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Welcome Address

Welcome to the 2d Conference on Aneuploidy &
Cancer here in Oakland. We—our sole sponsor
Robert Leppo and us the organizers, Rasnick and
Duesberg—are very excited that you came.

It is your presence and participation, and the ever-
daunting cancer problem that will hopefully make
this conference as exciting to follow as watching the
Olympics: Will specific aneuploidies or specific
mutations or even epigenetic alterations found to be
the causes of cancer?

In the first case, carcinogenesis would be like gene-
sis: A cancer cell would be generated from a normal cell by karyotypic alterations, much like a new phyloge-
netic species.

In the second case, carcinogenesis would be like mutagenesis: A cancer would be generated by specific muta-
tions of a normal cell, which would maintain its original karyotype. In other words, cancer would be just one
special kind of genetic diseases.

In the third case, neither the chromosomes nor the genes would be changed. Carcinogenesis would be much like
development, which is still a very dark box.

The younger ones of us, those under 30, will probably argue that it’s one or the other—either a specific aneu-
ploidy or a specific mutation or an epigenetic alteration must be sufficient for cancer. But the more mature
researchers among us may argue that aneuploidy and mutations and perhaps epigenetics are all necessary for
cancer.

Of course, all of us will know the answer by Sunday afternoon, when this conference comes to an end.
In the meantime it is already clear to us that you all are necessary and sufficient to find that answer.

Thank you and let’s go to work ...




Robert Leppo

This cancer conference was initiated and is wholly supported by our friend and
sponsor, philanthropist Robert Leppo, t/wouﬁ/u the auspices of The Group for
Scientific Reappraisals. Leppo’s interest and concern was sparked by the idea that
cancer has a chromosomal basis, which could serve to improve Wé/ detection
and therapy, yet is curvently disveqarded by mainstream cancer research.
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Scientific Program

OPENING SESSION - Thursday, January 31| SESSION | - Friday, February |
Opening Ceremony Every talk includes a 5-10-minute discussion at the end.
6:00 Opening Address Chaired by: Eytan Domany and Thomas Ried

Peter Duesberg (President of the Conference)

8:45 2. Relationship between the karyotypes and
phenotypes of cancer cells
Peter Duesberg (Berkeley, US)

6:30  Opening Lecture
1. What causes cancer?
Wayt Gibbs (Bellevue, US)

9:15 3. Chromosomal Instability in Oral Cancer Cells:
A Generalizable Model System for cancer
Susanne Gollin (Pittsburgh, US)

7:30 WELCOME COCKTAIL

9:45 4. Patterns of genome dynamics and cancer evolution
Henry Heng (Detroit, US)

10:15 COFFEE BREAK

10:45 5. Chromosomal instability and precursors along the
path to aneuploidy and cancer in chronic
inflammatory gastrointestinal diseases
Peter Rabinovitch (Seattle, US)

11:15 6. Numerical aberrations during the development of
cervical carcinogenesis: tetraploidy is an early
event that precedes most aneuploidy
Andrew Olaharski (Palo Alto, US)

11:45 LUNCH




SESSION 2 - Friday, February |

Every talk includes a 5-10-minute discussion at the end.

Chaired by: Peter Rabinovitch and Gerrit Meijer

1:15 7. Genomic instabilities, DNA copy number changes
and cancer
Eytan Domany (Rehovot, Israel)

2:15 8. Multiple numerical chromosome aberrations in
carcinogenesis: the kidney cancer model
Manuel Teixeira (Porto, Portugal)

2:45 9. The relationship of chromosomal aneuploidy,
nuclear structure, and gene expression in cancer
cells
Thomas Ried (Bethesda, US)

3:15 COFFEE BREAK

3:45 10. Low rates of aneuploidy promote tumorigenesis
while high rates of aneuploidy cause cell death and
tumor suppression
Beth Weaver (San Diego, US)

4:15 11. Recurrent Genomic Alterations in Prostatic
Preneoplasias and in Prostate Cancer
Jeremy Squire (Toronto, Canada)

4:45 12. Genomic instability and clonal outgrowth/
evolution in the upper aerodigestive tract
Walter Hittelman (Houston, US)

5:15 Session ends

5:30 LIGHTNING TALKS (5 minutes each)

SESSION 3 - Saturday, February 2

Every talk includes a 5-10-minute discussion at the end.

Chaired by: Walter Hittelman and Peter Duesberg

8:30 13. D-A:T-E analysis of cancer microarray data
David Rasnick (Fort Lauderdale, US)

9:00 14. Evaluation of DNA-ploidy heterogeneity in gastric
cancers
Maria-Chiara Osterheld
(Lausanne, Switzerland)

9:30 15. DNA-aneuploidy: A diagnostic and prognostic
marker for tumor cells

Alfred Bocking (Diisseldorf, Germany)
10:00 COFFEE BREAK

10:30 16. Missing evidence in cancer genetics: The
retinoblastoma paradigm
Domenico Mastrangelo (Siena, Italy)

11:00 17. The genetic basis of Fanconi anemia and other
heritable chromosome instability syndromes
Holger Hoehn (Wirzburg, Germany)

11:30 18. Integration of DNA copy number and expression
microarray data reveals 7 putative oncogenes in 3
amplicons at 20q involved in colorectal adenoma to
carcinoma progression
Gerrit Meijer
(Amsterdam, The Netherlands)

12:00 LUNCH




SESSION 4 - Saturday, February 2

Every talk includes a 5-10-minute discussion at the end.

Chaired by: Jeremy Squire and Andrew Ray

1:30 19. TnT: T antigen and telomerase, an explosive route

2:00

2:30

3:00

3:30

4:00

4:30

5:00

7:30

20.

21.

22.

23.

24.

to cancer
Andrew Ray (Fort Collins, US)

Spectrum of chromosomal aneuploidy in
lymphocytes of workers exposed to benzene
and leukemia risk

Luoping Zhang (Berkeley, US)

Induction of spindle multipolarity by
centrosomal cluster inhibition
Alwin Kraemer (Heidelberg, Germany)

COFFEE BREAK

Sporadic ovarian carcinomas show dysregulation of
DNA repair and genomic stability pathways
associated with complex structural abberrations,
chromosomal instability and centrosome
aberrations

Jane Bayani (Toronto, Canada)

Cell-to-cell fusion as a link between viruses and
chromosomal instability
Yuri Lazebnik (Cold Spring Harbor, US)

Genomic plasticity and its transcriptional
consequences in colorectal cancer
Jordi Camps (Bethesda, US)

Session ends

CONFERENCE BANQUET

SESSION 5 - Sunday, February 3

Every talk includes a 5-10-minute discussion at the end.

Chaired by: Riidiger Hehlmann and David Rasnick

8:45 25.

9:15 26.

9:45 27.

10:15

10:35 28.

11:05 29.

11:35

The “aneuploidy-modified mutator-phenotype”
theory of malignant tumours
Leon Bignold (Adelaide, Australia)

Impact of DNA copy number alteration on
transcriptional programs and cancer phenotypes
Jonathan Pollack (Stanford, US)

Genomic instability in context of the chromosomal
theory
Alice Fabarius (Mannheim, Germany)

COFFEE BREAK

Lessons in copy number alterations in cancer
learned from comparative genomic hybridization
(CGH) and fluorescence in situ hybridization (FISH)
Nicholas Wang (Berkeley, US)

SV40 Tag/p53 complexes actively promote
malignant cell growth of human mesothelial cells

Michele Carbone (Honolulu, US)

Conference ends




Abstracts




1. What causes cancer?

W. Wayt Gibbs

Executive Editor, Intellectual Ventures, 1756 114th Ave SE, Bellevue, WA 98004
Contributing Editor, Scientific American; news@waytgibbs.com

Of all the myriad toxins, pathogens, and environmental
insults commonly accepted as “causes” of cancers—from
tobacco smoke to ionizing radiation, oncoviruses to
asbestos—none are true causes, because none lead invari-
ably to neoplasia in those they affect. Distinguishing root
causes from risk factor is more than mere semantics. Cancer
remains one of humanity’s largest burdens despite more
than a century of work and hundreds of billions of dollars
invested in cancer research in large part because our preven-
tions and treatments target risk factors and consequences
rather than root causes.

How close is science to identifying the true causes of
cancer? A correct and complete theory of tumorigenesis
must explain how cancers can be at once so different genet-
ically and yet so similar in phenotype. It should accommo-
date both the rare congenital cancers of childhood and the
common acquired neoplasms of old age. It must admit non-
mutagenic carcinogens and other anomalous observations.

The dominant paradigm of the late 20" century—that
sequential mutations to key oncogenes and tumor suppres-
sor genes are both necessary and sufficient'—now seems
clearly inadequate to these challenges. In a 2003 Scientific
American article’, I reviewed several newer theories that
may do a better job. This talk reviews the progress made on
those ideas over the past four years, and offers a challenge
to the chromosomal research community to keep its eye on
the big picture.

REFERENCES

I. Hahn WC,Weinberg RA. Rules for making human tumor cells. N
Engl | Med; 2002; 347: 1593-1603.

2. Gibbs WW. Untangling the roots of cancer. Sci Am 2003;289(1): 56-
65.




2. Relationship between the karyotypes and

phenotypes of cancer cells

Alice Fabarius', Ruhong Li*, George Yerganian®, Ruediger Hehlmann', and Peter Duesberg'’

! III. Medizinische Klinik Mannheim of the University of Heidelberg at Mannheim, Wiesbadener Str.7-11, 68305 Mannheim, Germany
? Department of Molecular and Cell Biology, Donner Laboratory, UC Berkeley, Berkeley, CA 94720
® Cytogen Research & Development, 89 Bellevue Hill Rd., Boston, MA 02132, and Foster Biomedical Research Laboratory, Brandeis

University, Waltham, MA 02254

Several researchers, including us, have recently pro-
posed that specific karyotypes, rather than specific muta-
tions, generate the “biochemical individuality” of cancers
(Foulds, 1969), defined by different growth rates, metabo-
lisms, drug-resistances, metastases and individual cell mor-
phologies. According to our theory independent karyotypic
evolutions generate cancers, much like new phylogenetic
species. To allow such evolutions in the lifetime of an
organism, the normal karyotype must be destabilized, but
not the genes. The karyotype is destabilized by aneuploidy,
because aneuploidy unbalances conserved teams of proteins
that segregate, synthesize and repair chromosomes. And
aneuploidy is induced either by carcinogens or sponta-
neously.

Here we tested this theory using a new system that vir-
tually excludes spontaneous mutation. In this system, 50%
of normal human muscle cells became aneuploid and 5 per
1076 formed foci of transformed cells—only 2 months after
transfection with 6 virus-activated cellular genes. Analyses
of 10 foci revealed the following: (1) individual karyotypes,
consisting of one or more stemlines of spontaneously evolv-
ing non-random aneuploidies and some random aneuploi-
dies, and (2) individual phenotypes, such as cell morpholo-
gies, growth rates and intrinsic resistance to cytosine arabi-
noside, shared by 5 foci with a common stemline. Due to
the short preneoplastic latencies of Mub6 cells several focus-
specific karyotypes were already detectable prior to focus
formation. We conclude that specific clones of spontaneous-
ly evolving karyotypes, rather than specific mutations, gen-
erate the individuality of cancers. This answers the age-old
question, why even cancers of the same kind do not have
consistent karyotypes.

REFERENCES

Duesberg P, Fabarius A, Hehimann R.Aneuploidy, the primary cause of
the multilateral genomic instability of neoplastic and preneoplastic
cells. IUBMB Life 2004;56:65-81.

Duesberg P, Li R, Fabarius A, Hehlmann R.The chromosomal basis of
cancer. Cell Oncol 2005;27:293-318.

Kendall, S.D,, Linardic, C.M.,Adam, S.. & Counter, C.M.A network of
genetic events sufficient to convert normal human cells to a
tumorigenic state. Cancer Res 2005; 65:9824-8.

Duesberg P. Chromosomal chaos and cancer. Sci Am 2007;296:52-9.




3. Chromosomal instability in oral cancer cells:
A generalizable model system for cancer

Susanne M. Gollin', Rahul A. Parikh', Shalini C. Reshmi’, Xin Huang', and William S. Saunders’

! Department of Human Genetics, Graduate School of Public Health

?Department of Biological Sciences, University of Pittsburgh and the University of Pittsburgh Cancer Institute; sgollin@hgen.pitt.edu

We define chromosomal instability as a scenario in which
cells proliferate with increasingly defective genomes in
terms of chromosomal gains, losses, rearrangements, and
gene amplification, resulting in numerical and structural
variations on a background of clonal chromosomal alter-
ations. There are several mechanisms by which chromoso-
mal instability occurs, including but not limited to 1) spin-
dle defects including multipolar spindles resulting from
abnormalities in centrosomal clustering or other cellular
alterations leading to numerical chromosomal alterations,
and 2) chromosome breakage due to environmental expo-
sures like smoking and defects in the DNA damage
response, resulting in breakage-fusion-bridge (BFB) cycles,
leading to structural chromosomal aberrations including
gene amplification.

‘We physically mapped an 11q13 amplicon in oral can-
cer cells and hypothesized that 11q13 gene amplification
occurred as a result of BFB cycles. We showed that the
amplicon occurs in the form of an inverted duplication and
is statistically significantly more frequently seen in
anaphase bridges between cells with 11q13 amplification
compared to cells without 11q13 amplification. Next, we
mapped the common fragile site, FRAI/IF to a 7.5 Mb
region in 11q14.2, distal to the amplicon, and found that all
cell lines with 11q13 amplification in the form of a homo-
geneously staining region (hsr) either lost part or all of
FRAIIF. This suggests that breakage at FRA 11 F may be the
first step in 11q13 amplification. Such breakage would lead
to loss or haploinsufficiency for distal 11q, including many
genes, several of which are key players in the DNA damage
response (ATM, MREIIA, and H2AFX). We hypothesized
and then showed that loss of distal 11q leads to a diminished
DNA damage response, measured by H2AX focus forma-
tion (a variant phosphohistone) and chromosome aberra-
tions. However, we were surprised that 11q loss resulted in
loss of sensitivity to ionizing radiation (IR) in a clonogenic

survival assay. This unexpected result led us to further stud-
ies of the DNA damage response in oral and other cancer
cells with distal 11q loss, leading to a mechanism confirmed
by resensitization of the cells to IR using RNA interference.
Defects in the DNA damage response appear not only to
lead to loss of sensitivity to IR, but to chromosomal insta-
bility. These studies are expected to lead to further under-
standing of the biology of cancer and the development of a
test for loss of tumor sensitivity to therapy and a small mol-
ecule inhibitor treatment that resensitizes tumors to therapy.

REFERENCES

Gollin SM. Mechanisms leading to chromosomal instability. Semin
Cancer Biol 2005; 15: 33-42.

Huang X, Godfrey TE, Gooding WE, McCarty KS, Gollin SM.
Comprehensive genome and transcriptome analysis of the 11ql3
amplicon in human oral cancer and synteny to the 7F5 amplicon in
murine oral carcinoma. Genes Chromosomes Cancer 2006; 45: 1058-
69.

Reshmi SC, Huang X, Schoppy DW, Black RC, Saunders WS, Smith DI,
Gollin SM.The relationship between FRAI IF and 11ql3 gene
amplification in oral cancer. Genes Chromosomes Cancer 2007; 46:
143-54.

Reshmi SC, Roychaudhury S,Yu Z, Feingold E, Potter D, Saunders WS,
Gollin SM. Inverted duplication pattern in anaphase bridges con-
firms the breakage-fusion-bridge (BFB) cycle model for |1ql3
amplification. Cytogenet Genome Res 2007; | 1 6: 46-52.

Parikh RA,White JS, Huang X, Schoppy DWV, Baysal BE, Baskaran R,
Bakkenist CJ, Saunders WS, Gollin SM. Loss of distal | 1q is associ-
ated with DNA repair deficiency and reduced sensitivity to ioniz-
ing radiation in head and neck squamous cell carcinoma. Genes
Chromosomes Cancer 2007; 46: 761 -5.




4. Patterns of genome dynamics and cancer

evolution

Henry H.Q. Heng, Joshua B. Stevens, Lesley Lawrenson, Guo Liu, Karen J. Ye, Steven W. Bremer, and

Christine J.Ye

Center for Molecular Medicine and Genetics, and Karmanos Cancer Institute, Wayne State University School of Medicine, Detroit, MI

48201; hheng@med.wayne.edu

The importance of the chromosome versus the gene as
a causative agent in cancer formation has sparked a heated
debate. This issue is directly related to two different schools
of thought, namely the gene centric or genome centric par-
adigms of cancer research. For decades we have essentially
ignored the evolutionary nature of complex cancer systems
due to the influence of reductionist viewpoints and experi-
mental approaches. Cancer research has focused on identi-
fying and characterizing the linear accumulation of gene
mutations and the consequent effects on the corresponding
pathways. Despite of the fact that chromosome aberrations
are nearly universally detected in cancer cases, the
gene—centric viewpoint has driven scientists to conclude
that chromosome aberrations are a consequence of gene
mutations and therefore must be late events. Furthermore,
non-clonal chromosome aberrations (NCCAs), the major
form of genome variation and the key index for system
instability, have been considered “genetic noise” and have
been largely ignored.

The study of chromosomes in cancer has been consid-
ered a low resolution approach compared with molecular
methods such as DNA sequencing and thus said to not offer
causative insight. Mounting evidence (including the failure
of identifying a handful of common gene mutations from
large scale gene sequencing) shows that the long sought
after handful of mutated, cancer causing genes do not exist.
Our recent findings demonstrate the stochastic nature of
genome variation during cancer progression and have illus-
trated that cancer progression is mainly mediated by
genome variation at the chromosome level.

To support the genome-centric view point, we have
shown that chromosomal changes determine a global pat-
tern of gene expression by the use of gene expression pat-
terns coupled with karyotype analysis of an in vitro cancer
model. We further introduce the concept that genome con-

text (the highest level of genetic organization which defines
the genetic network) and not the gene content defines a
given genetic system. We also show a number of new chro-
mosomal aberrations including defective mitotic figures
(DMFs) and chromosome fragmentation which illustrate
how genome instability (through changed genome context)
plays a role in generating population heterogeneity which
contributes to cancer evolution. Our data suggests that can-
cer is a disease of probability, and that cancer evolution is
mainly driven by instability mediated genome variation as
the somatic evolutionary platform is mainly at the genome
level. Comparison of the patterns of somatic evolution and
organismal evolution strongly supports this concept.

REFERENCES

Heng HH, Stevens JB, Liu G, et al. Stochastic cancer progression driven
by non-clonal chromosome aberrations. | Cell Physiology 2006; 208:
461-72.

Heng HH. Cancer genome sequencing: the challenges ahead. BioEssays
2007;29: 783-94.

Ye CJ, Liu G, Bremer SW, Heng HH.The dynamics of cancer chromo-
somes and genomes. Cytogenet Genome Res 2007; | 18:237-46.

Heng HH. Elimination of altered karyotypes by sexual reproduction
preserves species identity. Genome 2007; 50: 517-524.

Stevens JB, Liu G, Bremer SW,Ye K], et al. Mitotic cell death by chro-
mosome fragmentation. Cancer Res 2007; 67: 7686-94.




5. Chromosomal instability and precursors along
the path to aneuploidy and cancer in chronic
inflammatory gastrointestinal diseases

Peter S. Rabinovitch

Department of Pathology, University of Washington, Seattle, WA, USA

The gastrointestinal tract provides several examples of
diseases in which chronic inflammation, damage and repair
are associated with increased cancer risk. Patients with two
of these disorders, Barrett’s esophagus (BE) and ulcerative
colitis (UC) are often followed with endoscopic surveil-
lance to detect cancer or cancer precursors at an early cur-
able stage, however without knowing which subset of
patients is at highest risk, this procedure is not time or cost-
effective. The histopathological steps of the progression of
BE and UC from metaplasia — indefinite for dysplasia —
low grade dysplasia — high grade dysplasia — cancer are
well known, however, inter-observer variability in a diagno-
sis of histology less than high grade dysplasia makes these
grades less reliable predictors of disease progression.

In order to discover intermediate biomarkers that can
accurately assess risk of neoplastic progression, we have
been studying the chromosomal instability precursors that
ultimately lead to aneuploidy and cancer in these diseases.
In both BE and UC, chromosomal instability and telomere
shortening are present in large fields of histologically non-
dysplastic mucosa in early stages of disease'”. The extent of
chromosomal instability is correlated with telomere short-
ening and anaphase bridges, suggesting that telomere short-
ening may contribute to chromosomal instability by pro-
moting a bridge-breakage-fusion cycles in these diseases. In
UC the rate of telomere shortening is such that after 8 years
disease duration, colonic epithelial telomeres are as short as
those of 65 year old controls and DNA damage markers,
such as YH2AX, are elevated, as are markers of senescence.
This disorder might thus be thought of as a disease of accel-
erated epithelial senescence. That there may also be sys-
temic factors in this process is illustrated by the fact that
peripheral blood leukocyte telomere lengths in BE patients
are independently predictive of esophageal cancer risk (1*to

4™ quartile HR=4.7)’. It is possible that reduced telomere
length is a reflection of increased oxidative damage and
reduced repair capacity. Array CGH demonstrates that the
earliest structural abnormalities are small interstitial dele-
tions, and that with advancing disease these expand in size
and number, culminating in aneuploidy*. In BE the earliest
interstitial deletions are mainly at chromosomal fragile sites,
perhaps because these, and telomeres, are most sensitive to
replicative stress after DNA damage.

REFERENCES

I. O’Sullivan JN, Bronner MP, Brentnall TA, Finley JC, Shen W-T,
Emerson S, Emond M), Gollahon KA, Moskovitz AH, Crispin DA,
Potter |D, Rabinovitch PS. Chromosomal Instability in Ulcerative
Colitis is Related to Telomere Shortening. Nature Genetics, 32:280-
4,2002.

2. Finley JC, Reid BJ, Odze RD, Sanchez CA, Galipeau P, Li X Self SG,
Gollahon KA, Blount PL, Rabinovitch PS. Chromosomal Instability
in Barrett’s Esophagus is Related to Telomere Shortening. Cancer
Epidemiol Biomarkers Prev 15:1451-7,2006.

3. Risques RA,Vaughan TL, Li X, Odze RD, Blount PL,Ayub K,
Gallaher JL, Reid B, Rabinovitch PS. Leukocyte Telomere Length
Predicts Cancer Risk in Barrett’s Esophagus. Cancer Epidemiol
Biomarkers Prev |16:2649-55,2007.

4. Lai LA, Paulson TG, Li X, Sanchez CA, Maley C, Odze RD, Reid B,
Rabinovitch PS. Increasing genomic instability during premalignant
neoplastic progression revealed through high resolution array-
CGH. Genes Chromosomes and Cancer 46:532-542,2007.




6. Numerical aberrations during the development
of cervical carcinogenesis: tetraploidy is an early
event that precedes most aneuploidy

Andrew J. Olaharski’, Maria Gonsebatt?, and David Eastmond?®

! Discovery and Investigative Safety, Non Clinical Safety, Hoffman-La Roche, Palo Alto, CA

? Department of Genomic Medicine and Environmental Toxicology, National Autonomous University of Mexico (UNAM), Mexico City,
Mexico

¥ Environmental Toxicology Graduate Program, Department of Cell Biology and Neuroscience, University of California, Riverside, CA

Chromosomal instability as manifested by increases in
aneuploidy and structural chromosome aberrations is
believed to play a critical role in the development of cervi-
cal malignancies. Two studies were designed to determine
the role of tetraploidy in the formation of aneuploidy and
ascertain the occurrence of these alterations during the ear-
lier stages of cervical carcinogenesis. Cervical cell samples,
with diagnoses ranging from normal to high-grade lesions,
(HSIL) were obtained from 400 women and were evaluated
for chromosomal alterations using dual-probe fluorescence
in situ hybridization. Cervical cells from a subset of the
group were also evaluated for chromosomal instability in
the form of micronuclei. The frequencies of cells exhibiting
either tetrasomy or aneusomy for chromosomes 3 and 17
increased significantly with disease progression and dis-
played distinctive patterns where aneusomy was rarely pres-
ent in the absence of tetrasomy. The frequencies of micronu-
clei that formed through either chromosomal loss or break-
age increased significantly in both the low-grade and high-
grade diagnostic categories and were highly correlated with
both the number of tetrasomic and aneusomic cervical cells.
Additionally, unique chromosomal alterations were ob-
served where either non-random loss of chromosome 17
specific to near-tetraploid aneusomic cells (trisomy 17 and
tetrasomy 3) or non-random gain of chromosome 3 specif-
ic to near-diploid aneusomic cells (trisomy 3 and disomy
17).

We conclude that tetraploidy and chromosomal insta-
bility are related events occurring during the early stages of
cervical carcinogenesis that predispose cervical cells to the
formation of aneuploidy frequently involving the loss of
chromosome 17.




7. Genomic instabilities, DNA copy number

changes and cancer

Eytan Domany

Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 76100, Israel; fedomany@wisemail. weizmann.ac.il

Most types of cancer were found to exhibit very large-scale
genomic instabilities: deletions of amplifications of entire
chromosomal regions. The classical model which views sin-
gle-gene alterations as causative, and the chromosomal
instabilities mainly as a side effect', has been seriously chal-
lenged; claims that view these instabilities as the major
cause of cancer are forcefully made®.

We are participating in several studies that aim at study-
ing the extent to which chromosomal instabilities are preva-
lent in several kinds of cancer. In addition, the role of DNA
copy number changes is also investigated. In particular, we
addressed claims® about lack of correlations between DNA
copy number and mRNA expression levels of the corre-
sponding genes in colon cancer. We found* that if the data
are smoothed to average out “noise” due to other forms of
control of individual genes, correlations between SNP (sin-
gle nucleotide polymorphism) chip data and expression are
high and statistically significant in colon cancer. CGH stud-
ies and expression profiling of glioblastoma samples’, and
of data obtained from leukemia patients® lead to similar con-
clusions. These investigations allow a fairly reliable deter-
mination of aneuploidy from expression data®.

I will present results of ongoing research on DNA copy
number changes in these three types of cancer. In addition,
I will describe preliminary results from an ongoing study of
cancer initiation and progression’ in an in vitro experiment,
that allows observation of the timing at which chromosomal
instabilities arise in the course of the malignant transforma-
tion.

REFERENCES

I. Zimonjic D, Brooks MW, Popescu N, Weinberg RA, Hahn WC.
Derivation of human tumor cells in vitro without widespread
genomic instability. Cancer Res 61: 8838—44 2001.
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8. Multiple numerical chromosome aberrations in
carcinogenesis: the kidney cancer model

Manuel R. Teixeira

Department of Genetics, Portuguese Oncology Institute-Porto, 4200-072 Porto, Portugal; mteixeir@ipoporto.min-saude.pt

Several neoplasias are characterized by multiple
numerical chromosome abnormalities in their karyotypes.
Numerical chromosome changes and ploidy shifts theoreti-
cally allow the simultaneous alteration of multiple cancer-
relevant genes, thereby reducing the number of independent
genomic events necessary for carcinogenesis. The molecu-
lar explanation for how these numerical karyotypic alter-
ations arise is very scarce.

The cytogenetic patterns that characterize the various
kidney carcinoma subtypes offer an opportunity to study
their mechanisms of origin. Papillary and chromophobe
renal cell carcinomas are characterized by multiple tri-
somies and monosomies, respectively. To evaluate the role
of mitotic checkpoint defects for the karyotypic patterns
characteristic of these two renal cell cancer subtypes, the
mRNA expression levels of the major mitotic checkpoint
genes of the budding-inhibited by benzimidazole family
(BUBI, BUBRI, BUB3) and of the mitotic arrest deficiency
family (MAD1, MAD2L1, MAD2L2) were analyzed by real-
time quantitative polymerase chain reaction in 30 renal cell
cancer samples (11 chromophobe and 19 papillary) and 36
normal kidney tissue samples. MADI, MAD2LI, and
MAD2L2 showed significant expression differences in
tumor tissue compared to controls. Chromophobe tumors
presented underexpression of MADI and MAD2L2, where-
as papillary tumors showed overexpression of MAD2LI.
The expression level of the BUB gene family did not differ
significantly from that of normal kidney. On the other hand,
the study of 39 clear cell renal cell carcinomas showed over-
expression of BUBI, BUBRI, and MAD2LI and underex-
pression of MADI. The degree of genomic complexity of
clear cell kidney carcinomas measured by comparative
genomic hybridization was associated with BUBI and
BUBRI overexpression, as well as with tumor grade. One
can therefore conclude that expression changes in MAD],
MAD2LI, and MAD2L?2 play a role in renal carcinogenesis
characterized by multiple numerical chromosome abnor-

malities (chromophobe and papillary carcinomas) and that
BUBI and BUBRI overexpression is associated with kary-
otypic complexity in conventional renal cell carcinomas.
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Chromosomal aneuploidies are observed in essentially
all sporadic carcinomas. Aneuploidy results in tumor specif-
ic patterns of genomic imbalances that are acquired early
during tumorigenesis, continuously selected for and faith-
fully maintained in cancer cells. The presence of these ane-
uploidies in premalignant, dysplastic precursor lesions is
strictly associated with increased progression potential to
invasive disease; their detection in routinely collected cyto-
logical samples is therefore an important aspect of individ-
ualized cancer medicine.

In order to dissect the immediate consequences of
genomic imbalances on the transcriptome, we generated
artificial trisomies in a karyotypically stable diploid, yet
mismatch-repair deficient, colorectal cancer cell line and in
telomerase immortalized, cytogenetically normal human
breast epithelial cells using microcell mediated chromo-
some transfer. We then used global gene expression levels
to determine what affect chromosome copy number increas-
es have on the average expression levels of genes residing
on the trisomic chromosomes as well as how these particu-
lar aneuploidies affect the regulation of individual genes
throughout the entire genome. Our results show that,
regardless of chromosome or cell type, chromosomal tri-
somies result in a significant increase in the average tran-
scriptional activity of the trisomic chromosome. This
increase affects the expression of numerous genes on other
chromosomes as well. We therefore postulate that the
genomic imbalances observed in cancer cells exert their
effect through a complex pattern of transcriptional deregu-
lation. These results were corroborated in primary tumors
and tumor derived cell lines and support the interpretation
that aneuploidy results in a massive disturbance of the tran-
scriptional equilibrium of cancer cells. After having estab-
lished this correlation of genome copy number and tran-
script levels, we were curious as to whether aneuploid chro-
mosomes assume a nuclear position similar to wild-type,

endogenous chromosomes, which would suggest a possible
correlation with transcriptional activity. Using 3D-FISH and
confocal laser scanning microscopy, we show that
Chromosomes 7, 18, or 19 introduced via microcell-medi-
ated chromosome transfer into the parental diploid colon
cancer cell line DLD-1 maintain their conserved position.
Our data is therefore consistent with the model that each
chromosome has an associated zip code (possibly gene den-
sity) that determines its nuclear localization. Whether the
nuclear localization determines or is determined by the tran-
scriptional activity of resident genes has yet to be ascer-
tained.
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An abnormal chromosome number, a condition known
as aneuploidy, is a common characteristic of tumor cells.
Because of this correlation, Boveri proposed aneuploidy to
be a cause of tumorigenesis 100 years ago'’. However, this
hypothesis remained untested due to the difficulty of selec-
tively generating aneuploidy in the absence of other defects,
particularly DNA damage.

We determined that cells and mice with reduced levels
of the mitosis-specific, centromere-linked motor protein
CENP-E develop aneuploidy and chromosomal instability
in vitro and in vivo in the absence of other defects, includ-
ing DNA damage. CENP-E reduction causes aneuploidy
and chromosomal instability due to the missegregation of
one (or a few) whole chromosomes per division’. As Boveri
had proposed, the low rate of whole chromosome aneu-
ploidy caused by CENP-E heterozygosity in the absence of
other defects drives an elevated level of spontaneous spleen
and lung tumors. However, aneuploidy due to CENP-E het-
erozygosity suppressed tumors in three different contexts:
spontaneous tumors of the liver, tumors caused by treatment
with the carcinogen DMBA, and tumors caused by
homozygous loss of the p19/ARF tumor suppressor*. All
three contexts in which CENP-E heterozygosity suppressed
tumors had a pre-existing level of aneuploidy that could be
increased by depletion of CENP-E, supporting the hypothe-
sis that high rates of chromosome missegregation promote
cell death and tumor suppression. Consistently, additional
weakening of the mitotic checkpoint by reduction in Mad2
as well as CENP-E resulted in elevated levels of cell death
and decreased rates of tumor development as compared to
reduction of CENP-E or Mad2 individually. These findings
indicate that while low rates of chromosome missegregation
promote tumorigenesis, as Boveri had predicted, higher
rates of chromosome missegregation produce cell death and
tumor suppression.
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Prostate cancer (CaP) is a heterogeneous neoplasm both
with regard to its development, molecular abnormalities and
clinical course. An understanding of the early molecular
events in prostatic carcinogenesis that may underlie both the
molecular and clinical heterogeneity is essential for
improved diagnosis and therapies.

We, and others, have postulated that age-associated
telomere-attrition and subsequent induction of senescence
and progression through “crisis” may be an important trig-
gering mechanism for genomic alterations such as translo-
cations in CaP (Vukovic et al, 2003; Joshua et al., 2007).
More than 50% of CaP tumors carry a specific gene fusion
between the androgen responsive TMPRSS2 locus to an
ETS family gene which may involve quite complex genom-
ic alterations (Yoshimoto et al., 2006, 2007a).

We have recently shown that PTEN genomic losses are
frequent events in preneoplastic PIN lesions (~20%) of the
prostate and in CaP. Interstitial hemizygous genomic dele-
tions of the PTEN tumor suppressor gene and neighbouring
loci at 10923 are detected in 40% CaP. Moreover the pres-
ence of PTEN genomic losses at surgery can be predictive
of a shorter time to biochemical recurrence and that
homozygous PTEN deletions portend early recurrence and
metastatic disease (Yoshimoto et al., 2007b). Although
PTEN inactivation is strongly associated with CaP onset and
progression, the genetic and molecular events leading to
PTEN deletion are poorly understood. We have examined
the breakpoint regions associated with PTEN deletions and
analyzed involvement of flanking genomic regions using

FISH analysis of CaP tissue microarrays. Four-color FISH
was performed on the TMA using 6 BAC clones spanning
both flanking PTEN genomic region and the gene locus, and
centromeric DNA probe (CEP10) for region 10p11.1-q11.1.
These analyses showed that small hemizygous PTEN dele-
tion is usually accompanied by a larger second event, which
might involve deletion of flanking loci. We also, investigat-
ed the location of microhomologies in this region of 10q to
determine whether non-allelic homologous recombination-
al repair errors may initiate these deletion events. In silico
analysis identified at least five non-redundant regions of
microhomology within chromosome 10q flanked by paired
intrachromosomal segmental duplications. These findings
draw attention to the impact of the characterization of PTEN
genomic loss, and complementary or independent candidate
flanking genes involved in CaP. The consistent occurrence
of genomic abnormalities involving the TMPRSS2-ETS and
PTEN loci and the resulting downstream signaling effects
suggest the importance of telomere attrition, and genomic
instability as crucial factors in the emergence of the com-
mon genomic aberrations in preneoplastic lesions and in
CaP.
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lution in the upper aerodigestive tract
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Aerodigestive tract tumorigenesis is hypothesized to
reflect a “field cancerization” process whereby the whole
tissue is chronically exposed to carcinogen insult (e.g.,
tobacco smoke) and accumulates genetic genomic damage'.
Global tissue injury is postulated to induce proliferative
wound healing and inflammatory processes which trans-
form DNA damage into permanent genetic and epigenetic
changes. With continued carcinogen insult, the tissue is
thought to undergo a multistep process of tumorigenesis in
association with multifocal areas of ongoing genetic insta-
bility, preferential clonal outgrowth, and clonal evolution®.

To examine these processes in the lungs of chronic
smokers, we obtained bronchial biopsies at the initiation of
chemopreventive interventions and carried out biomarker
analyses. Using Ki67 as a marker for proliferative status, we
found evidence for increased proliferation in the bronchial
epithelium of current smokers, the level of which was relat-
ed to smoking intensity. Using chromosome in situ
hybridization as a marker for chromosome copy numbers
per cell and spatial analyses to examine localized clonal out-
growths, we found evidence for ongoing genetic instability
(related to smoking packs/day) and clonal outgrowth (relat-
ed to smoking packyears). With smoking cessation, both the
levels of ongoing genetic instability and proliferation were
found to decrease in most subjects**. Despite smoking ces-
sation, however, some individuals continued to exhibit
increased proliferation and ongoing genetic instability in
their bronchial epithelium.

To better understand the molecular determinants of an
ongoing process of genetic instability and clonal outgrowth
in former smokers, we established three dimensional,
organotypic cultures where bronchial epithelial cells at dif-
ferent stages of the multistep tumorigenesis process were
grown on a collagen-coated filter at an air-liquid interface.
Proliferation and genetic instability were examined in three
dimensions using laser scanning confocal microscopy.

Preferential clonal outgrowth was examined in this model
system by labeling different bronchial epithelial populations
with living fluorescence tags (e.g., GFP, YFP, CFP) and
monitoring preferential clonal outgrowth using live cell, flu-
orescence imaging. Normal and immortalized bronchial
epithelial cells (transfected with hTERT and cdk4) were
found to proliferate only at the basal layer and showed low
levels of genetic instability. In contrast, more advanced
bronchial epithelial cells continued to proliferate away from
the basal layer and showed increased frequencies of mitotic
errors and cells exhibiting phospho-H2AX staining of a his-
tone variant. Pulse-chase studies with BrdU labeling indi-
cated that chromosome bridges at anaphase preferentially
involved late replicating regions. These results suggest that
ongoing genetic instability in the absence of carcinogen
exposure may be a result of spatially dysregulated prolifer-
ative control. Chemoprevention strategies that re-regulate
the spatial aspects of proliferation in the aerodigestive tract
might therefore be expected to decrease ongoing genetic
instability and clonal evolution, slow the multistep tumori-
genesis process, and delay or prevent cancer onset.
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The gene mutation hypothesis of cancer has led to
numerous microarray experiments in search of cancer-spe-
cific genes. However, the published “genetic signatures™ are
quite unstable and not reproducible’. The aneuploidy theory
of cancer predicts that all strategies for coming up with a
stable list of cancer genes short of the whole genome will
fail because of intrinsic genomic instability>’.

The theoretical basis of DATE (Differentiation,
Adaptation, Transformation, Evolution) analysis (founded
on Metabolic Control Analysis*: MCA) sets it apart from all
other bioinformatics approaches, which are fundamentally
statistical in nature. DATE analysis differs from MCA in
that its essential task lies in the comparison of phenotypes
rather than in the precise definition or description of each.
Macroscopic phenotypes are determined by tens of thou-
sands of genes, gene products, and metabolites, each mak-
ing a small contribution on the order of 10° to the pheno-
type’. In place of the daunting task of monitoring the kinet-
ics details of thousands of individual cellular components,
DATE analysis considers, instead, their aggregate effects®.
F, quantifies the relative overall cellular activity of aneu-
ploid cancer cells compared to normal tissue from which
they derive. The variable 7 is the fold-change in the differ-
ential expression of aneuploid cells compared to diploid
precursors. It is the fraction ¢ (equivalent to the control
strength of MCA) of the genome undergoing differential
expression—not the magnitude 1t of the differential expres-
sion—that controls phenotypic transformation’.

The simplifying assumptions of DATE analysis were
validated for large data sets. Reproducible values of F,,
RNA index, and ¢ were generated on random subsets of
transcript microarray data from as little as 5% of the whole.
F,, RNA index, and ¢ were determined from microarray
data for lymphoma and cancers of the breast, colon, kidney,
ovary, pancreas, and stomach. Histograms of the distribu-
tion of transcripts for the normal tissues were symmetrical
with little spread (¢0=0.03, RNA index=1.03). Histograms

for all the cancers, however, were irregular with character-
istically large values of ¢$(0.42-0.91) and RNA index (1.5-
2.4), indicating advanced malignancies®. Current laboratory
diagnoses of cancer are based on interpretations that are
unavoidably subjective. Consequently, false positive and
false negative diagnoses are common. D (based on Shannon
entropy of histogram data) and y (measure of the difference
between ordered and random distributions of transcripts)
are introduced as quantitative and objective measures of the
genetic instability inherent in cancer cells. DATE analysis
was performed on the microarray data from 36 invasive
ductal carcinomas of the breast which had clinical data®. The
ductal carcinoma patients were sorted by increasing values
of D (2.75-3.05) and Y(2.8-5.8). Grade 3 tumors were con-
centrated at high values of D and y. The few examples of
Grade 1 favored low values of D and Y. Grade 2 tumors
were disperse but tended to low and intermediate values of
D and v. It is likely intermediate Grade 2 is so subjective
and uninformative as to be of little value. This was recog-
nized some years ago for cervical cancer when the interme-
diate category CIN-2 was eliminated. Now there are only
low and high grade cervical lesions. The DATE analysis
results identified a Grade 1 breast cancer (D=3.05, y=4.3)
that was likely misclassified and probably highly malignant.
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Prognostic value of DNA-ploidy in gastric cancers is
still a matter of controversy. A possible explanation for the
discrepant results reported in the literature could be sam-
pling error in tumours with multiple stemlines differing in
DNA-ploidy.

In order to determine wether or not such heterogeneity
exists and plays a role in the biology of gastric cancers we
have analysed two different types of gastric carcinoma; the
early gastric carcinoma (EGC) and the advanced gastric car-
cinoma (AGC). We have performed DNA-ploidy analysis
on multiple samples provided from a group of 17 EGC of
which 8 were pure intramucosal and 9 were infiltrating into
the sub-mucosa. Then we have analysed 16 AGC, accord-
ing to the same procedure.

We found an aneuploid DNA-stemline in 8 EGC more
often in tumours invading into the sub-mucosa (5/9) than in
pure mucosal tumours (3/8). Multiple DNA-stemlines were
found more frequently in submucosal infiltrating tumours
(4/5). Among the 16 AGC cases, 15 revealed DNA-aneu-
ploid with heterogeneity in 4 cases.

In conclusion we have observed that 53% of EGC were
diploid compared to only 6% of AGC. Heterogeneity was
found in 13% intramucosal EGC, 44% in submucosal EGC
and 26% of AGC.

These results are consistent with the hypothesis of step-
wise ploidy progression: from diploid in most EGC to ane-
uploid but heterogeneous in infiltrating EGC to aneuploid
but homogeneous in AGC.

This is in agreement with the notion that the develop-
ment of a single aneuploid, more aggressive, cell clone is a
crucial mechanism in the progression from early to
advanced gastric cancer.
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DNA-aneuploidy has been defined as a plus or minus
of >10% of DNA-mass per nucleus in G0/1-phases of pro-
liferating cells. It is caused by chromosomal aneuploidy
(unbalanced numerical and/or structural aberrations) in
growing cells. As this phenomenon does neither occur in
normal, nor in regenerating or polyploidising cells, it can be
used as a sensitive and specific marker to identify cells, that
have been transformed either to benign (e.g., adenomas) or
to malignant neoplasia (e.g., carcinomas).

Here we report on our experience with the early detec-
tion of conjunctival-, oral- and cervical cancers detecting
DNA-aneupoidy by image-cytometry on brush biopsies.
DNA-aneuploidy can be identified in isolated cells or nuclei
by flow- or image-cytometry after specific staining of their
DNA and internal calibration with normal reference cells.
The degree of DNA-aneuploidy, caused by increasing chro-
mosomal aneuploidy during tumor progression can addi-
tionally be used for grading malignancy and for the differ-
entiation between some benign and malignant tumors.

Furthermore, we report on the prognostic significance
of DNA-grading for giant cell tumors of the bones, neuroen-
docrine tumors of the intestines and borderline tumors of the
ovary. In salivary gland tumors DNA-aneuploidy can be
used to differntiate between benign adenomas and carcino-
mas.

In conclusion: DNA-aneuploidy, reflecting chromoso-
mal aneuploidy, is a very sensitive and highly specific diag-
nostic marker for the early identification of tumor cells in
human tissues. In most tissues it is specific for (prospective)
malignancy. The degree of DNA-aneuploidy, reflecting
tumor progression and degree of chromosomal chaos is a
suitable marker for grading the malignant potential of most
tumors. DNA-image-cytometry can thus be used as an adju-
vant method in routine diagnostic cytopathology.
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Retinoblastoma (Rb) is the most common primary
malignant intraocular tumour in childhood, with an inci-
dence of 1 in 15,000 live births. The “two hit” theory, for-
mulated by Knudson in 1971 to explain the variegated clin-
ical expressions of the disease, led to the theory of the so
called tumour suppressor genes and the identification of the
Rbl1 as the prototype of such genes. Mutations of the Rb1
gene are now commonly believed to be the “cause” of
retinoblastoma. During the last three decades or more, little
or no doubt has been cast by scientists worldwide on this
unproved belief. However, the role of gene mutations in the
genesis of cancer has been more recently questioned, and
aneuploidy has emerged as the main cause of the disease.

Furthermore, although the “two hit” theory, based on
two mutational events affecting the Rb1 gene, is still large-
ly used to explain the genesis of retinoblastoma, it makes
predictions, concerning the age distribution of the tumour,
its mode of “transmission” (hereditary retinoblastoma), and
its pathogenesis, which are not fulfilled by the clinical and
epidemiological evidence.

Moreover, a number of other genes and epigenetic
mechanisms, and aneuploidy itself seem to be involved in
the genesis of retinoblastoma, thus excluding any possible
“causative” role of the hypothesized biallelic mutations
affecting a single gene (the Rb1).

Overall, epidemiological, clinical, and more recent bio-
logical and genetic evidence indicates that the “two hit” the-
ory represents a rather simplistic, outdated, and unreliable
model to explain tumour development and clinical evolu-
tion of retinoblastoma. In view of this, the authors propose
to abandon the mutation model and concentrate research on
epigenetic factors and aneuploidy in order to improve diag-
nosis and treatment of the disease, and the quality of life of
the affected patients.
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Fanconi anemia (FA) is a cancer-prone, multisystem
disorder caused by biallelic mutations in at least 13 differ-
ent genes, including BRCA2, PALB2 and BRIPI.
Neoplasias among FA patients include mostly acute
myeloblastic leukemia and squamous cell carcinomas of the
aerodigestive tract and the anogenital region, but there are
also toddlers with medulloblastoma and adults with bilater-
al breast cancer. Like in any of the other chromosomal
breakage syndromes, primary aneuploidy is rare. As a con-
sequence of impaired homologous recombination repair, FA
cells are defective in the removal of DNA-interstrand
crosslinks and stalled replication forks. This renders these
cells exquisitely sensitive towards DNA-crosslinking
agents and, most notably, to the DNA-damaging effects of
oxygen. Accordingly, mitomycin-C or cisplatinum-treated
FA cells typically also display chromatid-type lesions and
multiradial exchanges between non-homologous chromo-
somes. Exposing FA cells to hypoxyic culture conditions all
but eliminates their chromosomal instability and restores a
normal cell cycle progression'. FA may thus represent the
only human model of the “free radical” theory of ageing.

Somatic reversion events (due to intragenic crossover,
gene conversion, back mutation, or compensating second
site mutations) have been observed in patients with Fanconi
anemia and in patients with Bloom syndrome’. These are
highly instructive experiments of nature since a single muta-
tional event suffices to restore the genetic instability cellular
phenotype to completely normal. The phenomenon of so-
matic reversion confirms that single gene mutations cause
chromosomal instability, thereby increasing the likelihood
of genomic imbalance and, subsequently, the likelihood of
neoplastic cell growth.

Other familial, early onset cancers are frequently
caused by biallelic inactivation of genomic caretaker genes,
examples being TP53, BRCA1, BRCA2, WRN, ATM,
BLM and FANCA-I. At the cellular level, inactivation of

caretaker genes leads to chromosomal instability, reflecting
inability to properly recognize and/or repair genetic damage
caused by exogenous or endogenous agents. Chromosomal
alterations are strikingly different among caretaker gene
defects, indicating involvement of the respective genes in
different genomic maintenance functions (e.g., NER, HR,
NHEJ, etc). WRN helicase defects cause what we have
called “variegated translocation mosaicism” (VIM)*: mul-
tiple chromosomal rearrangements emerge in a clonal fash-
ion, mostly side by side with diploid cells. During propaga-
tion in vitro, a given VIM cell clone may expand or disap-
pear over time (clonal succession and clonal attenuation).
The phenomenon of VIM may contribute to the early
occurrence of mostly mesenchymal tumors in Werner-syn-
drome patients.
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Chromosomal instability (CIN) is a hallmark of col-
orectal cancer progression, occurring in 85% of colorectal
cancers. Gain of the long arm of chromosome 20 is one of
the most prominent features of adenoma to carcinoma pro-
gression in CIN colorectal cancers, although the
oncogene(s) underlying this chromosomal gain are still
unknown. In addition, 20q gain is indicative of patient out-
come in colorectal cancer. In the present study we investi-
gate the effects of chromosomal instability on gene expres-
sion in colorectal adenoma to carcinoma progression, focus-
ing on gain of chromosome 20, with the aim of identifying
the oncogenes in this amplicon.

We have analysed two independent series of colorectal
tumours, containing 34 non-progressed adenomas, 41 pro-
gressed adenomas (i.e., adenomas that harbour already a
focus of cancer, also called malignant polyps) and 33 ade-
nocarcinomas, and studied DNA copy number alterations
by array CGH and mRNA expression by microarray analy-
sis. Data analysis was done focusing on putative oncogenes
whose expression was correlated with DNA copy number
gain of the genomic region involved.

Three small regions of overlap (SRO’s) of copy num-
ber gain were defined and seven genes within these regions
showed overexpression in progressed adenomas and carci-
nomas when compared to non-progressed adenomas.

With this approach seven genes were identified as hav-
ing a putative oncogenic role in CIN related adenoma to car-
cinoma progression.
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Early this century when Hanahan and Weinberg enu-
merated the six phenotypes that they defined as the
“Hallmarks of Cancer,” they segregated out genomic insta-
bility as “An Enabling Characteristic” rather than as one of
the hallmarks. Reading more carefully, we learn that they
have set genomic instability alone as a mechanism ‘“that
enables evolving populations of premalignant cells to reach
these six biological endpoints.” The notion was not new,
however, the hypothesis having been elegantly summarized
by Peter Nowell in 1976.

Human fibroblasts do not become spontaneously
immortal or tumorigenic when they are cultured in vitro. In
the 1980’s, a number of reports began to emerge that sug-
gested that human cells could be transformed, albeit rarely,
by gamma rays, carcinogens or certain viruses. The com-
mon denominator of these studies was repetitive treatments,
successive for radiation and carcinogens, continuous for
viruses. We began working on a model using the SV40
virus. The large T antigen was identified as the suspect car-
cinogen and constructs were made that allowed us to test the
hypothesis that T antigen was necessary and sufficient for
immortalization and transformation to tumorigenicity of
otherwise refractive human fibroblasts. Furthermore we
suspected that the protein performed this role by causing
genome instability.

The results were dramatic, when a large T antigen gene
was transfected into human diploid fibroblasts virtually
every cell expressing the protein had some observable chro-
mosome damage when metaphase spreads were observed
using crude Giemsa staining followed by aberration scor-
ing. Little if any transformed traits analogous to the hall-
marks of cancer were observed. Some 30-odd populations
were expanded to greater than 10 million cells per culture
each and then grown, past the normal senescence stage to

an apoptotic crisis stage. All but 10 of roughly 300 million
cells died. These 10 cells went on to form immortal cell
lines that had become telomerase positive. These cell lines,
continued to evolve in culture and acquire the “hallmarks”
at different rates and eventually several of them became
tumorigenic, after several hundred population doublings.

In order to determine how T antigen acted as a genom-
ic destabilizer, we made a series of mutations in the gene
and tested them for the ability to cause chromosome dam-
age in human fibroblasts. The effect of these mutations on
the ability of T antigen to cause chromosome damage will
be discussed in the context of genes known to modulate
genomic stability. The overall transformation model is in
complete agreement with an enabling role for genomic
instability in the process of carcinogenesis.
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Aneuploidy, a numerical alteration in chromosomes, is
a remarkable common feature (>70%) of human cancer
(Weaver, 2006). Chromosomal aneuploidy has been detect-
ed not only in benzene-related leukemia and pre-leukemia
patients, but also in healthy workers with current exposure
to benzene (Zhang, 2002), suggesting that aneuploidy pre-
cedes, and may be a potential mechanism underlying ben-
zene-induced leukemia. Previously, we applied a novel flu-
orescence in situ hybridization (FISH) technique called
OctoChrome FISH, allowing the detection of aneuploidy of
all 24 chromosomes simultaneously, in a small pilot study
of benzene-exposed workers (Zhang, 2005a). We reported
that benzene produces selective effects on certain chromo-
somes but not others both in the lymphocytes of exposed
workers (Zhang, 2005a) and in human cells treated with
benzene metabolites in vitro (Zhang, 2005b). In order to
address the effects of different benzene exposure levels, we
expanded our investigation to a study of 74 Chinese work-
ers in 3 exposure categories (27 unexposed controls, 22
exposed to < 10 ppm, and 25 to 210 ppm benzene). There
was a statistically significant dose-dependent increase
across these exposure categories for monosomy rates of
only chromosomes 5, 6, 7, 10, 12, 14, 16 and 19 (pepg <
0.05, incidence rate ratio: IRR > 1.3), and for trisomy rates
of only chromosomes 6, 10, 14, 16, 19 and 21 (pnq< 0.05,
IRR = 1.5). To directly test the potential selectivity of ben-
zene on chromosomal aneuploidy, we compared effects for
chromosomes 5, 6, 7, 10, 12, 14, 16 and 19 combined
together as one group to effects in all remaining chromo-
somes, and found that rates of both monosomy (p < 0.001)
and trisomy (p = 0.003) were significantly different across
the two groups. Further, plotting both monosomy and tri-

somy data for all 24 chromosomes, against continuous ben-
zene exposure levels using a spine analysis, reveals a high
variability among individual chromosomes and very differ-
ent dose-response curves. Finally, when comparing aneu-
ploidy rates in the lower exposed subjects (< 10 ppm ben-
zene) with unexposed controls, statistically significant
increases were detected only for trisomy 10 and monosomy
6 and 10 (p < 0.05, IRR > 1.5). Overall, our current results
suggest that the chromosomes differ in their dose-response
to benzene-induced monosomy and trisomy. Chromosomes
5,6,7,10, 12, 14, 16, and 19 comprise the most sensitive
group and investigation of their precise roles in benzene-
induced leukemogenesis are warranted.
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The centrosome is a small organelle which consists of
two centrioles and a pericentriolar matrix. It functions as the
microtubule-organizing center of eukaryotic cells and plays
a central role for the formation of the mitotic spindle.
Supernumerary centrosomes have been described in almost
all human malignancies, including brain, breast, colon,
lung, pancreas, and prostate cancers as well as in leukemias
and lymphomas. Furthermore, a striking correlation
between centrosome aberrations and chromosomal instabil-
ity and clinical aggressiveness has been described for many
tumor entities. Cells with supernumerary centrosomes usu-
ally form multipolar spindles which lead to aberrant mitoses
and consequently to chromosome missegregation. To regain
secondary karyotype stability after clonal selection, tumor
cells coalesce their extra centrosomes by a poorly defined
mechanism into two spindle poles in order to divide proper-
ly and thus to survive.

Here, we describe a screening procedure for the identi-
fication of both small molecules and siRNAs that inhibit
centrosomal clustering and thus force tumor cells with
supernumerary centrosomes to undergo multipolar mitoses
and consequently apoptosis. For this purpose, squamous
cell carcinoma cells which harbour extra copies of centro-
somes (SCC114) and nevertheless divide in a strictly bipo-
lar fashion (Quintyne et al., Science 2005) are used as a
model system and treated with either small molecules or a
whole genome siRNA library to investigate if they have an
effect on spindle polarity. Analysis is performed by high-
throughput microscopy, using a SCC114 clone that stably
expresses GFP-o-tubulin. Using a genome-wide siRNA
library resulted in the identification of ~150 proteins
involved in the clustering of supernumerary centrosomes
into a bipolar mitotic spindle. From the results of this
screening effort a model on the mechanisms leading to cen-
trosomal clustering was derived that will be presented.
Screening of a small molecule library led to the identifica-

tion of several substances which are currently characterized
in more detail. One of these substances is the well-known
antifungal drug griseofulvin, which led to an increased fre-
quency of multipolar mitoses, mitotic arrest and apoptosis
in several different tumor cell lines whereas normal fibrob-
lasts and keratinocytes were not affected (Rebacz et al.,
Cancer Res 2007; 67: 6342-6350). In addition, a griseoful-
vin derivative inhibited in vivo tumor growth and resulted in
prolonged survival in a murine xenograft model of human
colon cancer. The identification of proteins that are compo-
nents of the centrosomal clustering machinery in tumor
cells will help to clarify the mechanisms of how tumor cells
coalesce supernumerary centrosomes into bipolar spindles.
Furthermore, this knowledge will enable us to determine
specific targets for anti-cancer therapy and thus for drug
development.
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Ovarian carcinomas are characterized by complex
karyotypes and aneuploidy. In this study, chromosomal
instability (CIN), characterized by both numerical and
structural changes ((S)-CIN) were assessed in 11 untreated,
sporadic primary ovarian cancers (8 patients) using advance
molecular cytogenetic techniques. To determine whether
the associated chromosomal constitution and/or ploidy
changes were influenced by mitotic segregation errors, we
also conducted centrosome studies.

The findings revealed near-diploid tumors possessed
the lowest level CIN and centrosome abnormalities, but
possessed the highest level (S)-CIN. However,
tetraploid/triploid tumors possessed increasing CIN,
increasing centrosome aberrations, and lower-level (S)-
CIN. This suggests that in ovarian carcinomas, early kary-
otypic events are characterized primarily by structural alter-
ations and low-level numerical changes. The consequences
of such alterations lead to increasing numerical and ploidy
changes. The structural alteration of genomic regions as
well as their relative copy number changes can greatly influ-
ence gene and protein expression.

In addition to genomic instability studies we investigat-
ed the mapping and copy-number status of the kallekrein

locus (19q13.3), a 15-gene member family of proteases
found to be over-expressed in ovarian carcinomas. We
assessed a subset of patients and cell lines and co-related
this to protein expression levels and found that over-expres-
sion of the protein was associated with either increase copy-
number of the KLK locus, or in the translocation of the
locus elsewhere in the genome. Thus among other mecha-
nisms that influence gene expression, copy-number imbal-
ances and mapping status may play an important role in
aberrant expression.
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Chromosomal instability (CIN) is a poorly defined con-
dition that is manifested by karyotypic heterogeneity of cell
populations and is common in many solid cancers. The pri-
mary cause of CIN in sporadic cancers remains uncertain,
with primary suspects being deficiencies in telomere main-
tenance or in mitosis.

We found that an otherwise harmless virus could rapid-
ly cause massive CIN by fusing cells whose cell cycle is
deregulated by oncogenes'”. This synergy between fusion
and oncogenes randomized the genomes of the hybrids so
extensively that each analyzed cell had a unique karyotype.
Some of the cells produced aggressive, invasive, highly
aneuploid, heterogeneous, and transplantable epithelial can-
cers in mice.

These results were consistent with a long-standing
hypothesis® that in some tumors CIN could result from acci-
dental cell-to-cell fusion, which destabilizes the genome
without permanently affecting mechanisms of mitosis or
proliferation. Because many viruses, including common
human pathogens, fuse cells we proposed* that viruses could
cause CIN in premalignant lesions by fusing cells thus con-
tributing to carcinogenesis and tumor progression.

We will discuss several pathways by which cell fusion
might link viruses to cancer, what types of cancers this
mechanism can affect, how the existence of this link can be
tested and how the hypotheses that we propose might help
the search for human oncogenic viruses.
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Chromosomal alterations involved in colorectal tumors
have been amply described by chromosome banding analy-
sis, conventional CGH and SKY. However, less is known
about submicroscopic, subtle genome alterations and the
transcriptional output linked to the genes that are affected by
them.

The higher resolution of microarray CGH allowed us to
identify novel, hitherto undetected chromosomal alter-
ations. In particular, most of the colorectal cancer cell lines
analyzed contained structural chromosomal aberrations
with subtle deletions or duplications at the sites of the break-
points. This could point to a yet underestimated mechanism
for the generation of allelic imbalances.

In addition, several chromosomal breakpoints identi-
fied by SKY and mapped by array-based CGH occurred
within genomic regions reported to contain structural chro-
mosomal variants such as segmental duplications and copy
number variations (CNVs) in the human population. This
suggests that CN'Vs (including segmental duplications) con-
tribute significantly to the emergence of chromosomal
breaks in colon cancer, and hence to the development of
genomic imbalances. This phenomenon was corroborated
in an independent study of 31 primary colon carcinomas
using a high resolution microarray CGH, suggesting that
structural variants of the genome might have clear mecha-
nistic implications for the formation of chromosomal
translocations, which then lead to genomic imbalances fre-
quently observed in solid tumors. Besides, the comparison
between tumor and matched normal mucosa revealed that
CNVs can occur somatically in the cancer genome.

Finally, integration of array CGH and gene expression
data allowed us to generate a genome-transcriptome corre-
lation map, showing an upward trend in genomic amplifica-
tions and overexpression. This intriguing relation was fur-
ther supported by the identification of candidate oncogenes
located at sites of recurrent gains and amplifications of chro-

mosome 13 in colorectal cancer. Functional analyses proved
the relevance of several genes for the colorectal tumorigen-
esis.
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Aneuploidy is thought to be involved in tumour forma-
tion for many reasons including (i) its commonness, espe-
cially among malignant neoplasms; (ii) cell lines with spe-
cific karyotypic changes can be grown from certain types of
tumors; and (iii) many immortal tumor cell lines are hyper-
ploid. Mutations are thought to be involved in tumor forma-
tion because (i) tumor cells transmit their abnormalities to
their descendants; (ii) many hereditary predispositions to
tumour types are associated with specific germ-line muta-
tions (iii) many carcinogens are mutagens. In addition to
these mechanisms, acquired somatic cell replicative infi-
delity of DNA (“mutator phenotype”) may be a mechanism
of tumor formation, because more somatic genomic events
are found in malignant tumor cells than could arise either by
repeated exogenous mutagenic insults or by aneuploidy
alone. Nevertheless, lines of living organisms with “mutator
phenotype,” sooner or later, might be expected to die out
through the accumulation of lethal mutation loads. Despite
this, all cases of cancer seem to contain at least some lines
of cells which are immortal.

In an earlier somewhat parallel consideration, Muller'
in the 1960s suggested that populations of living organisms
which reproduce asexually are likely to die out because of
accumulations of germ-line mutations (“Muller’s ratchet”).
He further suggested that in sexually-reproducing organ-
isms, two aspects of meiosis—recombination of chromo-
somes and “‘crossing-over”’—might allow for the formation
of occasional gametes in which the accumulated deleterious
mutations are significantly reduced by accidental distribu-
tion of the majority of such mutations to other gametes. He
argued that this would have the effect that at least some
progeny of the species do not continue to carry all of the
mutation load(s) of their parents.

The present author** has suggested that in tumour
cells—which reproduce asexually—aneuploidy might act
in a way analogous to the features of meiosis to correct

excess mutational loads caused by “mutator phenotype.” A
scheme could be: (i) a mutation affects genomic elements
for control of growth, and for replicative fidelity of DNA,
leading to “mutator phenotype.” Then (ii) aneuploidy could
develop when “mutator phenotype” results in mutation of
genomic elements for mitotic-and-chromosomal stability.
And then (iii) an asymmetric mitosis (in the course of the
aneuploid phase) could produce occasional cells in which
the “bad copy” is lost (or an extra “good copy” is gained) of
the original genomic element which had been mutated to
provide the “mutator phenotype.” The resulting cells would
have significantly restored fidelity of replication of DNA,
and hence could give rise to populations which are relative-
ly genomically stable, hyperploid and immortal despite hav-
ing large numbers of alterations in their DNA.

Alternative schemes, for example in which a chromo-
somal lesion—analogous to the formation of the
Philadelphia chromosome—starts the “‘mutator phenotype”
condition, could apply to some tumour types.
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Genomic instability is a hallmark of cancer, where a
common class of aberrations affects gene dosage through
chromosomal imbalances (aneuploidy), segmental
gains/losses, or focal amplifications/deletions. Using DNA
microarrays to profile gene copy number and expression in
parallel, we discovered a sizable impact of DNA copy num-
ber alteration (CNA) on mRNA levels in breast cancer'. On
average, a 2-fold gain/loss resulted in a corresponding 1.5-
fold change in mRNA levels, and overall at least 12% of the
variation in gene expression among breast tumors was
directly attributable to underlying copy number alteration of
the genes. The high degree of copy-number dependent gene
expression, implying deficient dosage compensation, was
unexpected but since observed by us (and others) in addi-
tional tumor types including lung, colon, prostate and pan-
creatic cancers™ (and unpublished data). Our findings sug-
gest the possibility that aneuploidy and the resultant global
imbalances in gene expression might more broadly con-
tribute to cancer development or progression, for example
by disrupting critical stoichiometric relationships in cell
metabolism and physiology, possibly further promoting
chromosome instability or predisposing to metastasis or
drug resistance.

To begin to address the functional impact of widespread
CNA on cancer, we studied a simpler model system, assess-
ing the role of co-amplified genes within tumor amplicons.
The known oncogenic receptor tyrosine kinase ERBB2
(HER2) at 17q12 is amplified in ~20% of breast cancers, but
its neighbors GRB7 and STARD?3 are also always co-ampli-
fied. Using RNA interference, we observed that knockdown
of GRB7 or STARD?3, like ERBB2, led to decreased cell
proliferation*. Our findings establish that even within focal
tumor amplicons, multiple amplified genes contribute to
oncogenic phenotypes, and support the possibility that ane-
uploidy effects cancer similarly through the altered expres-
sion of many, possibly hundreds of genes.

Finally, while the above studies describe the effect of a
gene’s altered copy number on its own expression levels
(i.e., cis effect), we have begun to assess the impact of CNA
on genes elsewhere in the genome (i.e., trans effect). In par-
ticular, amplification of transcription factors, such as MYC
or TITF (NKX2-1) in lung cancer™, likely promote oncoge-
nesis through the activation of specific downstream tran-
scriptional programs. More generally, the altered dosage of
transcriptional regulators would be expected to dramatical-
ly enhance the impact of aneuploidy on gene expression and
carcinogenesis.

REFERENCES

I. Pollack JR, Sorlie T, Perou CM, et al. Microarray analysis reveals a
major direct role of DNA copy number alteration in the transcrip-
tional program of human breast tumors. Proc Natl Acad Sci U S A
2002;99(20):12963-8.

2. KimYH, Girard L, Giacomini CP, et al. Combined microarray analy-
sis of small cell lung cancer reveals altered apoptotic balance and
distinct expression signatures of MYC family gene amplification.
Oncogene 2006;25(1):130-8.

3. Lapointe J, Li C, Giacomini CP, et al. Genomic profiling reveals
alternative genetic pathways of prostate tumorigenesis. Cancer Res
2007;67(18):8504-10.

4. Kao J, Pollack JR. RNA interference-based functional dissection of
the 17q12 amplicon in breast cancer reveals contribution of coam-
plified genes. Genes Chromosomes Cancer 2006;45(8):761-9.

5. Kwei KA, Kim YH, Girard L, et al. Genomic profiling identifies
TITFI as a lineage-specific oncogene amplified in lung cancer.
Oncogene In Press.

27



27. Genomic instability in context of the

chromosomal theory

Alice Fabarius, Peter Duesberg, Michelle Giehl, Wolfgang Seifarth, Andreas Hochhaus and Ridiger Hehlmann

III. Medizinische Klinik, Medizinische Fakultit Mannheim, Universitit Heidelberg, Mannheim, Germany;
ruediger.hehlmann@med3.ma.uni-heidelberg.de; alice.fabarius@med3.ma.uni-heidelberg.de

Cancer cells differ from normal cells in karyotype, cell
morphology, invasive or non-invasive growth, development
of metastases, primary and acquired drug resistance, and in
expression of genes and proteins. The mechanisms of car-
cinogenesis remain unclear and the prevailing gene muta-
tion theory explaining carcinogenesis by a sequence of
mutations has not really solved the problem. Key features of
cancer are not explained by mutations such as carcinogene-
sis by non-mutagenic carcinogens, the absence of carcino-
genic genes in cancer in spite of tremendous efforts over the
years to show their existence, the lack of explanation for
neoplastic latency after carcinogen exposure, dependence
on phenotype alterations in cancers of unrealistically high
mutation rates or the absence of heritable cancer in spite of
heritable mutations in cancer cells.

An explanation of these features is offered by the chro-
mosomal theory'. According to this theory, carcinogens
induce non-specific chromosomal alterations which unbal-
ance thousands of genes, destabilize the genome and
encourage the evolution of neoplastic cells. Induced chro-
mosomal alterations generate abnormal phenotypes via
abnormal dosages of genes. Cancer cells, by chromosomal
constitution, are new species with non-random specific
chromosomal alterations, but unstable karyotypes®. The
higher the ploidy-factor, the more unstable is the karyotype.
Maximal instability is observed with triploidy and decreas-
es towards tetraploidy’. Since aneuploidy disrupts interac-
tions of multiple genes, enzymes, and proteins, alters gene
dosage effects and is ubiquitous in cancer it is one of the
most plausible explanations for the inherent genetic instabil-
ity of cancer cells.

What are the mechanisms for the induction of such ane-
uploidies? Centrosome aberrations and defects of spindles
have been implicated in the causation of chromosome aber-
rations. We therefore analyzed chromosomes and centro-
somes in CD34 positive CML (Chronic Myelogenous
Leukemia) cells along the course of CML. Numerical and

structural centrosomal aberrations were observed in chron-
ic phase and decreased in blast crisis. The centrosomal alter-
ations correlate with chromosomal aberrations®.

Concerning the analysis of spindle defects, the observa-
tion was used that tyrosine kinase inhibitors induce spindle
aberrations in normal human cells. Using this approach,
centrosome and chromosome aberrations were found to cor-
relate with defects of mitotic spindles. In conclusion, alter-
ations of centrosomes and spindles (spontaneous or
induced) correlate with chromosomal aberrations and may
represent a mechanism for the cause of aneuploidy’.

The degree of aneuploidy, chromosome non-disjunc-
tion or structural alteration is paralleled by increasing genet-
ic instability and by preneoplastic and neoplastic pheno-
types of increasing malignancy. Alterations of the structures
of centrosomes and of spindles may be mechanisms in-
volved in the generation of aneuploidy. These findings may
have far reaching implications for prevention and early
diagnosis of cancer.
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The progression of cells from a normal state towards
one characterized by uncontrolled growth and metastatic
behavior is caused by the deregulation of key cellular
processes and signaling pathways. These alterations in nor-
mal cellular behavior are rooted in the accumulation of
genomic and epigenomic lesions that impact hallmarks of
cancer such as the ability of the cell to control proliferation,
undergo apoptosis, increase motility leading to invasion and
alter angiogenesis.

A suite of technologies have been developed and are
now available to assess genomic and epigenomic aberra-
tions that contribute to cancer progression. The application
of these has shown that genome copy number abnormalities
(CNAs) are among the most frequent genomic aberrations
and can be used as clinical markers such as the case with
amplification of the ErbB2 gene in breast cancer. Current
advances in microarray technologies are also giving
researchers the ability to measure genotypes along with
copy number allowing for the detection of loss of heterozy-
gosity (LOH) in tumor samples.

We will review the current technologies available to
measure genomic copy number changes and how they have
guided us in understanding the pathology of cancer.
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SV40 is a DNA tumor virus that causes malignant
transformation of human cells in tissue culture. SV40-trans-
formed human cells contain a large number of chromoso-
mal alterations that may be sufficient to sustain tumor
growth even in the absence of viral protein expression'.
Different types of human cells show different susceptibility
to SV40-mediated transformation and mesothelial cells are
the most susceptible’. SV40 preferentially induces mesothe-
lioma in animals>. SV40 has been detected in human
mesotheliomas®, and synergizes with asbestos in carcino-
genesis in vitro and in vivo’. We previously demonstrated
that the unusual high levels of wild-type p5S3 normally pres-
ent in mesothelial cells are a critical factor in determining
the susceptibility of these cells to SV40-mediated transfor-
mation®. In cells infected with DNA tumor viruses, p53 is
bound to the viral tumor antigens (Tags). The current
“dogma” views the Tag-p53 complexes as a way of seques-
tering and inactivating p53.

Using primary human mesothelial cells and SV40-
transformed human cells, we now show that in addition of
inactivating p53 tumor suppressor activities, the Tag-p53
complex has growth stimulatory activities that are required
for the initial stages of malignant cell growth. We found that
in human cells, Tag/p53 complexes regulate transcription of
the Insulin-like growth factor 1 (IGF-1) gene by binding to
the IGF-1 promoter together with pRb and p300. Depletion
of p53 leads to structural rearrangements of this multi-pro-
tein complex, resulting in IGF-1 promoter transcriptional
repression and growth arrest. Our data provide a novel
mechanistic and biological interpretation of the p53/Tags
complexes and of DNA tumor virus transformation in gen-
eral. In the model we uncovered, pS3 is not a passive inac-
tive partner of Tag. Instead the p53/Tag complex promotes
malignant cell growth through its ability to activate the IGF-
1 signaling pathway.
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Chromosomes were described, named and identified as
the basis of the cellular hereditary material in the 1870s-80s.
Abnormal—including asymmetric—mitoses were discov-
ered in tumor cells at almost the same time. In 1890, David
Paul Hansemann (1858-1920) was an Assistent to Virchow
in Berlin and noted asymmetric mitoses in cancer cells. In
addition, he recognised the paramount features of tumors as
loss of tissue specialisation and increased capacity for inde-
pendent existence (i.e., “autonomy”’—ability to grow in
remote tissues and form metastases).

Probably because Virchow insisted that tumor forma-
tion must involve only an abnormality of a “physiological”
tissue process (not a new process), Hansemann looked for a
cell process which might be a counterpart of this particular
combination of changes—i.e., a normal cell process in
which changes in chromosomal content, reduction of spe-
cialisation and greater autonomy all occurred. Hansemann
proposed that oogenesis was the “prototype process”
because (i) the egg comes about by reduction divisions (ii)
it is less specialised than ovarian epithelial cells and (iii) the
egg can survive for days free in the endometrial cavity.
Hansemann called the process ‘“‘anaplasia” and in later
works, he suggested that the basis of the cancer cell is loss
of the ability to maintain symmetric mitoses, or at least loss
of ability to preserve chromosomal integrity. He considered
that populations of chromosomally unbalanced cells would
arise, some of which have the (ovum-like) anaplastic fea-
tures, but still have features of the cell type from which they
arose. In response to reports that not all tumours exhibit
asymmetrical mitoses or chromosomal abnormalities,
Hansemann suggested that the chromosomal lesions might
simply be too small to be visible.

In the early twentieth century, the directions of cancer
research moved towards investigating Mendelian genetics
in relation to tumours, and the mechanisms of action of
viral, physical and chemical carcinogens. Only in the last 30
or so years, have the roles of chromosomal abnormalities in
tumour formation—which were first studied by Hansemann
—again received significant attention.
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Spectral karyotyping greatly improves recognition and
definition of chromosomal aberrations'. In previous studies,
we applied spectral karyotyping to a number of colorectal
cancer cell lines derived from metastatic and primary
tumors®. As expected, we observed complex marker chro-
mosomes and pronounced chromosomal instability (CSI) in
tumors devoid of microsatellite instability. In contrast,
microsatellite instable (MSI) tumors uniformly displayed
stable karyotypes®. Likewise, a newly characterized adeno-
ma cell line lacked karyotypic alterations®.

Recently, we complemented our spectral karyotyping
studies by SNP-array analyses of multiple MSI- and CSI-
cell lines’. Results were verified by the analysis of 15 pri-
mary MSI- and 15 CSI-tumors (unpublished data). SNP
analysis greatly facilitated the interpretation of complex
chromosomal alterations of CSl-cell lines. Monoallelic
regions could be correlated with sites of inactivated tumor
suppressor genes and activated oncogenes. Some of the
genes relevant for colon carcinogenesis are inactivated by
allelic loss (e.g., p53, SMAD4). Monoallelic regions with
increased copy number may represent oncogene loci acti-
vated by allele-specific amplification (e.g., Cyclin D1 in
CSl-cell lines). Monoallelic regions without copy number
alterations fulfill the criteria of uniparental disomy (UPD).
In the tested colorectal cell lines and primary tumors, UPD
appears to be instrumental in the inactivation of early-acting
tumor supppressor genes, including APC in CSI- and
hMLH1/hiMSH?2 in MSI-cellular phenotypes. Our results
suggest that following initial mutational inactivation of one
of the APC or hMLH1/hMSH2 alleles the remaining wild-
type allele is deleted, concomitant with re-duplication of the

mutated allele. Alternatively, UPD may have arisen through
some type of gene conversion. In addition to the APC and
hMLH1/hMSH2 chromosomal sites, 6pter->p22 was also
found to be frequently altered by UPD in primary MSI
tumors, suggesting a candidate tumor suppressor gene in
this region.

We conclude that the combination of spectral karyotyp-
ing and SNP-array analysis permits the detection of UPD.
UPD represent a novel type of genetic change that may
cause inactivation of early acting tumor suppressor genes
involved in the generation of microsatellite- and chromoso-
mal instability of colorectal tumors.
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Stickiness between chromosomes from senescence-
associated heterochromatic changes (e.g., telomeres),
caused genome damage from CIN resulting in re-replication
of cells with 2n/G2-DNA content (Walen, 2007ab). This
shift to mitotic cycling of endopolyploid cells with
diplochromosomes (i.e., pairs of sister chromosomes) has as
yet only been shown in a relatively unknown, diploid cell
strain (L645). The purpose of the present study is, therefore,
to strengthen these findings by a re-analysis of the veteran
cell strain, WI-38, for evidences of bipolar, reductional divi-
sion (Hayflick and Moorhead, 1961).

These cells were brought to senescence by progressive
cell expansions and all cultural procedures were the same as
for L645, including maintenance of spatial relationships
between cellular changes by fixation of cells in situ and
without special chromosomal treatments. All noted diver-
gence from normal fibroblastic growth was documented by
live- and stained-cell (Giemsa, R66) photography.

Briefly, this special type of polyploidy contained
diplochromosomes (i.e., pairs of sister chromosomes) from
two successive S periods (no mitosis) of arrest-escaped
genome damaged cells. These endopolyploid cells could
undergo one or two bipolar divisions in succession. One
division separated the sister pairs from each other resulting
in bichromatid telophase chromosomal products which fol-
lowing G1 and S periods went back to diplo-chromosomes.
The first division, bichromatid chromosomes could also
divide again by a second division which gave rise to either
3 or 4 nuclei with single chromatids. For endo-tetraploid
(4n/8C) and endo-octoploid (8n/16C) (C = 1 haploid com-
plement) cells two successive mitoses would give rise to
2n/2C and 4n/4C products which are normal, single chro-
matid cycling diploid and tetraploid cells, respectively. The
essence of these events is for example, that 2n/4C cells with
bichromatid chromosomes from the first division rest in G1
before S with DNA-doubling back to diplochromosomal
4n/8C cells. Currently, there are no known molecular mark-

ers for presence of 2n/4C cells in G1 and moreover, cyto-
metric cell-sorting can not distinguish between these cells
and 4n/4C (single chromatids) cells.

The present confirmation of diplo-polyploid, genomic
reductional division in WI-38 cells, makes this new discov-
ery a more likely general, senescence-associated event.
Conclusions that CIN is not a consequence of aneuploidy,
but a cause of endopolyploidy with aneuploid potentials, are
also now on firmer evidential ground open to further studies.
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The chromosomal cancer theory predicts that cancer-
specific karyotypes, consisting of specific aneuploidies and
a specific modal chromosome number, cause cancer. To
allow the evolution of such cancer-specific karyotypes in a
normal somatic cell, at frequencies that are compatible with
carcinogenesis, the karyotype must be destabilized. The the-
ory postulates that carcinogens initiate the evolution of can-
cer karyotypes by inducing aneuploidy. Aneuploidy then
destabilizes the karyotype autocatalytically, by unbalancing
balance-sensitive teams of proteins that segregate, synthe-
size and repair chromosomes. Eventually rare cancer-spe-
cific karyotypes with specific modal chromosome numbers
and specific aneuploidies would evolve—just as new
species-specific karyotypes have evolved in phylogenesis.
Cancer cells maintain such cancer-specific karyotypes,
because they generate cancer-specific phenotypes.

The inherent instability of aneuploidy, however, pre-
dicts two groups of aneuploidies in cancer cells: 1) A stable
group of clonal aneusomies and marker chromosomes asso-
ciated with a stable modal chromosome number, which are
selected for carcinogenicity, and 2) An unstable group of
aneusomies and marker chromosomes, which are not car-
cinogenic and thus rapidly replaced. Replacement is neces-
sary, because accumulation of unselected aneusomies and
markers would ruin the cancer-specific modal chromosome
number. The loss of tumorigenicity by ruining the modal
chromosome number via fusion of cancer cells with normal
cells is a case in point. In addition unselected aneuploidies
may be inhibitory or even lethal.

In an effort to test the view that stable aneuploidies have
transforming function, rather than other alterations, particu-
larly mutation, we have studied clones of transformed
human cells, generated with two highly efficient yet not
mutagenic biological carcinogens, namely SV40 virus and
a set of 6 cellular genes artificially activated with retrovirus

promoters. In these systems about 1 per 10"5 human cells
forms a clone of transformed cells within short latent peri-
ods of only a few months. The stability of the karyotypes of
such clones was determined by comparing karyotypes of
consecutive generations of clonal cultures.

All clones of transformed cells were found to have:

1) Stable modal chromosome numbers and several stable or
clonal aneusomies and marker chromosomes,

2) Highly unstable and non-clonal aneusomies and marker
chromosomes.

The clonal aneusomies and markers have a 0-10%
chance of alteration per 20 cell generations. By contrast,
their non-clonal counterparts have a 90-100% chance of
alteration.

We conclude, that specific karyotypes, defined by spe-
cific clonal aneusomies, marker chromosomes and modal
chromosome numbers, are necessary, if not sufficient for
carcinogenesis.
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