, true failure of cytokinesis could be 
more extensive than the data would indi- 
cate. The lack of centrioles could therefore 
prevent cytokinesis in all acentrosomal cell 
systems examined. 

o Lack of centrosomes/centrioles 

Multiple centrosomes 

Abnormal chromosome number 

Large cell size 

Active cytokinesis checkpoint 

S phase 

Figure 2 Potential activators of Gl arrest in 
mammalian cells with an altered centro- 
some number. 

These results indicate two mechanisms 
by which centrosomes might regulate the 
final stages of cytokinesis. Centrosomes 
could directly activate cytokinesis or could 
release cells from arrest at a cytokinesis 
checkpoint. Recent studies with both bud- 
ding and fission yeast""" favour the latter 
possibility (Fig. 1). During the final stages 
of cytokinesis in budding yeast, the mitotic 
spindle moves from the mother cell into the 
bud neck (the bridge between the mother 
and nascent daughter cell). During this 
process, the leading spindle pole body 
(equivalent to the mitotic centrosome) 
enters the bud, carrying an inactive form of 
Teml, a GTP-binding protein that regulates 
exit from mitosis. The Teml-exchange factor 
Ltel is confined to the bud and is proposed 
to activate Teml and trigger a signalling 
pathway that mediates completion of cytoki- 
nesis and exit from mitosis. A more recent 
study has shown that further events might 
be required for release from the cytokinesis 
checkpoint, most notably microtubule 
depolymerization at the bud neck (the 
equivalent of the intercellular bridge) and 
loss of contact between microtubules and 
the bud neck", similar to that seen in mam- 
malian cells'. These observations indicate 
that there might be many common ele- 
ments in the pathways of yeast and mam- 
mals that mediate the completion of cytoki- 
nesis. Identification and functional analysis 
of mammalian homologues of the yeast 
components involved in mitotic exit should 
help to identify the function of the cytoki- 
nesis checkpoint in mammalian cells. 

Hinchcliffe and colleagues took the 
acentrosomal cells produced by micro- 
surgery' and monitored them after mitosis 
(or failure in cytokinesis); most seemed to 
arrest in Gl phase and did not initiate DNA 
replication. In contrast, control cells that 
were cut to remove an equivalent volume of 
cytoplasm without removing the centro- 

some replicated their DNA normally and 
continued to divide. Similar results were 
obtained in laser-ablation studies by 
Khodjakov and Reider, who eliminated one 
centrosome of the mitotic pair, giving rise 
to acentrosomal and centrosome-contain- 
ing daughter cells after cytokinesis. The 
centrosome-containing progeny progressed 
into S phase, whereas acentrosomal cells did 
not and seemed to arrest in Gl phase. 

One interpretation of the fact that DNA 
replication was blocked is that centrosomes 
directly activate or concentrate factors that 
are essential for the initiation of DNA syn- 
thesis. Consistent with this idea is the cen- 
trosomal localization of molecules that 
control entry into S phase'^-". An alterna- 
tive explanation is that animal cells monitor 
the presence of centrosomes, and in their 
absence activate a checkpoint that prevents 
the onset of S phase. The pathway that acti- 
vates Gl arrest in acentrosomal cells has not 
yet been characterized. It is likely to be 
complicated by potential downstream 
effects of centrosome loss such as mitotic 
defects, chromosome missegregation, 
cytokinesis failure and activation of a 
cytokinesis checkpoint. Each of these prob- 
lems has the potential to induce Gl arrest 
on its own. For example, in fission yeast, 
failure of cytokinesis triggers a checkpoint 
that inhibits progression of the nuclear cell 
cycle, albeit at a later stage in the cell cycle 
(G2 phase) (ref 14, and see note added in 
proof). Similarly, the absence of centro- 
somes in animal cells could lead to the fail- 
ure of cytokinesis as a result of defects in 
positioning of the mother centriole', and 
these cleavage failures could then trigger a 
Gl arrest through a cytokinesis checkpoint. 
This idea is supported by the findings of 
Andreasson et aV', who have shown that 
cells that are blocked in cytokinesis, with- 
out disrupting spindle function or chromo- 
some segregation, subsequently arrest in Gl 
phase as tetraploid cells. This rules out the 
possibility that the Gl arrest occurs in 
response to spindle defects, but does not 
exclude potential cellular responses to 
excess centrosomes, excess chromosomes, 
increased cell size or activation of a cytoki- 
nesis checkpoint (Fig. 2). Many of the 
potential contributors to Gl arrest are pres- 
ent in both tetraploid and acentrosomal 
cells. If Gl arrest in acentrosomal cells 
results from a lack of centrosomes or down- 
stream events, S-phase progression could be 
restored by the microinjection of centro- 
somes. Regardless of the mechanism, cou- 
pling of the centrosome cycle to the cell 
cycle could ensure that the appropriate 
number of functional centrosomes is main- 
tained in animal cells. This might have 
important implications in cancer, in which 
the presence of excessive numbers of cen- 
trosomes at early tumour stages" could 
contribute to spindle defects, genetic insta- 
bility and tumour progression, either alone 

E106 NATURE CELL BIOLOGY|VOL 3 |MAY 20011http://cellbio.nature.com 



news and views 

or in combination with other cellular 
defects and mutations™. 

The work described here indicates that 
the centrosome in mammalian cells might 
have an essential function in cytokinesis and 
progression from Gl into S phase. It is 
unclear whether centrosomes mediate these 
events directly, or whether centrosome 
defects trigger checkpoints that monitor 
cell-cycle progression. A better understand- 
ing of the mechanisms by which centro- 
somes influence these events will come from 
an appreciation of the molectilar details of 
the pathways involved. One approach to this 
problem will be to identify and analyse pro- 
teins that are homologous to those involved 

in similar pathways in yeast. Another is to 
investigate further the centrosome compo- 
nents that have already been identified in 
metazoans. It has been proposed that some 
of the integral centriole/centrosome pro- 
teins that have been identified as autoanti- 
body targets in autoimmune diseases might 
function in cell-cycle progression (ref. 21; 
S. Doxsey and R. Balczon, unpublished 
observations). Further regulatory pathways 
might also be influenced by centrosomes, 
and the centrosomal localization of regula- 
tory molecules that communicate with sig- 
nal-transduction pathways indicates a possi- 
ble connection between centrosomes and 
the extracellular environment. Elucidation 

of the links between centrosomes and these 
and other cellular pathways is likely to be a 
fertile area of future discovery. 

Note added in proof. Additional refer- 
ences are refs 22 and 23. IH 
Stephen J. Doxsey is in the Program in Molecular 
Medicine, University of Massachusetts Medical 
School, 373 Plantation Street, Worcester, 
Massachusetts 01605, USA. 
e-mail: stephen.doxsey@umassmed.edu 
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G-protein activation live 

G proteins are commonly used in signal transduction pathways 
in animal cells in response to diverse stimuli such as light, odor- 
ants, hormones, neurotransmitters and chemoattractants. They 
consist of heterotrimers of an a-subunit, a P-subunit and a Y- 
subunit. Upon ligand binding, G-protein-coupled receptors 
(GPCRs) catalyse the exchange of GDP to GTP on the a-sub- 
unit. The GTP-bound a-subunit is then thought to dissociate 
from the Py-heterodimer, allowing each party to signal to its 
downstream effector. The activation is terminated by GTP 
hydrolysis by the GTPase domain of the a-subunit, leaving the 
a-subunit in the GDP-bound form and allowing heterotrimer- 
ization to resume. 

Activation of heterotrimeric G proteins has so far been diffi- 
cult to monitor directly in vivo in real time because of technical 
difficulties. Janetopoulos and colleagues now use fluorescence 
resonance energy transfer (FRET) technology to study the cycle 
of activation of heterotrimeric G proteins in time and space in 
vivo, shedding light on the kinetics and subcellular localization 
of heterotrimeric G proteins (Science 291, 2408-2411; 2001). 

G proteins in the social amoeba Dictyostelium discoideum are 
activated by the binding of the chemoattractant cAMP to its 
receptor cARl. This results in the recruitment and activation of 
effectors of polarized actin polymerization, membrane protru- 
sion at the leading edge of the cell and cell migration towards the 
chemoattractant. Janetopoulos and colleagues expressed fusion 
constructs of the Ga^ subunit and cyan fluorescent protein 
(CFP) and of the Gp subunit and yellow fluorescent protein 
(YEP) in a Gaj- or GP-nuU background. These fusion proteins 
were shown to be fully functional in terms of signalling. On 
exposure to a light with a wavelength of 440 nm, which excites 
the CFP fluorophore, energy is transferred from CFP to YFP 
when the two probes are in close proximity, and a fluorescent sig- 
nal is emitted by the yellow fluorophore. When the fluorophores 
are too far apart, the energy cannot be transferred from CFP to 
YFP and there is no fluorescence emission from the YFP probe. 

The interaction between the a- and P-subunits was thus 
monitored by exposing cells to a wavelength of 440 nm and 
recording a FRET fluorescence signal between 460 and 600 nm. 
A FRET fluorescence emission signal was detected at 527 nm 
specifically in cells expressing both fusion constructs. Activation 
by cAMP results in a sharp decrease in FRET fluorescence, which 
suggests complete dissociation of the heterotrimer rather than 
just a change in conformation. The kinetics of activation is 
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extremely rapid: maximum stimulation was reached less than 10 
seconds after the addition of cAMP, and 90% of maximum acti- 
vation was achieved in a matter of a few seconds. Activation is 
reversible, as the removal of cAMP resulted in a return to maxi- 
mum fluorescence levels within 2 minutes. It is also dose- 
dependent: the EC50 value for cAMP was estimated to be 10 nM. 
The fcj for binding of cAMP to cAMP receptor-1 was approxi- 
mately 180 nM, suggesting that the steady-state level of G-pro- 
tein activation saturates before all receptors are occupied. 

Sustained activation of GCPRs is known to result in adapta- 
tion, for example, of actin polymerization and other responses. 
As Janetopoulos and colleagues found that sustained exposure to 
cAMP leads to a prolonged loss of the FRET fluorescence signal, 
the mechanism of adaptation does not seem to be at the level of 
G proteins; it must be farther downstream. 

Taken together, these observations also suggest that occupied 
receptors repeatedly activate G proteins, that regulators of G- 
protein signalling (RGB) are likely to modulate the ratio of active 
to inactive G proteins rather than the time course of activation, 
and that the distribution of activated G proteins probably 
reflects the shallow gradient of receptor occupancy rather than 
the sharply localized physiological response at the leading edge 
of the cell. 

VALERIE DEPRAETERE 
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Caveolae on the move 
Suzanne R. Pfeffer 

Caveolae deliver simian virus 40 (SV40) to a new compartment called 
a caveosome, where the virus is sorted for transport to the smooth 
endoplasmic reticulum (ER). This pathway bypasses other endocytic 
organelles, and early steps may be shared by lipid rafts and certain 
glycosylphosphatidylinositol (GPI)-linked proteins. 

Lipid rafts and caveolae have attracted 
significant attention as foci for sig- 
nalling events at the plasma membrane 

and as mediators of protein sorting in the 
Golgi complex'"^. Caveolae are membrane 
domains that are enriched in GPI-linked 
proteins, glycosphingolipids, cholesterol 
and caveolin proteins. Caveolins themselves 
are fascinating proteins that associate with 
lipid rafts at the plasma membrane and are 
important for transporting GPI-linked pro- 
teins and cholesterol'"^. They bind to cho- 
lesterol and glycosphingolipids and form 
oligomers in response to cholesterol. 
Caveolae were first identified in endothelial 
cells and are present in most cell types. 
Although the transport of caveolae has 
been a somewhat controversial subject, the 
identification of caveoHn as a key con- 
stituent of this domain has afforded a clos- 
er look at the dynamics and internalization 
of caveolar membranes. 

Two recent reports have now revealed 
new pathways taken by caveolin and GPI- 
linked proteins. On page 473 of this issue, 
Pelkmans et aV describe the internalization 
of non-enveloped SV40 virus, and identify 
a new endocytic compartment, the caveo- 
some, that receives caveolin-decorated 
vesicles from the plasma membrane. 
Nichols et al.', by monitoring GPI-linked 
proteins that are thought to be internalized 
by caveolae, have detected a similar path- 
way; they describe the continuous cycling 
of GPI-linked proteins between the cell 
surface and the Golgi complex. SV40 leaves 
caveosomes and is delivered to the ER, and 
although it remains to be seen whether 
internalized GPI-linked protfeins also use 
caveosomes as an intermediate station en 
route to the Golgi complex, both studies 
have   revealed   endosome-independent 

routes for endocytic transport to the ER 
and Golgi, respectively (Fig. 1). 

In contrast to many enveloped viruses 
that use clathrin-coated vesicles to enter 
cells, SV40, a non-enveloped DNA virus, is 
internalized through caveolae^'' and uses 
major histocompatibility complex (MHC) 

class I antigens as receptors'. Kartenbeck et 
aU noted that SV40 enters cells through 
small (60 nm) uncoated vesicles that 
excluded fluid-phase tracers. They later 
observed virions in tubular structures that 
contained multiple virus particles, and after 
1-2 h viruses were present in tubular exten- 
sions of the ER. Members of the same 
group' have now used video-enhanced, 
dual-colour fluorescence to visualize the 
uptake of individual SV40 particles into live 
cells. The authors labelled SV40 directly 
with Texas Red and examined its entry into 
cells expressing caveolin tagged with green 
fluorescent protein (GFP). 

Viruses first became trapped within 
caveolin-containing structures at the cell 
surface that would suddenly disappear from 
the plane of focus, which is consistent with 
internalization. The authors did not detect 
caveolin internalization in the absence of 

GPI-GFP 

Figure 1 SV40 enters cells by binding to 
receptors and subsequent capture by 
caveolae. Small vesicles form and deliver 
the virus to caveosomes. After several 
hours, tubules containing SV40 pinch off 
and deliver SV40 to the smooth ER. 
Certain GPI-linked proteins may also be 
internalized by caveolae and can be 

Smooth ER 

detected in endocytic compartments that 
lack endosome markers. They are then 
transported to the Golgi complex and 
cycle back to the plasma membrane, pos- 
sibly in constitutive secretory vesicles. It is 
not known whether GPI-linked proteins 
also enter caveosomes. 
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m the cancer cells mabn«mallyhi^concaitratK»s. 

To see wtetlw te elevated airora Knase levels actoally cmse the cemtrosome defects, and posibly die cancas, the Texas team wnetfcaUy engineerwl noncancw>us cdb Iha had 
m normal one w two centrosomes to overproduce BK en^me. As a result, BrinWey s^, ttie cells "product multiple camosonKs, became aneuploid, and [displayedl otter 
enaactenstics of transform^ [cancerous] cells." r  —•      i   r /   J 

Too much of a pwd thtog? Centrosomes fl»m cancer cells fljottom) nucleate fte formation of many m«He microtubule fibers flian do ctatrosomes torn normal ceUs (top). 

CBEDir:W.L.LINOI£AM)J.L.SAI.BBURY 

Abnormahties m tto jTOtems flat make up tte centroson» stnKture tove also been Bntod to cancer. For exai^le, Itoxsey and his team have fi» 
wnttosonte protein c^ pencentrm are higher dun nonnd in prwtate and ofter cancers. And. similar to the situation witti aurora kmase, wten fte ^earehers geneticaBy 
eagmeosd nmnal ceBs to oveiproduce pencentiin, tte cells developed extra cewrosoniM. Says DOXSQ^ "We can create in vitro what's going on in tomor cells." 

But quMtfons remain... 

^(te question B how celbwfth (pliosomal dmormahties noianage to divide and survive at aU. Normdly, a vffl 
UW A IS damaged or *ionnal. So tew does a cancer ceB become a virtual dividing machine in the presence of aB ttuKe cennosomes?" BrinMey afc. 

(fce p^ili^ is flw nmltiple cmtiosomes coalesce at tte poles of a dividing canca ceB. Tliat way, insteal of having multiple arindle poles, tte wll would have iust two functiMial 
pote that partiuon the dnonwsomes equaBy. BrinMqf, SaBslwry, and (tfiets have detected suA stmcnnes in some cancer cells. 

Peih^ fte bluest question is when in cancw developnmit ttie cenlrosomal abnormalities aid aneuploidy mm. If they are driving cancer formation, as <mpo»d to being a 
<»nsequmce of it, they dwuld te present not only in bal tumors, but in early ones," Doxsey says. AlflKragh flie case isn't aiitiriit, tte re^archers do have sonB evidence that the 
abnonnaluies are present m early tumors. 

R* example, in work thaf s not yet been pubBshed, BrinMey and Ms colle^ues treated young mice witii a carcinogm ftat induces breast cancer and then periodicaBy examined 
samples of mammaiy gland cells to Me when extra centrosomes an»ared. That turned out to te just M days afta tte carcinogen treatment tega^ 
precancerons changes but had not formed fuH-fledged tumors, Brinkl^ says. 

Mlp..««ww.>ol«l»«ma5.«o;ogl/co«»iMult/a92ffiSie(««?m«x(08hiw.$HITS.108hlts.10SRESULTK)HMAT.SsMrshlcJ. 
QID_NOT_SErSs<or»d_M«rch.aFIRaTIND6X.$yoluow«2»2S(lt«lpag«.«««tii«t«.10/1/1M5Sl<l«l«M/3oaooi 
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«— iifomu^. At^n m. a»« SE^ma -- IfeEx ^ {551S): 4^ 

SSSSiKif f ^'^.^?^f' atawiMHties in ductal carcinomas in situ--an early stage of Irnman breast cancer. And Itoxsey and Ws eoUeagues lepoit in the March issue 
ot Cancer Research that (hey have farad the abnormahoes ma variety ofeariy cancels, inchiding 13% to 20% of pusstalecanceis. ««      v^ 

assess flie 
distinguislwl 

ItoMey notes that the pocentage of early instate tumors in which he found the centrosome abnormaBties is about the same as the percentage of dangerais tumors. His 
^- !E If ^ ^ cwrcladon between the degw of centt<»me abnormality and cytological indicators of tumor wiousness. If those abnomwHties can be used as a pw 
indicator, flte nny cenaxjsome m^ prove a big help to patients wifli prostate and otta cancets •» <• p «• 

team's 
prognostic 

Summary of this Artlcte 

Similar articles found in: 
SCIENCE Onllns 

Search Medilne for articles by: 
Marx. 1- 

Alert me when; 
new articles cite this aitiriP 

Download to CItatInn Mana^w 

t' Collections under which this 
article appears: 

m MetHclnB/Plsaaswi 

Voluma 292, Number SS16, Issue of 20 Apr 2001, pp. 426-429. 
Copyrlflht © 2001 by Tlie American Association for the Advancement of Science. 

AAAS Member Only Site Sipi up fof Job Alertt! 

ti«p:;s«ww.sctono»nri«j.<ir9/c9l/«)nt8nMlulia»2«5ia(4a8tm««o«liow,,SHrrs.10ililtft.10SRSSUtTFOHM*T.8MateNd. 
OID_NOT_SETS«orM_8«arch«SFIBSTINDEX.S»olun»..2»MllrMp«9«.«8SWat».10/1/1MSaid«l«.4/aO/S001 


