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Abstract

The contribution of whole genome doubling to chromosomal instability (CIN) and tumour
evolution is unclear. We use long-term culture of isogenic tetraploid cells from a stable diploid
colon cancer progenitor to investigate how a genome-doubling event affects genome stability over
time. Rare cells that survive genome doubling demonstrate increased tolerance to chromosome
aberrations. Tetraploid cells do not exhibit increased frequencies of structural or numerical CIN
per chromosome. However, the tolerant phenotype in tetraploid cells, coupled with a doubling of

Corresponding author: Charles Swanton, Cancer Research UK London Research Institute, 44 Lincolns Inn Fields, London, WC2A
3LY, T: +44 (0) 7269 3463, F: +44 (0) 7269 3094, charles.swanton@cancer.org.uk.

The authors declare no competing conflicts of interest.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Dewhurst et al. Page 2

chromosome aberrations per cell, allows chromosome abnormalities to evolve specifically in
tetraploids, recapitulating chromosomal changes in genomically complex colorectal tumours.
Finally, a genome-doubling event is independently predictive of poor relapse-free survival in early
stage disease in two independent cohorts in multivariate analyses (discovery data: HR=4.70, 95%
Cl 1.04-21.37, validation data: HR=1.59, 95% CI 1.05-2.42). These data highlight an important
role for the tolerance of genome doubling in driving cancer genome evolution.
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Introduction

Chromosomal instability (CIN), describing the continual loss and gain of whole and/or parts
of chromosomes, is a common feature of most cancers (1). CIN represents a dynamic state
that likely contributes to intratumour heterogeneity by creating a genetically diverse pool of
tumour cells upon which selection can act. CIN is associated with both poor prognosis and
intrinsic multi-drug resistance (2, 3). Several different cellular mechanisms are thought to
contribute to CIN (1), and it has been suggested that specific ‘CIN tolerance mechanisms’
may be required for these cells to survive elevated genome instability (4, 5). While
mutations in TP53 are likely to contribute to this CIN tolerance, a full mechanistic basis for
this phenomenon remains incompletely understood (6).

Another common feature of tumour cells is large-scale alterations in ploidy. Polyploid cells
have been observed in multiple cancer types, and, tetraploidy, resulting from a genome
doubling event, has been proposed as an intermediate en route to aneuploidy (7-9).
Tetraploidy has been shown to be an unstable cellular state, with polyploid yeast exhibiting
increased requirements for genome stability maintenance pathways such as homologous
recombination repair, as well as showing defects in sister chromatid cohesion (10).
Furthermore, artificially generated mammalian tetraploid cell lines display increased
segregation errors, due to supernumerary centrosomes (11). It is likely that the p53 pathway
limits the proliferation of polyploid cells in order to protect genomic integrity (12). Several
studies have observed tetraploid cancer cells before aneuploidy onset and in the transition
from pre-malignant to malignant disease (13-15) suggesting a genome-doubling event can
be driver of tumorigenesis. Consistent with this, tetraploid cells derived through multiple
routes have an increased tumorigenic capacity (16-19). Tetraploid sub-clones have also been
observed at later stages of tumour development (20), and whole genome-doubling events
have been inferred to occur both before and after other copy number alterations across
different cancer types (21, 22). However, the effect of a whole genome doubling event on
CIN and how this could impact on genome evolution in human cancer has not been fully
explored. Here we analyse the relationship between ploidy and genomic instability in
colorectal cancer (CRC), and propose that tolerance of genome doubling might provide
tolerance to CIN in this cancer type.
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A relationship between ploidy and genomic complexity in CRC

SNP6.0 data available for 404 Stage 1-4 CRC tumours from The Cancer Genome Atlas
(TCGA) was used to explore the relationship between ploidy and CIN. To assess structural
and numerical CIN, the weighted Genome Instability Index (wGII) was used, which
estimates the proportion of the genome with aberrant copy humber compared to the median
ploidy, weighted on a per chromosome basis (23). We have previously shown that GlI
correlates with both numerical and structural CIN in cell lines (3). Significantly higher
wGlIs were found in polyploid (ploidy =3) compared to diploid tumours (P<0.0001,
Student’s T-test, Fig. 1A), although some stable tetraploid tumours were observed. In other
tumour types, polyploidy was also associated with an increased wGlI, suggesting these two
genomic aberrations may be linked in a range of cancers (P<0.0001 for each cancer type,
Student’s T-test, Supplementary Fig.1A).

Next, we applied an algorithm that identifies tumours that are likely to have undergone a
genome-doubling event, even if they are no longer polyploid (adapted from (7), see
Methods). Significantly higher wGlIs were observed in tumours classified as genome-
doubled compared to non genome-doubled (P<0.0001, Student’s T-test, Fig. 1A), suggesting
a potential relationship between genome doubling and genome complexity. The majority of
tumours with a triploid karyotype appeared to have undergone a genome-doubling event
(105/110 tumours). However, we also observed non-genome doubled near-diploid tumours
with high wGlls, consistent with there being multiple routes to an unstable genome in CRC.

Genome doubling is an early event in the majority of CRCs

An isogenic

Copy number losses occurring on the background of a diploid genome will result in loss of
heterozygosity (LOH). This LOH will leave a permanent footprint in the genome, persisting
after a genome-doubling event (Fig. 1Bi). By contrast, losses occurring after genome
doubling are less likely to exhibit LOH (Fig. 1Bii). The types of losses in a genome-doubled
sample may thus shed light on the timing of genome doubling relative to copy number losses
in the genome (Fig. 1B and see Methods). In the majority of genome-doubled TCGA CRC
tumours, genome doubling likely occurred as a relatively early event, prior to the majority of
copy number losses (Fig. 1C). In over 20% of samples where genome doubling was
classified as an early event, the proportion of the genome exhibiting LOH was less than the
mean proportion of LOH in chromosomally stable tumours with microsatellite instability
(MIN). These data suggest that CIN can occur after genome doubling in vivo.

cell line system to study the effects of tetraploidy

We next explored the acute effects on genome stability following a genome-doubling event.
HCT-116, a diploid MIN CRC cell line, was found to have a small sub-population (<2%)
with >4N DNA content (Fig. 1D). Single tetraploid and diploid cells were isolated by flow
cytometry. The cloning efficiency of tetraploid cells was lower than diploid cells, suggesting
tetraploidy is poorly tolerated in HCT-116 cells under standard culture conditions (2N=
63%, 4N= 6%, Fig. 1E). We expanded one diploid clone (DC 8) and two rare surviving
tetraploid clones (TC 3, TC 4, Fig. 1F). It was possible to isolate a second generation of
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tetraploid clones (TC-13, TC-16, TC-17, TC-35) as well as two diploid clones (DC-14,
DC-25) from the diploid clone DC 8 (Fig. 1G). Second-generation tetraploid clones had
therefore arisen from a single diploid cell spontaneously within the time of the experiment.
All tetraploid clones were found to have a seemingly functional p53 response to DNA
damage (Supplementary Fig. 1B), and no mutations were found in the coding regions of
TP53 or CDKN1A (p21) (data not shown), suggesting alternative tolerance routes. Although
tetraploids grew slower than diploids at early passages, they grew at approximately the same
rate by later passages (approximately 18 months in culture, Supplementary Fig. 2A-C).

All clones were subject to SNP6.0 analysis, and the proportion of the genome showing LOH
was determined (Fig. 1H). Tetraploid clones showed limited to no LOH beyond that
harboured by the diploid clones (diploid mean: 6.17% (5.96-6.36%) of genome; tetraploid
mean 6.46% (6.16-6.79%), P=0.181, Kolmogorov-Smirnov test), suggesting tetraploid
clones were not CIN before genome doubling. Analysis of copy numbers gains also showed
that genome doubling likely occurred prior to CIN (data not shown). All clones (Fig. 11)
were continuously cultured for over 18 months so the effects of genome doubling on
genome complexity could be assessed over time.

Chromosomal instability in tetraploid clones

Clonal FISH (fluorescence in-situ hybridization) was used to assess ploidy and numerical
CIN in each clone (Fig. 2A, 2B). The cell-to-cell variation in chromosome number
(percentage of cells deviating from the modal chromosome number of individual colonies)
provides a measure of numerical CIN emerging during colony expansion from single cells.
Tetraploid colonies displayed significantly higher cell-to-cell variation than diploid colonies
(Fig. 2C: passage 5 diploid mean=7% (0-23%); tetraploid mean=28% (5-57%), P<0.0001;
passage 50 diploid mean=13% (3-34%); tetraploid mean=33%, (7-68%), P<0.0001,
Student’s T-test). We also isolated diploid and tetraploid clones from a microsatellite
competent clone of HCT-116, stably expressing a functional wild-type MLH1 gene (referred
to as HCT-116_MLH1) (24) (Supplementary Fig. 2D). All four HCT-116_MLHL1 tetraploid
clones exhibited higher cell-to-cell variation in chromosome number than the diploid clone
at passage 5 (P<0.0001, Student’s T-test, Supplementary Fig. 2E).

We analysed segregation errors on a per cell and a per chromosome basis using
immunofluorescence (Fig. 2D). Tetraploid cells exhibited a higher percentage of anaphases
displaying segregation errors than diploids across three different passages (diploid
mean=19% (11-26%); tetraploid mean=42% (32-55%), P<0.005, Student’s T-test, Fig. 2E,
upper graph). However, segregation errors calculated on a per chromosome basis (dividing
fraction of anaphases with errors by number of chromosomes for each clone as determined
by SNP6.0 data, see Methods) were not significantly increased in tetraploid clones at any
passage (Fig. 2E, lower graph). Therefore, increased segregation errors in tetraploid cells
may simply result from the increased number of chromosomes. Tetraploid clones displayed
a similar spectrum of segregation errors to diploid clones, including acentric and centric
lagging chromosomes and anaphase bridges (Supplementary Fig. 3A, 3B). These data
suggest that there may not be a tetraploid specific mechanism driving increases in any one
type of segregation error in this system.
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The prevalence of structural chromosome aberrations in all clones was scored from
metaphase chromosome spreads hybridised to an all-centromere fluorescent probe (Fig. 2F).
Tetraploid clones displayed more structural abnormalities per cell than diploid clones (Fig.
2G, diploid mean: 0.39 (0.26-0.58) abnormalities; tetraploid mean: 0.93 (0.60-1.62)
abnormalities, all passage P<0.05, Student’s T test). However, no significant difference in
structural abnormalities on a per chromosome basis between diploids and tetraploids was
observed (chromosomes were counted directly from metaphase spreads, Fig. 2G,
abnormalities per chromosome: diploid mean=0.0088 (0.0058-0.0130); tetraploid
mean=0.0108 (0.0073-0.0180), P=0.1093, Student’s T-test).

Tolerance of chromosomal instability in tetraploid clones

We hypothesised that despite no increase in CIN in tetraploid clones on a per chromosome
basis (Fig. 2E, 2G), increased tolerance to chromosomal segregation errors might contribute
to the association between ploidy and genomic complexity (Fig. 1A). In clonal FISH
experiments, the presence of colonies with modes differing from either two for diploid, or
four for tetraploid clones (colony-to-colony variation) indicates tolerance of an unbalanced
aneuploid genome. Individual colonies with aneuploid chromosome numbers were observed
in all tetraploid clones (Fig. 3A, 3B, passage 5 mean=25% of colonies (8-44%); passage 50
mean=30% (18-43%)). In contrast, we only observed a single aneuploid colony in HCT-116
(1.7% of all colonies). One tetraploid colony was observed in a diploid clone, consistent
with our findings that tetraploid cells can emerge as a rare event in diploid clones (Fig. 1G).
The outcome of this assay is unlikely to be affected by differing proliferation rates, since
colonies are grown from sparsely seeded single cells. These data suggest that tolerance of
aneuploidy is enhanced in tetraploid clones, but a rare event in diploid cells.
HCT-116_MLHZ1 tetraploid clones also displayed similar colony-to-colony variation in
modal chromosome number (Supplementary Fig. 3C).

We used live-cell imaging to track the fate of histone2B mRFP tagged cells following a
chromosome segregation error. In diploid clones, daughter cells, derived from a parental cell
that had undergone a segregation error, frequently died or underwent cell-cycle arrest (death
or arrest - diploid mean: 58%, HCT-116: 43%, DC 8: 68%, DC-14: 55%, DC-25: 68%, Fig.
3C) whilst almost all cells that underwent a normal division continued through a subsequent
mitosis (Fig. 3C, Supplementary movies A-F and Supplementary Fig. 4A-G). However,
daughter cells arising from tetraploid clones after a segregation error (including anaphase
bridges and lagging chromatin — data not shown), died or arrested less frequently, with the
majority continuing through to a normal mitosis in the subsequent cell cycle (death or arrest
— tetraploid mean: 16%, TC 3: 18%, TC 4: 12%, TC-13: 11%, TC-16: 10%, TC-17: 34%,
TC-35: 12%, P=0.0002, Student’s T-test, Fig. 3C). These data indicate that tetraploid
progeny have a greater tolerance of chromosome segregation errors relative to diploids.

We used SNP6.0 data for all clones at multiple different passages over 18 months and
calculated genomic complexity using the wGlIl. Overall, wGlI significantly increased from
passage 5 to passage 75 in tetraploid clones, but remained stable in diploid clones (One way
ANOVA test for passage 5, 25 and 50, tetraploids P=0.0002, diploids P=0.5907, Fig. 3D).
We observed that late passage tetraploid clones had wGlls similar to those of genomically
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complex polyploid CRCs in the TCGA data set (Fig. 3E). Changes in tetraploid clones over

time appear to fit a model of genome doubling occurring as a precursor to a complex triploid
karyotype, commonly observed in CRC (Fig. 1A). This is also supported by flow cytometry

data, showing a reduction in ploidy over time (Supplementary Fig. 5).

Tetraploid clones evolve specific chromosome losses

In every clone chromosomal gains and losses relative to the cell line ploidy were assessed
over long-term culture (Fig. 3F). Chromosomal aberrations present in parental HCT-116
were observed in all clones. No novel losses were common to all early passage tetraploids.
However, a non-contiguous region of chromosome 4q containing 362 genes was lost to three
copies in all tetraploid clones by passage 50 (approximately 1 year), consistent with
selection for loss of this region during prolonged culture (Fig. 3F, and Supplementary Table
1). Copy number loss of chromosome 4q occurs after genome doubling as it did not occur
before passage 25 in any clone, and does not display LOH (Fig. 3F, and Supplementary Fig.
6A). A similar pattern of chromosome losses and increasing genome complexity was found
in HCT-116_MLH1 clones (Supplementary Fig. 6B). This suggests that elevated genome
complexity and selection of chromosome 4q loss in HCT-116 tetraploid clones is not driven
by MIN.

We assessed the correlation between loss of genes on chromosome 4q and wGll in the
TCGA data set, controlling for the increased likelihood of loss in unstable tumours (see
Methods). Loss of genes on chromosome 4q was significantly correlated with increasing
wGll (P<0.001, Fig. 4A), and chromosome 4 was one of the chromosomes whose loss was
most strongly correlated with genomic instability (Supplementary Fig. 7).

Genome doubling is associated with poor prognosis in CRC tumours

Given the established relationship between genomic instability and poor clinical outcome,
we reasoned that genome doubling could be a useful prognostic marker in early stage CRC.
Survival data was obtained for 150 stage 1-3 CRC TCGA patients and an Australian
validation cohort, comprising 389 stage 2-3 CRC patients. Relapse-free survival was used as
the endpoint for both datasets, censored at 2 years, given that 80% of recurrences occur
within this period (25), and also due to the paucity of survival data available in the TCGA
cohort beyond this point. A genome-doubling event was significantly associated with
relapse in both the TCGA (Fig. 4B, P=0.019, hazard ratio (HR)=5.1, 95% CI 1.1-22.8) and
the validation cohort (Fig. 4C, P=0.0022, HR=1.80, 95% CI 1.2-2.8). When extending
outcome to beyond 2 years, genome doubling remained significant in the larger validation
cohort, but not the TCGA cohort (Supplementary Fig. 8). Genome doubling remained
significant in both cohorts in multivariate analysis when tumour stage, age and MSI status
were included (TCGA data: P=0.045, HR=4.70, 95% CI 1.04-21.37, validation data:
P=0.028, HR=1.59, 95% CI 1.05-2.42, Supplementary Table 2).

By contrast, wGII was only significant in univariate analysis for one of the cohorts (TCGA
data: P=0.1296, HR=6.09, 95% CI 0.57-64.93; validation data: P=0.00649, HR=3.81, 95%
Cl 1.44-10.03), and was not significant in multivariate analysis when including tumour

stage, age and MSI status in either cohort (Supplementary Table 2). In the larger validation
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cohort, genome doubling was significant when restricting to just diploid tumours (P=0.001,
Supplementary Fig. 8C), and also when including polyploidy (ploidy = 3) in a multivariate
analysis (P=0.0209, Supplementary Table 2). A genome-doubling event may therefore
provide prognostic relevance with a greater sensitivity than aneuploidy to detect high-risk
tumours. Furthermore genome doubling was significant in predicting overall 5-year survival
when restricting to just early stage 1-2 tumours (available for the TCGA cohort only,
Supplementary Table 2).

Within genome-doubled tumours, sub-tetraploid (ploidy <4) samples were genomically
more complex than tetraploid samples, and enriched for higher tumour stage (Fig. 4D,
P=0.0062, Cochran-Armitage test). This supports a model where genome doubling is an
early event in some CRCs, permitting the evolution of more genomically complex, sub-
tetraploid, higher stage tumours.

Discussion

Through long-term culture of naturally occurring, rare surviving tetraploid clones, we
observed the evolution of genomic complexity specifically in tetraploid genomes over time.
A year post genome doubling, the HCT-116 genome was markedly altered relative to the
genomically stable diploid progenitors, suggesting that tolerance of genome doubling
permits rapid genome evolution (Fig. 3F).

Compton and colleagues have shown that increasing the segregation error rates in diploid
MIN CRC cells does not result in the propagation of chromosomally unstable progeny,
suggesting that CIN is a complex phenotype requiring both initiation of segregation errors
and tolerance of the ensuing altered genomic content in daughter cells (4). Although
tetraploid cells displayed elevated structural and numerical CIN relative to diploid cells,
diploids and tetraploids had similar segregation errors and structural abnormalities on a per
chromosome basis (Fig 2E, 2G). These data suggest that there is no additional instability
initiated by tetraploidisation on a per chromosome basis in our system, in which segregation
defects are already observed in diploid cells. However, long-term live-cell imaging revealed
increased tolerance to chromosome missegregation events in tetraploids (Fig 3C), and we
observed many aneuploid colonies in tetraploid clones (Fig. 3A). Thus, in rare tetraploid
cells that survive cloning, the same MIN cell line that cannot propagate artificially induced
(4) or endogenous segregation errors is now able to propagate an unstable genome.

Within the limits of SNP6.0 based analyses we conclude that tetraploid clones were unlikely
to have been CIN before genome doubling (Fig. 1H), however it is unlikely that a genome-
doubling event alone is sufficient for cells to tolerate CIN. It is possible that chromosome
segregation error tolerance mechanisms can be activated in diploid cells that may or may not
undergo genome doubling. Whole genome doubling may therefore represent a consequence
of a prior somatic event permitting the tolerance of genome instability, which can then
exacerbate genomic evolution due to elevated chromosomal aberrations occurring on a per
cell basis. Defining the mechanistic basis for such tolerance mechanisms in the presence of
wild-type p53 is clearly a high priority.
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Strikingly, all tetraploid clones displayed convergent loss of regions of chromosome 4q,
which we also found to be commonly lost in CRC tumours with elevated genomic
complexity (Fig. 4A). Interestingly chromosome 4q loss has previously been suggested as a
predictor of outcome in early stage CRC (26). Conceivably, tetraploidy can provide a
permissive genetic background for selection of high-risk genomic copy number aberrations
over time.

Consistent with the effect of tetraploidisation upon emerging genome instability, a genome-
doubling event is an independent predictor of poorer relapse-free survival in CRC from the
TCGA and in a larger validation cohort in both univariate and multivariate analyses (Fig.
4B, 4C, Supplementary Table 2). These data support studies that have linked aneuploidy
with disease outcome in CRC (27), and genome doubling with poor prognosis in ovarian
cancers (7). Genome doubling may forecast the onset and tolerance of elevated CIN, which
has previously been shown to be associated with both poor prognosis and intrinsic drug
resistance (2, 3).

A genome-doubling event could represent a macro-evolutionary leap in tumours, analogous
to saltation in ecology, which both precipitates and sustains extensive chromosomal
rearrangements. Other examples of punctuated evolutionary events occurring in tumours
have been proposed, such as chromothripsis and chromoplexy, both involving complex
chromosomal rearrangement events (28, 29). Whole genome-doubling events can drastically
alter the evolution of whole organisms, for example by facilitating sub-functionalisation of
duplicated genes (30), so there may be additional benefits to a genome-doubling event
beyond the propagation of CIN. It will be important to investigate mechanisms leading to
the emergence of tetraploid cells in tumours, such as cellular stress, cytokinesis failure or
telomere shortening (8).

On the basis of these data we suggest that the tolerance of genome doubling combined with
an elevated chromosome segregation error rate on a per cell basis provides the fuel for rapid
genomic change, accelerating evolution of tumours from a karyotypically stable to a more
complex state. Deciphering the cause of CIN tolerance is likely to have important
therapeutic implications in guiding efforts to limit tumour diversity, evolution and
adaptation.

Materials and Methods

Cell culture

HCT-116 was obtained from ECACC by CRUK cell services, and STR fingerprinted on
10/10. HCT-116_MLH1.3 clone was a gift of Frangoise Praz, and was STR fingerprinted on
02/10, with similar results to HCT-116 except at vVWA.. Cells were maintained at 37°C in 5%
CO, in DMEM High Glucose with L-Glutamine (Invitrogen), with 10% FBS and
1xPenStrep (Sigma). Clones were passaged approx. once a week and were split at the same
dilution. Passage numbers represented in figures are within <4 passages of passage used.
CellTiter-Blue® (Promega) assays were performed following the manufacturers
instructions. Cloning efficiency was estimated using the Poisson distribution: efficiency =
(-100) * In(#of wells with no colony / total #of wells)% (as in (31)).
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Cells were stained with 10pg/ml Hoescht 33342 (Sigma) for 1hr at 37°C. A MofLo
(Beckman Coulter) cell sorter was used to sort single cells into 96 well plates with 20% FBS
media. Assessment of DNA content was carried out by flow cytometry using Propidium
lodide (Sigma) with RNase (Life Technologies), or Hoescht 33342, after fixation in 70%
Ethanol.

Clonal FISH, metaphase spreads & immunofluorescence

FISH probing for chromosomes 2 (CEP2 D271, SO), and 8 (CEP8, D872, SGn, both Abbott
Molecular probes) was performed as described (23). Slides were scored semi-automatically
using the Ariol system (Leica Microsystems). Colonies were scanned at 40x magnification
with z-stacks of 9x0.7um, and analysed with the automated SPOT assay before manual
curation. Three slides were scored using an Olympus DeltaVision RT microscope (Applied
Precision, LLC) equipped with a Coolsnap HQ camera with an Olympus x40 1.3 numerical
aperture UPlanSApo oil immersion objective. Metaphase spreads were prepared and probed
with an all-human centromere probe (Posiedon) as described (23). Immunofluorescence and
segregation error classification were performed as described (23).

H2B-mRFP transfection and live-cell imaging analysis

Cells were transfected with pH2B-mRFP (gift from A. Straube) using Fugene 6.0
(Promega), and selected in 1 mg ml~1 G418 (Life technologies) before flow-sorting for
mRFP expression. Cells were maintained in 500ug ml~1 G418 and imaged in an 8-well
chamber (LabTek) using the same DeltaVision microscope in 5% CO, atmosphere at 37°C.
14um z-stacks were taken every 3mins for 6hrs and every 15mins thereafter, for approx. 60
hours, and analysed using Softworx Explorer (Applied Precision, LLC). Cells were scored
as arrested if they failed to divide within 48 hours of the parental division. Multipolar
divisions were excluded from analysis.

SNP array processing

Cell-lines were analyzed with Affymetrix SNP6.0 arrays. PICNIC (32) was used for
normalization and integer copy number estimation.

TCGA Affymetrix SNP6.0 data were downloaded for 422 CRC, 898 Breast, 391 Lung (Ad),
407 Lung (SC), 506 Ovarian and 503 Renal cancers (http://tcga.data.nci.nih.gov/tcga/).
Samples that failed Affymetrix Genotyping Console QC were excluded. LogR and BAFs
were obtained using the aroma R package (33). Integer copy numbers were estimated using
OncoSNP (34).

Validation cohort analysis was performed on Illumina 610 Quad arrays. LogRs and BAFs
were obtained using GenomeStudio V2011.1 and Genotyping Module V1.9.4. For QC,
samples with moving standard deviation >0.28 were discarded. Integer copy numbers were
estimated using OncoSNP (34).

Ploidy was estimated for each sample by summing the weighted median integer copy for
each chromosome and dividing by number of chromosomes analyzed (n=22). The number of
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chromosomes in each sample was estimated by summing the modal copy numbers from the
segmented copy number profile of each chromosome. Each segment was weighted
according to the number of base pairs it covered. Copy number segments of loss and gain
were defined relative to ploidy. wGlI was calculated as in (23).

Validation cohort

Validation cohort CRC patients were recruited from the Royal Melbourne Hospital, Western
Hospital Footscray and St Vincent’s Hospital Sydney in Australia. The study was ethics
approved, and patients gave informed consent.

Genome Doubling Algorithm

A modified version of a published algorithm (7) was used. Each sample, s, was represented
as an aberration profile of major and minor allele copy numbers at chromosome arm
resolution. From this profile, we calculated Ns, the total number of aberrations (relative to
diploid) and Ps, the probabilities of loss/gain for each allele at each chromosome arm.
10,000 simulations were run for each sample s. In each simulation, Ns sequential
aberrations, based on Ps, were applied to a diploid profile. A p-value for genome doubling
was obtained by counting the percentage of simulations where the proportion of
chromosome arms with a major allele copy number =2 was higher than that observed in the
sample. For samples with ploidy <3, a p-value threshold of 0.001 was used. To avoid
underestimating genome doubling in high-ploidy samples, p-value < 0.05 was used if
ploidy=4, and all samples where ploidy=5 were classified as genome-doubled.

Estimating Timing of Genome Doubling

Each genome-doubled sample was represented as an array of genotype proportions
reflecting copy numbers ranging from zero to eight. Sixteen possible genotypes were
discriminated: zero copies, A|B (1 copy); AA|BB and AB (2 copies); AAA|BBB and AAB|
ABB (3 copies); etc. (where A and B represent the two parental alleles). Only losses to two
copies (AA, BB, AB) were used as these can either reflect losses before (AA or BB) or after
genome doubling (AB). Samples with a higher proportion AB compared to AA/BB were
classified as having genome doubled before the majority of losses, whereas those where
AA/BB > AB were classified as having genome doubled after the majority of losses.

Significance of correlation between wGlIl and copy number loss

Based on the observed probability for loss, given by the percentage of genome that is lost in
that sample, we generated an aberration state (loss or no loss) for each sample separately. A
point-biserial correlation between aberration state and wGII was then calculated across
samples. This process was repeated 10,000 times and a p-value was obtained for each gene
by counting the percentage of simulations showing a greater correlation coefficient than that
observed for that gene.

Statistical analyses

Survival curves were plotted according to the Kaplan Meier method. Log-rank test statistics
were used to assess significance for univariate analysis. Cox proportional hazards regression
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models were conducted for multivariate survival analysis (R package survival). Survival
times were censored at 2 years unless otherwise stated. All statistical analyses were carried
out using the R statistical environment or GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) Relationship between weighted mean chromosome copy number and wGlI. Each circle
represents one TCGA CRC tumour sample. Red depicts genome-doubled (GD) samples;
blue non-genome-doubled (nGD) samples (see Methods). A histogram of weighted mean
chromosome copy number for GD (red) and nGD (blue) is shown above.

B)

i) Copy number losses that occur on the background of a diploid genome prior to genome
doubling will result in LOH, whereby one of the parental alleles is lost. In tumours that
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harboured chromosomal instability prior to genome doubling the majority of losses will be
unbalanced, involving LOH. Unbalanced losses to two copies (AA or BB) are depicted with
a purple box with purple dotted lines.

ii) In tumours where genome doubling was an early event, prior to the onset of chromosomal
instability, the majority of losses to two copies will be balanced without LOH. Balanced
losses to two copies (AB) are depicted with an orange box with orange dotted lines around
them.

C) Timing of genome doubling estimated using copy number and LOH profiles. Each bar
represents one genome-doubled tumour and its height corresponds to the proportion of AB —
proportion AA or BB copy number states. Tumour genomes where the majority of losses to
two copies are likely to have occurred after genome doubling are shown in red (n =130;
proportion AB > proportion AA or BB), whereas those where the majority of losses are
likely to have occurred before doubling are shown in blue (n=66; proportion AB <
proportion AA or BB).

D) Flow cytometry shows a >4N population in the MIN colon cancer cell line HCT-116. 2N,
4N and <4N populations are indicated on the flow cytometry plot.

E) Cloning efficiency of 2N and >4N cells is shown with mean and standard error of mean
(3 experiments). Tetraploid cloning efficiency was significantly lower than diploid cloning
efficiency (P=0.0322, Student’s t-test). Diploid cloning efficiency was assessed using
CellTiter-Blue (CTB) reagent (colonies were identified as wells with CTB value >1.5x mean
average of blank wells) and the Poisson-corrected cloning efficiency was calculated (see
Methods). Tetraploid cloning efficiency was calculated by verifying the percentage of
surviving tetraploid clones using flow cytometry (flow cytometry data not shown).

F) After single-cell sorting, DNA content was assessed by flow cytometry with Hoescht
staining. Two tetraploid clones (TC 3 and TC 4, at passage 3), one diploid clone (DC 8) and
HCT-116 are shown.

G) Flow cytometry of the diploid clone DC 8 also shows a small >4N sub-population. Two
further diploid clones (DC-14 and DC-25) and four tetraploid clone (TC-13, TC-16, TC-17
and TC-35) were isolated from DC 8, and their DNA content as assessed by flow cytometry
with Hoescht staining is shown (passage 3).

H) LOH states of early (passage 5) diploid and tetraploid clones analysed by SNP6.0. Dark-
blue LOH events in tetraploid clones are likely to have occurred prior to genome doubling.
A barplot depicting the proportion of the genome displaying LOH is shown above, the black
dotted line depicts the mean proportion LOH in diploids. The majority of LOH events are
present in both diploid and tetraploid clones.

I) A family tree depicting all diploid and tetraploid clones used in this study. Tetraploid
clones are shown in red; diploid clones in blue.
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A) Diagram of a clonal FISH slide, showing the two measures of chromosome number
deviation that can be scored; cell-to-cell variation in chromosome number is the percentage
of cells that deviate from the modal chromosome number of each individual colony. Colony-
to-colony variation reflects differences in the modal chromosome copy number between

colonies.

B) Example images of colonies from four clones with chromosome 2 (CEP2) shown in red,
and chromosome 8 (CEP8) in green. Individual cells have been highlighted, and their copy
number state for these two chromosomes is shown in the inset. Scale bar (in white) =

approx.10um.
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C) Cell-to-cell variation in chromosome number. The average percentage deviation of two
chromosomes, chromosome 2 and 8, is shown for all clones at both passage 5 and passage
50 (clones all scored using an Ariol automated microscope system, except DC 8, TC 3 and
TC 4 at passage 50 which were scored using a DeltaVision microscope). Passage numbers
shown throughout are correct to within 4 passages. Colonies with <10 cells were excluded
from analysis. Each point represents one colony. Median number of cells: passage 5= 2479,
passage 50= 2105.

D) Chromosome segregation errors in anaphase were visualized by immunofluorescence.
Representative single z-stack images show types of segregation errors that were scored.
Blue=DAPI, Red=Crest. Side panels show each channel individually, and inset shows a
close-up of the segregation error. Scale bars (in white) = approx. 3um.

E) Chromosome segregation errors on a per cell and per chromosome basis. Fifty anaphases
were scored for each cell line; only data from bipolar anaphases is shown. On a per cell
basis are shown on top graph (coloured bars represent individual clones, see key above). P
values refer to comparisons between diploids and tetraploids at each passage (Student’s T-
test). On a per chromosome basis (lower graph, all grey bars, representing the same clones
as in immediately above graph) there is no significant difference in segregation errors per
chromosome: P values are indicated above bars.

F) Representative images of hormal and abnormal metaphase chromosomes are shown,
stained with DAPI and probed with an all-human centromere probe. Scale bars (in white) =
approx. 2.5um.

G) Structural abnormalities on a per cell and per chromosome basis in diploid and tetraploid
clones. Number of structural abnormalities per cell is shown on the top colored graph (P
values refer to comparisons between diploids and tetraploid clones at each passage), and the
number of structural abnormalities per chromosome is shown on the below graph with grey
bars representing exactly the same clones as in above graph (P values for comparisons
between diploid and tetraploids at each passage are indicated above bars). Median humber
of spreads scored at each passage: passage 5 = 25, passage 25 = 29, passage 50 = 27, and
HCT-116 = 37.
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Figure 3.

A, B) Colony-to-colony variation in modal chromosome copy number for chromosome 2
(A), and chromosome 8 (B). Frequency of different colony modes from clonal FISH data is
shown from all clones at passage 5 and at passage 50. Median number of colonies scored:
passage 5 = 44, passage 50 = 39.

C) Live-cell imaging of H2B-mRFP expressing cell reveals different daughter cell-fates
after segregation errors. The percentage frequency of each cell fate (mitosis or death or
arrest [arrest = interphase >48hrs post division, see Methods]) in long-term live-cell imaging
studies of all diploid and tetraploid clones either after no error or after a segregation error is
shown. Example images of mitoses are shown above each panel. Data shown is an
amalgamation of all clones (for individual results and n numbers see Supplementary Fig.
4G, and also see Supplementary Movies A-F).

D) wGlI at different passages for diploid and tetraploid clones. Dashed line indicates
wGl1=0.2, a threshold separating MIN and CIN cell lines (23).

E) Weighted mean chromosome copy number versus wGll for CRC tumours from TCGA
(grey), diploid clones (blue) and tetraploid clones (red) at different passages. Diploid clones
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at all passages overlay the same point. Lighter colours represent later passages for tetraploid
clones.

F) Genome-wide copy number losses and gains for all clones at passage 5, 25, 50 (and
passage 75 for DC-14, DC-25, TC13, TC-16, TC17 and TC-35). Blue sections represent loss
and red sections represent gain (relative to ploidy).
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A) Relationship between copy number loss and wGlIl in TCGA cohort for genes identified
as recurrently lost in tetraploid clones (see Supplementary Table 1). Blue represents loss and
white represents no loss (relative to ploidy). CRC tumours (columns) are ordered according
to increasing wGl| score, from left to right. Every gene (rows) shows a significant
correlation between copy number loss and wGlI, even when taking into account an
increased likelihood of loss in high wGII tumours (P<0.001; see Methods). Chromosome
schematic shows where genes reside on chromosome 4; genes within regions shown in red
are not depicted in the plot as they are not recurrently lost in all tetraploid clones.

B) Kaplan Meier relapse free survival curves, censored at 2 years for genome-doubled (GD;
red) and non-genome doubled (nGD; blue) TCGA cohort CRC tumours (n=150). P=0.019,
log-rank test (for full survival curves see Supplementary Fig. 8A).
C) Kaplan Meier relapse-free survival curves, censored at 2 years for genome-doubled (GD;
red) and non-genome doubled (nGD; blue) validation cohort CRC tumours (n=389).
P=0.0022, log-rank test (for full survival curves see Supplementary Fig.8B).

D) Relationship between wGllI, ploidy and tumour stage in genome-doubled tumours. Each
circle represents one genome-doubled tumour. The barplot shows the proportion of different
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tumour stages for tetraploid and sub-tetraploid samples. P=0.0062, Cochrane-Armitage test
for trend.
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