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ABSTRACT

Urothelial carcinoma of bladder (UCB) in African-Americans (AA) presents as more ad-
vanced disease at diagnosis and has lower 5-year survival rate, compared to Caucasians. The
clinical diagnosis of higher grade and stage can be attributed to a more aggressive disease course
in AA. Given the clear association between CA and aggressiveness, we hypothesized that AA
have a higher incidence and severity of CA in bladder tumors as compared to Caucasians. To test
this hypothesis, we developed an innovative method to quantitate the degree of CA (both numer-
ic and structural) within tumor samples and defined a measurable index called the Centrosome
Amplification Score (CAS). Our results demonstrate that bladder tumors from AA had signifi-
cantly higher CA, particularly structural centrosome amplification (CASm) compared to grade-

matched Caucasian patients suggesting racial disparity at the organellar level (p<0.05).
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1 INTRODUCTION

Originally identified as attractive spheres in pollen cells of Ginkgo biloba , these appeal-
ing structures were later denominated as "centrosomes”, a name coined by Theodor Bovery [1].
Following its discovery, multiple questions such as centrosome composition, centrosome func-
tion, its variable role in different organisms, centrosomal abnormalities, it's implication in
tumorigenesis, were raised. Although some questions have been answered others still remain a
mystery. The centrosome, an intriguing organelle located near the cell center, has functional
roles in interphase as well as mitotic cells. Centrosomally-nucleated microtubule arrays regulate
cell polarity, organelle positioning, membrane trafficking and directional cell migration during
interphase as well as equal segregation of chromosomes during mitosis [1,2]. Centrosomal ab-
normalities have broadly been investigated and its association with tumorigenesis predates over a
100 years [3].

1.1 Centrosome structure

The centrosomes core structure is composed of a centriolar pair, surrounded by protein
matrix called the pericentriolar material (PCM) [4]. Within a pair, centrioles are structurally dif-
ferent, the mother centriole acquires distal appendages crucial for microtubule anchoring, but the
daughter centriole does not [3]. Centrioles recruit PCM and its integrity governs centrosome size
and organization of PCM. Proteins like Cep135, pericentrin, PLK4, AKAP-450, ninein, and Sas-
6 are embedded within the PCM [4] . Pericentrin, a PCM protein and centrosome marker, anchor
y-tubulin complexes to the centrosome. These y-tubulin complexes, major centrosome compo-
nents, are essential for microtubule nucleation and are extensively used as a centrosome marker.
Lastly the centrosomes are composed of centrin, calcium sensitive fibers that couple all compo-

nents of the centrosome together [4].
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Figure 1: Centrosome structure and composition. The centrosome is composed mother and

daughter centrioles surrounded by a protein matrix called PCM. Fukasawa et al,2005.

1.2 Centrosome functions

Described as the MTOC, the centrosome performs distichous roles in both interphase and
mitotic cells. During mitosis, duplicated centrosomes nucleate and anchor microtubules, con-
struct the bipolar spindle and forms ends of it. Centrosomally nucleated MT capture kineto-
chores and faithfully segregate duplicated chromosomes [1]. In interphase cells, centrosomes nu-
cleates a radial array of MT which provides strength, rigidity and establish cell polarity. Centro-
somes anchor MT at their minus end while the plus end extends towards the cell cortex. This ori-
entation permits directional delivery of cargo, organelle positioning and directional cell migra-
tion [1,2].

Centrosomes have also been involved in signaling pathways such as cell cycle progres-
sion and cell exit by mitosis end [1]. Centrosomes are of great functional importance and form

vital elements of the cell cycle.



1.3 Centrosome cycle

Precise regulation of centrosome replication ensures that centrosomes replicate once per
cell cycle. Coupled with DNA replication, centrosome doubling is essentially semi-conservative.
By the end of each cell cycle , every daughter cell receives a lone copy of the genome and a sin-
gle centosome [1]. Distinct steps which govern the centrosome cycle are 1) Centriole pair disen-
gagement during M/G1phase 2) Centriole replication during S phase 3) Centrosome maturation
and segregation during G2 phase 4) Construction of a spindle bipolar during mitosis [3]. Recent
evidence uncovers an independent functional cycle of centrosomes superimposed onto the cen-
triole replication cycle. During S-phase, PCM is at its base level and so is nucleation and an-
choring of microtubules. Before entry into mitosis, centrosomes mature, gather more PCM and
reach its highest MT nucleation and anchoring capacity thereby forming the bipolar spindle. On
mitotic exit, PCM levels fall [1].

Disruption of this tight regulation may result in overduplication of centrosomes and their

presence has been identified in innumerable carcinomas.
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Figure 2 Centrosome cycle: Distinct steps which govern the centrosome cycle are 1) Centriole
pair disengagement during M/G1phase 2) Centriole replication during S phase 3) Centrosome maturation

and segregation during G2 phase 4) Formation of a bipolar spindle during mitosis. Nigg et al, 2002

1.4 Centrosomes and cancer

Most carcinomas including prostate, breast, bladder, colon, and pancreatic cancer are
characterized by supernumerary centrosomes [5-7]. While normal cells possess one centrosome
pre-S phase and two centrosomes after S phase, tumor cells frequently exhibit numerical and
structural centrosomal aberrations termed centrosome amplification (CA) [2]. Additionally am-
plified centrosomes are functionally abnormal and are characterized by absence of centrioles,
increased levels of pericentriolar material, microtubule nucleation and loss of centriole orthogo-
nal orientation [8]. Excess centrosomes can originate in cancer through distinct mechanisms such
as centrosome duplication, cytokinesis failure, mitotic slippage, cell fusion and de novo synthe-
sis of centrosomes [3]. Supernumerary centrosomes disrupt mitotic spindle fidelity and fuel an-
euploidy through chromosome missegregation [9].

However, ample chromosome missegregation through multipolar mitosis and excess cen-
trosomes can be lethal to cancer cells. The most dominant mechanism by which tumor cells re-
main viable and prevent the detrimental consequences of excess centrosomes is " centrosome
clustering” [3]. A classic illustration of this phenomenon is exemplified in mouse neuroblastoma
NIE-115 cells where most of the cells possess excess centrosomes which undergo clustering and
thus bipolar mitotic division [3]. Thus amplified centrosomes may fuel low grade aneuploidy and
drive tumorigenesis [9].

Further centrosome amplification is associated with several indices of tumor aggressive-

ness. For instance, heterogeneous genetic alterations, aneuploidy, increased cytologic grade, in-



vasion, metastasis, recurrence and poor survival [2,4,7]. Increasing evidence suggests that can-
cer cells maneuver the centrosome's regulation over microtubule organization to evolve aggres-
sive phenotypes [2].
1.5 Centrosome amplification and cancer aggressiveness
1.51 Centrosome amplification and genetic instability
Earlier in this decade, Theodor Boveri proposed a model whereby centrosomal defects
could result in chromosome missegragation, aneuploidy and loss of cell polarity [5]. The centro-
some functions as the principle MTOC and microtubule arrays nucleating from it ensure equal
segregation of chromosomes during anaphase. Studies have reported that CA increases the fre-
quency of multipolar mitosis which affects the integrity of chromosome seperation during mito-
sis [1]. Silkworth et al, proposed a model to illustrate this phenomenon. A multipolar mitosis
may increase the frequency of merotelic kinetochore connections which persist through ana-
phase. These merotelic attachments may give rise to a lagging chromosome which may result in
chromosome mis-segregation and aneuploidy [10]. During tumor progression, genetic alterations
(caused by CIN) lead to karyotypic heterogeneity, which may favor amplification of oncogenes ,
malignant phenotypes and inactivation of tumor suppressor genes [8]. Shuffling of the genome
may permit cancer cells to acquire the six hallmarks of cancer [11]. Further several studies have
reported the presence of centrosomal defects in pre-invasive cancers and these defects have been
associated with CIN [12]. Thus CA may drive carcinogenesis through CIN and tissue differentia-

tion loss.



1.52 Centrosome amplification and enhanced directional cell migration

The metastatic spread of cancer cells is governed by enhanced cell migration and inva-
sion [11]. Studies report that CA has a role in promoting directional cell migration.

During interphase, microtubule arrays nucleating from centrosomes regulate cell polarity,
organelle positioning, membrane trafficking and directional cell migration. During cell migra-
tion a polarized golgi apparatus is established by the radial microtubule array provided by cen-
trosomes [2]. The golgi then functions as a microtubule organizing centre , nucleates microtu-
bules towards the leading edge and directs transportation of migration and invasion laden vesicu-
lar factors. Thus centrosome mediated nucleation of mirotubules propels a cell towards its
chemoattracting stimulus. In the presence of centrosome amplification , microtubule density is
increased. This results in a compact mass of golgi mini stacks between the centrosomes and the
leading edge. Microtubules along with vesicles are directed more precisely towards the stimulus.
Thus CA enhances directional cell migration by impelling a cell more forcefully towards its
stimulus [2].
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Figure 3: Centrosomes and directional cell migration. A) Centrosome mediated directional
cell migration. B) Centrosome amplification enhances directional cell migration by impelling a cell more

forcefully towards its stimulus (Ogden et al, 2012).

1.53 Centrosome amplification and metastasis

When pancreatic human cancer cells were transplanted into the pancreas of nude mice,
metastasized xenotransplants exhibited a higher frequency of centrosomal abnormalities [13].
This finding implicated that centrosome amplification played a crucial role in tumor progression.
A recent study reports that amplification of centrosomal kinase Nek2 may promote metastasis
[14]. On a similar basis it was reported that inactivation of p53 gene led to centrosome amplifica-
tion which promoted metastasis in breast carcinomas [15].

The steps involved in metastasis are as follows: detachment of tumor cells from primary
tumor, invasion into surrounding tissue, entry into blood vessels, diffusion through the blood
stream/lymphatic vessels and exit from blood vessels to produce a secondary tumor. Cytoskele-
tal properties of tumor cells regulate each step [2]. Formation of actin polymerization-driven
cellular protrusions initiate cell migration from primary tumor and permit invasion to surround-
ing stroma. Enhanced mirotubule arrays due to CA will establish a compact golgi apparatus
which can efficiently direct enzyme laden vesicles to protrusions that will destroy extra cellular
matrix components and carve paths for cell movement through the ECM [2].Tumor cells circu-
late in a patients vascular system. Extra microtubules due to excess centrosomes can provide re-
sistance to circulation stress. Further excess centrosomes and microtubules may facilitate the
protrusion of microtentacles, which confer aggressiveness to tumor cells and allow them to grasp

vessel endothelium, thus accelerating extravasation and producing a secondary tumor. Hence



amplified centrosomes may enhance metastatic progression by increased microtubule density,
nuclear cytoskeleton connections and formation of microtentacles [2].
Thus CA is associated with several indices of aggressiveness, for instance genomic insta-

bility, cell migration and metastasis which may indicate the propensity of a tumor to metastasize.
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Figure 4: Schematic representation of how excess centrosomes facilitate directional migration and
metastasis in tumor cells. Tumor cells shown in blue have acquired extra centrosomes. Extra cellular
matrix are shown in brown and cellular components in purple. Amplified centrosomes may enhance met-
astatic progression by increased cell directed migration, microtubule density, centrosome dependant sig-
naling, nuclear cytoskeleton connections, protrusion of microtentacles which may facilitate extravasation.

(Ogden et al, 2012)



1.6 Commonly known aggressive cancers which possess centrosome amplification

Breast tumor development and progression have been characterized by genomic instabil-
ity and evolution of aggressive phenotypes [16]. Centrosomal defects have widely been demon-
strated in breast cancer. An increase in centrosome size and number is associated with chromo-
somal instability and aneuploidy in breast carcinomas [4]. Similarly centrosome dysfunction has
been associated with cellular , glandular disorganization and genomic instability in prostate can-
cer [6]. CA has also been well established in pre-invasive breast and prostate cancers suggesting
that excess centrosomes may drive carcinogenesis by inducing chromosomal instability and an-
euploidy [12]. CA is well illustrated in urothelial bladder carcinoma and is associated with its
genesis, progression and recurrence [17].

1.7 Centrosome amplification in bladder cancer

1.71 Centrosomal abnormalities, tumorigenesis and progression of urothelial
neoplasia

The progression of bladder cancer to an aggressive disease course has been predominant-
ly associated with chromosome instability and aneuploidy [8,18]. Urothelial carcinoma is charac-
terized by alterations in chromosome numbers 1, 3, 7, 9, 11 and 17 [8].

Extensive studies have been carried out on centrosomal abnormalities in bladder cancer.
Jiang et al reported the presence of centrosome aberrations in urothelial bladder carcinoma cells
frequented by a size and number increase [19]. Centrosomal abnormalities were associated with
amplified chromosomal numbers particularly 3, 7 and 17 [8]. Studies have reported a strong as-
sociation between CA, CIN , aneuploidy and higher tumor grade. Further CA preceded chromo-
somal instability which suggests that CA may initiate tumorigenesis. Thus CA has been impli-

cated in tumorigenesis and progression of urothelial neoplasia [20].
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Several studies have reported the presence of amplified centrosomal proteins in urothelial
bladder cancer. Overexpression of oncogenic proteins have been associated with centrosome
amplification. A classic example is the amplification of Aurora A gene which has been described
as an initial event in UCB tumorigenesis and is correlated with CA and aneuploidy [18] . Aurora
A gene amplification inactivates p53, a tumor suppressor protein which causes CA. Further
AURKA gene is localized on chromosome 20q13, whose amplification has been associated with
aggressive high grade urothelial carcinoma [18]. Activity of Cyclin E/CDK2 is essential for cen-
trosome replicaton. Over expression of Cyclin E and p53 inactivation, generates CA and chro-
mosome instability in UCB [21]. A positive correlation between cyclin D1 gene amplification,
centrosome abnormalities and chromosome instability has been reported [22]. Amplification of
PLK1, a protein involved in centrosome maturation has been associated with the origin of cen-
trosome abnormalities and CIN in bladder cancer [23].

1.CA as a prognostic marker for aggressive bladder cancer

Recent studies have reported the use of CA as a prognostic marker for tumor evolution,
advanced disease and recurrence in UCB. Urothelial bladder carcinomas are well classified into
low and high grade tumors under the 2004 WHO/ISUP system [24]. However there are several
cases whose explicit classification into low grade and high grade is morphologically difficult
[25]. Since inter-observer variability cannot be eliminated there is an urgent need to come up
with a more reliable classification system. A recent study demonstrates CA as more precise
marker of outcome than grade [20]. A comparative analysis revealed that cancers without centro-
some amplification had higher survival outcome than those with CA and further cancers of low
grade did not have a greater survival outcome than those classified as high grade [20]. A similar

study reports CA as a prognostic factor for tumor recurrence [17].
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Another possible reason for use of CA as a diagnostic tool in bladder cancer is illustrated.
Aneuploidy has been established as a characteristic of urothelial carcinoma. Several cancer cen-
ters test genetic changes using DNA image analysis along with tumor grade to detect bladder
cancer [19]. However usage of DNA image analysis to measure total DNA content is a crude
method as it reveals limited information about genetic changes that determine tumor evolution.
Another assay used to analyze chromosomal aberrations is FISH. However, FISH can be per-
formed on only a few chromosomal centromeric probes which limits detection of anueploidy in
low grades of urothelial carcinoma [19]. Similarly other assays including bladder carcinoma an-
tigen, nuclear matrix protein provide limited information on predicting patient prognosis [8]. A
diagnostic and sensitive biomarker present in early stages is needed for the detection of UCB.
Centrosomal abberations have been identified in low grade tumors of UCB. Further CA preceded
chromosomal instability which suggests that CA is an initial event in carcinogenesis that leads to
CIN which could lead to malignant transformations [20]. Thus CA can be used as a diagnostic
marker in the detection, progression and recurrence of urothelial carcinoma.

1.8 Racial disparity in cancer

Racial discrepancies in cancer incidence and mortality have widely been reported. Overall
AA have a higher rate of incidence and mortality for all carcinomas [26]. The incidence rate of
cancer for AA is higher as compared to Caucasians. For instance prostate, lung, colon and stom-
ach cancer. Similarly the ten year survival rate of AA was much lower for bladder, breast, cervi-
cal, colon, lung and prostate cancers as compared to Caucasians [26]. Studies reported that AA
were clinically diagnosed at a higher stage for colon, breast, prostate, cervical, lung and bladder
cancer [27]. Differences in socioeconomic status, life-style and cancer biology may be attributed

to observed racial discrepancies [28].
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Certain demographic studies report that the ten year survival rate for cancer is greater for
people who leave in opulent census tracts than those who leave in poor census tracts. However in
spite of the poverty census tract accounted , AA men and women had a lower five year survival
rate [29]. A plausible explanation could be that even when SES and lack of access to health care
were controlled, biological elements still prevailed [30]. For instance differences in gene expres-
sion levels were uncovered in AA and Caucasian prostate cancer patients [30]. A study com-
pared survival of AA and Caucasians who received comparable chemotherapeutic treatments.
This study reported that AA had a higher mortality rate for breast, uterus and bladder cancer as
compared to Caucasians [31].

1.9 Bladder cancer as an ideal model system

Bladder cancers in AA are characterized by distinct indices of tumor aggressiveness. Par-
ticularly, AA exhibita locally advanced / metastatic disease , poorly differentiated tumors and
survival disparity in comparison to Caucasians. AA present with a higher tumor grade and stage
and have a lower five year survival rate [32-34]. Studies have reported that a delayed detection
and treatment in AA may result in higher mortality. When death rates due to causes other than
cancer where adjusted in bladder cancer patients, AA still had higher mortality rates compared to
Caucasians [31]. Similarly when stage similar bladder cancers of AA and Caucasians were com-
pared with survival, AA still had higher mortality as compared to Caucasians [32]. Differences in
tumor biology may account for the observed bladder disparity.

A highly intriguing question is why certain early stage bladder tumors develop into aggres-
sive tumors which result in a higher mortality. Knowledge of " definable and quantifiable "
properties of early grade tumors that predict the probability of faster kinetic progression to a

more aggressive tumor disease is urgently needed. The plausibility that organellar-level dispari-
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ties may exist between tumors of differing aggressiveness has never been explored. Since centro-
some amplification has been well established in several carcinomas and is associated with vari-
ous indices of tumor aggressiveness, a natural inquiry would be to look for variations in CA be-
tween cancer's of differential aggressiveness. To experimentally address our question, we ex-
plored a suitable model system to serve as a test bed for studying CA disparity. AA and Cauca-
sian bladder tumors with inherently variable aggressive disease courses present an ideal model
for our proposal. On this basis, we hypothesize that grade matched AA have higher incidence
and severity of CA in bladder tumors as compared to Caucasians.

To test our hypothesis it was imperative to develop a quantitative method to measure to
both numerical and structural centrosome amplification. Current techniques used in research to
measure CA have severe drawbacks.

2.0 Drawbacks of current quantitative techniques used to measure CA

Quantitative techniques currently used to measure CA suffer severe drawbacks. There is a
lack of distinction between PCM markers, centrin and y—tubulin. Jiang et al computed the vol-
ume of y-tubulin stained spots using the volume formula for centrin. Recent methods have solely
considered numerical amplification as measures of centrosome amplification which have gener-
ated data of limited range [17,20,35] . Although these approaches exemplify superiority over
traditional methods, yet they do not give true quantitation. Another possible hindrance is the
presence of centrosome clusters which cannot be individually counted. A true systematic quanti-
tation technique which includes both structural and numerical amplification is urgently needed as
a foundation for centrosome based risk assessment.

To test our hypothesis we developed an innovative method, the Centrosome Amplification

Score (CAS) to measure structural and numerical amplification. Immunostained, low and high-
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grade UCB patient samples from 48 AA and 46 Caucasian patients were quantitatively com-
pared using confocal microscopy to asses numeral (CASI), structural (CASm), and total
(CAStota1) centrosome abnormalities. In conclusion, our results demonstrate that AA had a higher
degree and severity of CA, in particular structural amplification as compared to grade matched

Caucasians suggesting racial disparity at organellar level.
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2 MATERIALS AND METHODS

2.1 Clinical specimen preparation

Formalin-fixed, paraffin-embedded low and high-grade UCB samples from 48 AA and
46 Caucasian patients were obtained from Emory. These were in the form of Tissue Micro arrays
(TMA) or individual patient slides. Bladder tumor samples were classified according to the 2004
WHO/ISUP criteria into low grade and high grade carcinomas. Of the fourty-eight AA bladder
cases, thirteen were low grade and thirty-five were high grade. Of the fourty-six Caucasian blad-
der cases, twenty-six were low grade and twenty were high grade. Centrosome amplification

scores for three normal patients was also obtained.

RACE LOW GRADE HIGH GRADE
AA 13 35
CAUCASIANS 26 20

Table 1: Number of clinical samples in low grade and high grade AA and Caucasians pa-

tients having urothelial bladder carcinoma.

2.2 Immunofluorescence staining

Formalin-fixed and paraffin embedded tissue sections were first deparafinized by heating
in an oven for two hours. Slides were blocked in 5% BSA for 30 min. Primary Antibody vy-
tubulin was diluted 1:1500 in PBS ( 2% Bovine Serum Albumin and 0.1% Tween 20), added to
sections and incubated overnight at 4 degree. The antigen-antibody complex was detected using
Alexa 488 anti-mouse antibody. Non specific binding by antibodies was avoided by washing in
5% BSA PBS solutions thrice after each incubation. The slides were lastly counterstained with

DAPI (Dilution 1:1000) to reveal nuclear DNA
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2.3 Microscopy and image analysis

The presence of centrosomes were indicated by y—tubulin stained spots. For quantitative
analysis of centrosomes, samples were observed under 63x objective lens and imaged using a
Zeiss LSM 310 scanning laser confocal microscope. For each image, optical sections were col-
lected and stacked to obtain the total image volume. 500 cells from 10 fields were examined for
centrosome abnormalities. These raw images were imported into an image processing software,
LSM image browser, where the signal intensity was adjusted such that centrosomes were distinct
objects in the green channel and nuclei were distinct objects in the blue channel.

2.4 Calculation of centrosome amplification score (CAS)

For every processed image/field a region of interest was selected (ROI) which had 20-25
clearly distinguishable nuclei. A boundary was drawn around the outer edges of the outermost
nuclei to define the ROI. Centrosomes were categorized as (i) individually-distinguishable cen-
trosomes (iCTRS) or (ii) as megacentrosomes (MCTRs) comprised of several tightly clustered
centrosomes whose precise humber could not be determined. For each ROI, the number of nuclei
as well as the numbers of all iCTRs and mCTRs were determined. The criteria for counting cen-
trosomes were as follows, If two y—tubulin spots of equal size or intensity were distinguishable
as separate entities they were counted as two centrosomes. If two y—tubulin spots were of une-
qual size or intensity, they were counted as one. Lastly large y—tubulin spots were counted as
one. For normal tissues the number of individual centrosomes (iCTR) were counted while for
tumor samples the number of individual centrosomes and mega centrosomal clusters were

(mCTR) determined (Figure 5).
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For volume measurements, raw images were imported in an image processing program ,
threshold values were set and binary images created. Volume was determined by 3D volumetric
measurements.

Once the number and volume of centrosomes were determined in both normal and tumor
tissue samples, a cumulative Centrosome Amplification Score (CASto) Was obtained for each

ROI using the following formula:

.................... T —

CAS — No.ofiICTRs +| No.of mCTRs +| Avg.vol of iCTR [+ Avg. vol. of mCTR
~| No.ofnuclei, | No.ofnuclei | | Avg.vol. of normal CTR J | Avg. vol. of normal CTR

LS

For normal tissues, the value of CAS was obtained between 2 and 3 and exemplified as
follows: (Between 100-200)/ 100+ 0+ 1+0

Thus the value of CAS above 3 was considered abnormal . Tumor samples with a CAS
value above 3 exhibited centrosome amplification. Further each sample was evaluated for both

structural and numerical amplification.

Methodology to count centrosomes
A If two distinguishable y—tubulin spots of same
intensity or same size are seen, count them as

two.

If two distinguishable y -tubulin spots of different
intensity or different size are seen, count them

as one

c If one large y—tubulin spot, with a slight obscurity
around it, iis seen count it as one. Unless they
can be distinguished as two different spots, they
are always counted as one.

Figure 5. Methodology to count centrosomes: Centrosomes stained for y—tubulin in normal and tu-

mor bladder tissues were counted as described above.


https://sgo.confex.com/data/abstract/sgo/2014/Paper_2367_abstract_2140_0.gif
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2.5 Statistical Analysis
Statistical analysis was performed using Students t-test. The criterion for statistical signif-

icance was p<0.05.
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3 RESULTS

3.1 Centrosomal abnormalities

Several studies have reported centrosomal abnormalities in bladder tumors of different
cytological grades [17,20]. In order to microscopically differentiate and further characterize
centrosomal aberrations in urothelial carcinoma , we analyzed immunostained formalin fixed
paraffin sections of bladder tumors from low and high grade (n=94) via confocal microscopy.
Centrosomes were stained with y-tubulin and DNA was stained with DAPI. The parameters used
to define centrosomal abnormalities were 1.numerical amplification: an elevated number of cen-
trosomes and 2. structutal amplification: centrosomes with large diameter and abnormal struc-
ture. For comparison we also observed these parameters in normal uninvolved adjacent tissue. A
careful surveillance of confocal micrographs revealed that clinical bladder tumor samples exhib-
ited both numerical and structural aberrations while they were absent in normal bladder tissue
samples (Figure 6). Tumor samples frequently exhibited clusters of centrosomes whose precise
number could not be determined. Such clusters were difficult to classify as being either numeri-

cal or structural aberrations.
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A Normal Bladder Tissue B Numerical Amplification C Structural Amplification

Figure 6: Centrosome abnormalities in bladder cancer. (A) Centrosomes in normal bladder tissue.

(B) Numerical amplification in bladder cancer. (C) Structural amplification in bladder cancer.

3.2 Calculation of centrosome amplification score (CAS)

Having detected the presence of centrosomal abberations in bladder tumor samples we wanted
to quantitatively analyze each sample for the extent of numerical and structural amplification.
Current techniques used in research have severe drawbacks. A common parameter used to define
CA in recent research is tumor samples with more than 5% of cells having more than 3 centro-
somes. Thus several reports have restricted only to numerical amplification. Another drawback is
the presence of clustered centrosomes whose precise number cannot be determined. A true sys-
tematic quantitation technique which includes both structural and numerical amplification is ur-
gently needed as a foundation for centrosome based risk assessment. We hence report the first of
its kind quantitative method to determine extent of amplification by assigning a Centrosome
Amplification Score (CAS) to account for both numerical and structural amplification.
Immunostained UCB samples were quantitatively compared using confocal microscopy and 3 D
volumetric measurements. To calculate the score we determined the average volume and range
(volume) of centrosomes in normal bladder tissue. Based on these values, centrosomes were ei-

ther categorized as individually distinguishable centrosomes (iCTR): centrosomes whose volume
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was within normal range or mega centrosomes (mCTR): centrosomes whose volume was above
normal range. CAStqa for normal centrosomes and tumor tissues was determined using the
method described in Figure 7. Further each patient sample was evaluated for numerical amplifi-

cation (CAS;j) and structural amplification(CASy,).

Step 1: Immunostain centrosomes in bladder tissues
normal and tumor) using anti y—tubulin and stain nuc-
lei with DAPI

Step 2: Capture atleast 10 fields ensuring that there are
enough nuclei and centrosomes in each field

Step 3: Define a Region Of Interest (ROI) for each field
such that each ROI has 20-25 nuclei. The ROl is defined
by drawing a boundary around the outermost nuclei as
shown by the dotted red line

Step 4: Count the number of individually distinguishable
centrosomes (iCTR) and megacentrosomes (mCTR) wit-
hin 10 ROI's. The average volume of the iCTR's and
mCTR's will then be calculated.

Step 5: The number and volume of normal centrosomes
in 10 fields will also be determined as described above

Step 6: Calculate CAS using the following formula

CAS = No. of ICTRs ' +| No. othTRsM Avg. vol. of ICTR }+' Avg. vol. of mCTR
" No.otnuclelx No. of nuclel | | Avg vol. olnormalCTR/! Avg. vol. of normal CTR

Figure 7. Calculation of Centrosome amplification score (CAS): The centrosome amplification
score was calculated according to the scheme described in Figure 2. Once the ROl was defined iCTR's

and mCTR's were determined for each ROI and CAS was calculated according to the formula.

3.3 Determination of average volume, range and CAS in normal bladder tissues
To calculate centrosome amplification scores in normal bladder tissues, average centrosome

volume and range was determined. For each ROI, nuclei were counted as described in section
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2.4. For volume measurements a binary image was created by selecting the lowest and highest
thresholds. Using 3D volumetric measurements the average volume (nCTR) and range of all cen-
trosomes was calculated. The volume of individual centrosomes (iCTR) was obtained by first
deselecting paired centrosomes and then calculating the volume of individually distinguishable
centrosomes.

The average volume of normal centrosomes in bladder samples was calculated as 0.35 um?
and the volume range was 0.06 pm®- 0.74 pm?®. For tumor samples, volume above 0.75 pm?® was
considered as a mega centrosome and were classified as structural abnormalities. Since mega
centrosomes were absent in normal tissues ,CAS was between 2-3 for all normal samples.

On a similar basis we scored four normal bladder samples. For all normal tissue samples CAS
was between 2-3.

3.4 Determination of CAS for bladder tumor samples

Once average volume and range of centrosomes in normal bladder tissues were determined
we sought to investigate the severity of centrosome amplification in UCB samples. To calculate
centrosome amplification scores ,the number of individually-distinguishable centrosomes and
mega centrosomes were counted for each patient sample. All individual centrosomes (iCTR)
which were in the range of 0.06 um®- 0.74 um?® were selected and their number and average vol-
ume was determined . Centrosomes whose volume was above 0.74 um?, considered as mega cen-
trosomes (MCTR) were selected (the rest deselected) and their number and average volume was
determined. On obtaining each value, CAS was calculated. All samples were quantitatively ana-
lyzed for both numerical (CAS;), structural (CASn,) and the cumulative centrosome amplifica-

tion score (CAStota)
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We found that all tumor samples (n=94) had significantly higher CAS+q as compared to
normal bladder ones. Irrespective of race and grade, bladder tumor samples had a 2.5 fold higher
CASrota than normal samples. Further their scores were in between 5-18 and CAStota Was 6.78
(P<0.001) (Figure 8).

Further we analyzed CASto in both low grade and high grade UCB samples. Irrespective of
race, each grade had significantly higher CAStq than normal bladder samples. CAStot in low

grade was 6.70 while CASto in high grade was 6.86.

B C

6.78

2.74

O= NW A1 ONO®

Normal Tumor Normal Bladder Cancer

Figure 8: Determination of CAS for bladder tumor samples: A)Representative
immunofluoroscence confocal micrographs showing centrosomes in normal bladder tissue (n=4) B)
Representative immunofluorescence confocal micrographs showing CA in tumor samples (n=94) C)

Comparitive analysis of CAS in normal and tumor tissue sample (P<0.001).

3.5 Comparison of CAS,, and CAS; in grade matched AA and Caucasian patients

having urothelial bladder carcinoma
Once we demonstrated CA in urothelial bladder carcinoma, we next analyzed low grade
and high grade AA and Caucasian patients for numerical and structural amplification, Our re-
sults indicate that for low and high grade, CAS; was comparable in AA and Caucasians. However

CAS;, was significantly higher in AA as compared to grade matched Caucasians suggesting
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higher incidence and severity of structural centrosomal amplification in AA as compared to Cau-
casians . For high grade bladder cancer CASm for AA (n=35) was 5.12 while that for Caucasians
(n=20) was 4.40 (P=0.03). For low grade bladder cancer CASm for AA (n=13) was 5.13 while
that for Caucasians (n=26) was 4.07 (P=0.04) (Figure 9).

Thus our findings suggest that racial disparity at organellar level is mainly due to struc-
tural amplification rather than numerical amplification. Centrosomes nucleate microtubular ar-
rays and are required for polarization and directional migration. Since enhanced y—tubulin and
PCM may result in enhanced MT nucleation capacity [36], megacentrosomes (high CASm) may

confer aggressiveness and the propensity of a tumor to become metastatic.
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B Normal High Grade  ioh Grade AA
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Figure 9: Comparison of CAS,, in AA and Caucasian patients having UCB: A) Representa-
tive immunofluorescence confocal micrographs showing CA in normal adjacent tissues and tumor tissues
of low grade Caucasians (n=26) and AA (n=13) B) Representative immunofluorescence confocal micro-
graphs showing CA in normal adjacent tissues and tumor tissues of high grade Caucasians (n=20) and AA
(n=35) C) Comparative analysis of CAS,, for low grade AA and Caucasian patients (P=0.04) D) Compar-
ative analysis of CASm for high grade AA and Caucasian patients (P=0.03)
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3.6 Determination of CAS in breast and pancreatic tumors

To validate our method we calculated CAS in 45 breast tumor samples and 30 pancreatic
tumor samples. Our results indicate that non-neoplastic breast tissues did not exhibit CA and had
a CAS value of 2.44. In contrast average CAS values of tumor samples were significantly higher,
with breast tumors exhibiting CAS values in the range of 4-47 while average CAS was 5.39
(P<0.001) (Figure 10)

Similarly non-neoplastic pancreatic tissues did not exhibit CA and had a CAS value of 2.51
Pancreatic tumor samples exhibited CAS values in the range of 5-16 and average CAS for tumor

samples was 8.07 (P<0.001) (Figure 10).

Tissue Type Number of samples Normal CAS Average Tumor CAS
Breast Cancer 45 2.44 5.39
Pancreatic Cancer 30 2.51 8.07

Table 2: Normal CAS and average tumor CAS values in breast and pancreatic cancer.
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2K 20
3, S3| 244
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Normal Pancreatic

Normal

Breast

Figure 10: Determination of CAS in pancreatic and breast tumor samples: A) Comparative

analysis of CAS in pancreatic normal and cancer tissue samples (P<0.001). B) Comparative analysis CAS

in breast normal and cancer tissue samples (P<0.001).
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DISCUSSION
We developed an innovative technique, the Centrosome Amplification Score (CAS), to

quantitate the degree of CA (numerical and structural) in tumor samples. Immunostained, low
and high-grade UCB patient samples from AA and Caucasian patients were quantitatively com-
pared using confocal microscopy to asses numeral (CASI), structural (CASm), and total
(CASrotar) centrosome abnormalities. Our results indicate that UCB samples exhibit CA in com-
parison to normal samples. Using our innovative technique, we report that tumor samples dis-
played a 2.5 fold higher CAS+ota @s compared to normal tissue samples.

Racial discrepancies in cancer incidence and mortality have widely been reported [5,37-
39]. However recent research has focused on identification of gene expression signatures in
whole tumors with differing aggressive disease courses. Shiao et al reported a higher degree of
p53 gene alterations in breast cancer for AA as compared to Caucasians. Higher p53 gene altera-
tions in AA correlated with lower survival as compared to Caucasians [40]. Similarly another
study reported that AA had higher EGFR expression in prostate cancer as compared to Cauca-
sians [39]. A tentative probability that disparity at organellar level may exist has never been ex-
plored. Our results demonstrate that bladder tumors from AA had significantly higher CA, par-
ticularly structural centrosome amplification (CASm) compared to grade-matched Caucasian pa-
tients suggesting racial disparity at the organellar level (P<0.05).

Although numerical and structural aberrations occur together, mechanisms underlying
their origin and clinical consequences may vary [36]. Altered gene expression levels of
centrosomal components or post translational modifications have been associated with the origin
of structural centrosomal aberrations. Subsequent increase in PCM levels may lead to altered size
[36]. Functional studies have reported that although these enlarged centrosomes look morpholog-

ically similar they exhibit fundamentally different properties depending on their composition. A
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classic illustration would be enhanced MT nucleation due to enhanced levels of y-tubulin which
may alter tumor cell polarity, shape and motility [36]. Supernumerary centrosomes may arise
through several mechanisms including centrosome overduplication due to cell cycle defects, cell
division failure, cell fusion and de novo synthesis of centrioles. An immediate consequence
would be multi polar mitosis sequentially followed by multipolar cell division [36]. A possible
reasoning could be that numerical amplification would have short term consequences essential
during genesis of tumor while structural amplification would have long term consequences re-
sponsible for evolution of observed phenotypic characteristics of tumor cells.

Our data reports the prevalence of structural centrosomal amplification in AA as compared
to grade matched Caucasians. A similar study conducted analyzed the prevelance of centrosomal
abnormalities within cytogenetically well characterized risk groups in acute myeloid leukemia.
Centrosomal abnormalities were associated with the three risk groups and this disparity was at-
tributed to structural centrosomal amplifications rather than numerical [41]. Salisbury et al has
demonstrated the non appearance of chromosomal instability and aneuploidy in the absence of
structural centrosomal aberrations [4,42].

Centrosome amplification enhances directional cell migration by driving a cell more force-
fully towards its stimulus. Amplified centrosomes may enhance metastatic progression by in-
creased microtubule density and nuclear cytoskeleton connections [2]. Thus we can rationalize
that a higher degree of megacentrosomes in AA may confer aggressiveness and indicate the
propensity of a tumor to become metastatic as compared to Caucasians.

Increasing evidence suggests that conventional prognostic parameters such as cancer
stage, cancer grade , HR status (in case of breast cancer) do not accurately predict outcome [16].

Recent studies have focused on use of CA as a prognostic marker for tumor evolution, advanced
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disease and reappearance in UCB. It was reported that tumor grades 1 and 2 of urothelial bladder
cancer did not have a significantly greater survival outcome than those classified as grade 3,
however tumors without CA had a higher survival than those with it [20,35]. Results from our
study implicate that AA have a higher extent and severity of CA in low grade UCB as compared
to grade matched Caucasians. Our data compellingly suggests the potential usefulness of CAS to
stratify patients into high and low risk groups with customized initial treatment regimens with an
overall goal of eliminating racial disparity in bladder cancer outcome. Further this stratification
will save patients in low risk groups from unnecessary cystectomy thereby reducing therapy in-
duced toxicity and overall health care cost.

Traditional microtubule drugs that target mitosis are part of a therapeutic regimen which
dominates the clinic. Lower mitotic index and proliferation rate , functional importance of micro-
tubules in interphase cells could be possible speculations attributed to drug induced toxicities.
Use of declustering drugs represent a novel class of anticancer therapeutics [43]. Disruption of
amplified centrosomes might result in multipolar mitosis and an asymmetric array of microtu-
bules throughout an interphase cell which may cause non polarized vesicular trafficking and thus
inhibit migration [2,43] . CAS stratified high risk groups might benefit with an initial treatment
of declustering drugs which might prevent progression to an aggressive disease course.

Future directions include establishing correlations between CA and aggressive markers,
explore specific pathways that drive tumorigenesis in AA. Further investigate the origin and con-
sequences of structural centrosomal amplification and identify molecular differences between
functionally abnormal centrosomes and centrosome clusters. Also check if AA are more suscep-

tible to centrosome declustering drugs.
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In conclusion, we believe that an aggressive disease course in AA can be attributed to a
higher incidence and severity of centrosomes amplification, in particular structural amplification
as compared to Caucasians. Further our data suggests the potential usefulness of CAS as a prog-
nostic biomarker for assessing an aggressive disease course in urothelial carcinomas. Lastly
declustering drugs may act as a potential therapeutic strategy for CAS stratified high risk pa-

tients.
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