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ABSTRACT
Chromosomal instability (CIN) is a common cause of tumour heterogeneity and poor prognosis in solid tumours and describes cell–cell

variation in chromosome structure or number across a tumour population. In this article we consider evidence suggesting that CIN may be

targeted and may influence response to distinct chemotherapy regimens, using HER2-positive breast cancer as an example. Pre-clinical

models have indicated a role for HER2 signalling in initiating CIN and defective cell-cycle control, and evidence suggests that HER2-targeting

may attenuate this process. Anthracyclines and platinum agents may target tumours with distinct patterns of karyotypic complexity, whereas

taxanes may have preferential activity in tumours with relative chromosomal stability. A greater understanding of karyotypic complexity and

identification of methods to directly examine and target CIN may support novel strategies to improve outcome in cancer. J. Cell. Biochem.

111: 782–790, 2010. � 2010 Wiley-Liss, Inc.
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M ost cancers are of monoclonal origin, but growth of

cellular sub-populations occurs during progression and

leads to intra-tumour genetic heterogeneity [Shah et al., 2009; Ding

et al., 2010]. Genomic instability promotes cell-to-cell variability in

the genomic content of cells across a tumour population. From a

Darwinian standpoint, this may enhance the propensity for tumours

to ‘adapt’ to environmental stress through selection [Cahill et al.,

1999]. Genomic instability can occur at a DNA sequence level (e.g.

microsatellite instability, commonly seen in colorectal cancers) or

may be evident at the gross karyotypic level (aneuploidy).

Furthermore, new patterns of genetic instability are emerging from

massively parallel sequencing studies [Stephens et al., 2009].

Aneuploidy refers to the state of abnormal chromosome number or
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structure, and can be either stable or unstable. Unstable aneuploidy

(or chromosomal instability, CIN), leads to karyotypic heterogeneity

between tumour cells [Geigl et al., 2008].

CIN is associated with poor prognosis in solid tumours, including

breast cancer [Carter et al., 2006; Walther et al., 2008], which may be

explained by the consequences of CIN on tumour adaptation and

evolution, and an accelerated capacity to acquire multi-drug resis-

tance and adaptation to environmental stress compared to chromo-

somally stable, diploid cells [Cahill et al., 1999; Duesberg et al., 2000;

McClelland et al., 2009]. Consistent with this hypothesis, mouse lung

tumours driven by KRAS have a higher tumour relapse rate following

oncogene withdrawal in the presence of MAD2-driven CIN, than

tumours with KRAS expression alone [Sotillo et al., 2010].
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Fig. 1. CIN breast cancer cells missegregate chromosomes at mitosis: HER2-

positive BT474 breast cancer cell completing mitosis with a chromosome

segregation error (DNA in the cytokinesis furrow is indicated by arrow heads).

HER2 is stained with an anti-HER2 antibody and is shown in green. DNA is

stained with DAPI and is shown in blue. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
Evidence accumulated over the last decade suggests that tumour

CIN may be an attractive and targetable phenotype due to its almost

exclusive predominance in neoplastic compared to normal tissue.

Roschke and colleagues were amongst the first to suggest that

tumour karyotypic complexity may be an exploitable phenotype

and defined several anticancer agents with preferential activity in

chromosomally unstable cell lines [Roschke et al., 2003, 2005;

Roschke and Kirsch, 2005]. However, one of the remaining

challenges in the targeting of this pattern of genome instability

is the ability to determine CIN status in tumour tissue. The best

current measures of CIN quantify inter-cellular heterogeneity [Geigl

et al., 2008]; fluorescence in situ hybridisation (FISH) allows

assessment of intercellular variation in chromosome number [Lingle

et al., 2002] and DNA image cytometry measures heterogeneity

in nuclear DNA content and can serve as a direct measure of

aneuploidy and CIN [Kronenwett et al., 2004]. Next generation

sequencing technologies have the capacity to address the diversity

of genomic aberrations and define tumour cell heterogeneity. In

addition, coordinated aberrations in gene expression can be used to

indicate chromosomal imbalances, a measure termed ‘total func-

tional aneuploidy’ (tFA) [Carter et al., 2006]. The CIN70 gene

expression signature, expression of which is highly correlated with

tFA, is predictive of poor outcome in six different cancer types

including breast cancer [Carter et al., 2006]. Importantly, CIN70

expression correlates closely with CIN quantified by DNA image

cytometry in breast cancer, confirming CIN70 expression as a robust

surrogate marker of CIN in vivo [Swanton et al., 2009].

In this article we review evidence for the occurrence of CIN in

HER2þ breast cancer and consider the hypothesis that tumour

heterogeneity and CIN may influence response profiles observed in

clinical trials in this disease subtype. We examine a model supported

by recent clinical and molecular evidence that response to combi-

nation chemotherapy given with HER2-targeted therapies may

reflect the differential targeting of karyotypically distinct tumour

populations by these agents.

IMPACT OF HER2 TARGETING ON CELL-CYCLE
CONTROL AND CHROMOSOMAL INSTABILITY

HER2, human epidermal growth factor receptor 2, is amplified

and overexpressed (Fig. 1) in up to 15% of breast cancers, and is

associated with poor prognosis [Slamon et al., 1987]. The anti-HER2

monoclonal antibody, trastuzumab, improves outcome in HER2-

positive (HER2þ) primary and metastatic breast cancer [Slamon

et al., 2001; Mariani et al., 2009]. Trastuzumab has multiple

potential mechanisms of action, including immune activation and

inhibition of signalling pathways that may be essential for

maintaining cancer cell viability and CIN [Hudis, 2007; Valabrega

et al., 2007].

HER2þ breast cancers show significantly increased allelic

imbalance and CIN relative to HER2-negative tumours [Ellsworth

et al., 2008]. HER2 overexpression in tumours is also associated with

centrosome abnormalities [Montagna et al., 2002; Schneeweiss

et al., 2003], which may promote CIN through chromosome

missegregation during mitosis [Ganem et al., 2009]. In addition,
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there are several lines of pre-clinical and clinical evidence to support

a functional role of HER2 signalling in mediating and sustaining

CIN. HER2 protein overexpression constitutively activates the PI3K/

AKT/mTOR pathway, and activity of this signalling axis promotes

chromosome segregation errors in mouse tumours [Aoki et al., 2003]

and the survival and proliferation of aneuploid cells in culture [Jin

and Woodgett, 2005; Wang et al., 2006]. The tumour suppressor

PTEN antagonises PI3K activity, and like HER2 overexpression, loss

of PTEN results in constitutive AKT activation. PTEN loss is common

both in mouse tumour models of CIN [Maser et al., 2007], and in

aneuploid human tumours [Ehlers et al., 2008; Li et al., 2009].

Recently it has been established that PTEN loss results in a

substantial reduction in the ability of cells to elicit RAD51 foci

formation and homologous recombination DNA repair further

contributing to CIN [Mendes-Pereira et al., 2009].

Consistent with a role for HER2 signalling in driving CIN,

silencing HER2 expression results in the selective apoptosis of

cancer cells with an abnormal karyotype and the specific regression

of the aneuploid fraction [Pack et al., 2004]. Furthermore, inhibition

of either PI3K or mTOR reduces the frequency of chromosome

segregation errors [Aoki et al., 2003].

The impact of trastuzumab exposure on cell-cycle progression

may help to explain the restoration of chromosomal stability

mediated by HER2 targeting in vitro (Fig. 2) [Pack et al., 2004].

Trastuzumab exposure results in the repression of genes encoding

components of the mitotic apparatus, including genes with direct

roles in centrosome integrity, spindle and kinetochore attachments

and spindle assembly checkpoint function [Le et al., 2006]. Several

of these genes, for example, Aurora kinase A [Anand et al., 2003],

HEC1 [Diaz-Rodriguez et al., 2008] and UBE2C [Reddy et al., 2007],

are implicated in CIN directly and half of the genes consistently

repressed by trastuzumab are overexpressed in the CIN70 signature

(P¼ 2.3� 10�16) [Carter et al., 2006; Le et al., 2006; Swanton et al.,

2007]. Trastuzumab may also restore chromosomal stability by
TARGETING CIN AND TUMOUR HETEROGENEITY 783



Fig. 2. HER2 targeting by trastuzumab regulates genes involved in cell-cycle progression and mitosis. HER2 signalling leads to inhibitory phosphorylation of CDK1, and

upregulation of p21cip1. Trastuzumab treatment reverses this effect and increases the pool of p27kip1-bound CDK2, which controls entry into S-phase. Trastuzumab treatment

also regulates cell-cycle genes through transcriptional repression. Genes repressed by trastuzumab are shown in red. Eight out of 16 of these genes are overexpressed in CIN

tumours (shown in purple). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
altering cyclin-dependent kinase (CDK) activity. In mitosis, the

spindle assembly checkpoint sustains activity of the master mitotic

kinase CDC2 (CDK1), and maintains sister chromatid cohesion in

order to delay progression through mitosis until all chromosomes

are correctly aligned and attached to the mitotic spindle at

metaphase. HER2 overexpression inhibits CDC2 activity through

upregulation of the cyclin/CDK inhibitor p21Cip1 [Yu et al., 1998],

and through inhibitory phosphorylation of CDC2 [Tan et al., 2002].
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Trastuzumab’s impact on cell-cycle checkpoint control mechan-

isms may directly affect chemotherapy responsiveness, since

decreased CDC2 activity is associated with resistance to pacli-

taxel-induced apoptosis in vitro [Yu et al., 1998; Tan et al., 2002].

Treatment of HER2þ breast cancer cell lines with trastuzumab leads

to repression of p21cip1 expression and reduction in the inhibitory

phosphorylation state of CDC2, thereby augmenting CDC2 activity

and paclitaxel-induced cell death [Lee et al., 2002]. Inhibition of
JOURNAL OF CELLULAR BIOCHEMISTRY



CDC2 by increased HER2 signalling may bypass spindle assembly

checkpoint activation, which normally acts to maintain CDC2

activity, potentially facilitating chromosome missegregation events

during mitosis. Therefore, trastuzumab treatment reactivates CDC2

at mitosis, potentiating checkpoint signalling that may result in both

enhanced chromosomal stability and taxane responsiveness [Yu

et al., 1998; Tan et al., 2002; Le et al., 2006].

TUMOUR HETEROGENEITY IN HER2-POSITIVE
BREAST CANCER

HER2 expression is heterogeneous in HER2þ breast cancer; variation

in HER2 amplification and expression exists both in HER2þ cell

lines and within individual tumours [Szollosi et al., 1995; Lewis

et al., 2005; Shin et al., 2006; Moeder et al., 2007; Brunelli et al.,

2009]. For a tumour to be classified as HER2þ, 30% of tumour cells

must show strong membrane staining by immunohistochemistry

(IHC 3þ) implying that intra-tumour heterogeneity in HER2

expression occurs in HER2þ disease. Intra-tumour heterogeneity

of HER2 amplification has been documented in HER2 IHC 3þ
cancers: 30% of tumours with high-grade gene amplification (HER2

copy number ratio �4.0) demonstrated areas with low-grade

amplification (HER2 copy number ratio >2.2 to <4), and 40% of

those with low-grade amplification demonstrated areas of no

amplification [Brunelli et al., 2009]. Intra-tumour heterogeneity of

both HER2 amplification and expression has also been observed in

IHC 2þ breast cancers [Lewis et al., 2005]. In agreement with a role

for HER2 signalling in the development of CIN and consistent with

the heterogeneity of CIN in individual tumours, flow cytometry

experiments have indicated that the expression of HER2 is higher

in aneuploid compared to diploid components of HER2þ tumours.

Furthermore, the acquisition of HER2 overexpression may precede the

initiation of aneuploidy [Smith et al., 2000]. Intra-tumour hetero-

geneity in HER2 status may therefore initiate heterogeneity of CIN,

with higher HER2 expression/amplification in aneuploid/CIN cells.

The presence of CIN is not a universal karyotypic feature across

all breast cancers. Direct measurements of CIN quantified by DNA

image cytometry, or surrogate quantification of CIN70 signature

expression, have determined that breast cancers expressing HER2 do

not all have evidence of CIN. In a small cohort of primary breast

cancers with paired gene expression and DNA image cytometry data

approximately one-third of HER2-positive tumours displayed

evidence of chromosomal stability (as defined by DNA image

cytometry and CIN70 signature expression) [Habermann et al., 2009;

Swanton et al., 2009]. We have validated these findings in a meta-

analysis of 1,850 breast cancer patients, and found that 32–41% of

HER2þ tumours display low expression of the CIN70 signature

(Table II) indicative of relative chromosomal stability.

In summary, HER2þ breast cancer is a heterogeneous disease

subtype, and the presence of CIN may be heterogeneous in HER2þ
disease both within and between tumours that may have therapeutic

implications. We now consider the evidence that chemotherapy

agents used in HER2-positive breast cancer may target karyotypi-

cally distinct tumour subpopulations within this heterogeneous

disease type.
JOURNAL OF CELLULAR BIOCHEMISTRY
ANTHRACYCLINES AND PLATINUM AGENTS

Clinical trials have demonstrated an increased frequency of

pathological complete response in HER2-positive primary breast

cancer, and improved tumour response rates in metastatic disease,

when trastuzumab is combined with anthracycline-containing

regimens [Slamon et al., 2001; Pritchard et al., 2008].

Recently, much attention has focused on HER2, TOP2A and

structural instability of the peri-centromeric region of chromosome

17 as potential predictive markers of benefit from anthracyclines,

which inhibit the activity of topoisomerase II [Tubbs et al., 2009;

Gennari et al., 2008; Pritchard et al., 2006]. TOP2A, which encodes

topoisomerase II, and HER2 are encoded on neighbouring sites near

the peri-centromeric region of the long arm of chromosome 17.

Increasing evidence suggests that TOP2A amplification may be

associated with response or preferential benefit from anthracyclines

[Isola et al., 2000; Knoop et al., 2005; Slamon, 2006; O’Malley et al.,

2009]. Recently, structural CIN around the centromeric region of

chromosome 17 has been associated with anthracycline benefit.

Using CGH (comparative genomic hybridisation) or MLPA (multi-

plex ligation-dependent probe amplification) approaches, three

groups have shown increased Centromeric Enumeration Probe 17

(CEP17) copy number reflects complex structural instability of

chromosome 17 and amplification of the centromeric region of

chromosome 17, rather than gain of the whole chromosome

[Marchio et al., 2009; Moelans et al., 2009; Yeh et al., 2009].

Tumours with CEP17 duplication may be associated with

preferential sensitivity to anthracycline-based regimens. Four

studies, including three adjuvant clinical trials (NEAT, BR9601

and Canadian MA.5), have documented improved disease free

survival in patients with primary breast tumours with CEP17

duplication, following anthracycline combination chemotherapy

[Bartlett et al., 2009, 2010]. Analysis of one of these studies, the

MA.5 trial, indicated that benefit from anthracyclines was also

associated with HER2 and TOP2A amplification [O’Malley et al.,

2009]. Conceivably underlying structural CIN of chromosome 17

may be a surrogate for preferential benefit from anthracycline

therapy due to structural instability of the TOP2A locus adjacent to

the CEP17 centromeric region.

Preliminary evidence also suggests that platinum chemotherapy

agents may be preferentially active in tumours with structural CIN.

Genome-wide measures of structural CIN classified by DNA copy

number analysis (fractional allelic loss FAL) or by the CIN70 gene

expression signature correlating with tFA or by the total number of

DNA breakpoints, have determined that high tFA, FAL or total DNA

breakpoint number, may be associated with preferential sensitivity

to platinum-based therapies in gastric, ovarian and breast cancer

[Ott et al., 2003; Juul et al., 2009; Swanton et al., 2009]. Our data

indicate that in contrast to ER-/PR-/HER2-negative breast cancer

where the majority of tumours display high tFA/CIN70 expression,

the distribution of high and low tFA in HER2-positive disease

appears bimodal with approximately 32–41% of HER2-positive

breast cancers demonstrating low tFA/CIN70 expression (Table II)

that might be predicted to be less sensitive to platinum therapy.

It should also be considered that the underlying genomic

aberrations responsible for the CIN state may directly influence
TARGETING CIN AND TUMOUR HETEROGENEITY 785
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chemotherapy response and thus CIN and treatment response may

only be associated via an underlying tumour somatic event that

results in both instability and enhanced chemosensitivity. For

example, PTEN loss that occurs in a subset of HER2-positive breast

cancers, may promote chromosome segregation errors through

activation of PI3K-AKT pathway signalling and defective homo-

logous recombination resulting in enhanced platinum sensitivity

[Aoki et al., 2003; Mendes-Pereira et al., 2009].

In summary, evidence suggests that both anthracyclines and

platinum agents have preferential activity in tumours with defined

patterns of karyotypic complexity. If this is the case, one might

predict that platinum agents may be able to substitute for

anthracyclines in HER2-positive breast cancer, thereby limiting

the cardiotoxicity profile of anthracycline-based therapy. Consis-

tent with this hypothesis, the BCIRG006 study has documented

equivalent disease free survival in an adjuvant HER2-positive breast

cancer clinical trial with a platinum-containing regimen (docetaxel/

carboplatin/trastuzumab) compared to an anthracycline-based regimen

(adriamycin/cyclophosphamide/docetaxel/trastuzumab) [Slamon,

2006].

TAXANES

The ability to survive an aneuploid state correlates with resistance

to microtubule inhibitor drugs, leading to suggestions that the

development of polyploidy in response to paclitaxel may be a useful

indicator of drug resistance [Roberts et al., 1990; Bouchet et al.,

2007]. This has led to the proposition that tumour CIN status

may influence sensitivity to microtubule stabilising agents in

vivo [Weaver and Cleveland, 2005]. Evidence substantiating this

association derives from studies demonstrating that many genes

implicated in resistance to microtubule inhibitors have roles in the

maintenance of chromosomal stability [Cahill et al., 1998; Michel

et al., 2001; Anand et al., 2003; Hauf et al., 2003; Sudo et al., 2004;

Wang et al., 2004; Schmidt et al., 2005; Chabalier et al., 2006;

Andre et al., 2007; Pusztai, 2007] and an efficient mitotic arrest

orchestrated by the spindle assembly checkpoint, which monitors

chromosome attachment to the mitotic spindle and sustains faithful

chromosome segregation and chromosomal stability, is required for

paclitaxel-induced cell death [Sudo et al., 2004; Juul et al., 2010].

Consistent with a role for an aneuploid/CIN survival state in

taxane resistance, CIN is associated with taxane resistance in vitro

[Bouchet et al., 2007; Swanton et al., 2007] and predicts intrinsic

taxane resistance in patients in vivo [Swanton et al., 2009]. Clinical

trials in advanced breast cancer have consistently shown that

trastuzumab or lapatinib therapy in combination with taxanes are

associated with additive clinical benefit in patients with HER2þ
disease when compared to the expected monotherapy response rates

of either trastuzumab or lapatinib [Vogel et al., 2002; Baselga et al.,

2005] or taxane alone (Table I) [Slamon et al., 2001; Marty et al.,

2005; Romond et al., 2005; Gasparini et al., 2007; Di Leo et al., 2008;

Gomez et al., 2008]. Additive response rates witnessed in these

studies raise the possibility that taxanes and HER2 directed therapies

target distinct tumour populations that can be explained by inter- or

intra-tumour variation in CIN. Not all HER2þ breast tumours appear
786 TARGETING CIN AND TUMOUR HETEROGENEITY JOURNAL OF CELLULAR BIOCHEMISTRY



TABLE II. Distribution of High and Low CIN Tumours in HER2-Positive Disease

IHC/FISH Expression

HER2 positive HER2 negative Total with IHC/FISH HER2 positive HER2 negative All samples

CIN high 79 (59%) 223 (48%) 302 (51%) 210 (68%) 687 (45%) 897 (48%)
CIN low 54 (41%) 240 (52%) 294 (49%) 101 (32%) 852 (55%) 953 (52%)
Total 133 (100%) 463 (100%) 596 (100%) 311 (100%) 1,539 (100%) 1,850 (100%)

CIN high and CIN low status is determined for each of the 1,850 samples, derived from published gene expression datasets from 10 breast cancer cohorts (mixed
histopathological subtypes), as the relative expression of the CIN70 signature to the mean CIN70 expression across the whole cohort. HER2 status is determined by both
IHC/FISH (available for 596 samples) and by expression of the HER2 gene (inferred on all 1,850 samples). HER2 status by expression was inferred by observing the
cumulative density function of HER2 expression in a mixed cohort. HER2-positive tumours were identified by a discontinuous point separating high HER2 expressing
tumours from low. Numbers represent individual patients. The distribution of CIN high versus CIN low for each column is given in percent in parenthesis.
to be highly chromosomally unstable as defined by the CIN70

expression signature (Table II) and heterogeneous HER2 expression

is associated with differential karyotypic instability within the

tumour population indicative of inter and intra-tumoural CIN

heterogeneity, respectively [Smith et al., 2000].

Evidence reviewed in this article indicate that taxanes may

provide greater benefit in patients with chromosomally stable

tumours while HER2 targeting limits the development of aneuploid

cells [Pack et al., 2004]. Hence trastuzumab and taxanes may target

karyotypically distinct subpopulations within the same tumour

[Pack et al., 2004; Le et al., 2005]. Trastuzumab combination

treatment (which decreases inhibitory CDC2 phosphorylation)

may also enhance paclitaxel-induced cell death through enhanced

CDC2 activity following trastuzumab exposure [Lee et al., 2002].

Trastuzumab may therefore potentiate paclitaxel cytotoxicity by

strengthening spindle assembly checkpoint signalling in CIN cells,

further enhancing the combined efficacy of these two treatment

modalities.

In the absence of knowledge of tumour CIN status before treat-

ment and taking into account evidence that some HER2-positive

breast cancers may display relative chromosomal stability, cytotoxic

agents targeting CIN and non-CIN tumours would be required to

achieve maximum benefit across all patients with HER2-positive

breast cancer. Taxane combination regimens with platinum or

anthracycline would be predicted to be optimal in order to target

both karyotypically stable or unstable tumours. Consistent with this

concept, the CALGB-9344 clinical trial demonstrated that patients

with surgically resected HER2-positive breast cancer derived

preferential benefit from the combination of anthracycline with

paclitaxel chemotherapy [Hayes et al., 2007] and a recent pre-

operative chemotherapy trial demonstrated high pathological

complete response rates (76%) in HER2-positive breast cancer

treated with paclitaxel/carboplatin and trastuzumab [Sikov et al.,

2009].

CONCLUDING REMARKS

Evidence is emerging that activity of individual cytotoxic agents

may be influenced by the underlying tumour karyotypic complexity

and patterns of genetic instability. Such observations may be

correlative and attributable to the underlying DNA repair or

chromosome segregation defects within the tumour. The distribu-
JOURNAL OF CELLULAR BIOCHEMISTRY
tion of CIN in HER2-positive breast cancer may provide a rational

basis to understand the role of individual cytotoxic therapies in this

disease. It is possible that anthracyclines and platinum agents may

target more karyotypically complex tumours, in contrast to taxanes

where pre-clinical and clinical data suggest increased activity in

tumours with chromosomal stability. Based on these data, novel

combinatorial strategies targeting tumour karyotype and CIN might

be considered to target this high-risk cancer phenotype.
ACKNOWLEDGMENTS

C.S. is an MRC funded senior clinical research fellow. R.B. is funded
by CR-UK. Z.S. was funded by the National Institute of Health
(grants NCI SPORE P50 CA 89393, R21LM008823-01A1), the
Danish Council for Independent Research-Medical Sciences (FSS),
and the Breast Cancer Research Foundation (BCRF).

REFERENCES

Anand S, Penrhyn-Lowe S, Venkitaraman AR. 2003. AURORA-A amplifica-
tion overrides the mitotic spindle assembly checkpoint, inducing resistance
to Taxol. Cancer Cell 3:51–62.

Andre F, Hatzis C, Anderson K, Sotiriou C, Mazouni C, Mejia J, Wang B,
Hortobagyi GN, Symmans WF, Pusztai L. 2007. Microtubule-associated
protein-tau is a bifunctional predictor of endocrine sensitivity and che-
motherapy resistance in estrogen receptor-positive breast cancer. Clin Cancer
Res 13:2061–2067.

Aoki K, Tamai Y, Horiike S, Oshima M, Taketo MM. 2003. Colonic polyposis
caused by mTOR-mediated chromosomal instability in Apcþ/Delta716
Cdx2þ/- compound mutant mice. Nat Genet 35:323–330.

Bartlett JM, Desmedt C, Munro A, O’Malley F, Larsimont D, Di Leo A,
Cameron D, Isola J, Shepherd L, Twelves C, Pritchard KI. 2009. Chromosome
17 polysomy: A unifying hypothesis underlying benefit from adjuvant
anthracyclines? Cancer Res 69(suppl.2):11.

Bartlett JM, Munro AF, Dunn JA, McConkey C, Jordan S, Twelves CJ,
Cameron DA, Thomas J, Campbell FM, Rea DW, Provenzano E, Caldas C,
Pharoah P, Hiller L, Earl H, Poole CJ. 2010. Predictive markers of anthracy-
cline benefit: A prospectively planned analysis of the UK National Epirubicin
Adjuvant Trial (NEAT/BR9601). Lancet Oncol 11:266–274.

Baselga J, Carbonell X, Castaneda-Soto NJ, Clemens M, Green M, Harvey V,
Morales S, Barton C, Ghahramani P. 2005. Phase II study of efficacy, safety,
and pharmacokinetics of trastuzumab monotherapy administered on a 3-
weekly schedule. J Clin Oncol 23:2162–2171.

Bouchet BP, Bertholon J, Falette N, Audoynaud C, Lamblot C, Puisieux
A, Galmarini CM. 2007. Paclitaxel resistance in untransformed human
TARGETING CIN AND TUMOUR HETEROGENEITY 787



mammary epithelial cells is associated with an aneuploidy-prone phenotype.
Br J Cancer 97:1218–1224.

Brunelli M, Manfrin E, Martignoni G, Miller K, Remo A, Reghellin D, Bersani
S, Gobbo S, Eccher A, Chilosi M, Bonetti F. 2009. Genotypic intratumoral
heterogeneity in breast carcinoma with HER2/neu amplification: Evaluation
according to ASCO/CAP criteria. Am J Clin Pathol 131:678–682.

Cahill DP, Lengauer C, Yu J, Riggins GJ, Willson JK, Markowitz SD, Kinzler
KW, Vogelstein B. 1998. Mutations of mitotic checkpoint genes in human
cancers. Nature 392:300–303.

Cahill DP, Kinzler KW, Vogelstein B, Lengauer C. 1999. Genetic instability
and darwinian selection in tumours. Trends Cell Biol 9:M57–M60.

Carter SL, Eklund AC, Kohane IS, Harris LN, Szallasi Z. 2006. A signature of
chromosomal instability inferred from gene expression profiles predicts
clinical outcome in multiple human cancers. Nat Genet 38:1043–1048.

Chabalier C, Lamare C, Racca C, Privat M, Valette A, Larminat F. 2006. BRCA1
downregulation leads to premature inactivation of spindle checkpoint and
confers paclitaxel resistance. Cell Cycle 5(9):1001–1007.

Di Leo A, Gomez HL, Aziz Z, Zvirbule Z, Bines J, Arbushites MC, Guerrera SF,
Koehler M, Oliva C, Stein SH, Williams LS, Dering J, Finn RS, Press MF. 2008.
Phase III, double-blind, randomized study comparing lapatinib plus pacli-
taxel with placebo plus paclitaxel as first-line treatment for metastatic breast
cancer. J Clin Oncol 26:5544–5552.

Diaz-Rodriguez E, Sotillo R, Schvartzman JM, Benezra R. 2008. Hec1 over-
expression hyperactivates the mitotic checkpoint and induces tumor forma-
tion in vivo. Proc Natl Acad Sci USA 105:16719–16724.

Ding L, Ellis MJ, Li S, Larson DE, Chen K, Wallis JW, Harris CC, McLellan MD,
Fulton RS, Fulton LL, Abbott RM, Hoog J, Dooling DJ, Koboldt DC, Schmidt
H, Kalicki J, Zhang Q, Chen L, Lin L, Wendl MC, McMichael JF, Magrini VJ,
Cook L, McGrath SD, Vickery TL, Appelbaum E, Deschryver K, Davies S,
Guintoli T, Crowder R, Tao Y, Snider JE, Smith SM, Dukes AF, Sanderson GE,
Pohl CS, Delehaunty KD, Fronick CC, Pape KA, Reed JS, Robinson JS, Hodges
JS, Schierding W, Dees ND, Shen D, Locke DP, Wiechert ME, Eldred JM, Peck
JB, Oberkfell BJ, Lolofie JT, Du F, Hawkins AE, O’Laughlin MD, Bernard KE,
Cunningham M, Elliott G, Mason MD, Thompson DM, Jr., Ivanovich JL,
Goodfellow PJ, Perou CM, Weinstock GM, Aft R, Watson M, Ley TJ, Wilson
RK, Mardis ER. 2010. Genome remodelling in a basal-like breast cancer
metastasis and xenograft. Nature 464:999–1005.

Duesberg P, Stindl R, Hehlmann R. 2000. Explaining the high mutation rates of
cancer cells to drug and multidrug resistance by chromosome reassortments
that are catalysed by aneuploidy. Proc Natl Acad Sci USA 97:14295–14300.

Ehlers JP, Worley L, Onken MD, Harbour JW. . Integrative genomic analysis
of aneuploidy in uveal melanoma. Clin Cancer Res 14:115–122.

Ellsworth RE, Ellsworth DL, Patney HL, Deyarmin B, Love B, Hooke JA,
Shriver CD. 2008. Amplification of HER2 is a marker for global genomic
instability. BMC Cancer 8:297.

Ganem NJ, Godinho SA, Pellman D. 2009. A mechanism linking extra
centrosomes to chromosomal instability. Nature 460(7252):278–282.

Gasparini G, Gion M, Mariani L, Papaldo P, Crivellari D, Filippelli G, Morabito
A, Silingardi V, Torino F, Spada A, Zancan M, De Sio L, Caputo A, Cognetti F,
Lambiase A, Amadori D. 2007. Randomized phase II trial of weekly paclitaxel
alone versus trastuzumab plus weekly paclitaxel as first-line therapy of
patients with Her-2 positive advanced breast cancer. Breast Cancer Res Treat
101:355–365.

Geigl JB, Obenauf AC, Schwarzbraun T, Speicher MR. 2008. Defining
‘chromosomal instability’. Trends Genet 24:64–69.

Gennari A, Sormani MP, Pronzato P, Puntoni M, Colozza M, Pfeffer U, Bruzzi
P. 2008. HER2 status and efficacy of adjuvant anthracyclines in early breast
cancer: A pooled analysis of randomized trials. J Natl Cancer Inst 100:14–20.

Gomez HL, Doval DC, Chavez MA, Ang PC, Aziz Z, Nag S, Ng C, Franco SX,
Chow LW, Arbushites MC, Casey MA, Berger MS, Stein SH, Sledge GW. 2008.
Efficacy and safety of lapatinib as first-line therapy for ErbB2-amplified
locally advanced or metastatic breast cancer. J Clin Oncol 26:2999–3005.
788 TARGETING CIN AND TUMOUR HETEROGENEITY
Habermann JK, Doering J, Hautaniemi S, Roblick UJ, Bundgen NK, Nicorici
D, Kronenwett U, Rathnagiriswaran S, Mettu RK, Ma Y, Kruger S, Bruch HP,
Auer G, Guo NL, Ried T. 2009. The gene expression signature of genomic
instability in breast cancer is an independent predictor of clinical outcome.
Int J Cancer 124:1552–1564.

Hauf S, Cole RW, LaTerra S, Zimmer C, Schnapp G, Walter R, Heckel A, van
Meel J, Rieder CL, Peters JM. 2003. The small molecule Hesperadin reveals a
role for Aurora B in correcting kinetochore-microtubule attachment and in
maintaining the spindle assembly checkpoint. J Cell Biol 161:281–294.

Hayes DF, Thor AD, Dressler LG, Weaver D, Edgerton S, Cowan D, Broadwater
G, Goldstein LJ, Martino S, Ingle JN, Henderson IC, Norton L, Winer EP, Hudis
CA, Ellis MJ, Berry DA. 2007. HER2 and response to paclitaxel in node-
positive breast cancer. N Engl J Med 357:1496–1506.

Hudis CA. 2007. Trastuzumab—Mechanism of action and use in clinical
practice. N Engl J Med 357:39–51.

Isola J, Tanner M, Holli Kea. 2000. Amplification of topoisomerase II alpha is
a strong predictor of response to epirubicin-based chemotherapy in HER-2/
neu positive metastatic breast cancer. Breast Cancer Res Treat 64(S15):
Abstract 31.

Jin J, Woodgett JR. 2005. Chronic activation of protein kinase Bbeta/Akt2
leads to multinucleation and cell fusion in human epithelial kidney cells:
Events associated with tumorigenesis. Oncogene 24:5459–5470.

Juul N, Wang Y, Kim J-Y, Eklund AC, Li Q, Carlton VEH, Gerlinger M,
Swanton C, Garber JE, Silver DP, Faham M, Richardson AL, Szallasi Z, Wang
ZC. 2009. A genomic-profile derived summary measure of chromosomal
breakpoints predicts response to treatment with the DNA-damaging agent
cisplatin. San Antonio: SABCS.

Juul N, Szallasi Z, Eklund AC, Li Q, Burrell RA, Gerlinger M, Valero V,
Andreopoulou E, Esteva FJ, Symmans WF, Desmedt C, Haibe-Kains B,
Sotiriou C, Pusztai L, Swanton C. 2010. Assessment of an RNA interference
screen-derived mitotic and ceramide pathway metagene as a predictor of
response to neoadjuvant paclitaxel for primary triple-negative breast cancer:
A retrospective analysis of five clinical trials. Lancet Oncol 11(4):358–365.

Knoop AS, Knudsen H, Balslev E, Rasmussen BB, Overgaard J, Nielsen KV,
Schonau A, Gunnarsdottir K, Olsen KE, Mouridsen H, Ejlertsen B. 2005.
retrospective analysis of topoisomerase IIa amplifications and deletions as
predictive markers in primary breast cancer patients randomly assigned to
cyclophosphamide, methotrexate, and fluorouracil or cyclophosphamide,
epirubicin, and fluorouracil: Danish Breast Cancer Cooperative Group. J Clin
Oncol 23:7483–7490.

Kronenwett U, Huwendiek S, Ostring C, Portwood N, Roblick UJ, Pawitan Y,
Alaiya A, Sennerstam R, Zetterberg A, Auer G. 2004. Improved grading of
breast adenocarcinomas based on genomic instability. Cancer Res 64:904–909.

Le XF, Lammayot A, Gold D, Lu Y, Mao W, Chang T, Patel A, Mills GB, Bast
RC, Jr. 2005. Genes affecting the cell cycle, growth, maintenance, and drug
sensitivity are preferentially regulated by anti-HER2 antibody through
phosphatidylinositol 3-kinase-AKT signaling. J Biol Chem 280:2092–2104.

Le XF, Bedrosian I, Mao W, Murray M, Lu Z, Keyomarsi K, Lee MH, Zhao J, Bast
RC, Jr. 2006. Anti-HER2 antibody trastuzumab inhibits CDK2-mediated NPAT
and histone H4 expression via the PI3K pathway. Cell Cycle 5:1654–1661.

Lee S, Yang W, Lan KH, Sellappan S, Klos K, Hortobagyi G, Hung MC, Yu D.
2002. Enhanced sensitization to taxol-induced apoptosis by herceptin pre-
treatment in ErbB2-overexpressing breast cancer cells. Cancer Res 62:5703–
5710.

Lewis JT, Ketterling RP, Halling KC, Reynolds C, Jenkins RB, Visscher DW.
2005. Analysis of intratumoral heterogeneity and amplification status in
breast carcinomas with equivocal (2þ) HER-2 immunostaining. Am J Clin
Pathol 124:273–281.

Li L, Dutra A, Pak E, Labrie JE III, Gerstein RM, Pandolfi PP, Recht LD, Ross
AH. 2009. EGFRvIII expression and PTEN loss synergistically induce chro-
mosomal instability and glial tumors. Neuro Oncol 11:9–21.

Lingle WL, Barrett SL, Negron VC, D’Assoro AB, Boeneman K, Liu W,
Whitehead CM, Reynolds C, Salisbury JL. 2002. Centrosome amplification
JOURNAL OF CELLULAR BIOCHEMISTRY



drives chromosomal instability in breast tumor development. Proc Natl Acad
Sci USA 99:1978–1983.

Marchio C, Lambros MB, Gugliotta P, Di Cantogno LV, Botta C, Pasini B, Tan
DS, Mackay A, Fenwick K, Tamber N, Bussolati G, Ashworth A, Reis-Filho JS,
Sapino A. 2009. Does chromosome 17 centromere copy number predict
polysomy in breast cancer? A fluorescence in situ hybridization and micro-
array-based CGH analysis. J Pathol 219:16–24.

Mariani G, Fasolo A, De Benedictis E, Gianni L. 2009. Trastuzumab as
adjuvant systemic therapy for HER2-positive breast cancer. Nat Clin Pract
Oncol 6:93–104.

Marty M, Cognetti F, Maraninchi D, Snyder R, Mauriac L, Tubiana-Hulin M,
Chan S, Grimes D, Anton A, Lluch A, Kennedy J, O’Byrne K, Conte P, Green M,
Ward C, Mayne K, Extra JM. 2005. Randomized phase II trial of the efficacy
and safety of trastuzumab combined with docetaxel in patients with human
epidermal growth factor receptor 2-positive metastatic breast cancer admi-
nistered as first-line treatment: The M77001 study group. J Clin Oncol
23:4265–4274.

MaserRS,ChoudhuryB,CampbellPJ,FengB,WongKK,ProtopopovA,O’Neil J,
Gutierrez A, Ivanova E, Perna I, Lin E, ManiV, Jiang S, McNamara K, Zaghlul S,
Edkins S, Stevens C, Brennan C, Martin ES, Wiedemeyer R, Kabbarah O,
Nogueira C, Histen G, Aster J, Mansour M, Duke V, Foroni L, Fielding AK,
Goldstone AH, Rowe JM, Wang YA, Look AT, Stratton MR, Chin L, Futreal PA,
DePinho RA. 2007. Chromosomally unstable mouse tumours have genomic
alterations similar to diverse human cancers. Nature 447:966–971.

McClelland SE, Burrell RA, Swanton C. 2009. Chromosomal instability: A
composite phenotype that influences sensitivity to chemotherapy. Cell Cycle
8:3262–3266.

Mendes-Pereira AM, Martin SA, Brough R, McCarthy A, Taylor JR, Kim JS,
Waldman T, Lord CJ, Ashworth A. 2009. Synthetic lethal targeting of PTEN
mutant cells with PARP inhibitors. EMBO Mol Med 1:315–322.

Michel LS, Liberal V, Chatterjee A, Kirchwegger R, Pasche B, Gerald W,
Dobles M, Sorger PK, Murty VV, Benezra R. 2001. MAD2 haplo-insufficiency
causes premature anaphase and chromosome instability in mammalian cells.
Nature 409:355–359.

Moeder CB, Giltnane JM, Harigopal M, Molinaro A, Robinson A, Gelmon K,
HuntsmanD,CampRL,RimmDL. 2007.Quantitative justificationof the change
from 10% to 30% for human epidermal growth factor receptor 2 scoring in the
American Society of Clinical Oncology/College of American Pathologists
guidelines: Tumor heterogeneity in breast cancer and its implications for tissue
microarray based assessment of outcome. J Clin Oncol 25:5418–5425.

Moelans CB, de Weger RA, van Diest PJ. 2009. Absence of chromosome 17
polysomy in breast cancer: Analysis by CEP17 chromogenic in situ hybri-
dization and multiplex ligation-dependent probe amplification. Breast Can-
cer Res Treat 120(1):1–7.

Montagna C, Andrechek ER, Padilla-Nash H, Muller WJ, Ried T. 2002.
Centrosome abnormalities, recurring deletions of chromosome 4, and geno-
mic amplification of HER2/neu define mouse mammary gland adenocarci-
nomas induced by mutant HER2/neu. Oncogene 21:890–898.

O’Malley FP, Chia S, Tu D, Shepherd LE, Levine MN, Bramwell VH, Andrulis
IL, Pritchard KI. 2009. Topoisomerase II alpha and responsiveness of breast
cancer to adjuvant chemotherapy. J Natl Cancer Inst 101:644–650.

Ott K, Vogelsang H, Mueller J, Becker K, Muller M, Fink U, Siewert JR, Hofler
H, Keller G. 2003. Chromosomal instability rather than p53 mutation is
associated with response to neoadjuvant cisplatin-based chemotherapy in
gastric carcinoma. Clin Cancer Res 9:2307–2315.

Pack SD, Alper OM, Stromberg K, Augustus M, Ozdemirli M, Miermont AM,
Klus G, Rusin M, Slack R, Hacker NF, Ried T, Szallasi Z, Alper O. 2004.
Simultaneous suppression of epidermal growth factor receptor and c-erbB-2
reverses aneuploidy and malignant phenotype of a human ovarian carci-
noma cell line. Cancer Res 64:789–794.

Pritchard KI, Shepherd LE, O’Malley FP, Andrulis IL, Tu D, Bramwell VH,
Levine MN. 2006. HER2 and responsiveness of breast cancer to adjuvant
chemotherapy. N Engl J Med 354:2103–2111.
JOURNAL OF CELLULAR BIOCHEMISTRY
Pritchard KI, Messersmith H, Elavathil L, Trudeau M, O’Malley F, Dhesy-
Thind B. 2008. HER-2 and topoisomerase II as predictors of response to
chemotherapy. J Clin Oncol 26:736–744.

Pusztai L. 2007. Markers predicting clinical benefit in breast cancer from
microtubule-targeting agents. Ann Oncol 18(Suppl 12):xii15–xii20.

Reddy SK, Rape M, Margansky WA, Kirschner MW. 2007. Ubiquitination by
the anaphase-promoting complex drives spindle checkpoint inactivation.
Nature 446:921–925.

Roberts JR, Allison DC, Donehower RC, Rowinsky EK. 1990. Development of
polyploidization in taxol-resistant human leukemia cells in vitro. Cancer Res
50:710–716.

Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CE, Jr., Davidson NE, Tan-
Chiu E, Martino S, Paik S, Kaufman PA, Swain SM, Pisansky TM, Fehren-
bacher L, Kutteh LA, Vogel VG, Visscher DW, Yothers G, Jenkins RB, Brown
AM, Dakhil SR, Mamounas EP, Lingle WL, Klein PM, Ingle JN, Wolmark N.
2005. Trastuzumab plus adjuvant chemotherapy for operable HER2-positive
breast cancer. N Engl J Med 353:1673–1684.

Roschke AV, Kirsch IR. 2005. Targeting cancer cells by exploiting karyotypic
complexity and chromosomal instability. Cell Cycle 4:679–682.

Roschke AV, Tonon G, Gehlhaus KS, McTyre N, Bussey KJ, Lababidi S,
Scudiero DA, Weinstein JN, Kirsch IR. 2003. Karyotypic complexity of the
NCI-60 drug-screening panel. Cancer Res 63:8634–8647.

Roschke AV, Lababidi S, Tonon G, Gehlhaus KS, Bussey K, Weinstein JN,
Kirsch IR. 2005. Karyotypic ‘‘state’’ as a potential determinant for anticancer
drug discovery. Proc Natl Acad Sci USA 102:2964–2969.

Schmidt M, Budirahardja Y, Klompmaker R, Medema RH. 2005. Ablation of
the spindle assembly checkpoint by a compound targeting Mps1. EMBO Rep
6:866–872.

Schneeweiss A, Sinn HP, Ehemann V, Khbeis T, Neben K, Krause U, Ho AD,
Bastert G, Kramer A. 2003. Centrosomal aberrations in primary invasive
breast cancer are associated with nodal status and hormone receptor expres-
sion. Int J Cancer 107:346–352.

Shah SP, Morin RD, Khattra J, Prentice L, Pugh T, Burleigh A, Delaney A,
Gelmon K, Guliany R, Senz J, Steidl C, Holt RA, Jones S, Sun M, Leung G,
Moore R, Severson T, Taylor GA, Teschendorff AE, Tse K, Turashvili G, Varhol
R, Warren RL, Watson P, Zhao Y, Caldas C, Huntsman D, Hirst M, Marra MA,
Aparicio S. 2009. Mutational evolution in a lobular breast tumour profiled at
single nucleotide resolution. Nature 461:809–813.

Shin SJ, Hyjek E, Early E, Knowles DM. 2006. Intratumoral heterogeneity of
her-2/neu in invasive mammary carcinomas using fluorescence in-situ
hybridization and tissue microarray. Int J Surg Pathol 14:279–284.

Sikov WM, Dizon DS, Strenger R, Legare RD, Theall KP, Graves TA, Gass JS,
Kennedy TA, Fenton MA. 2009. Frequent pathologic complete responses in
aggressive stages II to III breast cancers with every-4-week carboplatin and
weekly paclitaxel with or without trastuzumab: A Brown University Oncol-
ogy Group Study. J Clin Oncol 27:4693–4700.

Slamon D. 2006. BCIRG 006: 2nd interim analysis phase III randomized trial
comparing doxorubicin and cyclophosphamide followed by docetaxel
(AC! T) with doxorubicin and cyclophosphamide followed by docetaxel
and trastuzumab (AC! TH) with docetaxel, carboplatin and trastuzumab
(TCH) in Her2neu positive early breast cancer patients. 29th Annual SABCS
2006 General Session 2 Abstract 52.

Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, McGuire WL. 1987.
Human breast cancer: Correlation of relapse and survival with amplification
of the HER-2/neu oncogene. Science 235:177–182.

Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A,
Fleming T, Eiermann W, Wolter J, Pegram M, Baselga J, Norton L. 2001. Use
of chemotherapy plus a monoclonal antibody against HER2 for metastatic
breast cancer that overexpresses HER2. N Engl J Med 344:783–792.

Smith CA, Pollice AA, Gu LP, Brown KA, Singh SG, Janocko LE, Johnson R,
Julian T, Hyams D, Wolmark N, Sweeney L, Silverman JF, Shackney SE. 2000.
Correlations among p53, Her-2/neu, and ras overexpression and aneuploidy
TARGETING CIN AND TUMOUR HETEROGENEITY 789



by multiparameter flow cytometry in human breast cancer: Evidence for a
common phenotypic evolutionary pattern in infiltrating ductal carcinomas.
Clin Cancer Res 6:112–126.

Sotillo R, Schvartzman JM, Socci ND, Benezra R. 2010. Mad2-induced
chromosome instability leads to lung tumour relapse after oncogene with-
drawal. Nature 464:436–440.

Stephens PJ, McBride DJ, Lin ML, Varela I, Pleasance ED, Simpson JT,
Stebbings LA, Leroy C, Edkins S, Mudie LJ, Greenman CD, Jia M, Latimer
C, Teague JW, Lau KW, Burton J, Quail MA, Swerdlow H, Churcher C,
Natrajan R, Sieuwerts AM, Martens JW, Silver DP, Langerod A, Russnes
HE, Foekens JA, Reis-Filho JS, van’t Veer L, Richardson AL, Borresen-Dale
AL, Campbell PJ, Futreal PA, Stratton MR. 2009. Complex landscapes of
somatic rearrangement in human breast cancer genomes. Nature 462:1005–
1010.

Sudo T, Nitta M, Saya H, Ueno NT. 2004. Dependence of paclitaxel sensi-
tivity on a functional spindle assembly checkpoint. Cancer Res 64:2502–
2508.

Swanton C, Marani M, Pardo O, Warne PH, Kelly G, Sahai E, Elustondo F,
Chang J, Temple J, Ahmed AA, Brenton JD, Downward J, Nicke B. 2007.
Regulators of mitotic arrest and ceramide metabolism are determinants of
sensitivity to paclitaxel and other chemotherapeutic drugs. Cancer Cell
11:498–512.

Swanton C, Nicke B, Schuett M, Eklund AC, Ng C, Li Q, Hardcastle T, Lee A,
Roy R, East P, Kschischo M, Endesfelder D, Wylie P, Kim SN, Chen JG, Howell
M, Ried T, Habermann JK, Auer G, Brenton JD, Szallasi Z, Downward J. 2009.
Chromosomal instability determines taxane response. Proc Natl Acad Sci
USA 106(21):8671–8676.

Szollosi J, Balazs M, Feuerstein BG, Benz CC, Waldman FM. 1995. ERBB-2
(HER2/neu) gene copy number, p185HER-2 overexpression, and intratumor
heterogeneity in human breast cancer. Cancer Res 55:5400–5407.

Tan M, Jing T, Lan KH, Neal CL, Li P, Lee S, Fang D, Nagata Y, Liu J,
Arlinghaus R, Hung MC, Yu D. 2002. Phosphorylation on tyrosine-15 of
p34(Cdc2) by ErbB2 inhibits p34(Cdc2) activation and is involved in resis-
tance to taxol-induced apoptosis. Mol Cell 9:993–1004.
790 TARGETING CIN AND TUMOUR HETEROGENEITY
Tubbs R, Barlow WE, Budd GT, Swain E, Porter P, Gown A, Yeh IT, Sledge G,
Shapiro C, Ingle J, Haskell C, Albain KS, Livingston R, Hayes DF. 2009.
Outcome of patients with early-stage breast cancer treated with doxorubicin-
based adjuvant chemotherapy as a function of HER2 and TOP2A status. J Clin
Oncol 27:3881–3886.

Valabrega G, Montemurro F, Aglietta M. 2007. Trastuzumab: Mechanism of
action, resistance and future perspectives in HER2-overexpressing breast
cancer. Ann Oncol 18:977–984.

Vogel CL, Cobleigh MA, Tripathy D, Gutheil JC, Harris LN, Fehrenbacher L,
SlamonDJ,MurphyM,NovotnyWF,BurchmoreM,ShakS,StewartSJ,PressM.
2002. Efficacyandsafetyof trastuzumabasa singleagent infirst-line treatment
of HER2-overexpressing metastatic breast cancer. J Clin Oncol 20:719–726.

Walther A, Houlston R, Tomlinson I. 2008. Association between chromoso-
mal instability and prognosis in colorectal cancer: A meta-analysis. Gut
57:941–950.

Wang H, Hu X, Ding X, Dou Z, Yang Z, Shaw AW, Teng M, Cleveland DW,
Goldberg ML, Niu L, Yao X. 2004. Human Zwint-1 specifies localization of
Zeste White 10 to kinetochores and is essential for mitotic checkpoint
signaling. J Biol Chem 279:54590–54598.

Wang X, Zhou YX, Qiao W, Tominaga Y, Ouchi M, Ouchi T, Deng CX. 2006.
Overexpression of aurora kinase A in mouse mammary epithelium induces
genetic instability preceding mammary tumor formation. Oncogene 25:7148–
7158.

Weaver BA, Cleveland DW. 2005. Decoding the links between mitosis,
cancer, and chemotherapy: The mitotic checkpoint, adaptation, and cell
death. Cancer Cell 8:7–12.

Yeh IT, Martin MA, Robetorye RS, Bolla AR, McCaskill C, Shah RK, Gorre ME,
Mohammed MS, Gunn SR. 2009. Clinical validation of an array CGH test for
HER2 status in breast cancer reveals that polysomy 17 is a rare event. Mod
Pathol 22:1169–1175.

Yu D, Jing T, Liu B, Yao J, Tan M, McDonnell TJ, Hung MC. 1998. Over-
expression of ErbB2 blocks Taxol-induced apoptosis by upregulation of
p21Cip1, which inhibits p34Cdc2 kinase. Mol Cell 2:581–591.
JOURNAL OF CELLULAR BIOCHEMISTRY


