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Abstract

Analysis of centrosome number and structure has become one means of assessing the potential for
aberrant chromosome segregation and aneuploidy in tumor cells. Centrosome amplification
directly causes multipolar catastrophic mitoses in mouse embryonic fibroblasts (MEFs) deficient
for the tumor suppressor genes Brcal or Trp53. We observed supernumerary centrosomes in cell
lines established from aneuploid, but not from diploid, colorectal carcinomas, however, multipolar
mitoses were never observed. This discrepancy prompted us to thoroughly characterize the
centrosome abnormalities in these and other cancer cell lines with respect to both structure and
function. The most striking result was that supernumerary centrosomes in aneuploid colorectal
cancer cell lines were unable to nucleate microtubules despite the presence of y-tubulin,
pericentrin, PLK1 and AURKA. Analysis by scanning electron microscopy revealed that these
supernumerary structures are devoid of centrioles, a result significantly different from
observations in aneuploid pancreatic cancer cell lines and in Trp53 or Brcal deficient MEFs.
Thus, multipolar mitoses are dependent upon the ability of extra y-tubulin containing structures to
nucleate microtubules, and this correlated with the presence of centrioles. The assessment of
centrosome function with respect to chromosome segregation must therefore take into
consideration the presence of centrioles and the capacity to nucleate microtubules.
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Significance

The patterns and mechanisms of chromosomal aberrations in hematologic malignancies and
solid tumors are fundamentally different. The former is characterized by specific
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chromosome translocations, whose consequence is the activation of oncogenes. Most
carcinomas, however, reveal variations in the nuclear DNA content. The observed genomic
imbalances and gross variations in chromosome number can result from unequal
chromosome segregation during mitotic cell division. It is therefore fundamental to elucidate
mechanisms involved in distribution of the genome to daughter cells. Prior to cell division,
the centrosome organizes microtubules and the mitotic spindle. Deciphering the
consequences of alterations in centrosome number, structure and function is an important
step towards understanding how a diploid genome is maintained. Although extra
centrosomes have now been observed in carcinomas and were correlated with aneuploidy, a
careful functional investigation of these structures and their role in generating chromosome
imbalances may lead to the identification of distinct mechanistic pathways of genomic
instability. Understanding these pathways will also be important in determining whether
they are potential molecular targets of therapeutic intervention.

Introduction

Over a century ago Theodor Boveri coined the term centrosome to describe the sub-cellular
structures originally observed by VVan Beneden in 1876. He postulated that due to their role
in cell division, deviation in number from the two centrosomes normally present in each cell
could have dire consequences with respect to the partitioning of chromosomes into the
daughter cells. Subsequent chromosome missegregation could result in the loss of tumor
inhibiting, and the gain of tumor promoting, chromosomes and that this served as the genetic
basis of malignant transformation [Boveri 1929]. The development of molecular cytogenetic
techniques [Kallioniemi et al. 1992; Schrick et al. 1996], and their recent adaptation to
higher resolution platforms including whole genome sequencing [Dufva 2009; Pettersson et
al. 2009], has enabled the comprehensive characterization of chromosomal aberrations in
cancer genomes. It has become clear through the use of these techniques that solid tumors
originating in epithelial cells of different organs are characterized by a distribution of
specific and distinct genomic imbalances, that whole chromosome gains and losses are early
events in tumorigenesis [Ried et al. 1999] and that strong selection for these events may
have a causative role in tumorigenesis. Accordingly, Boveri's hypothesis with respect to
chromosome segregation errors and the role of centrosomes in this process has been
revisited [Brinkley and Goepfert 1998; Pihan and Doxsey 1999; Pihan et al. 1998].

The centrosome is positioned in the cytoplasm adjacent to the nucleus and its duplication is
concurrent with replication of the genome during S phase. At the beginning of M phase, the
two centrosomes separate to opposite poles of the nucleus where they nucleate the formation
of mitotic spindles containing a- and B-tubulin, many of which eventually connect to
kinetochore proteins associated with the centromere of each chromosome. A dynamic
interplay between the microtubules, mitotic kinesins, and cytokinesins is necessary for the
coordinated separation of sister chromatids, their migration to opposite poles and generation
of the cleavage furrow at the end of mitosis [Bowerman 2004; Brinkley 2001; Neef et al.
2006; Petronczki et al. 2007; Rogers et al. 2004; Stearns 2001].

Centrosomes consist of centrioles and the pericentriolar matrix (PCM). The centrioles
contain a protein known as centrin while the PCM contains y-tubulin, pericentrin (PCNT),
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hGCP2, GCP3/HsSpc98 and AKAP450 among other proteins too numerous to list [Brinkley
2001; Stearns 2001; Alieva and Uzbekov 2008]. Two protein families shown to regulate
centrosome duplication and/or separation are the polo-like kinases (e.g. PLK1) and aurora
family kinases (e.g., AURKA) [Glover et al. 1995; Lane and Nigg 1996]. Overexpression of
these proteins results in supernumerary centrosomes, while abrogating expression causes a
failure of centrosome migration [Lane and Nigg 1996; Zhou et al. 1998]. The Cdk2-cyclin E
(Cdk2-E) complex has been shown to regulate centrosome duplication in Xenopus cell
extracts [Hinchcliffe et al. 1999]. A positive feedback loop between the Xenopus Plk1
protein (PIx1) and a downstream protein kinase target xPlkk1 has also been demonstrated
[Erikson et al. 2004; Qian et al. 1998a; Qian et al. 1998b], implicating yet another
phosphorylation pathway regulating the centrosome cycle.

We and others have previously demonstrated the presence of supernumerary centrosomes in
primary tumors and tumor cell lines of different origins [Ghadimi et al. 2000; Lingle et al.
1998; Pihan et al. 1998]. These findings have been touted as proof that extra centrosomes
can cause aneuploidy through their direct role in mis-segregation of chromosomes during
mitosis. In only a very few instances, however, has this mechanism been proven by direct
visualization of aberrant mitotic figures [Fukasawa et al. 1996; Xu et al. 1999]. In the
present study we have identified differences with respect to the type of centrosome
aberrations occurring in tumorigenesis. Our results suggest that the failure of certain
centrosomes to nucleate microtubules and organize the mitotic spindle could be due to the
absence of centrioles. This is the first report to our knowledge of y-tubulin structures lacking
nucleation capacity in mammalian cells.

Experimental Procedures

Cell lines and RNA Isolation

The following colorectal cancer cell lines were used in this study: DLD-1, HCT116,
p53HCT116, SW48, and LoVo (near-diploid); SW480, SW837, HT-29, T84, Colo 201 for
immunocytochemistry and nucleation assays. For gene expression analysis Colo 320DM,
LS411N, SK-CO-1, NCI-H508, and NCI-H716 (aneuploid) were also utilized. The
pancreatic tumor cell lines included AsPC-1, BxPC-3, Capan-1, Capan-2, CFPac-1, Hs766T,
Mia PaCa-2, Panc-1, SU 86.86. All of the aforementioned cell lines were obtained from the
ATCC (American Type Culture Collection) and cultured following their recommendations,
except p53HCT116, a derivative of HCT116 with a homozygous disruption of TP53 [Bunz
et al. 1998], which was kindly provided by Dr. Curtis C. Harris of the National Cancer
Institute, NIH. Control fibroblasts were cultured from human foreskin. p53—/- mouse
embryonic fibroblasts (MEFs) were obtained from Andre Nussenzweig of the National
Cancer Institute, NIH.

RNA was extracted from the cell lines and primary tumors [Camps et al. In Press] following
standard procedures (http://www.riedlab.nci.nih.gov/protocols.asp). Nucleic acid
quantification was determined using the Nanodrop ND-1000 UV-VIS spectrophotometer
(Nanodrop, Rockland, DE) and RNA quality was assessed using the Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA). Normal colon RNA isolated post-mortem from
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five different donors without a history of colorectal cancer was purchased from Ambion
(Applied Biosystems, Foster City, CA).

Mouse monoclonal antibodies were used to detect y-tubulin (Sigma-Aldrich, St Louis, MO,
T6557; diluted 1:2000) and a-tubulin (Sigma-Aldrich, T9026; diluted 1:1000). Anti-PCNT
rabbit polyclonal antibodies were obtained from Berkley Ab Company, Berkley, CA
(PRB-432C; diluted 1:100). Anti-PLK1 and anti-AURKA rabbit polyclonal antibodies were
produced by injection of peptide [Hamanaka et al. 1995]. Secondary antibodies used for
immunocytochemistry were purchased from Vector Laboratories, Burlingame, CA (Goat
anti-rabbit-TR, T1-1000, diluted 1:1000) and Boehringer Mannheim, Indianapolis, IN (Goat
anti-mouse-FITC, diluted 1:200).

Immunocytochemistry

Cells were grown on Falcon chamber slides (Becton & Dickinson, Bedford, MA), rinsed
once each in PBS and PHEM buffer [PIPES (60mM), HEPES (25mM), EGTA (10mM),
MgCl, (2mM), pH 6.9], fixed in ice cold methanol for 10 min and washed 4x with PBS.
Slides were blocked with 5% normal goat serum (NGS), 1% BSA in PBS for 30 min at
37°C. Primary antibodies were diluted (as indicated above) in 1% NGS, 1% BSA in PBS
and incubated for 45 min at 37°C followed by three washes in PBS. The primary antibodies
were detected with Goat-anti-rabbit-TR and Goat anti-mouse-FITC followed by three
washes in PBS. Cells were counterstained with DAPI and mounted with antifade [p-
phenylene-diamine (5.52mM), 77% glycerol, 0.1xPBS, to pH 8.0 with carbonate/
bicarbonate buffer (pH 9.0)]. Images were acquired using Leica Q-FISH software (Leica
Imaging Systems, Cambridge, UK). A minimum of 50 mitotic figures and 300 interphase
nuclei were evaluated for centrosome number and organization.

Nucleation Assays

Cell lines were grown on Falcon culture slides (Becton & Dickinson). Cells were then
incubated with the microtubule destabilizing drug nocodazole (10 pg/ml) for 1.5 hour at
37°C, and washed two times with PBS at room temperature and allowed to recover by
incubation in media for 5 — 10 min. Slides were then rinsed once in PBS, once with PHEM
buffer and then fixed in —20°C methanol. Tubulin structures were detected by incubating
cells with a monoclonal a-tubulin (Sigma-Aldrich, 1:1000) and rabbit polyclonal y-tubulin
(Sigma-Aldrich, 1:2000) antibodies for 45 min. Following three PBS washes, the primary
antibodies were detected with a FITC labeled goat anti-mouse and a TRITC labeled goat
anti-rabbit antibody (Sigma-Aldrich, 1:200 each) for 45 min and cells were counterstained
with DAPI.

Standard Transmission Electron Microscopy and Immunoelectron Microscopy

Cultured cells were processed in situ and embedded for electron microscopy as described
[Gonda et al. 1976]. Briefly, cells were cultured in a T-75 flask, rinsed once with PBS and
fixed with sodium cacodylate buffer (0.1M, pH 7.2) [Electron Microscope Sciences, Fort
Washington, PA] containing 2% glutaraldehyde [Tousimis, Rockville, MD] for 1 hr at room
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temperature. The fixed cells were then rinsed with cacodylate buffer followed by post-
fixation in cacodylate buffer + 1% osmium tetroxide [Electron Microscope Sciences, Fort
Washington, PA] for 1 hr. The cells were dehydrated in an ethanol series (35%, 50%, 70%,
95%, and 100%) with three changes of absolute ethanol, embedded in pure Embed-812
epoxy resin [Electron Microscope Sciences, Fort Washington, PA] overnight and allowed to
cure for 48 hrs at 55°C. Ultra thin-sections were cut and mounted on copper grids and
stained with uranyl acetate followed by lead citrate. The sections were observed and
photographed using a Hitachi H-7000 transmission electron microscope [Nissei Sanyo
America, Ltd, Pleasanton, CA] operated at 75 kV.

For ICC/EM, cells were cultured on gridded glass coverslips (22x22 mm?) (Bellco
Biotechnology, Vineland, NJ) and washed in PBS. The cells were fixed in cytoskeletal
buffer (CSK) [PIPES (910mM), NaCl (100mM), Sucrose (300mM), EGTA (1mM), MgCl,
(3mM)] + 0.1% Triton X-100 for 30 min, CSK + 0.1% Triton X-100 + 1% glutaraldehyde
for 2 min and CSK + 0.1% glutaraldehyde for 10 min. This was followed by two 15 min
treatments with 0.1% NaBH, in PBS. The coverslips were then processed for
immunofluorescence as stated above using mouse mAb against y-tubulin detected with goat
anti-mouse-FITC and counterstained with DAPI. Images were acquired of cells with
aberrant numbers of y-tubulin staining bodies using a Nikon FXA fluorescence microscope
and their coordinates recorded. The coverslips were floated off the slides and washed several
times in PBS and then immersed in PBS overnight at 4°C. The cells were then washed 2 x 5
min in PBS and followed by 3 x 5 min washes in 0.1M sodium cacodylate buffer (pH 7.0).
Cells were post fixed in 1% osmium potassium ferrocyanide for 1 hour at room temperature,
washed 2 x 5 min in 0.1M sodium cacodylate and then 2 x 5 min in dH,0. Samples were
stained with 2% aqueous uranyl acetate for 30 min. at room temp, washed 3 x 5 min in
dH,0, dehydrated in ethanol and infiltrated and embedded in Epon/Araldite. Thin sections
were cut, cells relocated by their coordinates and examined using a Hitachi H-7000
transmission electron microscope [Nissei Sanyo America, Ltd, Pleasanton, CA] operated at
75 kV.

Gene Expression Microarrays and Data Analysis

The procedure followed for the hybridization and analysis of the gene expression arrays can
be found elsewhere for the primary tumors [Camps et al. 2008] and the CRC cell lines
(Camps et al., In Press). Briefly, one ug each of cell line or normal human colon RNA
(Ambion, Austin, TX) and Universal Human Reference RNA (Stratagene) were amplified
and labeled with Cy3 and Cy5, respectively, using a T7 RNA Polymerase (Low RNA Input
Fluorescent Linear Amplification Kit, Agilent) according to the manufacturer's protocols,
and hybridized to the 44K oligonucleotide-based Whole Human Genome Microarray
G4112F (Agilent). Similarly, RNA from primary tumors and normal human colon were
labeled with Cy3 and subjected to mono-channel hybridization onto 4x44K Whole Human
Genome Microarray (G4112F, Agilent). Microarrays were washed and processed using an
Agilent G2565BA scanner. Data were quality controled and extracted using Agilent
Technologies’ Feature Extraction (version 9.1).
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The analyses of the microarray experiments were performed with in-house developed
software based on R version 2.6.2 (http://www.R-project.org). Gene expression data was
obtained from 44K or 4x44K Agilent dual-channel arrays. Median per feature was used to
summarize data when two or three technical replicates were available. The data were
normalized using Linear & Lowess procedure in Agilent’s Feature Extraction software.
Features for which signals were below background (as assessed by “gSurrogatedUsed” or
“rSurrogatedUsed”) were forced to NA (not a number). The median measurement was used
when more than 1 measurement was available per feature (i.e. median-summarization by
array using “ProbeName”). The final CRC cell line dataset contained 20 samples (15 cell
lines, and 5 normal colon samples), and 40380 features.

Numerical Aberrations

Diploid and aneuploid colorectal tumor cell lines show striking differences with respect to
both centrosome number and structure [Ghadimi et al. 2000]. Despite the presence of
supernumerary centrosomes in the aneuploid tumors, we fail to observe a potential
consequence of centrosome amplification, i.e. multipolar mitoses. We therefore began a
thorough functional and structural analysis of centrosomes in normal cultured foreskin
fibroblast cells, diploid tumors, and aneuploid tumors with and without multipolar mitoses.
Based upon these analyses we identified distinct differences in the number, size and
localization of the centrosomes in these cell types.

Normal fibroblasts, as well as the diploid colorectal cell lines (HCT116, DLD1, SW48),
contained 1-2 y-tubulin positive staining bodies resulting in the formation of a normal
bipolar mitosis (Figs. 1A & 1D). The aneuploid colorectal cell lines (HT29, SW837,
SW480, Colo201, T84) each had a subpopulation of cells containing >3 y-tubulin positive
bodies [Ghadimi et al. 2000], the size and morphology of which was variable (Fig. 1B:
mononucleated or Fig. 1C: multinucleated cells). All of the observed mitoses were biplolar,
however, with some exhibiting clusters of y-tubulin at the poles (Fig. 2F). We therefore
extended our analysis of centrosome defects to include aneuploid cancer cell lines of
pancreatic origin. These lines also contained a percentage of cells with an abnormal number
of y-tubulin positive structures (Table 1), however all were of equal size and morphology, a
phenotype distinct from the colorectal cancer cell lines. In addition, we frequently observed
multipolar mitoses (Fig. 2G).

Many of the aneuploid colorectal cancer cell lines contain inactivating TP53 mutations. The
pattern of interphase centrosome aberrations we observed was consistent with the
centrosome amplification seen in Trp53—/- or Brcal—-/— MEFs [Fukasawa et al. 1996; Xu et
al. 1999]. This caused us to wonder whether TP53 loss had a comparable consequence with
respect to centrosome number in all cancer cell lines. In order to address this question, we
took advantage of the diploid colorectal cancer cell line HCT116 made homozygously
deficient for the TP53 protein (p53HCT116) [Waldman et al. 1996]. Unlike the TP53 wild-
type parental cells, this cell line had centrosome amplification and multipolar mitoses akin
to the Trp53-/— MEFs (see below).
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Despite the absence of gross chromosome mis-segregation in the aneuploid colorectal cancer
cell lines, we were interested in determining whether the interphase centrosome aberrations
observed in the pancreatic cell lines could be directly correlated with events occurring
during mitosis. A comparison of interphase and metaphase cell types in MiaPaCa2, Capan-2,
CFPac-1, BXxPC-3 and Capan-1 revealed that the percentage of interphase and metaphase
cells with 1-2 centrosomes was similar (Fig. 2; Types 11 vs 1M). Thus, the population of
interphase cells with normal centrosome numbers correlated with the percentage of
metaphase cells containing two centrosomes and normal bi-polar mitotic spindles. This was
not true, however, for HS766T, SU86.86, Panc-1 and AsPC-1 cells (Fig. 2).

Functional Aberrations

a-tubulin staining of mitotic spindles in Brcal-/- and Trp53-/- MEFs and in p53HCT116
and pancreatic cancer cell lines (Table 1 & [Sato et al. 2001]), revealed multiple nucleating
centrosomes and multipolar mitosis, structures associated with gross chromosomal
missegregation. Aberrant mitoses, however, were not observed in the aneuploid colorectal
cell lines despite the presence of supernumerary y-tubulin structures. This prompted us to
assess whether all of the y-tubulin structures in the aneuploid colorectal tumor cell lines
were functionally capable of nucleating microtubules.

Nocodazole is a potent microtuble depolymerizing drug that causes cell cycle arrest at
mitosis [Jordan et al. 1998]. The damage is reversible such that replacement with fresh
medium allows repolymerization of the microtubules and the procession of mitosis. We
therefore used nocodazole block and release to assess the ability of y-tubulin structures to
nucleate a-tubulin containing microtubules. Efficient microtubule nucleation from
centrosomes was most readily observed in mitotic cells in the absence of nocodazole (Figs.
3A, D & G). The effectiveness of microtubule depolymerization by nocodazole can be seen
in Figures 3B, E & H. In the diploid colorectal cell lines and normal fibroblasts (Fig. 3C),
p53HCT116 (Fig. 3F), pancreatic cancer cell lines and p53-/- MEFs (data not shown), all +y-
tubulin positive structures, regardless of their number, functioned as a-tubulin nucleating
centers shortly after removal of nocodazole. This differed markedly from the aneuploid
colorectal cancer cell lines in which, despite the presence of multiple y-tubulin structures,
only 1-2 centrosomes in each cell were observed to function as nucleating centers in the
formation of normal mitotic spindles (Fig. 31). Thus, the absence of multipolar mitoses in
the aneuploid colorectal cancer cell lines correlated with the inability of supernumerary
centrosomes to serve as nucleation centers for a-tubulin containing mitotic spindles.

Structural Aberrations

In an effort to determine why these supernumerary structures were not capable of giving rise
to multipolar mitosis, co-localization studies of y-tubulin with other centrosome-associated
proteins were performed. PLK1 is normally associated with centrosomes throughout the cell
cycle, until anaphase when it relocalizes to the metaphase plate and is distributed as two
rings at the midbody during cytokinesis [Lane and Nigg 1996]. This pattern was
recapitulated in both diploid (HCT116, p53HCT116, DLD1) and aneuploid (HT29, SW480,
Col0201) CRC cell lines irrespective of the number of y-tubulin positive structures.
Representative images from different cell lines are shown in Figure 4A and 4B. In
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interphase, AURKA is distributed in multiple, non-centrosomal nuclear foci. Its association
with centrosomes only occurs during mitosis. This redistribution pattern was also
recapitulated in all of the CRC cell lines analyzed (Figs. 4C-D), with AURKA localized to
every y-tubulin positive structure. PCNT, as part of the pericentriolar matrix (PCM), always
co-localizes with y-tubulin in centrosomes [Doxsey et al. 1994], as was the case in all of the
analyzed cell lines (Figs. 4E-F). Thus, we found no difference in the centrosome-associated
localization pattern of PLK1, AURKA or PCNT proteins between diploid and aneuploid
colorectal tumor cell lines. The presence of these centrosome-associated proteins was
therefore insufficient to nucleate mitotic spindles and generate multipolar mitoses.

Each centrosome, as visualized by electron microscopy, consists of a pair of centrioles
oriented at 90° relative to one another. Both fibroblasts and the diploid CRC cell line DLD1
contained 1-2 centrosomes, each with a pair of appropriately oriented centrioles (Figs. 5A-
C). Many of the Trp53-/- MEFs and p53HCT116 cells contained multiple centriole pairs,
often found in clusters (Figs. 5D-F). This was not surprising given the normal association of
PCNT, PLK1 and AURKA with all of the supernumerary y-tubulin structures (Fig. 4) and
the presence of multipolar mitoses in these cells (Fig. 3D & Fig.4F). Examination of the
aneuploid colorectal cancer cell lines revealed the presence of only 1-2 centriole pairs in
greater than 95% of the cells (Fig. 5G-I). In the remaining cells, clusters of centrioles were
observed (Fig. 6L), however the perpendicular orientation between pairs of centrioles was
sometimes lost (data not shown).

This differed from our previous immunocytochemical observation that 30 — 40% of the
SW837 cells contained multiple y-tubulin structures. We therefore grew the cells on gridded
coverslips, performed immunocytochemistry, identified those cells with multiple y-tubulin
structures and recorded their coordinates. The cells were then embedded for electron
microscopy, serial sections cut and the cells relocated based on their coordinates. This
afforded us the opportunity to directly correlate the presence of y-tubulin and centrioles. As
anticipated, all of the supernumerary centrosomes in the Trp53—/- MEFs contained a
perpendicularly oriented pair of centrioles (Fig. 6A-D). In the aneuploid SW837 cancer line,
cells with multiple y-tubulin structures were found to contain only one or two pairs of
centrioles (Fig. 6E-H), despite analysis of serial sections through the cells. Cells containing
clusters of centrioles (Fig. 61-L) did not always aggregate all of their y-tubulin in one
location. Thus, we were greatly surprised to find that the supernumerary structures
containing y-tubulin, PCNT and PLK in the aneuploid colorectal cancer cell lines were
actually devoid of centrioles, thereby correlating the presence of centrioles with the
nucleation capacity of y-tubulin structures and the propensity for catastrophic multipolar
mitoses.

Gene Expression Analysis

One approach to query the large number of genes currently known to be involved in
centrosome regulation and function is global gene expression analysis. We expanded our set
of CRC cell lines to include an additional five aneuploid CRC cell lines as well as five
biopsies of normal colon epithelia. These results were also compared to a previous analysis
consisting of 23 primary colon carcinomas [Camps et al. In Press]. Of the 131 genes spotted
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on the array that we queried based on their known or potential connection to the
development of aneuploidy through an association with the centromere, centrosome or
spindles, 11 genes were significantly deregulated (P<0.0001) in both the diploid and
aneuploid cell lines relative to the mucosa, and of these seven were also of significance in
primary colon tumors (Table 2). Only CSSP1 (1.48-1.96-fold decrease, P=0.009-0.0005),
CETN2 (2.23-fold increase, P=0.000104), TTL4 (1.4-fold increase, P=0.009) and TUBGCP6
(1.52-fold decrease, P=0.0039) had an expression difference that reached any significance
(P<0.01) in the aneuploid relative to the diploid cell lines.

Discussion

In an effort to understand the causal events leading to the development of aneuploidy in
tumorigenesis, we have undertaken a comparative analysis of centrosomes and gene
expression profiles in cultured normal foreskin fibriblasts, diploid and aneuploid tumor cell
lines with and without multipolar mitoses. Most published reports of centrosome analysis in
primary tumors and tumor cell lines address the number and morphology of these structures
in interphase nuclei as visualized by immunocytochemistry with antibodies against y-tubulin
or PCNT. In addition to an examination of their presence and abundance in interphase
nuclei, we also wanted to determine the manifestations of such aberrations in dividing cells
and attempt to make a correlation between these two phases of the cell cycle (Figure 2). Our
analysis included a categorization of interphase and metaphase cells into three distinct
classes. Those we labeled as Type 2 and Type 3 corresponded to cells with an increase in
centrosome number. According to Theodore Boveri, such cells might be expected to
undergo aberrant chromosome segregation. This is in fact what we observed in the
pancreatic cell lines, p53HCT116 and Trp53—-/- MEFs. Whether the resulting daughter cells
would be viable is an issue that can only truly be addressed by identifying the aberrant cells
and following them through cell division.

The situation, however, was quite different in the CRC cancer cell lines. Defects in DNA
mismatch repair pathway (MMR~-/-) results in the accumulation of point mutations or small
lesions throughout the genome, eventually occurring in tumor suppressor genes or
oncogenes. Such genomic alteration abrogates the need for changes in chromosome copy
number during tumorigenesis [Lengauer et al. 1998]. Consistent with this mechanism of
mutagenesis, we found that these cells contain normal numbers of centrosomes, all of
uniform size, shape and protein composition as determined by immunocytochemistry (ICC)
against multiple centrosome-associated structural proteins and kinases. Their capacity to
nucleate a-tubulin containing microtubules was similar to control fibroblast cells [Ghadimi
et al. 2000] and each centrosome was found to contain two perpendicularly oriented
centrioles.

The loss of TP53 function can induce true centrosome amplification in otherwise wildtype
(Trp53—-/- MEFSs) and MMR deficient cells (p53HCT116). The TP53 deficient diploid
CRC cell line DLD1, which contains only 1-2 normal centrosomes, provides evidence that
there may be other factors that can counteract this predisposition. Our observations in the
p53HCT116 cell line suggest that although TP53 loss can induce the amplification of
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functional centrosomes and multipolar mitoses in MMR~/- cells, it did not result in an
increase in chromosome instability (data not shown).

The aneuploid colorectal cancers contain an intact DNA mismatch repair pathway (MMR+),
but generally have loss of TP53 function. As such, the accumulation of genomic alterations
primarily occurs through their inability to correctly respond to certain types of DNA lesions.
This includes a failure to arrest the cell cycle and to activate the repair pathways necessary
for proper repair of the damaged DNA. Such cells are also capable of altering the number of
intact oncogenes and tumor suppressor genes via the gain and loss of chromosomes or
chromosomal regions [Eshleman et al. 1998]. One potential mechanism for altering
chromosome copy number is interference with the chromosome segregation machinery.
Consistent with this idea was the presence of multiple y-tubulin structures in the aneuploid
colorectal cells that presumably represented functional centrosomes. We have now
demonstrated that these extra structures contain a number of microtubule organizing center
(MTOC) proteins considered to be the hallmark of functional centrosomes (i.e., y-tubulin
and PCNT) [Doxsey et al. 1994; Moritz et al. 1995]. The co-localization pattern of these
proteins, as well as the cell-cycle dependent co-localization and redistribution of two kinases
known to be involved in centrosome segregation and migration (i.e., PLK1 and AURKA),
were identical in aneuploid and diploid CRC cell lines and in normal cells.

Further examination, however, revealed that these supernumerary structures did not behave
like centrosomes. The presence of multipolar mitosis in the Brcal—/- and Tp53-/— MEFs,
p53HCT116 and pancreatic tumor cell lines, all of which contained multiple y-tubulin
structures, was in sharp contrast to observations in the aneuploid CRC cell lines. The
inability of the structures in the latter lines to nucleate a-tubulin containing microtubules, as
revealed in our nucleation assays, provides one explanation. This is somewhat surprising
given evidence that y-tubulin is responsible for the nucleation activity of centrosomes
[Mogensen et al. 1997].

Our dual immunocytochemistry / EM analysis revealed the presence of only 1-2 pairs of
centrioles in most of the aneuploid CRC cells despite the presence of multiple y-tubulin
structures. Even in SW837 where we observed multiple centrioles in an exceedingly low
percentage of cells (Fig. 61-L), we did not observe more than two clusters of centrioles per
cell. Thus, there appears to be a clear correlation between nucleation ability and the presence
of centrioles in the tumor cell lines analyzed here. This is in contrast to observations in early
mouse development and certain Drosophila cell lines, where centrosomes stripped of their
centrioles have been shown to have nucleation activity [Debec et al. 1995]. It is also possible
that nucleation from these structures occurs but is severely impaired, hence the inability of it
to be detected in our assay.

Perhaps modification of y-tubulin is essential to its ability for nucleation [Khodjakov and
Rieder 2001]. Our co-localization studies indicate that two proteins (PLK1 and AURKA)
whose modification of y-tubulin is critical for progression through the cell cycle are
associated with, and therefore in a position to modify, y-tubulin in these non-functional
structures [Feng et al. 1999]. Our analysis here of CRC cell lines, as well as of primary
colon tumors (data not shown), confirms the findings of previous studies demonstrating
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elevated levels of these proteins in primary human colorectal cancers [Bischoff et al. 1998;
Takahashi et al. 2000]. While the protein concentrations and localization may be sufficient
for the modification of y-tubulin in the aneuploid cells, their enzymatic activity was not
assessed. Analysis of Xenopus extracts has identified Xmap215 as a protein which is critical
for the nucleation of mitotic spindles [Popov et al. 2002]. Perhaps a failure of the human
orthologous protein (CKAP5), which we observed to be significantly increased at the
transcriptional level, to localize to the supernumerary, centriole-lacking structures is
responsible for their inability to nucleate spindle formation.

Further molecular interrogation of the differentially expressed genes identified through our
analysis will be necessary to determine if they are in any way related to the functional
capacity of y-tubulin containing structures to nucleate mitotic spindles and form multipolar
mitoses capable of causing chromosome mis-segregation. Overexpression of CSPP1, as
occurs in the aneuploid CRC cell lines, has been shown to result in a cell cycle block at M
and early G1 phases, with mitosis-arrested cells containing aberrant spindles [Patzke et al.
2005]. CETN2 localizes to spindles [Salisbury 1995] and more recently has been found
associated with the nuclear pore complex [Resendes et al. 2008] were it regulates MRNA
and protein export into the cytoplasm. It has also been demonstrated to stimulate the early
stages of nucleotide excision repair [Nishi et al. 2005] through its interaction with
xeroderma pigmentosum group C protein (XPC1) [Popescu et al. 2003]. One of the vy-
tubulin complex proteins, TUBGCP®6, was expressed at lower levels in the aneuploid CRC
cell lines. Because of its association with the y-tubulin complex, a decrease in expression
might explain the failure of the supernumerary structures in the CRC aneuploid cell lines to
nucleate microtubules [Murphy et al. 2001].

Our results suggest the potential of antibodies against y-tubulin or PCNT alone to be
misleading, particularly when drawing inferences about the functionality of these structures.
We have identified three distinct categories of tumor cells based on their centrosome number
and functionality. The first contain a normal complement of functional centrosomes. This is
exemplified by the near diploid colorectal tumors. The second consists of cells with
supernumerary centrosomes that have nucleating capacity, thereby resulting in active
chromosome mis-segregation via multipolar mitoses. These would include the pancreatic
tumor cell lines, Brcal and Tp53-deficient MEFs, p53HCT116 and Brcal-deficient tumors
[Weaver et al. 2002; Xu et al. 1999]. The degree of chromosomal instability in these cells
may, however, depend on other factors such as the rate of mis-segregation and the fate of the
daughter cells. The final series of cell lines, which includes the aneuploid colorectal cancer
cell lines, have an abnormal distribution of centrosome-associated proteins, possibly through
fragmentation of the pericentriolar matrix. Since the supernumerary structures were not
capable of nucleating microtubules, and because multipolar mitoses were never observed,
one might speculate that the consequence is an alteration of the functional capacity of
"legitimate" centrosomes. As such, mis-segregation would result from a failure of sister
chromatid separation rather than the active aberrant partitioning of chromosomes via
attachment to the supernumerary centrosomes. Perhaps not surprisingly, these cell lines were
no more karyotypically unstable than those cell lines containing a normal pair of
centrosomes (data not shown).

Environ Mol Mutagen. Author manuscript; available in PMC 2015 February 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Difilippantonio et al.

Page 12

In conclusion, the presence of y-tubulin, pericentrin, and the modifying kinases PLK and
AURKA are insufficient for the generation of a functional centrosome with the capacity to
nucleate microtubules. Such supernumerary structures are therefore incapable of inducing
the formation of multipolar mitoses, however we cannot exclude a possible role in
chromosome mis-segregation through disruption of the normal bipolar spindle. The
assessment of centrosome function with respect to chromosome segregation must therefore
take into consideration the presence of centrioles and the capacity to nucleate microtubules.
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Interphase

Type 2i Type 1l

Type 3l

Figure 1.
Interphase cells (1) were categorized based on the number of their centrosomes (green) as

detected with an anti-y-tubulin antibody. DNA was counterstained with DAPI (red) and the
cells visualized by differential interference contrast (DIC) microscopy. Type 11 (A) have 1-
2 centrosomes. Type 21 (B) are mono-nucleated cells with multiple centrosomes while Type
31 (C) contain multiple centrosomes in a multi-nucleated cell. Mitotic cells (M) were
categorized in a similar manner based on the number and orientation of their centrosomes
with respect to the mitotic plate. Type 1M (D) have a bi-polar spindle with 1 centrosome on
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either side of the mitotic plate. Type 2M (E) mitoses are bi-polar but demonstrate
coalescence of multiple centrosomes at either pole. Type 3M (F) are multipolar mitoses in
which the chromosomes are pulled in more than two directions.
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Metaphase - Interphase Type Correlation

100%

80%

Quantitation and comparison of interphase (Int) (n=300) and metaphase (Met) (h=50)
pancreatic cancer cells based on the categories illustrated in Figure 1.
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p53HCT116  Aneuploid

Figure 3.
Nucleation assay and subsequent detection of both a-tubulin spindles (green) and y-tubulin

(red) in diploid (A-C) and aneuploid (G-I) colorectal cancer cell lines as well as
p53HCT116 (D-F), a diploid colorectal cell line made homozygous deficient for TP53.
Untreated cells (A, D, G) in mitosis reveal mitotic spindles nucleating from the centrosomes.
Nocodazole treated cells (B, E, H) in mitosis. The absence of mitotic spindles demonstrates
the microtubule depolymerizing activity of the drug. Cells allowed to briefly recover from
nocodazole treatment (C, F, 1) reveal nucleation of a-tubulin containing microtubules from
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all y-tubulin structures in the diploid (C) and p53HCT116 (F) cells compared to only 1-2 y-
tubulin structures in the aneuploid colorectal cell lines (1).
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p53HCT116

Pericentrin

p53HCT116

Figure4.
Dual immunofluorescence for y-tubulin and Polo-like kinase 1 (PLK1) (A &B), Aurora-

kinase A (AURKA) (C & D) and PCNT (E & F). Interphase cells reveal co-localization of y-
tubulin with PLK1 (A) and PCNT (E) but not with AURKA (C). In mitosis, however, all
four protein co-localize (D & E), however PLK1 remains at the metaphase plate during
anaphase (B) and is found as two rings at the midbody after cytokinesis.
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Figure5.
Electron microscopic serial sections of centrioles. One centriole pair, in their normal

perpendicular orientation, as illustrated in the diploid cell line DLD1 (A - C). In Trp53-
deficient MEFs (D — F) and the TP53-deficient HCT116 cell line (data not shown), multiple
pairs of centrioles were observed, sometimes in clusters. Three pairs of centrosomes are
depicted here. In the aneuploid colorectal cancer cell lines, such as shown for SW837 (G -
1), two pairs of centrosomes were also observed, even in cells with multiple y-tubulin foci.
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Figure6.
Immunocytochemistry - Electron microscopy (ICC-EM)

Differential interference contrast (DIC) (A, E & 1) and immunofluorescence detection of y-
tubulin (B, F & J) was followed by preparation of serial sections for EM and relocalization
of the cells with the aid of gridded coverslips. In Trp53-deficient MEFs (A-D) and the cell
line p53HCT116 (data not shown), every pair of centrioles corresponded to a y-tubulin
structure. Aneuploid colorectal cells containing multiple y-tubulin structures usually
contained one or two correctly oriented centriole pairs (E-H). Very rarely, however, a cell
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was observed which contained a cluster of centrioles (I-L), but in association with only one
of the many y-tubulin structures, the others being devoid of centrioles.
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Comparison of centrosome aberrations during mitosis and interphase in pancreatic cell lines.

Interphase Mitoses
Nuclei

Cell Observed Observed
Line Abnormal@ | Multipolar®
AsPC-1 10% 15%
BxPC-3 14% 7%
Capan-1 13% 9%
Capan-2 3% 3%
CFPac-1 8% 9%
Hs766T 28% 19%
Mia PaCa-2 8% 2%
Panc-1 15% 16%
SU86.86 11% 13%

aType2 and Type3 interphase cells combined.

bType3 metaphase cells.
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