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Abstract. Chromosomal aberrations play a dominant role in colorectal carcinogenesis. The application of fluorescence in situ
hybridization (FISH) based techniques such as comparative genomic hybridization (CGH) and spectral karyotyping (SKY) re-
vealed that colorectal carcinomas are characterized by a specific pattern of chromosomal imbalances which sequentially accu-
mulate during cancer progression. This review aims to summarize molecular cytogenetic studies, provides a background on the
functional relevance of chromosomal aberrations for colorectal cancer progression and discusses their potential clinical impact.

1. Introduction

Colorectal cancer is the second leading cause of
cancer death in Europe and the United States [96,
141]. Despite the stage-dependent application of ef-
fective (neo-) adjuvant therapeutic modalities, many
patients die due to disease recurrence or metastatic
spread [65,73,95,105]. Thus, understanding colorectal
cancer progression and establishing reliable biomark-
ers remains of considerable clinical interest. Damage
to the genome is the major mechanism underlying ma-
lignant transformation, and chromosomal aberrations
are hallmarks of genomic instability and gene deregu-
lation in solid tumors [55,140]. In this review, we will
summarize the results of previously published molecu-
lar cytogenetic studies, discuss the functional relevance
of chromosomal alterations underlying colorectal car-
cinogenesis and how they impact the clinical course.

1For this review, we performed a PubMed search (www.pubmed.
gov) for the following keywords: “colorectal cancer” and “CGH”,
“comparative genomic hybridization”, “SKY”, “spectral karyotyp-
ing”, “aCGH”, “array CGH”, “array comparative genomic hy-
bridization”. Publications analyzing ulcerative colitis associated
forms of colorectal cancer or case reports were excluded.
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General Surgery, University Medical Center, Robert-Koch-Str. 40,
37075 Göttingen, Germany. E-mail: mghadim@uni-goettingen.de.

2. Spectral karyotyping (SKY)

2.1. Background

The principle of in situ hybridization was introduced
by Gall and Pardue in 1969 [45]. Even though initially
performed with radioactively labeled probes, Rud-
kin and Stollar developed fluorescent detection for-
mats [124]. In 1986, Cremer and colleagues published
the concept of interphase cytogenetics [29], which en-
abled the analysis of non-dividing cells or fixed tis-
sue samples and therefore allowed the simultaneous as-
sessment of chromosomal aberrations, cellular pheno-
type and tissue morphology [120]. However, FISH is
limited to detect specific chromosomal regions or chro-
mosomes. In order to overcome this drawback, spectral
karyotyping (SKY) and M-FISH were developed [128,
132]. Whereas conventional cytogenetics is based on a
black-and-white banding pattern, SKY visualizes chro-
mosomes of dividing cells based on a multi-color FISH
experiment [128].

2.2. SKY analyses

Due to technical difficulties encountered during tis-
sue culture and to the sheer number of cytogenetic ab-
normalities, SKY has been mainly applied to study cell
lines. A graphical synopsis of published SKY analyses
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can be found online [104]. In the first published SKY
study on colorectal cancer, diploid and/or tetraploid
cell lines SW48, HCT116 and DLD-1 as well as aneu-
ploid cell lines SW837, SW480, LoVo, HT-29, COLO-
201, T-84 and Caco2 were analyzed [48]. Diploid cell
lines only exhibited a few structural aberrations, for
instance translocation t(1;6), and duplications dup(2p)
and dup(11p). Whole chromosome or chromosome
arm aberrations could not be detected. In contrast, ane-
uploid cell lines revealed frequent numerical aberra-
tions, affecting entire chromosomes as well as whole
chromosome arms. These specific cytogenetic abnor-
malities in the aneuploid cell lines were correlated with
centrosome amplification and centrosome instability.
A similar analysis of eight human colon cancer cell
lines confirmed that DNA amplification and chromo-
somal translocations are accompanied by chromoso-
mal instability [137]. Melcher and colleagues screened
SW480 and SW620 and compared the observed chro-
mosomal aberrations with those reported by conven-
tional G-banding [91]. Using SKY, the authors re-
defined several chromosomal aberrations, and delin-
eated complex rearrangements that had not been re-
ported, such as der(16)t(3;16;1;16;8;16;1;16;10) and
der(18)t(18;15;17)(q12;p11p13;??) in SW620 and
der(19)t(19;8;19;5) in SW480. Abdel-Rahman and
colleagues investigated 17 colorectal carcinoma-deriv-
ed cell lines, either replication error (RER) negative
(microsatellite stable, MSS, MSI−) or positive (mi-
crosatellite instable, MSI+) [2]. The nine MSI− cell
lines revealed gains of chromosome arms 7p, 7q, 8q,
13q and 20q, as well as losses of chromosome arms
17p, 18q and 8p. Furthermore, they observed a va-
riety of mostly unbalanced translocations and a pro-
nounced inter-metaphase variation, with chromosome
numbers of 48 to 90. The eight MSI+ cell lines prefer-
ably showed a near-diploid pattern, with a few or no re-
arranged chromosomes. Interestingly, two MSI+ cell
lines, LS411 and HCA7, exhibited a high number of
altered chromosomes. Furthermore, HCA7 showed six
reciprocal translocations. Since epithelial tumors such
as colorectal cancers are usually affected by nonrecip-
rocal translocations, the authors proposed an alterna-
tive genomic instability pathway. These findings have
been partially confirmed by Melcher and colleagues,
who analyzed three microsatellite stable (MSS, MSI−)
and three microsatellite instable (MSI+) tumors [92].
They observed two to three aberrant chromosomes in
the MSI+ cell lines, and nine to 17 in the MSI−
cell lines. Additionally, MSI+ cell lines only rarely
displayed complex structural aberrations. Recently,

the same group reported the establishment of a new
colonic adenoma cell line, GEKI-2, which is mi-
crosatellite stable and reveals no chromosomal aberra-
tions according to SKY analysis [93].

Roschke et al. analyzed colorectal cancer cell lines
HCT-116 and HT-29 in order to investigate the conse-
quences of structural and numeric instability on kary-
otypic progression [122]. Using CGH, FISH and SKY,
the authors demonstrated a relative stability of the con-
sensus karyotype over many generations. Interestingly,
they did not detect any new clonal structural aberra-
tion. Bartos and colleagues analyzed the intratumor
heterogeneity in colorectal carcinomas [14]. The au-
thors found that two separate clones from the same
tumor exhibited different number of chromosomes
and different translocations. Just recently, it has been
suggested that (colorectal) adenocarcinoma cell lines
and squamous cell carcinoma cell lines are character-
ized by different mechanisms of centromeric instabil-
ity [62]. Using SKY, array CGH and FISH, the authors
demonstrated that the former exhibited fewer whole
arm translocations than the latter. Furthermore, chro-
mosomes of squamous cell carcinoma cell lines with
whole arm translocations contained centromeric ma-
terial from both participating chromosomes. SKY has
also been used to analyze carcinogen-induced colonic
tumors in mice [54].

3. Comparative genomic hybridization (CGH)

3.1. Background

As mentioned above, preparation of high quality
metaphase chromosomes remains a general problem
in epithelial tumors. In 1992, Kallioniemi and col-
leagues introduced a whole genome screening tech-
nique termed comparative genomic hybridization
(CGH), which allows visualizing chromosomal imbal-
ances based on a two-color FISH experiment with dif-
ferentially labeled test and reference genomes [71]. As
a major advantage, preparation of tumor metaphase
chromosomes is not required.

3.2. CGH analyses

3.2.1. Chromosomal imbalances and genomic
instability

Based on genomic instability, colorectal carcinomas
can be basically categorized into two major types, af-
fecting either chromosome number or structure (chro-



M. Grade et al. / Genomic imbalances in colorectal cancer 73

mosomal instability, CIN) or microsatellite sequences
(microsatellite instability, MSI) [1,67,81,135]. Ac-
cordingly, several investigations have been conducted
to elucidate the genomic differences of these subtypes.
Schlegel and colleagues published the first CGH study
of colorectal carcinoma cell lines and demonstrated
that MSI+ tumors generally did not exhibite chromo-
somal aberrations, whereas CIN+ tumors frequently
showed gains of chromosomes 7, 13 and 20q as well
as losses of chromosomes 9p, 17 and 18 [127]. Re-
sults from other investigators as well as our laboratory
confirmed these findings [48,74]. Curtis and colleagues
established primary colorectal carcinomas as subcuta-
neous xenografts by dorsal implantation in severe com-
bined immunodeficient (SCID) mice and could show
that the overall number of chromosomal aberrations
was much lower in MSI+ cancers than in CIN+ can-
cers [31].

Other CGH analyses, however, revealed a potential
third genetic pathway, exhibiting near-diploid kary-
otypes accompanied by stable microsatellites (mi-
crosatellite and chromosome stable, MACS or CIN−/
MSI−) [24,47]. Li and colleagues even hypothesized
the existence of tumors revealing both types of insta-
bility (CIN+/MSI+) [85]. Analyzing 39 MSI+ carci-
nomas and 20 CIN+ cancers, the authors observed that
31% of the MSI+ carcinomas showed chromosomal
copy number changes, even though none of these aber-
rations exceeded average values of 25%. Camps and
colleagues demonstrated that chromosomal instability
and microsatellite instability coexist in highly metasta-
tic derivates of the colon cancer cell line KM12 [22].
Analyzing 16 MSI− (MSS) and 15 MSI+ primary col-
orectal tumors, the same group recently confirmed that
chromosomal copy number changes do not exclusively
occur in MSI− tumors [23].

3.2.2. Chromosomal imbalances and tumor
development

Since colorectal carcinogenesis is driven by an ac-
cumulation of genetic events [9,82,119,139], several
CGH studies evaluated the chromosomal imbalances
underlying tumor development and progression. In
the first published CGH analysis that focused on the
progression aspect, microdissected DNA from normal
colorectal mucosa, low-grade and high-grade adeno-
mas and carcinomas was analyzed [118]. The authors
demonstrated that the stepwise accumulation of ge-
netic aberrations included gains of chromosomes 1,
7, 8q, 13 and 20 as well as losses of chromosomes
4, 8p and 18q. A similar study by Meijer and col-
leagues confirmed these findings [89]. In a more de-

Fig. 1. Chromosomal aberration based progression model of colorec-
tal carcinogenesis. The progression of low-grade colorectal adeno-
mas to high-grade adenomas is accompanied by gains of chromo-
somes 7 and 20q, whereas gains of chromosomes 8q and 13 as well
as losses of chromosomes 4p, 8p and 18q indicate transition into in-
vasive carcinomas (left part). The right part illustrates the genetic
changes (gene level) underlying colorectal carcinogenesis as origi-
nally proposed by Fearon and Vogelstein [140] and modified accord-
ing to recent reports [9,82].

tailed analysis of colorectal cancer progression, the
authors screened 46 non-progressed adenomas (with-
out invasion), 46 progressed adenomas (presence of
a focus of carcinoma) and 36 colorectal cancers and
detected seven cancer-associated genetic aberrations:
losses of 8p21-ter, 15q11-21, 17p12-13 and 18q12-21,
and gains of 8q23-qter, 13q14-31 and 20q13, respec-
tively [61]. Based on these results, we propose a chro-
mosomal aberration based progression model of col-
orectal carcinogenesis (Fig. 1).

These chromosomal imbalances have been recently
confirmed for Thai [112] and Chinese patients [57]
as well. Since the genetic changes underlying col-
orectal cancer progression are primarily based on
the analysis of polyploid tumors, Postma and col-
leagues recently studied flat, nonpolyploid colorectal
lesions [114]. They could show that flat adenomas
(high-grade dysplastic) as well as flat carcinomas ex-
hibited a similar pattern of chromosomal aberrations as
observed in polyploid adenomas and carcinomas. Fur-
thermore, flat colorectal lesions are characterized by a
high prevalence of 18q losses and 20q gains. In con-
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trast, Richter and colleagues previously detected dif-
ferent chromosomal imbalances [117]. Nonpolyploid
adenomas showed higher frequencies of copy num-
ber changes. Furthermore, gains of chromosomes 2q,
5, 6, 8q and 12q as well as losses of chromosomes
17p and 20 occurred exclusively in nonpolyploid ade-
nomas. Nonpolyploid carcinomas exhibited frequent
losses of chromosomes 8p, 12q, 14, 15q, 16, 17p and
22 as well as gains of chromosomes 3q, 5, 6, 7, 8q,
12q and 13. However, it should be noted that Richter
and colleagues mainly analyzed low-grade dysplastic
lesions [117], whereas Postma and colleagues studied
high-grade dysplastic tumors [114].

3.2.3. Chromosomal imbalances and metastases
formation

Since colorectal cancer patients primarily die due
to metastatic spread, several investigators focused on
stage-specific aberrations, i.e. genetic changes that are
associated with clinical Dukes’ or UICC stage. But the
results remain contradictory, especially with regards
to genomic changes underlying metastases formation.
However, it is important to note that some groups an-
alyzed DNA from primary tumors, whereas others ex-
amined corresponding metastatic lesions.

De Angelis and colleagues analyzed 45 Dukes’ stage
B, C and D tumors and could not significantly cor-
relate any chromosomal aberration with the clinical
stage [33]. In contrast, our group demonstrated that
gains of chromosome 8q23-24 were significantly as-
sociated with lymph node positivity in colorectal can-
cers [49]. Whereas this aberration was detected in the
vast majority of lymph node positive tumors, it was
only rarely present in lymph node negative carcinomas
of the same T-category. These findings could become
more important since Bardi and colleagues recently
demonstrated that the presence of structural changes
of chromosome 8 was a stronger prognostic factor
in UICC stage III colorectal carcinomas than tumor
grade [13]. Of note, all three above mentioned studies
described a plethora of common genetic changes, such
as gains of chromosomes 7, 8q, 13 and 20 as well as
losses of 8p, 17p and 18q. These findings are in con-
cordance with a report by Leslie and colleagues [83].
However, in clear contrast to the results published by
our group [49], Dukes’ stage C tumors were found
to have significantly fewer chromosomal aberrations
than Dukes’ stage B tumors. Furthermore, the authors
demonstrated that gains of 20q, 13q and 8q as well as
loss of 18q were significantly correlated with mutation
of p53.

Analyzing primary Dukes’ stage C and D carcino-
mas and corresponding metastases, Al-Mulla and col-
leagues found that chromosomal losses of 17p were as-
sociated with lymph node metastases, while gains of
chromosome arms 6p and 17q were associated with
liver metastases [7]. Another study revealed that UICC
stage IV tumors exhibited higher frequencies of chro-
mosomal gains of 6q, 7q, 8q, 13 and 20q than UICC
stage II and III tumors [100]. Paredes-Zaglul and col-
leagues analyzed UICC stage I, II and IV tumors as
well as metastatic lesions [109]. The authors stated
that liver metastases more frequently showed gains
of chromosomes 8q and 13 as well as losses of 4q,
8p, 15q, 17p, 18q, 21q and 22q. Furthermore, losses
of chromosomes 9q, 11q and 17q were unique to
metastatic lesions. Recent work by our group confirms
that tumors with synchronous liver metastases exhib-
ited significantly more chromosomal losses than non-
metastatic tumors [Ghadimi et al., unpublished data].
A study by Aragane and colleagues could not detect
any significant correlation between UICC classifica-
tion and chromosomal aberrations, even though gains
of 8q23-24 and 20q as well as losses of 18q12-23 were
present at higher frequencies in metastatic tumors [8].
However, the potential role of chromosome arm 20q
gains for metastatic disease has been confirmed by
other investigators. Iwamoto and colleagues observed
gains of chromosome arm 20q in 16 out of 18 dis-
tant metastases [68]. Korn et al. detected chromoso-
mal gains of 20q in 85% of the analyzed liver metas-
tases, along with gains of 7p, 8q and 13 as well as
losses of 1p, 8p, 18p and 18q [79]. Almost identical
results have been published by other groups, observ-
ing losses of chromosomes 4q, 8p, 17p and 18 as well
as gains of 7, 8q, 13 and 20 in liver metastases [35,
111]. These aberrations have also been identified in
local recurrences and peritoneal carcinomatoses [36].
Analyses of 10 primary carcinomas, 14 local recur-
rences, seven peritoneal carcinomatoses and 42 liver
metastases revealed that the metastases exhibited the
highest frequency of chromosomal aberrations. Fur-
thermore, gains of chromosome arms 5p and 12p were
more common in the carcinomatoses. Knosel and col-
leagues, analyzing 24 primary tumors and 30 metas-
tases of 54 patients, even found gains of chromosome
20q in 100% of cases [75]. Furthermore, chromoso-
mal regions 7q12-11.2, 16p11-12, 19p13, 9q34, 19q13,
13q34, 13q13, 17q21, 22q11, 8q24 and 1q21 were fre-
quently gained, whereas chromosomal losses could be
mapped to 18q21-23, 4q27-28, 4p14, 5q21, 1p21-22,
21q21, 6q16, 3p12, 8p24-21, 9p21, 11q22 and 14q13-
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21. The same group demonstrated that hematogenous
metastases contained more deletions of chromosomes
1p, 3, 4, 5q, 10q, 14 and 21q21 as well as gains of chro-
mosomes 1q, 7p, 12qter, 13, 16 and 22q than lymph
node metastases [77]. Furthermore, hepatic metastases
more often exhibited deletions of chromosomes 2q, 5q,
8p, 9p, 10q and 21q21 as well as chromosomal gains
of 1q, 11, 12qter, 17q12-21, 19 and 22q than their
corresponding primary tumors. These differences are
in concordance with an analysis of 20 paired samples
of primary carcinomas and corresponding synchronous
or metachronous metastases [134]. Alcock and col-
leagues analyzed microdissected sub-regions from pri-
mary UICC stage IV tumors and corresponding hepatic
metastases [5]. The authors could show that none of the
two samples from one case exhibited identical aberra-
tions, although common changes like gains of X and
12q as well as losses of 8p, 16p, 9p, 1q, 18q and 10q
were identified.

In order to identify genetic differences between pri-
mary colorectal carcinomas and their corresponding
lung metastases, Jiang and colleagues analyzed 18
paired samples of primary carcinomas and pulmonary
metastases [69]. The authors detected very similar ge-
nomic aberrations, with frequent gains of chromo-
somes 7q, 8q, 13q and 20q as well as losses of 8p, 18p
and 18q. However, pulmonary metastases contained
a higher total number of chromosomal copy number
changes, especially losses of 4q and 8p, respectively.
Knosel and colleagues could partially confirm these
findings, with particularly more chromosomal dele-
tions at 3p, 8p, 12q, 17q and 21q21 as well as chromo-
somal gains at 5p in the lung metastases [78]. Further-
more, the authors identified higher frequencies of chro-
mosomal losses of 1p, 3p, 9q, 12q, 17q, 19p and 22q as
well as gains of 2q, 5p and 6 in pulmonary metastases
compared to liver metastases.

3.2.4. Chromosomal imbalances and patient survival
Other investigators aimed to explore a potential in-

fluence of specific genomic aberrations on patient sur-
vival. Rooney and colleagues screened 29 Dukes’ stage
C cancers [121]. Interestingly, they could not detect
any genetic alteration that was present in more than
one third of all cases. Additionally, none of the ob-
served aberrations was associated with patient’s sur-
vival. In contrast, De Angelis and colleagues demon-
strated that losses of chromosomes 1p, 4q, 8p, 14q or
18q as well as gains of 20q resulted in shorter survival
times [34]. Knosel and colleagues, however, analyzed
tumors from 37 patients and could show that gains of
2p14-15, 6q23-24, 15q22-23, 22q11.2 and losses of

1p36.1-36.2, 4q31.3, 4q35, 8q12-21, 8p11.2 and 9p22
were associated with shorter disease-specific survival,
whereas gains of 20q13.3 and losses of 18q11.2 were
associated with longer disease-specific survival [76].

4. Array-based comparative genomic
hybridization (aCGH)

In the past few years, CGH has been advanced
through replacing the metaphase chromosomes (chro-
mosome or metaphase CGH) with probes spotted on
arrays (array-based comparative genomic hybridiza-
tion, aCGH) [110,131]. This resulted in a higher res-
olution if compared to conventional CGH. BAC ar-
rays, oligonucleotide arrays and cDNA arrays consti-
tute platforms commonly used for hybridization. To
date, just a few studies have been published analyz-
ing colorectal cancers. Nakao and colleagues surveyed
125 colorectal cancers with an array consisting of 2463
clones [101]. High-frequency losses (�35%) affected
chromosomes 5q, 8p, 17p, 18p, 18q and 20p, whereas
high-frequency gains mapped to chromosomes 7p, 7q,
8q, 11q and 20q, which is basically consistent with
the published data on metaphase CGH, as mentioned
above. However, the authors identified additional aber-
rations that have not been previously reported. High-
level amplifications could be mapped to four distinct
loci on chromosome 8 and six loci on chromosome arm
20q. However, 95% of the altered clones were gained
or lost at low frequencies (<35%). Interestingly, DNA
copy number alterations in seven microsatellite in-
stable tumors (MSI+) mainly affected chromosome
8q. Of note, the authors could not detect chromoso-
mal aberrations that significantly differed between tu-
mors of different clinical phenotypes. Douglas and
colleagues investigated copy number changes in 48
colorectal cancer cell lines and 37 primary colorec-
tal cancers, consisting of seven MSI+ and 30 CIN+
tumors [40]. Even though cell lines and primary tu-
mors exhibited very similar aberrations, such as gains
of chromosomes 7, 8q, 13 and 20 as well as losses
of chromosomes 8p and 18q, losses of chromosome
6 and gains of chromosomes 12p and 15 were more
common in cell lines. Comparison of CIN+ and MSI+
cancers revealed that the former displayed significantly
more aberrations than the latter. In particular, gains of
chromosome 20 as well as losses of chromosomes 8p,
17p and 18q appeared more frequently in CIN+ cell
lines/cancers. Losses of chromosome 18q21.1-21.2,
however, were predominantly found in MSI+ cell
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lines/cancers. Interestingly, 8q amplifications mapped
to 8q24.21 in CIN+ samples, but to 8q24.3 in MSI+
samples. The observation that microsatellite-instable
(MSI+) tumors carry fewer chromosomal aberrations
than microsatellite-stable (MSI−, MSS) tumors has
been recently confirmed for colon cancers [142]. Jones
and colleagues screened 23 microsatellite stable, near
diploid tumors (MSI−/CIN−) in order to explore if
they represent a discrete group besides microsatellite
instable (MSI+) and chromosomal instable (CIN+)
cancers [70]. The authors discovered that these tumors
comprised a heterogeneous group. Some tumors exhib-
ited very few chromosomal aberrations (�6), whereas
some showed more than 10, mainly affecting chro-
mosome arms 1p, 5q, 8p, 13q, 17p, 18q and chro-
mosome 20. Furthermore, comparison with previously
published results on CIN+ and MSI+ tumors demon-
strated that the MSI−/CIN− tumors revealed low fre-
quency gains of chromosome arms 9p and 19p, infre-
quent losses of 5q and high frequency gains of 20q,
respectively. Davison and colleagues analyzed 48 col-
orectal cancer cell lines and 37 primary colorectal can-
cers using a genomic microarray covering a 4.61 Mb
region of chromosome band 20p12.1 [32]. They ob-
served that 55% of the cell lines and 23% of the pri-
mary tumors showed a recurrent ∼190 kb deletion,
which might lead to relevant tumor suppressor genes.

Only recently, it has been demonstrated that array-
based CGH might be of value for prediction of sur-
vival after hepatic metastases resection [88]. The au-
thors analyzed 50 liver metastases using an array con-
sisting of 2463 bacterial artificial clones and correlated
follow-up data with the total fraction of genome altered
(FGA). Interestingly, patients with a high (>20%)
FGA had a median survival time of 38 months com-
pared with 18 months in patients with a low FGA.

5. Relevance of chromosomal aberrations in solid
tumors

Do the observed chromosomal imbalances just ap-
pear randomly by chance during tumor formation?
This is still a matter of much debate [4,17,43,44,84,
86,90,115,116,126,133]. From our point of view, ev-
idence is accumulating that numerical chromosomal
aberrations are a driving force during carcinogenesis.
Firstly, it has been demonstrated that colorectal car-
cinomas are defined by a specific distribution of re-
current chromosomal imbalances [37,61,89,118,119].
For instance, there is no other solid tumor in which a

gain of chromosome 13 is as prominent as in colorectal
cancers [104]. Secondly, specific chromosomal aberra-
tions are maintained in advanced lesions like metas-
tases or recurrent tumors, although colorectal cancers
are characterized by a substantial clone to clone vari-
ability, i.e. genetic instability. And even long-term in
vitro tissue culture of cancer cells does not alter the tu-
mor specific distribution of genomic imbalances, indi-
cating a remarkable stable genotype, at least with re-
spect to these chromosomal gains and losses [48,97,
104,144]. Thirdly, distinct copy number changes of
specific chromosomes have been identified as predic-
tors of lymph node positivity [49] and clinical out-
come [13,143]. Fourthly, several investigations provide
strong evidence that genomic imbalances directly im-
pact the cellular transcriptome of cancer cells, there-
fore supporting a role for aneuploidy in tumorigenesis
in addition to the transcriptional and mutational dereg-
ulation of oncogenes and tumor suppressor genes. We
could previously demonstrate that the experimental
insertion of one chromosome via microcell-mediated
chromosome transfer resulted in a significant increase
in the average transcriptional upregulation of genes on
the trisomic chromosomes [138]. Only recently, we
explored the relationship between chromosomal aneu-
ploidy and average gene expression levels in patients
with rectal adenocarcinomas using oligonucleotide ar-
rays and comparative genomic hybridization [53]. For
those chromosomes frequently gained or lost in rec-
tal cancers, we were able to identify a strong positive
correlation between the chromosome arm copy number
and the average transcriptional activity of its resident
genes. Results for the six arms with very strong corre-
lations and a significance of p < 0.05 are illustrated in
Fig. 2. Tsafrir and colleagues could also demonstrate
that frequently altered chromosomal regions in colon
cancers are gained and overexpressed (7p, 8q, 13q,
20q), whereas others are lost and underexpressed (1p,
4, 5q, 14, 15q, 18) [136]. A similar picture emerged
from other reports of primary tumors and cancer cell
lines [3,66,98,113].

6. Summary

Colorectal carcinoma is probably the most inten-
sively studied solid human tumor, and molecular cy-
togenetics played a pivotal role in evaluating the un-
derlying chromosomal imbalances. SKY analyses con-
firmed the karyotypic complexity of colorectal cancers
and revealed that DNA amplification and chromosomal
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Fig. 2. Correlation of chromosomal copy numbers and resident gene expression levels for frequently aneuploid chromosome arms. As previously
described [53], the average chromosome arm expression levels (relative to a reference RNA pool) were computed for 12 rectal adenocarcinomas.
Similarly, the CGH values for these tumors were measured along the length of each chromosome arm and averaged in order to compute an
average copy number for each chromosome arm. In this figure, the average gene expression value (y-axis) is plotted against the average CGH
ratio value (x-axis) for each patient. An x-value of 1 corresponds to a normal (diploid) average copy number, whereas a y-value of 0 indicates
an equal average expression between tumor and reference pool. The percentage correlation, its p-value and the R2 are shown in each plot. The
directionality of the typical copy number change in colorectal carcinomas is represented as a + (gain) or − (loss) proceeding the chromosome
number. The strong positive correlation at significance of p < 0.05 for these chromosomal arms is clearly depicted.

translocations are accompanied by chromosomal insta-
bility. Furthermore, SKY redefined several previously
misclassified chromosomal aberrations and delineated
highly complex rearrangements and balanced translo-
cations. The application of CGH established solid evi-
dence that colorectal tumorigenesis requires the acqui-
sition and maintenance of a specific distribution of ge-
nomic imbalances, such as gains of chromosomes 7,
8q, 13 and 20q, as well as losses of 4q, 8p, 17p and 18q,
respectively (Fig. 3). Several FISH studies confirmed

the involvement of specific loci [11,18,19,27,38,39,46,
51,58–60,72,102,103,107,108], for example the rele-
vance of chromosomes 8q11-24 [20] and 20q13 for
metastases formation and prognosis [11,63,79]. How-
ever, for advanced stages of this disease, i.e. metastases
formation, the results of previously published studies
remain contradictory.

Only recently, introduction of array-based compara-
tive genomic hybridization dramatically improved the
resolution of conventional chromosome CGH. This



78 M. Grade et al. / Genomic imbalances in colorectal cancer

Fig. 3. Specific and recurrent pattern of chromosomal gains and losses in colorectal carcinomas. These aberrations represent the most frequently
observed chromosomal imbalances detected with metaphase CGH (for details, see Section 3). Vertical lines on the left of each chromosome
ideogram represent genetic losses in the tumor, whereas those on the right correspond to a chromosomal gain.

technique also allows a direct mapping of chromo-
somal aberrations since the genomic sequence of
the spotted probe is known. Furthermore, if oligonu-
cleotide arrays are used, DNA copy number changes
can be directly compared to gene expression levels, be-
cause this platform has originally been designed for
expression profiling.

7. Future perspective

From the clinical point of view, the translation of
basic research into clinical practice (from bench to
bedside) remains problematic for colorectal cancers.
Even though molecular cytogenetics established the
underlying chromosomal imbalances of colorectal car-

cinogenesis, reliable molecular markers for diagno-
sis, prognostication and therapy stratification are still
lacking [6,52]. In clear contrast, the successful clin-
ical application of Imatinib (Gleevec R©) in the treat-
ment of chronic myeloid leukemia is primarily based
on the cytogenetic discovery of an aberrant transloca-
tion between chromosomes 9 and 22, i.e. the Philadel-
phia chromosome [106,123]. The observation that
this translocation results in an aberrant fusion prod-
uct, the BCR-ABL tyrosine kinase [16], led to de-
velopment and establishment of Imatinib, which tar-
gets this tyrosine kinase [41,42]. Furthermore, FISH
became a routine diagnostic tool in breast cancer,
since the application of the monoclonal antibody
Trastuzumab (Herceptin R©) requires identification of
tumors as HER2/neu positive [21]. FISH with fluores-
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cently labeled HER2/neu probes allows convenient de-
termination of receptor status [56]. Additionally, based
on the results of Sokolova and colleagues, a multitarget
multicolor FISH assay (UroVysionTM) can be applied
to detect aneuploidy for chromosomes 3, 7 and 17 as
well as losses of 9p21 in urine specimens from patients
with transitional cell cancers of the bladder [130].

Therefore, the question remains whether there is a
clinical value of molecular cytogenetics for colorectal
carcinomas. We hypothesize that, as soon as chromo-
somal aneuploidies will be tightly correlated to disease
prognostication, and as soon as rational therapies tar-
geting a specific genetic pathway (or pathways) will be
developed, interphase FISH with selected DNA probes
will become indispensable for individualized disease
management. One can speculate that FISH might be
of value for determining the epidermal growth factor
receptor (EGFR) status prior to therapy planning. In
2004, Cunningham and colleagues demonstrated that
cetuximab (Erbitux R©) in combination with irinote-
can has significant activity in patients with irinotecan-
refractory colorectal cancer [30]. However, the authors
did not observe an association between EGFR expres-
sion, i.e. staining by immunohistochemistry (IHC), and
response to therapy. This finding is in concordance
with data published by Saltz and colleagues, also re-
porting a poor correlation between EGFR score and re-
sponse to cetuximab monotherapy in patients with re-
fractory colorectal cancer [125]. Chung and colleagues
recently reported that four of 16 EGFR negative col-
orectal cancers showed objective response to irinote-
can plus cetuximab [26]. Accordingly, there is much
debate on how to best measure the EGFR status [15,
28,94,129]. Of note, it has been demonstrated that the
level of EGFR expression varies depending on fac-
tors such as fixation or time of storage [10], indicat-
ing that it remains problematic to objectively draw de-
finitive conclusions from IHC results. Since DNA (i.e.
the EGFR gene) is much more stable than proteins
(EGFR protein) FISH might help to overcome these
drawbacks. Furthermore, Moroni and colleagues re-
cently reported that cetuximab inhibited proliferation
of colorectal cancers with amplified EGFR copy num-
ber, but not of tumors with unamplified EGFR copy
number [99]. Additionally, increased EGFR gene copy
detected by FISH is associated with improved survival
after gefitinib therapy in patients with bronchioloalve-
olar carcinoma [64]. To further complicate this debate,
two affinity forms of the EGF-Receptor exist [80,87].
Since the commonly available IHC antibodies that tar-
get EGFR are not receptor-specific, interphase FISH

seems to be an interesting format for enumeration of
EGFR copy number status.

However, other clinical questions might require
more complex and comprehensive interrogation meth-
ods and can probably not be answered by detecting
the amplification status of one gene. Such questions
include tumor response to therapy or the establish-
ment of individual risk profiles for tumor development.
For instance, studies using gene expression arrays re-
cently demonstrated response prediction to preopera-
tive chemotherapy in breast cancers [12,25] and to pre-
operative chemoradiotherapy in rectal adenocarcino-
mas [50]. We hypothesize that array-based technolo-
gies will play an important role in establishing a “per-
sonalized medicine”, where patients are treated based
on specific biological features of individual tumors.

Acknowledgement

We are very grateful to Buddy Chen for IT-support.

References

[1] L.A. Aaltonen, P. Peltomaki, F.S. Leach, P. Sistonen, L.
Pylkkanen, J.P. Mecklin, H. Jarvinen, S.M. Powell, J. Jen,
S.R. Hamilton et al., Clues to the pathogenesis of familial col-
orectal cancer, Science 260 (1993), 812–816.

[2] W.M. Abdel-Rahman, K. Katsura, W. Rens, P.A. Gorman, D.
Sheer, D. Bicknell, W.F. Bodmer, M.J. Arends, A.H. Wyl-
lie and P.A. Edwards, Spectral karyotyping suggests addi-
tional subsets of colorectal cancers characterized by pattern
of chromosome rearrangement, Proc. Natl. Acad. Sci. USA 98
(2001), 2538–2543.

[3] A. Aggarwal, S.H. Leong, C. Lee, O.L. Kon and P. Tan,
Wavelet transformations of tumor expression profiles reveals
a pervasive genome-wide imprinting of aneuploidy on the
cancer transcriptome, Cancer Res. 65 (2005), 186–194.

[4] D.G. Albertson, C. Collins, F. McCormick and J.W. Gray,
Chromosome aberrations in solid tumors, Nat. Genet. 34
(2003), 369–376.

[5] H.E. Alcock, T.J. Stephenson, J.A. Royds and D.W. Ham-
mond, Analysis of colorectal tumor progression by microdis-
section and comparative genomic hybridization, Genes Chro-
mosomes Cancer 37 (2003), 369–380.

[6] W.L. Allen and P.G. Johnston, Role of genomic markers in
colorectal cancer treatment, J. Clin. Oncol. 23 (2005), 4545–
4552.

[7] F. Al-Mulla, W.N. Keith, I.R. Pickford, J.J. Going and G.D.
Birnie, Comparative genomic hybridization analysis of pri-
mary colorectal carcinomas and their synchronous metas-
tases, Genes Chromosomes Cancer 24 (1999), 306–314.

[8] H. Aragane, C. Sakakura, M. Nakanishi, R. Yasuoka, Y. Fu-
jita, H. Taniguchi, A. Hagiwara, T. Yamaguchi, T. Abe, J. In-
azawa and H. Yamagishi, Chromosomal aberrations in col-
orectal cancers and liver metastases analyzed by comparative
genomic hybridization, Int. J. Cancer 94 (2001), 623–629.



80 M. Grade et al. / Genomic imbalances in colorectal cancer

[9] J.W. Arends, Molecular interactions in the Vogelstein model
of colorectal carcinoma, J. Pathol. 190 (2000), 412–416.

[10] D. Atkins, K.A. Reiffen, C.L. Tegtmeier, H. Winther, M.S.
Bonato and S. Storkel, Immunohistochemical detection of
EGFR in paraffin-embedded tumor tissues: variation in stain-
ing intensity due to choice of fixative and storage time of tis-
sue sections, J. Histochem. Cytochem. 52 (2004), 893–901.

[11] D.E. Aust, M. Muders, A. Kohler, M. Schmidt, J. Diebold, C.
Muller, U. Lohrs, F.M. Waldman and G.B. Baretton, Prognos-
tic relevance of 20q13 gains in sporadic colorectal cancers: a
FISH analysis, Scand. J. Gastroenterol. 39 (2004), 766–772.

[12] M. Ayers, W.F. Symmans, J. Stec, A.I. Damokosh, E. Clark,
K. Hess, M. Lecocke, J. Metivier, D. Booser, N. Ibrahim, V.
Valero, M. Royce, B. Arun, G. Whitman, J. Ross, N. Sneige,
G.N. Hortobagyi and L. Pusztai, Gene expression profiles
predict complete pathologic response to neoadjuvant pacli-
taxel and fluorouracil, doxorubicin, and cyclophosphamide
chemotherapy in breast cancer, J. Clin. Oncol. 22 (2004),
2284–2293.

[13] G. Bardi, C. Fenger, B. Johansson, F. Mitelman and S. Heim,
Tumor karyotype predicts clinical outcome in colorectal can-
cer patients, J. Clin. Oncol. 22 (2004), 2623–2634.

[14] J.D. Bartos, D.L. Stoler, S. Matsui, H. Swede, L.J. Willmott,
S.N. Sait, N.J. Petrelli and G.R. Anderson, Genomic het-
erogeneity and instability in colorectal cancer: spectral kary-
otyping, glutathione transferase-Ml and ras, Mutat. Res. 568
(2004), 283–292.

[15] J. Baselga and C.L. Arteaga, Critical update and emerging
trends in epidermal growth factor receptor targeting in cancer,
J. Clin. Oncol. 23 (2005), 2445–2459.

[16] Y. Ben-Neriah, G.Q. Daley, A.M. Mes-Masson, O.N. Witte
and D. Baltimore, The chronic myelogenous leukemia-
specific P210 protein is the product of the bcr/abl hybrid gene,
Science 233 (1986), 212–214.

[17] C.R. Boland and L. Ricciardiello, How many mutations does
it take to make a tumor?, Proc. Natl. Acad. Sci. USA 96
(1999), 14675–14677.

[18] L. Bomme, R.A. Lothe, G. Bardi, C. Fenger, O. Kronborg
and S. Heim, Assessments of clonal composition of colorectal
adenomas by FISH analysis of chromosomes 1, 7, 13 and 20,
Int. J. Cancer 92 (2001), 816–823.

[19] A. Boonsong, S. Marsh, P.H. Rooney, D.A. Stevenson, J. Cas-
sidy and H.L. McLeod, Characterization of the topoisomerase
I locus in human colorectal cancer, Cancer Genet. Cytogenet.
121 (2000), 56–60.

[20] T.E. Buffart, J. Coffa, M.A. Hermsen, B. Carvalho, J.R. van
der Sijp, B. Ylstra, G. Pals, J.P. Schouten and G.A. Meijer,
DNA copy number changes at 8q11-24 in metastasized col-
orectal cancer, Cell. Oncol. 27 (2005), 57–65.

[21] H.J. Burstein, The distinctive nature of HER2-positive breast
cancers, N. Engl. J. Med. 353 (2005), 1652–1654.

[22] J. Camps, C. Morales, E. Prat, M. Ribas, G. Capella, J.
Egozcue, M.A. Peinado and R. Miro, Genetic evolution in
colon cancer KM12 cells and metastatic derivates, Int. J. Can-
cer 110 (2004), 869–874.

[23] J. Camps, G. Armengol, J. Del Rey, J. Lozano, H. Vauhko-
nen, E. Prat, J. Egozcue, L. Sumoy, S. Nuutila and R. Miro,
Genome-wide differences between microsatellite stable and
unstable colorectal tumors, Carcinogenesis 27 (2006), 419–
428.

[24] T.L. Chan, L.C. Curtis, S.Y. Leung, S.M. Farrington, J.W. Ho,
A.S. Chan, P.W. Lam, C.W. Tse, M.G. Dunlop, A.H. Wyllie
and S.T. Yuen, Early-onset colorectal cancer with stable mi-
crosatellite DNA and near-diploid chromosomes, Oncogene
20 (2001), 4871–4876.

[25] J.C. Chang, E.C. Wooten, A. Tsimelzon, S.G. Hilsenbeck,
M.C. Gutierrez, R. Elledge, S. Mohsin, C.K. Osborne, G.C.
Chamness, D.C. Allred and P. O’Connell, Gene expression
profiling for the prediction of therapeutic response to doc-
etaxel in patients with breast cancer, Lancet 362 (2003), 362–
369.

[26] K.Y. Chung, J. Shia, N.E. Kemeny, M. Shah, G.K. Schwartz,
A. Tse, A. Hamilton, D. Pan, D. Schrag, L. Schwartz, D.S.
Klimstra, D. Fridman, D.P. Kelsen and L.B. Saltz, Cetuximab
shows activity in colorectal cancer patients with tumors that
do not express the epidermal growth factor receptor by im-
munohistochemistry, J. Clin. Oncol. 23 (2005), 1803–1810.

[27] A. Cianciulli, M. Cosimelli, R. Marzano, P. Merola, G.
Piperno, I. Sperduti, F. de la Iglesia, G. Leonardo, F. Graziano,
R. Mancini and F. Guadagni, Genetic and pathologic signifi-
cance of 1p, 17p, and 18q aneusomy and the ERBB2 gene in
colorectal cancer and related normal colonic mucosa, Cancer
Genet. Cytogenet. 151 (2004), 52–59.

[28] S.J. Cohen, R.B. Cohen and N.J. Meropol, Targeting signal
transduction pathways in colorectal cancer – more than skin
deep, J. Clin. Oncol. 23 (2005), 5374–5385.

[29] T. Cremer, J. Landegent, A. Bruckner, H.P. Scholl, M.
Schardin, H.D. Hager, P. Devilee, P. Pearson and M. van
der Ploeg, Detection of chromosome aberrations in the hu-
man interphase nucleus by visualization of specific target
DNAs with radioactive and non-radioactive in situ hybridiza-
tion techniques: diagnosis of trisomy 18 with probe L1.84,
Hum. Genet. 74 (1986), 346–352.

[30] D. Cunningham, Y. Humblet, S. Siena, D. Khayat, H.
Bleiberg, A. Santoro, D. Bets, M. Mueser, A. Harstrick, C.
Verslype, I. Chau and E. Van Cutsem, Cetuximab monother-
apy and cetuximab plus irinotecan in irinotecan-refractory
metastatic colorectal cancer, N. Engl. J. Med. 351 (2004),
337–345.

[31] L.J. Curtis, I.B. Georgiades, S. White, C.C. Bird, D.J. Harri-
son and A.H. Wyllie, Specific patterns of chromosomal abnor-
malities are associated with RER status in sporadic colorectal
cancer, J. Pathol. 192 (2000), 440–445.

[32] E.J. Davison, P.S. Tarpey, H. Fiegler, I.P. Tomlinson and N.P.
Carter, Deletion at chromosome band 20p12.1 in colorectal
cancer revealed by high resolution array comparative genomic
hybridization, Genes Chromosomes Cancer 44 (2005), 384–
391.

[33] P.M. De Angelis, O.P. Clausen, A. Schjolberg and T. Stokke,
Chromosomal gains and losses in primary colorectal carci-
nomas detected by CGH and their associations with tumour
DNA ploidy, genotypes and phenotypes, Br. J. Cancer 80
(1999), 526–535.

[34] P.M. De Angelis, T. Stokke, M. Beigi, O. Mjaland and O.P.
Clausen, Prognostic significance of recurrent chromosomal
aberrations detected by comparative genomic hybridization in
sporadic colorectal cancer, Int. J. Colorectal Dis. 16 (2001),
38–45.



M. Grade et al. / Genomic imbalances in colorectal cancer 81

[35] C.B. Diep, L.A. Parada, M.R. Teixeira, M. Eknaes, J.M. Nes-
land, B. Johansson and R.A. Lothe, Genetic profiling of col-
orectal cancer liver metastases by combined comparative ge-
nomic hybridization and G-banding analysis, Genes Chromo-
somes Cancer 36 (2003), 189–197.

[36] C.B. Diep, M.R. Teixeira, L. Thorstensen, J.N. Wiig, M. Ek-
naes, J.M. Nesland, K.E. Giercksky, B. Johansson and R.A.
Lothe, Genome characteristics of primary carcinomas, local
recurrences, carcinomatoses, and liver metastases from col-
orectal cancer patients, Mol. Cancer 3 (2004), 6.

[37] C.B. Diep, K. Kleivi, F.R. Ribeiro, M.R. Teixeira, O.C. Lindg-
jaerde and R.A. Lothe, The order of genetic events associ-
ated with colorectal cancer progression inferred from meta-
analysis of copy number changes, Genes Chromosomes Can-
cer 45 (2006), 31–41.

[38] A. Di Vinci, E. Infusini, S. Nigro, R. Monaco and W. Gia-
retti, Intratumor distribution of 1p deletions in human colorec-
tal adenocarcinoma is commonly homogeneous: indirect evi-
dence of early involvement in colorectal tumorigenesis, Can-
cer 83 (1998), 415–422.

[39] A. Di Vinci, E. Infusini, C. Peveri, A. Sciutto, R. Orecchia, E.
Geido, R. Monaco and W. Giaretti, Intratumor heterogeneity
of chromosome 1, 7, 17, and 18 aneusomies obtained by FISH
and association with flow cytometric DNA index in human
colorectal adenocarcinomas, Cytometry 35 (1999), 369–375.

[40] E.J. Douglas, H. Fiegler, A. Rowan, S. Halford, D.C. Bicknell,
W. Bodmer, I.P. Tomlinson and N.P. Carter, Array compara-
tive genomic hybridization analysis of colorectal cancer cell
lines and primary carcinomas, Cancer Res. 64 (2004), 4817–
4825.

[41] B.J. Druker, M. Talpaz, D.J. Resta, B. Peng, E. Buchdunger,
J.M. Ford, N.B. Lydon, H. Kantarjian, R. Capdeville, S.
Ohno-Jones and C.L. Sawyers, Efficacy and safety of a spe-
cific inhibitor of the BCR-ABL tyrosine kinase in chronic
myeloid leukemia, N. Engl. J. Med. 344 (2001), 1031–1037.

[42] B.J. Druker, C.L. Sawyers, H. Kantarjian, D.J. Resta, S.F.
Reese, J.M. Ford, R. Capdeville and M. Talpaz, Activity of a
specific inhibitor of the BCR-ABL tyrosine kinase in the blast
crisis of chronic myeloid leukemia and acute lymphoblastic
leukemia with the Philadelphia chromosome, N. Engl. J. Med.
344 (2001), 1038–1042.

[43] P. Duesberg and R. Li, Multistep carcinogenesis: a chain re-
action of aneuploidizations, Cell Cycle 2 (2003), 202–210.

[44] P. Duesberg, R. Li, A. Fabarius and R. Hehlmann, The chro-
mosomal basis of cancer, Cell. Oncol. 27 (2005), 293–318.

[45] J.G. Gall and M.L. Pardue, Formation and detection of RNA-
DNA hybrid molecules in cytological preparations, Proc.
Natl. Acad. Sci. USA 63 (1969), 378–383.

[46] J. Garcia, A. Duran, M.D. Tabernero, A. Garcia Plaza, T. Flo-
res Corral, M.L. Najera, A. Gomez-Alonso and A. Orfao, Nu-
merical abnormalities of chromosomes 17 and 18 in sporadic
colorectal cancer: Incidence and correlation with clinical and
biological findings and the prognosis of the disease, Cytome-
try B Clin. Cytom. 51 (2003), 14–20.

[47] I.B. Georgiades, L.J. Curtis, R.M. Morris, C.C. Bird and A.H.
Wyllie, Heterogeneity studies identify a subset of sporadic
colorectal cancers without evidence for chromosomal or mi-
crosatellite instability, Oncogene 18 (1999), 7933–7940.

[48] B.M. Ghadimi, D.L. Sackett, M.J. Difilippantonio, E.
Schrock, T. Neumann, A. Jauho, G. Auer and T. Ried, Centro-
some amplification and instability occurs exclusively in aneu-
ploid, but not in diploid colorectal cancer cell lines, and corre-
lates with numerical chromosomal aberrations, Genes Chro-
mosomes Cancer 27 (2000), 183–190.

[49] B.M. Ghadimi, M. Grade, T. Liersch, C. Langer, A. Siemer, L.
Fuzesi and H. Becker, Gain of chromosome 8q23-24 is a pre-
dictive marker for lymph node positivity in colorectal cancer,
Clin. Cancer Res. 9 (2003), 1808–1814.

[50] B.M. Ghadimi, M. Grade, M.J. Difilippantonio, S. Varma,
R. Simon, C. Montagna, L. Fuzesi, C. Langer, H. Becker,
T. Liersch and T. Ried, Effectiveness of gene expression pro-
filing for response prediction of rectal adenocarcinomas to
preoperative chemoradiotherapy, J. Clin. Oncol. 23 (2005),
1826–1838.

[51] W. Giaretti, S. Molinu, J. Ceccarelli and C. Prevosto, Chro-
mosomal instability, aneuploidy, and gene mutations in hu-
man sporadic colorectal adenomas, Cell. Oncol. 26 (2004),
301–305.

[52] M. Grade, H. Becker and B.M. Ghadimi, The impact of mole-
cular pathology in oncology: The clinician’s perspective, Cell.
Oncol. 26 (2004), 275–278.

[53] M. Grade, B.M. Ghadimi, S. Varma, R. Simon, D. Wangsa, L.
Barenboim-Stapleton, T. Liersch, H. Becker, T. Ried and M.J.
Difilippantonio, Aneuploidy-dependent massive deregulation
of the cellular transcriptome and apparent divergence of the
Wnt/beta-catenin signaling pathway in human rectal carcino-
mas, Cancer Res. 66 (2006), 267–282.

[54] K. Guda, M.B. Upender, G. Belinsky, C. Flynn, M. Nakan-
ishi, J.N. Marino, T. Ried and D.W. Rosenberg, Carcinogen-
induced colon tumors in mice are chromosomally stable and
are characterized by low-level microsatellite instability, Onco-
gene 23 (2004), 3813–3821.

[55] D. Hanahan and R.A. Weinberg, The hallmarks of cancer, Cell
100 (2000), 57–70.

[56] D.F. Hayes and A.D. Thor, c-erbB-2 in breast cancer: devel-
opment of a clinically useful marker, Semin. Oncol. 29 (2002),
231–245.

[57] Q.J. He, W.F. Zeng, J.S. Sham, D. Xie, X.W. Yang, H.L. Lin,
W.H. Zhan, F. Lin, S.D. Zeng, D. Nie, L.F. Ma, C.J. Li, S. Lu
and X.Y. Guan, Recurrent genetic alterations in 26 colorectal
carcinomas and 21 adenomas from Chinese patients, Cancer
Genet. Cytogenet. 144 (2003), 112–118.

[58] J. Herbergs, A.P. de Bruine, P.T. Marx, M.I. Vallinga, R.W.
Stockbrugger, F.C. Ramaekers, J.W. Arends and A.H. Hop-
man, Chromosome aberrations in adenomas of the colon.
Proof of trisomy 7 in tumor cells by combined interphase
cytogenetics and immunocytochemistry, Int. J. Cancer 57
(1994), 781–785.

[59] J. Herbergs, J.W. Arends, E.M. Bongers, F.C. Ramaekers and
A.H. Hopman, Clonal origin of trisomy for chromosome 7 in
the epithelial compartment of colon Neoplasia, Genes Chro-
mosomes Cancer 16 (1996), 106–112.

[60] J. Herbergs, A.H. Hopman, A.P. De Bruine, F.C. Ramaek-
ers and J.W. Arends, In situ hybridization and flow cytomet-
ric analysis of colorectal tumours suggests two routes of tu-
mourigenesis characterized by gain of chromosome 7 or loss
of chromosomes 17 and 18, J. Pathol. 179 (1996), 243–247.



82 M. Grade et al. / Genomic imbalances in colorectal cancer

[61] M.A. Hermsen, C. Postma, J.P. Baak, M. Weiss, A. Rapallo,
A. Sciutto, G. Roemen, J.W. Arends, R. Williams, W. Giaretti,
A. De Goeij and G.A. Meijer, Colorectal adenoma to carci-
noma progression follows multiple pathways of chromosomal
instability, Gastroenterology 123 (2002), 1109–1119.

[62] M. Hermsen, A. Snijders, M.A. Guervos, S. Taenzer, U. Ko-
erner, J. Baak, D. Pinkel, D. Albertson, P. van Diest, G. Mei-
jer and E. Schrock, Centromeric chromosomal translocations
show tissue-specific differences between squamous cell car-
cinomas and adenocarcinomas, Oncogene 24 (2005), 1571–
1579.

[63] S. Hidaka, T. Yasutake, H. Takeshita, M. Kondo, T. Tsuji, A.
Nanashima, T. Sawai, H. Yamaguchi, T. Nakagoe, H. Ayabe
and Y. Tagawa, Differences in 20q13.2 copy number between
colorectal cancers with and without liver metastasis, Clin.
Cancer Res. 6 (2000), 2712–2717.

[64] F.R. Hirsch, M. Varella-Garcia, J. McCoy, H. West, A.C.
Xavier, P. Gumerlock, P.A. Bunn, Jr., W.A. Franklin, J. Crow-
ley and D.R. Gandara; Southwest Oncology Group, Increased
epidermal growth factor receptor gene copy number detected
by fluorescence in situ hybridization associates with increased
sensitivity to gefitinib in patients with bronchioloalveolar car-
cinoma subtypes: a Southwest Oncology Group Study, J. Clin.
Oncol. 23 (2005), 6838–6845.

[65] K.D. Holen and L.B. Saltz, New therapies, new directions:
advances in the systemic treatment of metastatic colorectal
cancer, Lancet Oncol. 2 (2001), 290–297.

[66] E. Hyman, P. Kauraniemi, S. Hautaniemi, M. Wolf, S.
Mousses, E. Rozenblum, M. Ringner, G. Sauter, O. Monni,
E. Alkahloun, O.P. Kallioniemi and A. Kallioniemi, Impact
of DNA amplification on gene expression patterns in breast
cancer, Cancer Res. 62 (2002), 6240–6245.

[67] Y. Ionov, M.A. Peinado, S. Malkhosyan, D. Shibata and M.
Perucho, Ubiquitous somatic mutations in simple repeated se-
quences reveal a new mechanism for colonic carcinogenesis,
Nature 362 (1993), 558–561.

[68] M. Iwamoto, D. Banerjee, L.G. Menon, A. Jurkiewicz, P.H.
Rao, N.E. Kemeny, Y. Fong, S.C. Jhanwar, R. Gorlick and J.R.
Bertino, Overexpression of E2F-1 in lung and liver metastases
of human colon cancer is associated with gene amplification,
Cancer Biol. Ther. 3 (2004), 395–399.

[69] J.K. Jiang, Y.J. Chen, C.H. Lin, I.T. Yu and J.K. Lin, Genetic
changes and clonality relationship between primary colorectal
cancers and their pulmonary metastases – an analysis by com-
parative genomic hybridization, Genes Chromosomes Cancer
43 (2005), 25–36.

[70] A.M. Jones, E.J. Douglas, S.E. Halford, H. Fiegler, P.A. Gor-
man, R.R. Roylance, N.P. Carter and I.P. Tomlinson, Array-
CGH analysis of microsatellite-stable, near-diploid bowel
cancers and comparison with other types of colorectal carci-
noma, Oncogene 24 (2005), 118–129.

[71] A. Kallioniemi, O.P. Kallioniemi, D. Sudar, D. Rutovitz, J.W.
Gray, F. Waldman and D. Pinkel, Comparative genomic hy-
bridization for molecular cytogenetic analysis of solid tumors,
Science 258 (1992), 818–821.

[72] K. Katsura, H. Sugihara, S. Nakai and S. Fujita, Alteration
of numerical chromosomal aberrations during progression of
colorectal tumors revealed by a combined fluorescence in situ
hybridization and DNA ploidy analysis of intratumoral het-
erogeneity, Cancer Genet. Cytogenet. 90 (1996), 146–153.

[73] V.P. Khatri, N.J. Petrelli and J. Belghiti, Extending the fron-
tiers of surgical therapy for hepatic colorectal metastases: is
there a limit?, J. Clin. Oncol. 23 (2005), 8490–8499.

[74] K. Kleivi, M.R. Teixeira, M. Eknaes, C.B. Diep, K.S. Jakob-
sen, R. Hamelin and R.A. Lothe, Genome signatures of colon
carcinoma cell lines, Cancer Genet. Cytogenet. 155 (2004),
119–131.

[75] T. Knosel, S. Petersen, H. Schwabe, K. Schluns, U. Stein,
P.M. Schlag, M. Dietel and I. Petersen, Incidence of chromo-
somal imbalances in advanced colorectal carcinomas and their
metastases, Virchows Arch. 440 (2002), 187–194.

[76] T. Knosel, K. Schluns, U. Stein, H. Schwabe, P.M. Schlag,
M. Dietel and I. Petersen, Genetic imbalances with impact
on survival in colorectal cancer patients, Histopathology 43
(2003), 323–331.

[77] T. Knosel, K. Schluns, U. Stein, H. Schwabe, P.M. Schlag,
M. Dietel and I. Petersen, Chromosomal alterations during
lymphatic and liver metastasis formation of colorectal cancer,
Neoplasia 6 (2004), 23–28.

[78] T. Knosel, K. Schluns, M. Dietel and I. Petersen, Chromoso-
mal alterations in lung metastases of colorectal carcinomas:
associations with tissue specific tumor dissemination, Clin.
Exp. Metastasis 22 (2005), 533–538.

[79] W.M. Korn, T. Yasutake, W.L. Kuo, R.S. Warren, C. Collins,
M. Tomita, J. Gray and F.M. Waldman, Chromosome arm
20q gains and other genomic alterations in colorectal can-
cer metastatic to liver, as analyzed by comparative genomic
hybridization and fluorescence in situ hybridization, Genes
Chromosomes Cancer 25 (1999), 82–90.

[80] I. Lax, F. Bellot, R. Howk, A. Ullrich, D. Givol and J.
Schlessinger, Functional analysis of the ligand binding site
of EGF-receptor utilizing chimeric chicken/human receptor
molecules, EMBO J. 8 (1989), 421–427.

[81] C. Lengauer, K.W. Kinzler and B. Vogelstein, Genetic insta-
bilities in human cancers, Nature 396 (1998), 643–649.

[82] A. Leslie, F.A. Carey, N.R. Pratt and R.J. Steele, The col-
orectal adenoma–carcinoma sequence, Br. J. Surg. 89 (2002),
845–860.

[83] A. Leslie, N.R. Pratt, K. Gillespie, S. Sales, N.M. Kernohan,
G. Smith, C.R. Wolf, F.A. Carey and R.J. Steele, Mutations of
APC, K-ras, and p53 are associated with specific chromoso-
mal aberrations in colorectal adenocarcinomas, Cancer Res.
63 (2003), 4656–4661.

[84] R. Li, A. Sonik, R. Stindl, D. Rasnick and P. Duesberg, Ane-
uploidy vs. gene mutation hypothesis of cancer: recent study
claims mutation but is found to support aneuploidy, Proc.
Natl. Acad. Sci. USA 97 (2000), 3236–3241.

[85] L.S. Li, N.G. Kim, S.H. Kim, C. Park, H. Kim, H.J. Kang,
K.H. Koh, S.N. Kim, W.H. Kim, N.K. Kim and H. Kim, Chro-
mosomal imbalances in the colorectal carcinomas with mi-
crosatellite instability, Am. J. Pathol. 163 (2003), 1429–1436.

[86] J. Marx, Debate surges over the origins of genomic defects in
cancer, Science 297 (2002), 544–546.

[87] D. Mattoon, P. Klein, M.A. Lemmon, I. Lax and J. Sch-
lessinger, The tethered configuration of the EGF receptor ex-
tracellular domain exerts only a limited control of receptor
function, Proc. Natl. Acad. Sci. USA 101 (2004), 923–928.



M. Grade et al. / Genomic imbalances in colorectal cancer 83

[88] M.R. Mehta, K. Nakao, M.B. Zuraek, D.T. Ruan, E.K. Bergs-
land, A.P. Venook, D.H. Moore, T.A. Tokuyasu, A.N. Jain,
R.S. Warren, J.P. Terdiman and F.M. Waldman, Fractional
genomic alteration detected by array-based comparative ge-
nomic hybridization independently predicts survival after he-
patic resection for metastatic colorectal cancer, Clin. Cancer
Res. 11 (2005), 1791–1797.

[89] G.A. Meijer, M.A. Hermsen, J.P. Baak, P.J. van Diest, S.G.
Meuwissen, J.A. Belien, J.M. Hoovers, H. Joenje, P.J. Sni-
jders and J.M. Walboomers, Progression from colorectal ade-
noma to carcinoma is associated with non-random chromoso-
mal gains as detected by comparative genomic hybridization,
J. Clin. Pathol. 51 (1998), 901–909.

[90] G.A. Meijer, Chromosomes and cancer, Boveri revisited, Cell.
Oncol. 27 (2005), 273–275.

[91] R. Melcher, C. Steinlein, W. Feichtinger, C.R. Muller, T. Men-
zel, H. Luhrs, W. Scheppach and M. Schmid, Spectral kary-
otyping of the human colon cancer cell lines SW480 and
SW620, Cytogenet. Cell. Genet. 88 (2000), 145–152.

[92] R. Melcher, S. Koehler, C. Steinlein, M. Schmid, C.R.
Mueller, H. Luehrs, T. Menzel, W. Scheppach, H. Moerk,
M. Scheurlen, J. Koehrle and O. Al-Taie, Spectral karyotype
analysis of colon cancer cell lines of the tumor suppressor and
mutator pathway, Cytogenet. Genome Res. 98 (2002), 22–28.

[93] T. Menzel, R. Melcher, S. Koehler, G. Dusel, K. Backhaus, G.
Ott, W. Breithaupt, O. Al-Taie, J. Schauber, A. Gostner, W.
Scheppach and H. Luhrs, Establishment of a colonic adenoma
cell line (GEKI-2): spectral karyotype analysis and functional
characterization, Int. J. Colorectal Dis. 19 (2004), 12–17.

[94] N.J. Meropol, Epidermal growth factor receptor inhibitors in
colorectal cancer: it’s time to get back on target, J. Clin. On-
col. 23 (2005), 1791–1793.

[95] J.A. Meyerhardt and R.J. Mayer, Systemic therapy for col-
orectal cancer, N. Engl. J. Med. 352 (2005), 476–487.

[96] R. Midgley and D. Kerr, Colorectal cancer, Lancet 353
(1999), 391–399.

[97] F. Mitelman, B. Johansson and F. Mertens, Mitelman Data-
base of Chromosome Aberrations in Cancer, http://cgap.nci.
nih.gov/Chromosomes/Mitelman.

[98] O. Monni, M. Barlund, S. Mousses, J. Kononen, G. Sauter,
M. Heiskanen, P. Paavola, K. Avela, Y. Chen, M.L. Bittner
and A. Kallioniemi, Comprehensive copy number and gene
expression profiling of the 17q23 amplicon in human breast
cancer, Proc. Natl. Acad. Sci. USA 98 (2001), 5711–5716.

[99] M. Moroni, S. Veronese, S. Benvenuti, G. Marrapese, A.
Sartore-Bianchi, F. Di Nicolantonio, M. Gambacorta, S. Siena
and A. Bardelli, A Gene copy number for epidermal growth
factor receptor (EGFR) and clinical response to antiEGFR
treatment in colorectal cancer: a cohort study, Lancet Oncol.
6 (2005), 279–286.

[100] K. Nakao, M. Shibusawa, A. Ishihara, H. Yoshizawa, A. Tsun-
oda, M. Kusano, A. Kurose, T. Makita and K. Sasaki, Genetic
changes in colorectal carcinoma tumors with liver metastases
analyzed by comparative genomic hybridization and DNA
ploidy, Cancer 91 (2001), 721–726.

[101] K. Nakao, K.R. Mehta, J. Fridlyand, D.H. Moore, A.N. Jain,
A. Lafuente, J.W. Wiencke, J.P. Terdiman and F.M. Waldman,
High-resolution analysis of DNA copy number alterations in
colorectal cancer by array-based comparative genomic hy-
bridization, Carcinogenesis 25 (2004), 1345–1357.

[102] A. Nanashima, Y. Tagawa, M. Morinaga, H. Kusano, T. Naka-
goe and H. Ayabe, Quantitative analysis of numerical chromo-
some aberrations in various morphological types of colorectal
carcinomas, J. Gastroenterol. 31 (1996), 793–800.

[103] A. Nanashima, H. Yamaguchi, T. Yasutake, T. Sawai, H. Ku-
sano, Y. Tagawa, T. Nakagoe and H. Ayabe, Gain of chromo-
some 20 is a frequent aberration in liver metastasis of colorec-
tal cancers, Dig. Dis. Sci. 42 (1997), 1388–1393.

[104] NCI and NCBI’s SKY/M-FISH and CGH Database, http://
www.ncbi.nlm.nih.gov/sky.

[105] H. Nelson and D.J. Sargent, Refining multimodal therapy for
rectal cancer, N. Engl. J. Med. 345 (2001), 690–692.

[106] P.C. Nowell and D.A. Hungerford, Chromosome studies on
normal and leukemic human leukocytes, J. Natl. Cancer Inst.
25 (1960), 85–109.

[107] K. Obara, M. Yokoyama, G. Asano and S. Tanaka, Evaluation
of myc and chromosome 8 copy number in colorectal cancer
using interphase cytogenetics, Int. J. Oncol. 18 (2001), 233–
239.

[108] A. Ooi, C.D. Huang, M. Mai and I. Nakanishi, Numerical
chromosome alterations in colorectal carcinomas detected by
fluorescence in situ hybridization. Relationship to 17p and
18q allelic losses, Virchows Arch. 428 (1996), 243–251.

[109] A. Paredes-Zaglul, J.J. Kang, Y.P. Essig, W. Mao, R. Irby,
M. Wloch and T.J. Yeatman, Analysis of colorectal cancer by
comparative genomic hybridization: evidence for induction of
the metastatic phenotype by loss of tumor suppressor genes,
Clin. Cancer Res. 4 (1998), 879–886.

[110] D. Pinkel, R. Segraves, D. Sudar, S. Clark, I. Poole, D. Kow-
bel, C. Collins, W.L. Kuo, C. Chen, Y. Zhai, S.H. Dairkee,
B.M. Ljung, J.W. Gray and P.G. Albertson, High resolution
analysis of DNA copy number variation using comparative
genomic hybridization to microarrays, Nat. Genet. 20 (1998),
207–211.

[111] P. Platzer, M.B. Upender, K. Wilson, J. Willis, J. Lutterbaugh,
A. Nosrati, J.K. Willson, D. Mack, T. Ried and S. Markowitz,
Silence of chromosomal amplifications in colon cancer, Can-
cer Res. 62 (2002), 1134–1138.

[112] S. Poeaim, B. Rerkamnuaychoke, S. Jesdapatarakul and A.
Campiranon, Chromosome alterations in colorectal cancer in
Thai patients, Cancer Genet. Cytogenet. 160 (2005), 152–
159.

[113] J.R. Pollack, T. Sorlie, C.M. Perou, C.A. Rees, S.S. Jeffrey,
P.E. Lonning, R. Tibshirani, D. Botstein, A.L. Borresen-Dale
and P.O. Brown, Microarray analysis reveals a major direct
role of DNA copy number alteration in the transcriptional pro-
gram of human breast tumors, Proc. Natl. Acad. Sci. USA 99
(2002), 12963–12968.

[114] C. Postma, M.A. Hermsen, J. Coffa, J.P. Baak, J.D. Mueller,
E. Mueller, B. Bethke, J.P. Schouten, M. Stolte and G.A. Mei-
jer, Chromosomal instability in flat adenomas and carcinomas
of the colon, J. Pathol. 205 (2005), 514–521.

[115] H. Rajagopalan, M.A. Nowak, B. Vogelstein and C. Lengauer,
The significance of unstable chromosomes in colorectal can-
cer, Nat. Rev. Cancer 3 (2003), 695–701.

[116] H. Rajagopalan and C. Lengauer, Aneuploidy and cancer, Na-
ture 432 (2004), 338–341.



84 M. Grade et al. / Genomic imbalances in colorectal cancer

[117] H. Richter, P. Slezak, A. Walch, M. Werner, H. Braselmann,
E. Jaramillo, A. Ost, I. Hirata, K. Takahama and H. Zitzels-
berger, Distinct chromosomal imbalances in nonpolyploid
and polyploid colorectal adenomas indicate different genetic
pathways in the development of colorectal neoplasms, Am. J.
Pathol. 163 (2003), 287–294.

[118] T. Ried, R. Knutzen, R. Steinbeck, H. Blegen, E. Schrock,
K. Heselmeyer, S. du Manoir and G. Auer, Comparative ge-
nomic hybridization reveals a specific pattern of chromoso-
mal gains and losses during the genesis of colorectal tumors,
Genes Chromosomes Cancer 15 (1996), 234–245.

[119] T. Ried, K. Heselmeyer-Haddad, H. Blegen, E. Schrock and
G. Auer, Genomic changes defining the genesis, progression,
and malignancy potential in solid human tumors: a pheno-
type/genotype correlation, Genes Chromosomes Cancer 25
(1999), 195–204.

[120] T. Ried, Cytogenetics – in color and digitized, N. Engl. J. Med.
350 (2004), 1597–1600.

[121] P.H. Rooney, A. Boonsong, J.A. McKay, S. Marsh, D.A.
Stevenson, G.I. Murray, S. Curran, N.E. Haites, J. Cassidy
and H.L. McLeod, Colorectal cancer genomics: evidence for
multiple genotypes which influence survival, Br. J. Cancer 85
(2001), 1492–1498.

[122] A.V. Roschke, K. Stover, G. Tonon, A.A. Schaffer and I.R.
Kirsch, Stable karyotypes in epithelial cancer cell lines de-
spite high rates of ongoing structural and numerical chromo-
somal instability, Neoplasia 4 (2002), 19–31.

[123] J.D. Rowley, Nonrandom chromosomal abnormalities in
hematologic disorders of man, Proc. Natl. Acad. Sci. USA 72
(1975), 152–156.

[124] G.T. Rudkin and B.D. Stollar, High resolution detection of
DNA–RNA hybrids in situ by indirect immunofluorescence,
Nature 265 (1977), 472–473.

[125] L.B. Saltz, N.J. Meropol, P.J. Loehrer Sr, M.N. Needle, J.
Kopit and R.J. Mayer, Phase II trial of cetuximab in patients
with refractory colorectal cancer that expresses the epidermal
growth factor receptor, J. Clin. Oncol. 22 (2004), 1201–1208.

[126] S. Sen, Aneuploidy and cancer, Curr. Opin. Oncol. 12 (2000),
82–88.

[127] J. Schlegel, G. Stumm, H. Scherthan, T. Bocker, H. Zirngibl,
J. Ruschoff and F. Hofstadter, Comparative genomic in situ
hybridization of colon carcinomas with replication error, Can-
cer Res. 55 (1995), 6002–6005.

[128] E. Schrock, S. du Manoir, T. Veldman, B. Schoell, J. Wien-
berg, M.A. Ferguson-Smith, Y. Ning, D.H. Ledbetter, I. Bar-
Am, D. Soenksen, Y. Garini and T. Ried, Multicolor spec-
tral karyotyping of human chromosomes, Science 273 (1996),
494–497.

[129] J. Shia, D.S. Klimstra, A.R. Li, J. Qin, L. Saltz, J. Teruya-
Feldstein, M. Akram, K.Y. Chung, D. Yao, P.B. Paty, W. Ger-
ald and B. Chen, Epidermal growth factor receptor expression
and gene amplification in colorectal carcinoma: an immuno-
histochemical and chromogenic in situ hybridization study,
Mod. Pathol. 18 (2005), 1350–1356.

[130] I.A. Sokolova, K.C. Halling, R.B. Jenkins, H.M. Burkhardt,
R.G. Meyer, S.A. Seelig and W. King, The development of a
multitarget, multicolor fluorescence in situ hybridization as-
say for the detection of urothelial carcinoma in urine, J. Mol.
Diagn. 2 (2000), 116–123.

[131] S. Solinas-Toldo, S. Lampel, S. Stilgenbauer, J. Nickolenko,
A. Benner, H. Dohner, T. Cremer and P. Lichter, Matrix-based
comparative genomic hybridization: biochips to screen for ge-
nomic imbalances, Genes Chromosomes Cancer 20 (1997),
399–407.

[132] M.R. Speicher, S. Gwyn Ballard and D.C. Ward, Karyotyping
human chromosomes by combinatorial multi-fluor FISH, Nat.
Genet. 12 (1996), 368–375.

[133] R.P. Stock and H. Bialy, The sigmoidal curve of cancer, Nat.
Biotechnol. 21 (2003), 13–14.

[134] H. Tanami, H. Tsuda, S. Okabe, T. Iwai, K. Sugihara, I. Imoto
and J. Inazawa, Involvement of cyclin D3 in liver metastasis
of colorectal cancer, revealed by genome-wide copy-number
analysis, Lab. Invest. 85 (2005), 1118–1129.

[135] S.N. Thibodeau, G. Bren and D. Schaid, Microsatellite insta-
bility in cancer of the proximal colon, Science 260 (1993),
816–819.

[136] D. Tsafrir, M. Bacolod, Z. Selvanayagam, I. Tsafrir, J. Shia, Z.
Zeng, H. Liu, C. Krier, R.F. Stengel, F. Barany, W.L. Gerald,
P.B. Paty, E. Domany and D.A. Notterman, Relationship of
gene expression and chromosomal abnormalities in colorectal
cancer, Cancer Res. 66 (2006), 2129–2137.

[137] T. Tsushimi, S. Noshima, A. Oga, K. Esato and K. Sasaki,
DNA amplification and chromosomal translocations are ac-
companied by chromosomal instability: analysis of seven hu-
man colon cancer cell lines by comparative genomic hy-
bridization and spectral karyotyping, Cancer Genet. Cyto-
genet. 126 (2001), 34–38.

[138] M.B. Upender, J.K. Habermann, L.M. McShane, E.L. Korn,
J.C. Barrett, M.J. Difilippantonio and T. Ried, Chromosome
transfer induced aneuploidy results in complex dysregulation
of the cellular transcriptome in immortalized and cancer cells,
Cancer Res. 64 (2004), 6941–6949.

[139] B. Vogelstein, E.R. Fearon, S.R. Hamilton, S.E. Kern, A.C.
Preisinger, M. Leppert, Y. Nakamura, R. White, A.M. Smits
and J.L. Bos, Genetic alterations during colorectal-tumor de-
velopment, N. Engl. J. Med. 319 (1988), 525–532.

[140] B. Vogelstein and K.W. Kinzler, Cancer genes and the path-
ways they control, Nat. Med. 10 (2004), 789–799.

[141] J. Weitz, M. Koch, J. Debus, T. Hohler, P.R. Galle and M.W.
Buchler, Colorectal cancer, Lancet 365 (2005), 153–165.

[142] J.L. Westra, L.G. Boven, P. van der Vlies, H. Faber, B.
Sikkema, M. Schaapveld, T. Dijkhuizen, H. Hollema, C.H.
Buys, J.T. Plukker, K. Kok and R.M. Hofstra, A substantial
proportion of microsatellite-unstable colon tumors carry TP53
mutations while not showing chromosomal instability, Genes
Chromosomes Cancer 43 (2005), 194–201.

[143] V.B. Wreesmann, W. Shi, H.T. Thaler, A. Poluri, D.H. Kraus,
D. Pfister, A.R. Shaha, J.P. Shah, P.H. Rao and B. Singh, Iden-
tification of novel prognosticators of outcome in squamous
cell carcinoma of the head and neck, J. Clin. Oncol. 22 (2004),
3965–3972.

[144] Z. Weaver, C. Montagna, X. Xu, T. Howard, M. Gadina, S.G.
Brodie, C.X. Deng and T. Ried, Mammary tumors in mice
conditionally mutant for Brca1 exhibit gross genomic insta-
bility and centrosome amplification yet display a recurring
distribution of genomic imbalances that is similar to human
breast cancer, Oncogene 21 (2002), 5097–5107.


