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[CANCER RESEARCH 61, 2212-2219, March 1, 2001]

Centrosome Defects Can Account for Cellular and Genetic Changes That
Characterize Prostate Cancer Progressioh

German A. Pihan? Aruna Purohit, Janice Wallace, Raji Malhotra, Lance Liotta, and Stephen J. Doxse¥

Department of Pathology [G. A. P., J. W., R. M.] and Program in Molecular Medicine [A. P., S. J. D.], University of Massachusetts Medical Schodie'\diaesachusetts
01655, and Department of Pathology, National Cancer Institute, Bethesda, Maryland 20892 [L. L.]

ABSTRACT of prostate carcinoma is to develop a noninvasive test to distinguish
) o . ] clinically indolent (low-grade) carcinoma from potentially fatal disease
Factors that determine the biological and clinical behavior of prostate (see “Discussion™; Ref. 9). This test would spare the majority of patients
cancer are largely unknown. Prostate tumor progression is characterized by with indolent prostate cancer from unnecessary prostatectomy. Reducing

changes in cellular architecture, glandular organization, and genomic com- h . Id It in sianificant t . in health
position. These features are reflected in the Gleason grade of the tumor and such surgeries would result In signicant cost savings In neaitn care,

in the development of aneuploidy. Cellular architecture and genomic stability decreased therapy-related morbidity, and more focused therapy on the
are controlled in part by centrosomes, organelles that organize microtubule More homogeneous group of patients with aggressive disease, where the
arrays including mitotic spindles. Here we demonstrate that centrosomes are €fficacy of newer therapies could be assessed more quickly (9).
structurally and numerically abnormal in the majority of prostate carcino- One of the best predictors of prostate cancer progression is the
mas. Centrosome abnormalities increase with increasing Gleason grade and Gleason score, a numerical measure compiled from the two most
with increasing levels of genomic instability. Selective induction of centro- prevalent histological Gleason grades. The Gleason grade reflects
some abnormalities by elevating levels of the centrosome protein pericentrin cytoarchitectural features that become increasingly aberrant with tu-
?n prostat_e epithelial cell lines reproduces many of the phenotypic character- mor progression (10, 11). Recent results indicate that the parameter
istics of high-grade prostate carcinoma. Cells that transiently or permanently with the greatest predictive power is the proportion of tumor with the

express pericentrin exhibit severe centrosome and spindle defects, cellular | . . L . .
disorganization, genomic instability, and enhanced growth in soft agar. On highest Gleason grades (4 and 5; Ref. 12). An intimate relationship

the basis of these observations, we propose a model in which centrosome?@tween Gleason grade, aneuploidy, and unfavorable clinical outcome
dysfunction contributes to the progressive loss of cellular and glandular has long been known (13-17). This suggests that the molecular
architecture and increasing genomic instability that accompany prostate components and subcellular structures that control cell and tissue
cancer progression, dissemination, and lethality. architecture and genetic fidelity are likely to contribute to tumor
progression. These parameters have the potential to dictate the clinical
behavior of tumors and thus serve as predictors of aggressive cancer.
INTRODUCTION In a search for cellular elements that contribute to the constellation

Prostate carcinoma is the most common gender-specific cancer in%gellular and genetic features found in high Gleason grade prostate

United States, accounting for nearly one-third of all cancers affecting m%erli:lr;\ cr)n(;l?’avr\wlglI];?scrhs;dnSglec;gt?isc?gzﬁéu(lis)}of/:vfa t;zzog:ezn?zr: ttr':;y
(1). The lifetime risk of developing invasive prostate carcinoma in thne1itotic S E] dle for seareqatin chromosomesginto dau hte?cells re
United States is~20% (2-5), whereas that of octogenarians based on P gregating g (

histopathological examination of the prostate at autopsy approaches é’dg)éved in Refs. 19 and 20). As organizers of microtubules, centro-

(6). Despite the high incidence of prostate carcinoma, the lifetime risk Bpes also play an |mp9rta_nt role in many mlcrotubul_e-medlated
dying from the disease is much lower, currently estimated te-B&6% processes, such as establishing cell shape and cell polarity, processes

(1 of 28; Surveillance Epidemiology & End Results, NCI, 2000 person%?sential for epithelial gland organization (21-24). Centrosomes also

communication). These epidemiological trends, which may intensify ?ﬁord_lnate numerous intracellular ac_tlvmes_ in part by providing dock
. . I sites for regulatory molecules, including those that control cell
the coming decades because of the aging of the Baby Boom generali ; - )
e progression, centrosome and spindle function, and cell cycle

and our increasing ability to recognize tumors at earlier stages, mean & . .
180,000 new cases of prostate cancer will be diagnosed in the Com%eckpomts (20, 24-29). Because high Gleason grade prostate cancer

year in the United States s%haracterized by defects in the same set of cellular processes

Radical prostatectomy is the most common therapy for the small gro‘flj ztmlledbbytﬁen;rioTorirlesl,gv eihyfpcr)ttr;1e5|zedhthr?t ce?tros[;%mfmd)ll; ifunc-
of patients with high-grade tumors. However, there currently are tII ay be the biological basis for these phenotypic abnormalities.

sound medical facts to direct treatment of the majority of patients tha} In this report, we show that centrosome defects are found in essentially

present with lower grade tumors (7, 8). Because a subgroup of pauelg BEOCCE RERAE R ZEn L S8 DR PR EE R
with low-grade carcinoma ultimately develop aggressive, often lethal 9 ' M 9 9

cancers, current therapeutic recommendations are to treat all patients WIEH increasing genomic instability. Artificial induction of centrosome

an intent to cure (7, 8). Thus, the most pressing need in the manage \Aérr?tormalltn_as In cultured prostate cells by overexpression of the centro-
some protein pericentrin reproduces many features of aggressive prostate

) cancer. We discuss our results in terms of a centrosome-mediated mech-
Received 8/25/00; accepted 12/29/00. . for t . Cent b lit . tat
The costs of publication of this article were defrayed in part by the payment of pa&@'sm or wmor progre33|0n' entrosome abnormalities 'n. prostate can-
charges. This article must therefore be hereby maeicartisemenin accordance with cer could be exploited to develop markers for tumor virulence and
18 U.S.C. Section 1734 solely to indicate this fact. OEsF;aIective therapies that target tumor-specific centrosome abnormalities,

1 Supported by Grants PC970425 and PC000018 (to G. A. P. and S. J. D.) from . . . .
Department of Defense, Grant RO1 GM51994 (to S. J. D.) from the NIH, and funds frdifUS circumventing the greatest limitation of current chemotherapy-its

the Massachusetts Department of Public Health and Our Danny Cancer Fund (to G. Aaek of tumor selectivity,
and S.J.D.). S. J. D. is a recipient of an Established Investigator Award 96-276 from the
American Heart Association.

2To whom requests for reprints should be addressed, at Department of PatholggyATERIALS AND METHODS
Room S2-141, University of Massachusetts Medical School, 55 Lake Avenue North,
Worcester, MA 01655. Phone: (508) 856-4124; Fax: (508) 856-5780; E-mail: German. . . . - - ;
pihan@umassmed.edu, or Department of Molecular Medicine, University of Massachu—lm_munOh'StOChemICaI Detectlon O_f Centrosome; in .Archlval Tissue i
setts Medical School, 373 Plantation Street, Worcester, MA 01605. Phone: (508) g&gctions of Prostate Carcinoma.Archived cases of invasive prostate carci-
1613; Fax: (508) 856-4289; E-mail: stephen.doxey@umassmed.edu. noma treated by radical prostatectomy were selected from the files of the
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CENTROSOME DEFECTS IN PROSTATE CANCER

Table 1 Centrosome abnormalities in prostate carcinoma Department of Pathology of the University of Massachusetts Medical
Center accrued between the months of July 1995 and June of 1997. Criteria
for inclusion were availability of archival tissue blocks from which good

Abnormal centrosom&s

Tumor typé Non-tumor epitheliurfi Tumor epithelium  q,5jity histology sections could be prepared. Sections with the highest
Metastatic prostate carcinoma 031 31/31 Gleason grade from each radical prostatectomy were selected because there
Prostate carcinoma confined to the prostate 097 101109 i5 good indication that the highest Gleason grade is the best indicator of

@ Tumors were identified by cellular, glandular, and nuclear features in H&E-staindinical outcome (12). We analyzed only high quality tissue sections (109

sections. Parallel sections were stained for pericentrin by the immunoperoxidase technj : : e : . -
1o detect centrosomes and counterstained with hematoxylin only. {¥441) from radical prostatectomies with invasive carcinoma representing

bFor all samples in this analysis, paraffin-embedded tissues were section§&l€ason grades 2-5 and from metastatic prostate carcinoma (31 cases).
reacted with pericentrin antibodies and immunoperoxidase methods, and examinedriynunostaining for pericentrin was judged satisfactory when the charac-

Iiﬁht microslcopy. The celntrgso(me defects in htumor tissue w)ere statistically highgsristic single or paired centrosome pattern (30) was detected in nonneo-
than control non-tumor gland$?(< 0.0001, Fisher’s exact test). Centrosomes wer . .
considered abnormal if they had a diameter at least twice that of centrosomeilﬁlsnc cells_ adjacen_t to the tumor (Table 1. . .

normal prostate gland epithelium, if they were structurally abnormal (elongated), if Immunohistochemistry for pericentrin (18) was performed on serial paraffin
they were present in more than two copies/cell, and if they had increased cytoplasséctions (5um thick) attached to positively charged glass slides (Ventana
and or centrosomal staining levels of the centrosome protein pericentrin (18).  Medical Systems). The first section of each series was stained with H&E to

¢ Non-tumor epithelium was present within the same section that contained the tumor_.. . L
in the majority of the cases (97 of 109). "@hfirm the presence and grade of the carcinoma and to map the tumor within

dControl cells in metastatic organs included cells of that organ (lymphocytes aHde section. Parallel sections were processed for centrosome staining by im-
hematopoietic cells in lymph nodes and bone marrow) as described previously (18). munohistochemistry. Sections were first heated in a microwave pressure

cooker for 30 min in a solution containing 0.2MrEDTA (18) to render

Fig. 1. Centrosome abnormalities in invasive ' :
prostate carcinoma compared with adjacent normal = "~
tissue. Sections from radical prostatectomies were
stained for pericentrin bfown) as described in
“Materials and Methods.A, prominent centrosome
abnormalities are seen in small tumor glands (be-
tweenarrowhead$ compared with centrosomes in
three large normal glandsop left, top,andbottom
right). X100. B-G: higher magpnification X1000)
of centrosomes in tumor cell€¢G) and nontumor
cells B). Centrosomes in tumor cellarfowhead$
are larger in diameterQ, G, arrowhead$, elon-
gated E, arrowheady multiple and apparently
fragmentedD andF), and contain more pericentrin
(C-@) than control centrosomearfowheadsn B).
Most tumors had combinations of centrosome
defects.
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CENTROSOME DEFECTS IN PROSTATE CANCER

C Centrosomal pericentrin E Centrosome size
Fig. 2. Centrosome diameter and number are in. S0 p<0.001 ']' — p<0.05
creased, and pericentrin levels are elevated in prostat =z A E 2.00+
carcinoma. Measurements from a single grade 3 pros ‘= 40 3 L1754 T
tate carcinoma are showA-D, densitometric meas- - : 1.50
urements of centrosomes and cytoplasm were pe B 30 2 1254
formed on tumor tissues and nontumor tissues aJ ’ﬁ' 2 41004 T
described in “Materials and Methods” (33). Immu- ,f;,-' 20 5 )
noperoxidase reaction product was quantified by, =2 = =S 0.754
measuring translucence boxesshown inA andB. E 10 2 0.50-
Insetsin A and B, higher magnification of centro- 0.254
somes in measuringoxesto show dramatic differ- 0 Normal | | Tumor 0.00 Normal| | Tumor
ences in centrosome sizA: left box, cytoplasmic
pericentrin;right box,centrosomal pericentri®: left i ¥ i . f
box, centrosomal pericentrimright box, cytoplasmic D Czyt()p lagmic jretacciirin F  Centrosome/nuclei ratio
pericentrin.C and D, an average of eight measure- 80 p<0.001 F p<0.05
ments of centrosomal and cytoplasmic pericentrin in E 70 7 = 1.24
nontumor Norma) and tumor tissues, respectively. E 60 - 1 0_‘
Centrosome sizeE) and number K, normalized to > 501 i T
nuclei) were determined as described in “Materials 1. o 0.84
and Methods.” Each column BandF represents the & 40 £ o6
average of>100 measurements taken from one tu- = 30 T n‘g =
mor. Ps in C—F were obtained by paired Student's e 201 0.4
test.Bars, SE. < 0 2_‘
10 7| Normal | | Tumor p Normal | | Tumor
0

centrosome antigens immunoreactive to pericentrin antibodies (30—-32). Afébston, MA), and lightly counterstained with hematoxylin to reveal nuclei.
body was diluted 1:1000 in TBST [50nnTris (pH 6.5), 150 mn NaCl, and Data are shown for chromosome 8 (Figs. 5 and 7) and is similar to that
0.5% Tween 20], added to sections at room temperature, and incubated for ddserved with probes to chromosome 1 (not shown).
Biotinylated secondary antibody (Vector Laboratories, Burlingame, CA) was A total of 100—120 nuclei in tumor and nontumor areas of the section
applied in TBST fo 1 h and amplified by the avidin-biotin-complex method agidentified by hematoxylin counterstain) were scored for centromere signals.
described (ABC; Vector Laboratories, Burlingame, CA). To block endogeno@N? was determined by computing the fraction of cells with signals greater
biotin- and avidin-binding sites, sections were treated with a solution of biotithan the mode (34), a parameter known to underestimate the true CIN level
followed by a solution of avidin before application of the primary antibody. T¢18, 34). To avoid the compounding effect of nuclear truncation artifact in
avoid nonspecific binding by primary and secondary antibodies, washitigsue sections, we computed only chromosome gains. Cells inthbadse of
solutions contained 5% w/v BSA and 5% v/v goat serum. Endogenous perthxe cell cycle, which normally have four copies of each chromosome, were
idase was blocked by preincubation in a solution of 3YOH After immu-  distinguishable from cells with supernumerary chromosomes because sister
nostaining, sections were lightly counterstained in hematoxylin. chromosomes (and centromere signals) in these cells occur in pairs.

Criteria for Centrosome Defects. We considered centrosomes abnormal Pericentrin Transfections into Normal or Tumor-derived Prostate Cell
if they had a diameter at least twice that of centrosomes in normal prostaires. Full length HA-tagged pericentrin in pcDNA | (2g; Ref. 32; Invitro-
gland epithelium, if they were present in number®, and if they were gen) was used for transient transfection (Lipofectamine; Life Technologies,
structurally abnormal, as described previously (18). In some cases, we ang:, Gaithersburg, MD) of the 1542-NPTX cell line derived from normal
lyzed levels of the centrosome protein pericentrin at centrosomes and in gestate epithelium by transformation with E6 and E7 from human papillo-
cytoplasm by quantifying the opacity/translucence of immunoperoxidase staimavirus type 16 (35). Cells transfected with vector alone served as controls.
ing. Briefly, bright-field immunoperoxidase images of tumor and normaPermanent pericentrin-expressing PC-3 cells were constructed by cloning
prostate glands taken at1000 were digitally color-inverted so the immu- full-length HA-pericentrin into the pRetroON vector (Clontech), which codes
noperoxidase product was a bright signal whose luminosity was proportionafte a reverse tetracycline transactivator protein and contains tetracycline trans-
the intensity of the original brown signal. Signals were measured as the integtafivator responsive elements that drive transcription of the gene of interest.
of a 5.um area about five times the size of a centrosome, as delineated with Tt transactivator is reported to bind and activate the promoter in the presence
marquee function of Photoshop. Signal emanating from the neighboring cytd-tetracycline/doxycycline. After sequence confirmation, the cDNA was in-
plasm was subtracted from the respective centrosome measurement. Fotroguced into PC-3 cells (American Type Culture Collection) by transient
toplasmic pericentrin measurements, background signals emanating from nesmsfection (as above), and 24 permanent lines were obtained after antibiotic
tissue sources were subtracted. Inclusion of internal controls (normal glasd$ection (Clontech); cell lines expressing vector alone served as controls. We
present within the same section) allowed us to obtain semiquantitativétyund that HA-pericentrin in these lines was expressed in the absence of
measurements of pericentrin levels within and between tumors. This approdelxycycline and did not significantly increase in the presence of doxycycline.
has been used to establish differences in protein levels of other proteins (33)e pericentrin-expressing cells exhibited dramatically different features than
Members of our Biostatistics core (Dr. Chung Cheng, University of Massaentrol cells in the absence of the drug; these features did not noticeably
chusetts Medical School) performed statistical analysis. increase in the presence of drug, and they were indistinguishable from features

In Situ Hybridization with Chromosome-specific Centromere Probes. observed in transiently transfected 1542 NPTX cells (Fig. 6) and COS cells
For in situ hybridization studies, tissue sections parallel to those stained ®2). Protein expression in the absence of induction from the pRetroON vector
centrosomes were deparaffinized and heated in a microwave pressure coakelrthe lack of inducibility of the vector has been noted by Clontfeuty they
for 20 min in a solution containing 0.0 sodium citrate (pH 6.0). After have discontinued its sale. Imperfections in the inducibility of the vector did
cooling to room temperature, sections were treated with a solution of pepaist impact on our study because we obtained several permanent pericentrin-
(40 pg/ml) in 0.1~ HCI for 10 min. Pepsin digestion was stopped by washingxpressing cell lines. In this study, we present data from cells treated with
the sections several times ink2SSC at room temperature, and slides wergoxycycline for 48 h.
dehydrated in a series of alcohols and air-dried. Biotinylated probes to theimmunofluorescence Analysis of Cell Lines.Pericentrin-expressing 1542
centromeric regions of chromosomes 1 or 8 were added in hybridization buffRIPTX cells (48 h after transfection) and PC-3 cells were fixed in cold
and slides were mounted, sealing coverslips with rubber cement. Target DNA
and probes Wer_e codenatured in a Hybrlte.oven'(VySIS, Downers Grovg, II‘;3The abbreviations used are: CIN, chromosomal numerical instability; HA, hemag-
Ref. 18), and slides were washed several times in SSC buffers for maximgiinin antigen.
stringency (Vysis), processed to detect signals (NEN Life Science Products; Personal communication.
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CENTROSOME DEFECTS IN PROSTATE CANCER

H&E 100x Pericentrin 400x Pericentrin 1000x

Z ~
y 5
3h 5 4 3

Gleason grade V Gleason grade III Normal glands

Fig. 3. Centrosome abnormalities increase with increasing Gleason grade: pictorial view. Histological features of a normal prostAjeaglhmiostate carcinoma of Gleason
grades 3ID) and 5 G) on H&E-stained sections are shown. Areas similar to those imaged ileftheolumnwere stained for pericentrin 2400 B, E, andH) and X1000 C, F,
andl). With advancing Gleason grade, centrosomes become progressively larger, structurally more abnormal, and greater in number.

methanol and costained fortubulin to label centrosomes and HA to locaterecognize, and because they may have a different ontogenic derivation

transfected cells (1542 NPTX) as described (32). DNA was stained withan more common carcinomas (37). We also analyzed a group of

4' 6-diamidino-2-phenylindole, and levels were quantified as described (3%}]eta3tatic prOState carcinomas Comprised primar”y of |ymph node
Growth in Agarose of Prostate Cell Lines Permanently Expressing and bone marrow metastases< 31)

Pericentrin. To study thein vitro behavior of cells with deregulated expres- s .
: : UCY 9 XPreS”  Three parameters were initially used to monitor centrosome abnor-
sion of pericentrin, we used the agarose colony assay of Bishop with minor

modifications (36). One hundred thousand HA-pericentrin-expressing cellsrgra“t'eS: larger diameter, elevated number, and abnormal structure
empty vector cells were plated in duplicate in six-well plates in 0.35719s. 1 and 2). These parameters were used previously by our group
low-melting point agarose over a cushion of 0.7% agarose. Cells were fed fi@l provide the first evidence for centrosome abnormalities in malig-
growth medium (10% FCS, 90% RPMI, plus antibiotics and glutamine) amtant tumors of multiple tissue origin (18). Analysis of metastatic
assessed for growth at 3 and 7 days using an inverted microscope equippggtinomas using these criteria demonstrated that all had abnormal
with a_film camera. |mage_s were then'tak('endlo, and colonies were counted cantrosomes (31 of 31; Table 1). The proportion of tumor with
and sized after an additionat10 projection onto a screen. A total of 10 con650me defects varied from 15% to virtually 100% of tumor cells.
images/cell line were analyzed (between 500 and 1000 colonies). . . .

These results confirm our previous results showing that centrosomes
are abnormal in prostate tumors (18) and extend these observations to
demonstrate that centrosome abnormalities in metastatic tumors ap-

Centrosome Abnormalities in Prostate Carcinoma.ln this Pear to be universally present and severe. The majority of carcinomas
study, we analyzed prostate tumors of different cytological grades fenfined to the prostate (Gleason grades 2-5) also had abnormal
the presence of centrosome defects. We selected the area withC@feirosomes (101 of 109, Table 1; Fig. 1). However, abnormalities in
highest Gleason grade within each radical prostatectomy, because i heterogeneous group of tumors were more variable than those
parameter appears to be the single most important determinantobserved in metastatic carcinomas. Some exhibited defects in only
clinical outcome (12). We avoided the breakdown of data by Gleas8Re or two of the three parameters, and the proportions of tumor tissue
score, as customarily done in clinical data representations, becaustitii centrosome abnormalities were generally lower than in meta-
represents a compound measure of multiple Gleason grades and &tafic tumors. In no instance did we observe centrosome abnormalities
thus obscure the significance of our observations. We examinigdnontumor tissues adjacent to tumors (Table 1; Fig. 1).
paraffin sections from radical prostatectomies containing tumors rang\We reasoned that variability in centrosome defects in this hetero-
ing from Gleason grades 2 to & & 103). Gleason grade 1 tumorsgeneous mix of tumors might reflect differences in biological behav-
were not included, because they are rare and relatively difficult ior and Gleason grade. To test this, we analyzed six cases each of

2215
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CENTROSOME DEFECTS IN PROSTATE CANCER

. segregation, we asked if there was a correlation between abnormal
A Centrosome size B Centr‘oson.le/ centrosomes and genomic instability, specifically CIN. CIN, as first
5 200 - p<0.05 60 Nuclei ratio described by Lengauest al. (34), is a measure of the nonmodal
E 180 - '[ ] distribution of chromosomes that is thought to result from persistent
E 160 50 7 p<0.005 T missegregation of chromosomes during mitosis. In this study, we
: 140 A 40 examined the nonmodal distribution of chromosome 8 in prostate
2 120 A . tumors of different Gleason grades using centromere-specific nucle-
2 100 T 30 otide probes anth situ hybridization (see “Materials and Methods”
t 80 ] T and Fig. 5). As expected, the extent of CIN in tumor tissues was
§ 60 - 20 | significantly greater than in nontumor tissues (Fig. 5). Interestingly,
g 407 10 - the extent of CIN was significantly greater in Gleason grade 4/5 than
20 4| 243 4+5 {| 243 4+5 in Gleason grade 2/3 (FigQ. Finally, the extent of CIN correlated
0 0 with the extent of centrosome abnormalities in parallel sections from
. the same set of tumors (FigD}, suggesting a relationship between
C Centrosome D Cytoplasmic centrosome defects and genomic instability in prostate tumor progres-
5 pericentrin pericentrin sion.
S 225 7 140 7 Induction of Centrosome Defects in Prostate Cells by Ectopic
g 200 p<0.01 7 ] p<0.001 T Expression of the Cent Protein Pericentrin Ind Pros-
3 120 pression of the Centrosome Protein Pericentrin Induces a Pros
g 175 ] tate Tumor-like Phenotype. If elevated pericentrin levels and cen-
S 150 100 trosome defects observed in prostate tumor tissues contribute to
_é 125 80 ] cellular and genetic changes that occur during tumor progression, they
= 100 T 60 - T may have the potential to induce similar changes when experimentally
E 75 ] induced in cultured cells. To directly test this idea, we induced
E 50 40 centrosome defects in prostate cehsvitro. We expressed a HA-
& i 20 tagged pericentrin protein in cell lines derived from normal prostate
23 2+3 4+5 0 i 2+3 4+5 epithelium (1542-NPTX; Ref. 35) and from metastatic prostate cancer

b | g ovel . (PC-3) both by transient transfection and by construction of perma-
Fig. 4. Centrosome abnormalities and pericentrin levels increase with increasj : ;

Gleason grade: quantitative analysis. Centrosome diaméjercéntrosome number Hént Ce”_“nes (Flg_s' 6 ajnd 7). . L
(centrosome:nuclei ratid), centrosomal pericentrirCj, and cytoplasmic pericentriiD{ Elevation of pericentrin levels induced or exacerbated genetic in-

were determined as described in “Materials and Methods.” fliisé columnin A-D stability and cellular changes in 1542-NPTX and PC-3 cells, respec-
repre_sent§ the mean of measurements made on six tumors of grade 2 and six of grzﬁ\?éﬁy. 1542-NPTX cells transiently transfected with the HA-pericen-
combined; thesecond columrsimilar numbers of grades 4 and 5. All values, a percentag
increase above nontumor cells present within the tissue sectiorexi§. The data trin construct exhibited numerous defects in centrosome size, shape,
g?gggi"g:géggé %%T;’i’nrg? Eﬁ”,ﬁ;?fe%mse&%fﬁéii ;fgz‘r";‘f'g“ga”y greater in tumors of highey number (Fig. B) as revealed by immunofiuorescence staining for
the centrosome proteig-tubulin (42). Defective centrosomes were
usually associated with structurally disorganized mitotic spindles, and
tumors with Gleason grades 2 through 5 for the three parameterschfomosomes associated with these abnormal spindles were often
centrosome defects. In addition, we examined in detail the distributiorisaligned and missegregated, indicating that the cells were under-
and levels of pericentrin, a highly conserved integral centrosorgeing aberrant mitoses (data not shown). Consistent with this idea
protein involved in centrosome and spindle organization and chrommeere dramatic changes in nuclear morphology observed in interphase
some segregation (30-32). Because our previous work had stronggjls (lobate and misshapen nuclei, micronuclei, and multiple nuclei).
suggested that levels of the centrosome protein pericentrin wélereover, DNA levels were elevated in a large proportion of HA-
higher in tumorversusnontumor tissues (18), we analyzed pericentripericentrin cells but not in control cells, demonstrating that pericentrin
levels using a quantitative method established for tissues processgpression induced aneuploidy/polyploidy (Fig. B5-D). Control
for immunohistochemistry (Ref. 33; Fig. & and D). Of the five cells included cells transfected with vector alone (Fig. 6), a truncated
parameters measured, four were significantly higher in tumors of higkricentrin construct (43) angtgalactosidase (data not shown). Sim-
Gleason grades (combined 4 and 5) compared with those of Ider results were observed in green fluorescent protein-pericentrin
Gleason grades (combined 2 and 3; Figs. 3 and 4). Centrosome siaasfected cells (data not shown), indicating that this phenotype was
and number were 2-fold higher in tumors of high Gleason grade (Fftributable to pericentrin overexpression and unrelated to the expres-
4, A and B), and pericentrin levels at the centrosome and in theton tag. These studies demonstrate that tumor-like changes in cellular
cytoplasm were significantly higher in high-grade tumors (FigC4, architecture and genetic composition can take place within one to
andD). In contrast, neither the severity nor prevalence of structurdéiree cell cycles after HA-pericentrin expression.
abnormalities in centrosomes increased with higher Gleason grad&o examine the long-term effects of HA-pericentrin expression, we
(data not shown). Among the structural defects were elongated ceonstructed permanent prostate tumor-derived cell lines (PC-3; see
trosomes (length:width ratic-5; Figs. E and 3) that were never “Materials and Methods”). The pericentrin-expressing PC-3 cell lines
observed in normal human prostate cells. This suggested that elfintal, 24) exhibited several abnormal features compared with control
gated centrosomes were tumor specific and had potential to servé’&s3 cells containing empty vector (Fig. 7). Six cell lines were
a diagnostic marker (see “Discussion”). For all five categories ekxamined in detail, and all gave a similar phenotype; below we
centrosome defects, the distribution within tumors was somewhaesent data from one line (PeriPC-3—-4.1). The presence of the
heterogeneous, a pattern reminiscent of that reported for tumor DM#A-pericentrin construct was confirmed by PCR analysis (data not
content (38—41). shown), and the HA-tagged pericentrin protein was detected by West-
Relationship between Centrosome Abnormalities and Chromo- ern blot (Fig. A). Defects in centrosomes, spindles, and nuclei were
somal Instability. Because centrosomes play a role in the maintsignificantly higher than in control cells and were strikingly similar to
nance of genomic stability through control of mitotic chromosomeefects observed in transiently transfected 1542-NPTX cells (Fig. 6)

2216



CENTROSOME DEFECTS IN PROSTATE CANCER

\}\ C Gleason grade 2/3 Gleason grade 4/5
Al

50 -
»® g A =401 40 p<0.001
s S 0 30 30
R, =201 peo 20
-, 40104 10
. w - - oy { =
MR ey Polnl |l
. P e W . S & & &
- i, . - e i -” @ ’@' s §
L S ¢ OQ &0 ‘%OQ &
W Sha, . n '% | |
. ' p<0.05
g R D Y=13.639+.02*X R=0.445
» -.. " ... ‘. 45 L 1 1 L 1 1 1
S aly B 5 40] & i
9% W . + £ 35]
X ¢ . " '1 e ot e = 30—.
AL AL . & w 25]
) pECS » '.‘.- 'E 201
-} % © 151
SN S Z 10] o i
i » '. ok .J 3 '. »® ; ..~ - i 5- O T T T T T T T
B g ar = ¢ 0 100 200 300 400 500 600 700 800

Centrosome abnormalities

Fig. 5. Chromosome instability increases with increasing Gleason grade in invasive prostate carcirsitadybridization with a chromosome 8-specific centromeric probe in
a normal gland4) and Gleason grade 4 prostate carcinoBg Ipsetin A, a low-power &40) view of an H&E-stained parallel section showing a normal gla¥dagd high-grade
prostate carcinomaBj. The figure shows that significant numbers of tumor cells have greater than three signalsByuaiehead$, whereas no cell shows more than two signals
in the normal epitheliumA). The extent of CIN (as the fraction of cells with chromosome 8 copy numi®ris greater in tumors of combined Gleason grades 4 and 5 than those
of Gleason grades 2 and 8)(and correlates with the cumulative extent of centrosome abnormaldiesorelation coefficientr = 0.445).Bars, SE.

and in prostate tumors (Figs. 1 and 2). DNA content analyzed by flaw soft agar compared with controls (Fig. [5K). Taken together,
cytometry (Fig. 7,E andF) and chromosomal instability assayed bythese data demonstrate that expression of a single centrosome protein
in situ hybridization with centromere probes for chromosome 8 (Fign normal and prostate tumor cells can induce or exacerbate abnor-
7, C andD) were significantly higher in pericentrin-expressing PC-3nalities in centrosome number and structure, cellular architecture,
cells. Moreover, the cellular architecture of pericentrin-PC-3 cells wasiclear morphology, cell growth, and genomic stability, features that
dramatically altered (Fig. G andH), and the cells grew more rapidly are characteristically altered in aggressive prostate tumors.

Fig. 6. Transient expression of pericentrin in
“normal” near-diploid prostate cells induces cen-
trosome defects, nuclear abnormalities, and aneu-
ploidy. 1542-NPTX cells were transfected with the
HA-pericentrin construct or vector alone and
grown for an additional 40 hour#, Western blot
after immunoprecipitation of HA-pericentrin from
cell lysates. Microspectrofluorometric quantifica-
tion of DNA stained with 4,6-diamidino-2-
phenylindole shows that most HA-pericentrin-ex-
pressing cells@) had higher or lower nuclear DNA
content than control cell88j. The average nuclear
DNA content of individual cells ) was three
times greater than that of control cell®,(>100
cells/column).Bars, SE. Centrosome defects de-
tected in cells stained foy-tubulin were>20-fold
higher in HA-pericentrin-expressing cellg)(

A

Transiently
expressing
NPTX cells

Vector alone

HA-pericentrin

DAPI fluorescence units
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tumor-like featuresA, Western blot after immunoprecipitation of HA-peri- é‘ f’ 0 1 3 5 7 y I BB i) a 3
centrin from cell lysates. Centrosome defects were detected and quantified gs & . .
described in Fig. B. In situ hybridization with centromere probes to chro- i Copy # per cell Fluorescence intensity
mosome 8 to evaluate chromosome instabil@yand D) or with propidium Col .
iodide to determine DNA content by flow cytometr @ndF) is shown.Y K olony size
axis, propidium iodide fluorescence. Changes in cellular architecture are 607 p<0.001__4
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cells with larger nuclei). HA-pericentrin-expressing cells exhibit enhance ‘s i
growth in agaroseJj compared with controlsl), as shown by a significant :40
increase in colony sizeK( Peri+) but not numberl(, Peri+). =307
£ 207
i~
& 109 Peri- || Peri+
0
L Colony number
60 1 p=0.23
£ 50 [
=
= B
40
g
£
E207
(=
. Iz Peri- || Peri+
DISCUSSION Gleason grade have more extensive centrosome abnormalities. The

extent of chromosome instability correlates with the extent of
The results presented here demonstrate that centrosomes are Y

structurally and numerically abnormal in the vast majority O?entrosome abnormalit.ies, both incrgasing with incr.easing Gleason

metastatic and invasive prostate carcinomas. These abnormalifkdde. These observations are consistent with the idea that centro-

are frequent and usually occur together in the same tumor. THeme defects contribute to genomic instability during prostate

extent of centrosome abnormalities in invasive prostate carcinog@ncer progression. Support for this idea comes from data showing

correlates with the Gleason grade in that tumors with the highdgbat artificial induction of centrosome defects by pericentrin over-
expression can induce genetic instability, loss of cellular architec-
ture, and rapid cell growth in prostate cells.

Thein vivo andin vitro data presented in this report implicate
centrosomes in the progression of prostate cancer. In our current
model (Fig. 8), centrosome dysfunction causes modification of the

@%‘?@% microtubule_ cytosk_elet_on and contribL_lte_s dire(_:t_ly to ceII_uIar and
@'@@ @ glandular disorganization and genomic instability, creating cells
that are predisposed to additional changes that lead to aggressive

' grlggzo\[/l tumor development. We do not know whether centrosome abnor-
Gleason malities develop in a progressive manner (Figs@jd arrow) or in
grade I 4 « © a discontinuous fashion (Fig. 8egmented arrowsElucidation of
‘%@’9% & }’%"% the mechanisms by which centrosome changes occur may provide
O 60% é‘%?.% insights into the evolutionary pathway of the cytoarchitectural
<R ‘%@.9% /) & features that occur during prostate cancer progression (44, 45).
Gleason Gy — 6@% éﬁ@@ Gleason Our observations of CIN in prostate carcinoma are consistent with
grade 1l &Y - %\r,ade those made previously by Lengauet al. (34) in colon carcinoma

! ) ) cells, and they suggest that CIN may be the most important cause of
Fig. 8. Centrosome-based model for prostate cancer progression. Diagram of normal

(abovg and neoplastic prostate glandeelow) showing the most salient cytoarchitectural ane.u.ploidy in CO|0!‘1 and prQState tumor.s. Because C.entrosome abnor-
features of tumors with increasing Gleason grade. In our model, centrosepiexome  malities are found in essentially all carcinomas examined to date (18),

increasingly abnormal and misallocated during tumor progression, concurrent with ?H—e mav be a maior cause of aneuploidy/CIN in solid tumors (18 46)
normalities in nuclei and nucleolfiled dof), cellular and glandular disorganization, and y y | P Y ! i

chromosome instabilityFilled arrows, currently favored evolutionary pathwayseg- Consistent with this idea are data implicating centrosome dysfunction
mented arrowspossible alternative pathways. Neither pathway has been convincindf CIN and aneup|0idy in colon carcinoma cell lines (47).
demonstrated for prostate carcinoma. Gleason grade | and prostatic intraepithelial neox . . L .
plasm lesions are not represented. Our work has important implications for prostate cancer progression,
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prognosis, and treatment. Our observations suggest that progressive ys<ellogg, D. R., Moritz, M., and Alberts, B. M. The centrosome and cellular organi-

function of centrosomes occurs in prostate carcinoma, and that this

rFation. Annu. Rev. Biochem63: 639674, 1994,
. Zimmerman, W., Sparks, C. A., and Doxsey, S. J. Amorphous no longer: the

have far-reaching effects on cell morphology and genetic composition. centrosome comes into focus. Curr. Opin. Celi Biall; 122-128, 1999.
Elucidating the mechanism(s) that leads to centrosome dysfunctior2in Bornens, M. Cell polarity: intrinsic or externally imposed? New B&l627—-636, 1991.
prostate carcinoma and the fundamental differences between centrosdh
of low- and high-grade tumors could lead to the development of markegs Rizzolo, L. J., and Joshi, H. C. Apical orientation of the microtubule organizing center
for tumor virulence. Such markers could play a critical role in identifying and associateg-tubulin during the polarization of the retinal pigment epitheliim

the subset of patients destined to develop aggressive, lethal prosé%t ivo. Dev. Biol., 157: 147-156, 1993,

carcinoma. For example, elevated levels of centrosome proteins coul

provide a potential marker for early prostate lesions. If released into % Brown, C. R., Hong-Brown, L. Q., Doxsey, S. J., and Welch, W. J. Molecular
circulation like prostate-specific antigen, these proteins could provide,a ;hapem“es and the centrosome. J. Biol. CheffiL; 833-840, 1996.

elgeads, T., and Schroer, T. A. Polarity and nucleation of microtubules in polarized

epithelial cells. Cell Motil. Cytoskeletor§2: 273-288, 1995.

hitehead, C. M., and Salisbury, J. L. Regulation and regulatory activities of
entrosomes. J. Cell. Biochen32—-33(Suppl.) 192-199, 1999.

ines, J. Four-dimensional control of the cell cycle. Nat. Cell BidE73—E79, 1999.

noninvasive method to_qeteCt early |es_i0n5 that lead _to aggressive dis%‘%&’ockwinse, S. M., Krockmalnic, G., Doxsey, S. J., Nickerson, J., Lian, J. B., van Wijnen,
Centrosome abnormalities also constitute an attractive, novel therapeutia. J., Stein, J. L., Stein, G. S., and Penman, S. Cell cycle independent interaction of CDC2

target because they are tumor specific. It may be possible to develo

pwith the centrosome, which is associated with the nuclear matrix-intermediate filament

scaffold. Proc. Natl. Acad. Sci. USA4: 3022-3027, 1997.

chemlgal mhlbltors against molecular components of centrosomes, sg&hRaﬁ‘ J. W. The missing (L) UNC? Curr. BioB; R708—R710, 1999.
as pericentrin, that could correct or reverse centrosome defects, germstisiuder, G., and Hinchcliffe, E. H. Control of centrosome reproduction: the right

instability, and tumor progression.
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