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Abstract 60 
Aneuploidy, the loss and gain of whole and part chromosomes, is near-ubiquitous in cancer genomes 61 
and likely defines cancer cell biology. However, the temporal evolutionary dynamics that select for 62 
aneuploidy remain uncharacterised. Here we perform longitudinal genomic analysis of 755 samples 63 
from a total of 167 patients with colorectal-derived neoplastic lesions that represent distinct stages 64 
of tumour evolution through metastasis and treatment.  Adenomas typically had few copy number 65 
alterations (CNAs) and most were subclonal, whereas cancers had many clonal CNAs, suggesting that 66 
progression goes through a CNA bottleneck.  Individual CRC glands from the same tumour typically 67 
had very similar karyotypes, despite evidence of ongoing instability at the cell level in patient 68 
tumours, cell lines and organoids. CNAs in metastatic lesions sampled from liver and other organs, 69 
after chemotherapy or targeted therapies, and in late recurrences were typically similar to the 70 
primary tumour. Mathematical modelling and statistical inference indicated that these data are 71 
consistent with the action of negative selection on CNAs that ‘traps’ cancer cell genomes on a fitness 72 
peak defined by the specific pattern of chromosomal aberrations. These data suggest that the initial 73 
progression of colorectal cancer requires the traversal of a rugged fitness landscape and subsequent 74 
CNA evolution, including metastatic dissemination and therapeutic resistance, is constrained by 75 
negative selection. 76 
 77 
  78 
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Introduction 79 
Most cancer genomes are aneuploid1. This is the result of gains and losses of whole or part 80 
chromosomes which are attained through a variety of mechanisms that include chromosome mis-81 
segregation, aberrant double strand break repair, and genome doubling2.  In colorectal cancer (CRC), 82 
approximately 85% of cancers are classified as chromosomally unstable (CIN) by virtue of having an 83 
abnormal karyotype and aneuploidy3.  The remaining ~15% of cancers exhibit genetic instability at 84 
the mutational level and are classified as hypermutant, but exhibit limited chromosome aberrations. 85 
  86 
Aneuploidy likely has a causal role in cancer evolution. First, the observed ubiquity of aneuploidy in 87 
cancers and the prevalence of recurrent chromosome copy number alterations (CNAs) is suggestive 88 
that some CNAs are positively selected

4,5
. Second, aneuploidy is predictive of progression to cancer 89 

in premalignant diseases such as Barrett oesophagus6 and ulcerative colitis7. Third, in established 90 
cancers, individual CNAs have prognostic value over-and-above single nucleotide alterations in key 91 
cancer driver genes8. Fourth, ploidy has been shown to have prognostic value in many types of 92 
established cancer9, and notably within-tumour heterogeneity of CNAs, as principally measured by 93 
the number of lineages with distinct karyotypes, is prognostic pan-cancer10. In lung cancer, the 94 
diversity of CNAs but not single nucleotide variants (SNVs) has prognostic value11.  95 
 96 
Aneuploidy should also be subject to negative selection because the loss or gain of large genomic 97 
regions will affect the expression of thousands of genes and regulatory elements, some of which are 98 
likely to adversely affect tumour cell viability12. Moreover, it is likely that some chromosomal 99 
conformations prevent correct chromosomes segregation, resulting in cell death. Chromosomal-100 
scale alterations are therefore expected to result in trade-offs between the dosages of positively- 101 
and negatively-selected elements

13
, potentially leading to an apparently stable aneuploid genome. 102 

Chromosomal changes may also have a buffering effect against deleterious point mutations14. In 103 
such an evolutionary regimen, most alterations are either neutral or negatively selected

15
. Indeed, 104 

studies show that the burden of CNAs is non-monotonically related with prognosis across cancer 105 
types

10
 (first observed in breast cancer

16
). As such, cancers carrying an intermediate level of 106 

alterations (‘just right’ aneuploidy) are associated with worse prognosis than cancers with lower or 107 
higher levels of aneuploidy. Observing negative selection may be complicated by the fact that less fit 108 
variants are effectively removed from the population and do not come to clinical prominence. 109 
 110 
The spatial-temporal evolutionary dynamics that produce the aneuploidy observed in cancer 111 
genomes remain poorly understood, in part because longitudinal measurement is often not 112 
clinically-feasible and is compounded by the challenge of reconstructing ancestral history of 113 
chromosome gains and losses17. CRC presents a unique opportunity to track clonal evolution over 114 
space and time:  pre-cancerous lesions (colorectal adenomas, CRAs) are occasionally ‘caught in the 115 
act’ of transformation and are found to contain a small focus of cancer (early CRCs). CRC frequently 116 
metastasizes to the liver, and repeated hepatic metastatectomy can provide a source of 117 
longitudinally sampled tumour material amenable for molecular analysis. 118 
 119 
Results 120 
 121 
Benign-to-malignant transformation through a CNA bottleneck 122 
Here we investigated the evolution of aneuploidy in a large cross-sectional and longitudinally 123 
followed cohort of adenomas and cancers. Previously we observed that the degree of aneuploidy 124 
was much higher in a small cohort of (malignant) colorectal cancers than (benign) adenomas

18
. To 125 

validate this observation, we performed multi-region spatial sampling and genome-wide copy 126 
number alteration analysis (by shallow whole genome sequencing [sWGS] or SNP-array) in n=139 127 
archival colorectal lesions (19 adenomas and 81 stage II/III CRCs, termed “regular CRCs”), and 39 128 
early CRCs of which 23/39 (59%) contained residual adenoma (Fig 1A). In early CRCs, adenoma and 129 
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carcinoma regions were separately subsampled (minimum 2 regions per neoplasm). The percentage 130 

of genome altered (PGA) by a CNA was lowest in adenomas and highest in regular CRCs (8.5% and 131 

27.2% respectively, p=8.4x10
-14

) and early CRCs (25.3%; Fig 1B). Gains were more prevalent than 132 

losses in adenomas (p=0.0052; Fig S1A) whereas they occurred at similar frequency relative to 133 

baseline ploidy in cancers  (p=0.75, p=0.32, respectively; Fig S1A). Which CNA events tended to be 134 

clonal or subclonal depended on tumour stage (Fig S1B). 135 

136 
Figure 1: Aneuploidy increases through colorectal cancer progression, and clonal diversity decreases. (A) 137 

Heatmap showing copy number alterations (CNAs) in adenomas (orange; top), early cancers (green; middle) 138 

and established cancers (blue; bottom).  Thin black lines delineate cases, within black lines are multiple regions 139 

of each case.  Genome doubling (GD) status is shown on the left of the heatmap. Red=gain, blue=loss. (B) 140 

Percentage genome altered (PGA) by adenomas, early cancers and then later stage cancers. PGA increases 141 

through progression. (C) The proportion of CNAs that are subclonal decreases through progression from 142 

adenomas to carcinomas. (D) Phase space of PGA versus proportion of subclonal CNAs that are subclonal. 143 

Adenomas (orange) have low PGA but high CNA subclonality, whereas CRCs (blue) have high PGA but low CNA 144 

subclonality. Early cancers (green) are more disparate in PGA and CNA subclonality. (E) The proportion of CNAs 145 

that are subclonal is not significantly associated with overall survival in CRCs (Kaplan Meier analysis, groups 146 

split on the median proportion of subclonal CNAs across the cohort). (F) Frequency of genome doubling (GD) by 147 

tumour stage. GD is very rare in adenomas, more common in later stage cancers where it is usually found to be 148 

clonal. (G) The proportion of CNAs that are subclonal by tumour stage and genome doubling status. Clonal 149 

genome doubling is associated with a lower proportion of subclonal CNAs. 150 

 151 

CNA subclonal diversity (the proportion of total altered genome not altered in all samples from a 152 

case; Methods) was greatest in adenomas and low in regular CRCs (p=0.0016; Fig 1C; Table S1; Table 153 
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S2). Different measures to quantify CNA subclonality were highly correlated (Fig S2A). This suggests 154 
that progression from benign to malignant tumours goes through an aneuploidy-divergence ‘phase 155 
space’ from low-aneuploidy/high-diversity to high-aneuploidy/low-diversity (Fig 1D), indicating a 156 
selective genetic bottleneck acting on CNAs. Consistently, within the early CRCs, the fraction of 157 
subclonal CNAs was higher between the adenoma components than between cancer components 158 
(p=1.2x10-6; Fig S3A). Moreover, subclonal CNA fraction in cancer components of early CRCs was 159 
significantly lower than in regular CRCs (p=0.046; Fig S3A; Fig S3B). 160 
 161 
We trained a classifier to infer the presence of genome doubling (GD) from shallow WGS data 162 
(Methods; Fig S4). GD was present in only a single adenoma and was clonal (Fig 1F). In regular CRCs, 163 
GD was more common (16/81, 18%) and was almost always clonal (15/16, 94%; Fig 1F). Within early 164 
CRCs, no adenoma component had GD, whereas a third of the early cancers (13/39) had evidence of 165 
GD (n=13/39; Fisher’s test p=0.0011) and typically this was clonal (11/13, 85%). These observations 166 
suggest that GD occurs at, or shortly prior to, the time of invasion. The proportion of subclonal CNAs 167 
was lower in GD than non-GD CRCs (p=0.00084; Fig 1F) and divergent CNAs were significantly 168 
shorter in length (p=0.015; Fig S5A). Therefore, following GD the aneuploid genome accrues little 169 
further alteration within primary CRCs, suggesting the process of genome doubling produces a fit 170 
genotype which drives passage through the CNA bottleneck. 171 
 172 
We investigated the relationship between CNA diversity and clinical outcome in regular CRCs. The 173 
diversity of pre-existing adaptive phenotypes in a population should correlate with population 174 
evolvability, and consequently more diverse populations are more likely to harbour an individual 175 
pre-adapted to a new selective pressure. Accordingly, intra-tumour clonal diversity has been 176 
observed as a pan-cancer prognostic biomarker

10 
and it is prognostic in the premalignant lesion 177 

Barrett’s Oesophagus19. However, in our cohort, the proportion of subclonal CNAs was not 178 
associated with overall survival (comparison of cases above and below median proportion of 179 
subclonal CNAs ; p=0.37; Fig 1E; Table S3) Consequently, these data suggested that intra-tumour 180 
CNA diversity did not strongly reflect the heterogeneity of adaptive phenotypes in regular CRC, and 181 
was consistent with prior observations of a lack of positive selection experienced by CRC20,21. The 182 
presence of GD was also not associated with overall survival (p=0.56, Fig S5C). 183 
 184 
Limited CNA diversity at single gland resolution in CRCs 185 
Previous reports using fluorescence in situ hybridisation (FISH) to measure CNAs at single cell 186 
resolution found widespread chromosomal instability in colorectal cancer cell lines

22
 and primary 187 

tumours20. To investigate CNA heterogeneity at higher resolution we exploited the fact that well-to-188 
moderately differentiated CRCs are made up of a collection of glands, each composed of a few 189 
thousand cells recently derived from a common ancestor20,23. Glands can reasonably be considered 190 
as units of selection in CRC, as gland fission likely expands the cancer cell population20. We extracted 191 
a total of 307 individual colorectal cancer glands from the notional ‘left’ and ‘right’ opposite sides of 192 
an additional 6 regular CRCs (Fig 2A, Table S3) and performed high-depth exome sequencing (59 193 
glands) or shallow whole genome sequencing (sWGS; 248 glands). In addition, we also analysed at 194 
least two bulk samples composed of numerous glands from each tumour. 195 
 196 
At gland level (individual clone) resolution the pattern of CNAs was quite similar within cancers (Fig 197 
2B, Table S4-5). In all cases, a ‘core karyotype’ was evident across the glands from that case, with a 198 
small numbers of glands showing additional subclonal CNAs (mean CNAs per gland = 7, mean clonal 199 
CNAs=6.5).  We note that intra-tumour CNA heterogeneity was detected, but we emphasise the 200 
clonality of most CNAs. Zooming in further, single cell analysis by FISH in four additional cases (Fig 201 
S6) and single cell sequencing in case C274 (reported in Bollen et al.

24
) confirmed ongoing instability 202 

at the level of individual cancer cells within glands.  203 
 204 
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205 
Figure 2: Lack of CNA heterogeneity at the level of individual colorectal cancer glands. (A) (left column) 206 

Heatmaps showing CNAs in individual glands in each of six CRCs.  Glands were sequenced from arbitrary 207 

opposite sides of each CRC as indicated by the heatmap on the right-hand side. Red hue colours indicate gains, 208 

blue losses. (centre column) Phylogenetic trees reconstructed from individual gland single nucleotide alteration 209 

calls from exome sequenced glands.  Trees are balanced (comparison with Yule model).  Note the trunk length 210 

is not shown to scale, number above trunk represent number of clonal SNVs. Branches are coloured by notional 211 

tumour side where the gland was collected. HI=homoplasy index. (right column) Results of Bayesian inference 212 

to determine whether the observed CNA diversity is best supported by a model with or without stabilising 213 

selection. Model selection by deviance information criteria (DIC) suggests that the stabilising selection model is 214 

better supported for four patients (10 simulation replicates used for each boxplot). (B) Schematic showing 215 

shape of fitness landscape used in the computational simulations of stabilising selection. The model parameter 216 

 determines the steepness of the single fitness peak in the landscape, at position defined by the above 217 

heatmap illustrating the optimal CNA pattern. (C) Heatmaps showing CNAs of the randomly sampled glands in 218 

one simulation as function of selective strength  when CNA rate is fixed (0.2). The simulations were based on 219 

data from patient C319, and 77 glands were sampled when the population size reached 100000. (D) Genetic 220 

divergence (top) and percentage of the genome altered (bottom) as a function of CNA rate and selection 221 

strength  (10 replicates for each case, the same simulation settings as in C). Strong selection on an initially 222 

optimal clone supresses diversity and CNA accumulation and higher mutation rates lead to more diversity and 223 

more CNA accumulation. The box plots show the median (centre), 1st (lower hinge), and 3rd (upper hinge) 224 
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quartiles of the data; the whiskers extend to 1.5× of the interquartile range (distance between the 1st and 3rd 225 
quartiles); data beyond the interquartile range are plotted individually. 226 
 227 
Single nucleotide variants (SNVs) were called from individual gland exome sequencing data and were 228 
used to reconstruct phylogenetic trees (Methods; Fig 2C, Table S6). Trees were balanced (ancestral 229 
nodes have equal numbers of offspring; Yule Model; p>0.05 for all cases) suggestive of a lack of 230 
stringent subclonal positive selection, in accordance with previous reports20,21. Individual glands 231 
from MSS tumours contained on average 156 SNVs (range: 68-232) which equated to 40 more SNVs 232 
than the most recent common ancestor (MRCA) cell of the cancer (371 SNVs for hypermutant cases). 233 
We calculated the SNV accumulation rate per year using only C>T mutations in the four trinucleotide 234 
contexts associated with COSMIC mutational signature 1 (ACG, CCG, GCG, TCG) which are known to 235 
accrue at a constant rate in CRC25. This analysis produced an estimate of the time to the MRCA of 24 236 
years (range: 11-30 years). Despite this elapsed time, we observed little subclonal accrual of CNAs 237 
within the cancers.  238 
 239 
Mathematical modelling negative selection on CNAs 240 
We hypothesised that the distinct pattern of CNAs observed in each CRC represented a (local) 241 
optimum in the fitness landscape, with negative (purifying) selection suppressing diversity at gland 242 
and bulk levels. To test this hypothesis, we developed a mathematical model of CNA accrual during 243 
cancer growth and the evolutionary dynamics due to the action of negative selection on the CNAs. 244 

Individuals in the model (‘glands’) had variable fitness (� �
��  � ��

��  � ��

� 1) defined by the gland’s 245 

karyotype according to the relation: 246 
 247 

�� � �� �
�� � ��

� � � 	 �
��, ��

, 248 

 249 
where ��  (��) was the birth (death) rate of gland �, ��  was the karyotype of gland �, �� was a pre-250 
specified ‘optimal’ karyotype that maximised fitness,  �� (��) was the ”optimal” birth (death) rate, 251 
and the function �
�� , ��� measured the genetic distance between the two karyotypes. A gland’s 252 
karyotype was represented by a vector of length �, where � was the number of bins used in our 253 
empirical data analysis, with each entry representing the integer copy number of each locus in the 254 
gland’s (abstracted) genome. The number of CNAs followed Poisson distribution at mutation rate 
 255 
per gland division, where the size of each CNA (in the unit of bins) was sampled from the sizes of 256 
observed CNAs in our data. A gland’s fitness was then inversely proportional to the absolute 257 

distance between a gland’s karyotype and the maximum fitness karyotype (�� ); the parameter � 258 
scaled the strength of stabilising selection experienced by non-optimal karyotypes, with � � 0 259 
defining a “flat” landscape where all karyotypes have the same fitness, � � ����  (Fig 2B).  260 
 261 
Stochastic simulations showed that ongoing mutation within a growing tumour in the absence of 262 
negative selection (� � 0) generated high CNA heterogeneity (Fig 2C&D). A growing tumour that 263 
initially occupied the fitness maxima (karyotype of the first cancer gland = ��) experienced negative 264 

selection which suppressed CNA diversity, with stronger negative selection (greater �) more 265 
severely limiting diversity (Fig 2C&D), and higher mutation rates generating more diversity (Fig 2D). 266 
Thus, modelling suggested that negative selection for an optimal CNA karyotype was a plausible 267 
explanation of the apparent stability of the aneuploid genome observed in CRC glands.  268 
 269 
Our previous single cell sequencing data, derived from cells extracted from colorectal glands from 270 
the same tumours analysed in this study

24
, provided an empirical measurement of the lower limit of 271 

the CNA rate at 
 � 0.1 new CNAs per gland division. The dynamics of cells within glands affect the 272 
scaling of per-cell to per-gland mutation rates in a complex fashion dependent on the mechanism of 273 
selection upon cell/gland karyotypes; for simplicity we neglected to consider these dynamics and 274 
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took prior distributions that set per-gland mutation rates the same as cellular rates. We used 275 
Bayesian model selection to compare the fit of models with negative selection versus no selection 276 
(purely neutral evolution) on the 6 cancers subjected to gland-by-gland analysis. In 4/6 cancers the 277 
model with stabilising selection better represented the data than the model without stabilising 278 
selection (Fig 2A), and it was not possible to distinguish between the models in 1/6 cases. The model 279 
rests on a number of assumptions, and the goodness of these assumptions (see Discussion) 280 
determines the strength of the conclusion that can be drawn from these analyses. Nevertheless, 281 
modelling provided some quantitative evidence that the low levels of CNAs diversity in primary CRCs 282 
was frequently due to the acting of stabilising selection upon a core karyotype.  283 
 284 
Ongoing CNA accrural in CRC model systems 285 
Our model of negative selection presumes that CNA events were constantly generated during 286 
tumour development and were purged from the population by negative selection, leading to 287 
minimal CNA heterogeneity. An alternative hypothesis is that CNA alteration rates are very low most 288 
of the time, possibly with occasional bursts of high CNA rates that produced the observed highly-289 
altered genomes. We note this is not necessarily the same as punctuated evolution, which does not 290 
require bursts of mutation rates because phenotypes develop in peripherally isolated populations in 291 
separated environmental niches26. High ongoing CNA rates in cancer and specifically in colorectal 292 
malignancies, rather than a burst of CAN events, has been demonstrated previously24, and was 293 
supported by single cell assays in our dataset (Fig S6 and ref 24). 294 
 295 
We sought to provide further evidence of an ongoing high CNA rate in CRC. We generated single cell 296 
DNA sequencing data from SW620 colon cancer cells (Fig S7A, Table S7). Using 91 high quality cells 297 
(see Methods) we performed CNA calling and phylogenetic analyses. This highlighted that individual 298 
cells had ongoing chromosomal instability because the cells had generated multiple new CNAs since 299 
their MRCA, in addition to a number of shared (clonal) CNAs in the population (Fig 3A). The new 300 
CNAs were spread across the genome, and phylogenetic analysis showed that cell-unique (tip) CNAs 301 
were enriched for chromosome 11 losses. This may indicate that the copy number gain state (CN = 302 
3) in chromosome 11 is unstable and frequently reversed in SW620 cells, or could indicate selection 303 
for this loss in our cell culture conditions.  304 
 305 
We next performed single cell DNA sequencing in a patient-derived colorectal cancer organoid

27
, 306 

which also showed ongoing CNA generation in individual cells that were spread across the entire 307 
genome (Fig 3C-D, Fig S7B, Table S7). 308 
                          309 
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 310 

Figure 3: Ongoing copy number alterations in model systems. (A) Schematic of the method used to 311 

obtain and sequence single-cells from cultured colorectal cell-line SW620 and patient derived 312 

organoid 3994-1117. Cell line SW620 underwent single-cell dispensing using the cellenONE system, 313 

followed by direct library prep (DLP) while the 10x Genomics Chromium was used to prepare single 314 

cell libraries from the patient derived organoid S994-1117. (B) Heatmap showing copy number 315 

alterations (CNAs) in single-cells from colorectal cell-line SW620 and (C) from patient derived 316 

organoid 3994-1117. Red=gain, blue=loss. (D) Phylogenetic tree constructed using CNAs in the CRC 317 

cell line SW620. (E) Frequency of copy number gains and losses at the tips of the SW620 phylogenetic 318 

tree as in 3G. (F) Phylogenetic tree constructed using CNAs in the CRC organoid 3994-117. (G) 319 

Frequency of copy number gains and losses at the tips of the 3994-117 phylogenetic tree. 320 

 321 

 322 
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Negative selection on CNAs continues through metastatic dissemination and treatment  323 
We then investigated how CNAs evolved during metastatic spread and treatment. Colonisation of a 324 
new tissue and the application of therapy represent new selective pressures that could change the 325 
core karyotype observed in primary CRCs. Even in the absence of positive selection, bottlenecks 326 
during metastatic colonisation combined with the strong effects of genetic drift in an initial small 327 
population, could lead to gross differences between primary tumour and metastatic deposits (i.e. 328 
founder effect). CRC frequently metastasises to the liver and less frequently to other organs, 329 
including the lung. We collected tissue from 23 primary sites and 68 metastatic lesions from 22 330 
patients, with the material collected longitudinally from a mode of 2 time-points (range 1-5 time 331 
points). Five patients remained untreated throughout their studied time course (an additional three 332 
patients received no treatment between sampled timepoints), while other patients had experienced 333 
a diverse range of treatment regimens (Table S8). Using sWGS, we measured inferred absolute copy 334 
number of CNAs for each tumour deposit (total of 168 distinct regions analysed) and called GD as 335 
described above. Comparing metastatic lesions to our previous primary CRC cohort (Fig 1), we 336 
observed that CNA diversity only fractionally increased in the metastatic cohort (Fig S8A). The 337 
frequency of GD was significantly higher in metastatic cases (18/22 [82%] had GD) versus regular 338 
CRCs (16/81 [20%] cases GD; p<0.0001; Fig S8B), and was comparable to previous reports of GD in 339 
metastatic CRC28. GD was clonal in two-thirds of metastatic cases with GD (12/18; 66%). 340 
 341 
We examined how CNAs evolved over space and time by comparing patterns of CNAs within and 342 
between metastatic lesions and to the primary tumour. Additionally, we performed phylogenetic 343 
analysis per patient in the cohort based on CNAs using MEDICC229 (Fig S9). We observed several 344 
examples of the maintenance of a core abnormal karyotype in the primary tumour wherein the 345 
pattern of CNAs did not greatly change in metastatic lesions through space, time, metastasis to 346 
other tissues and through chemotherapy and/or targeted treatment (Fig 3A-D, Fig S10-12, Table S9). 347 
In nearly all cases there were some CNA differences between lesions in the same patient, and we do 348 
not discount that these differences may be important for tumour cell biology. 349 
  350 
We measured the proportion of the aberrant genome that was subclonal in pairwise sample 351 
comparisons within each patient, the mean of which we term divergence, in addition to counting 352 
phylogenetic events. Patient LM0027 displayed little divergence in karyotype between the primary 353 
tumour and a metastasis taken a year later in the liver, with no treatment in-between (Fig 3A; 354 
divergence of 0.26 [0.18-0.31], mean absolute PGA difference 5.4 percentage points, mean number 355 
of phylogenetic events 11 [4-17]). In patient LM0071, despite 23 months between the primary colon 356 
and metastatic liver samples 3-months of oxaliplatin and capecitabine chemotherapy, maintenance 357 
of a core karyotype was observed (Fig 3A; divergence 0.17 [0.03-0.22], mean absolute PGA 358 
difference 1.6pp, mean number of events 5.1 [2-7]). LM0029 was followed for 28 months from 359 
primary diagnosis, through hepatic metastatectomies, one pulmonary metastatectomy, and three 360 
challenges of chemotherapy in combination with anti-epidermal growth factor monoclonal antibody 361 
cetuximab. Again, the core karyotype was broadly maintained throughout, with the largest 362 
difference seen in the lung metastases which lacked a gain of chromosome 2 (Fig 4A, divergence 363 
between consecutive sampling points of 0.19 [0.13-0.25], 0.34 [0.19-0.60], 0.26 [0.12-0.52], 0.38 364 
respectively, mean absolute PGA differences 4.6pp, 6.1pp, 6.2pp and 18pp respectively, mean 365 
number of events, 33 [30-36], 27 [14-38], 25 [13-40], 25 [25-25], respectively). Similarly, in patient 366 
LM0139, resection of the primary CRC at baseline was followed by hepatic metastatectomy at 23 367 
months and pulmonary metastatectomy at 72 months. Despite 6 years of elapsed evolution and 368 
metastasis to two separate organs, the final karyotype sampled in the lung had a very similar pattern 369 
of CNAs to the initial karyotype observed in the primary, demonstrating marked stability across time 370 
and space (divergence between first and last timepoint 0.28 [0.18-0.38], mean absolute PGA 371 
difference 12pp, mean number of events 36 [35-36]; Fig S13A).  372 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2020.03.26.007138doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.26.007138
http://creativecommons.org/licenses/by-nc/4.0/


 373 

Figure 4: Stability of CNAs across space, time, tissue and treatment in colorectal cancer. (A) 374 

Longitudinal assessment of CNAs in primary colorectal cancers and metachronous metastatic lesions 375 

in liver and lung showed similar CNA profiles were observed over space time, tissue and through 376 

various treatment courses.  Timelines of four representative metastatic patients are shown. 377 

Schematics show organ where cancer deposit was sampled. Genome-wide view of CNAs with gains 378 

(red) and losses (blue) relative to baseline ploidy. Proportion of Aberrant Genome Subclonal (PoAGS) 379 

and number of events are displayed for each comparison presented sequentially. To the right of each 380 

timeline is the corresponding phylogenetic tree as described in Fig S9. (B) Mean percent genome 381 

altered (PGA) averaged across all lesions at the sampling time by time since baseline (removal of the 382 

primary CRC). The PGA remained broadly constant over time in each patient (x-axis is days and is on 383 

a log scale). (C) The pairwise difference in CNAs between regions of the primary tumours was not 384 

significantly different to the pairwise difference between regions of paired metastatic lesions. (D) 385 

Across timepoint genetic divergence was not significantly different after treatment with various 386 

chemotherapy and/or targeted agents. (E) GD was common in metastatic primary tumours and 387 

metastatic deposits and was sometimes present in some but not all of the metastatic lesions from a 388 

patient (called subclonal GD). (F) An example case (LM0032) where GD was subclonal in the primary 389 

but clonal in the metastasis. The greater burden of CNAs is evident in the GD samples. (G) Frequency 390 

of copy number gains (red) and losses (losses) present on the clonal branches in the set of 391 

phylogenetic trees created from the cohort. Over-representation of some CNAs is evident. (H) 392 
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Frequency of copy number gains and losses at the tips of the phylogenetic trees (i.e. unique events). 393 
CNAs are uniformly spread across the genome. 394 

 395 
Despite these examples of relative stability, we observed some cases where CNA patterns diverged 396 
markedly between lesions. For example, the metastatic lesions in the ovary and omentum sampled 397 
at the second timepoint in LM0018, taken only 7 months after the sampling of the primary, showed 398 
the highest between timepoint divergence in the cohort (divergence 0.62 [0.55-0.7], mean absolute 399 
PGA difference 27pp, mean number of events 42 [32-52], Fig S10). The patient received FOLFOX in 400 
between sampling points. These samples were our only examples of ovary and omentum spread but 401 
raise the possibility that CNAs may change substantially to enable colonisation of these organs. We 402 
also highlight case LM0011 which also showed a large increase in divergence between the two 403 
timepoints in the colon and liver taken 16 months apart despite receiving no treatment in the 404 
interval (divergence 0.53 [0.49-0.62], mean absolute PGA difference 21pp, mean number of events 405 
52 [40-67], Fig S10). 406 
 407 
Alterations in the proportion of genome altered (PGA) were generally low in sequential timepoints 408 
indicating aneuploidy stability (mean PGA increased by 3.4pp on average for consecutive timepoints 409 
in the cohort; Fig 4B). Within the same time point, CNA differences between metastatic regions was 410 
not significantly different from CNA differences between primary regions (Fig 4C; p=0.2, linear mixed 411 
model, Fig S13B) and divergence within regions of primary colorectal samples was consistent with 412 
our analysis of regular CRCs (divergence 0.24). Overall, CNA divergence was not significantly 413 
different in on-treatment intervals versus off-treatment intervals (p=0.19, linear mixed model, Fig 414 
3D).  415 
 416 
Subclonal GD was inferred in six patients (LM0018, LM0019, LM0029, LM0032, LM0056, LM0124) 417 
and in these cases GD was enriched in metastatic samples versus primaries (Fig 4E). For example, the 418 
metastatic samples in LM0032 were GD whereas one of the two primary samples was not, 419 
suggesting GD was subclonal at the primary site and potentially led to the metastatic clone (Fig 4F). 420 
In LM0056 and LM0124 all primary samples were classified as non-GD, yet all bar one metastasis 421 
sample in each patient was considered GD, indicating the GD likely originated after metastasis. Only 422 
a single liver metastasis region was called as GD in LM0019. In primary CRCs, GD tumours had less 423 
diverse CNAs. The reason for this difference could be related to elapsed time: in GD primaries could 424 
be fit and grow rapidly with little elapsed time for new CNA evolution despite an intrinsically higher 425 
mutation rate, whereas in metastasis sufficient time elapses for new CNAs to accrue. 426 
 427 
Based on the phylogenetic structure inferred for all 22 patients, we separated CNA events into three 428 
categories: clonal (events preceding the MRCA of the tumour samples), intermediate (events shared 429 
between samples but not preceding the MRCA) and tip (events unique to each sample). Clonal CNAs 430 
had occurred early in the cancer’s development, and so selection had had time to operate on these 431 
events. In comparison, tip CNAs had occurred more recently and so may not yet have been assorted 432 
by selection. The distribution of clonal events across the genome showed some CNAs were far more 433 
common than others consistent with the typical pattern for CRC30. Events such as 8q, 13 and 20 gain, 434 
as well as 8p and 17p loss were enriched only in clonal alterations (Fig 4G). Contrastingly, the events 435 
at the tips of the phylogenetic trees (Fig 4H) showed a strikingly uniform distribution across the 436 
genome suggesting an ongoing accrual of CNAs at a constant rate across the genome, prior to 437 
assortment by selection.  438 
 439 
 440 
Discussion 441 
Our study reveals the dynamics of CNA during the evolution of colorectal cancer. We observe large 442 
changes in CNAs during the progression from benign to malignant disease, but thereafter the cancer 443 
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karyotype appears quite stable, and typically remains relatively unchanged over many years, 444 
through metastasis to distant organs, and despite treatment. Taken together, these data suggested 445 
a model whereby strong positive selection for an abnormal karyotype occurs during transformation 446 
from benign to malignant disease, and that thereafter the karyotype evolution is constrained by 447 
negative selection acting at the level of individual cells including in metastasis and during treatment. 448 
This is a distinct mechanism to transient bursts in the CNA rate as has been previously suggested to 449 
occur in breast cancer evolution

31
. We note that our finding of pervasive negative selection at CNA 450 

level is congruent with our previous observation of “Big Bang” effectively-neutral evolution in 451 
CRCs

20,21
, because negative selection acts to remove deleterious variants before they can expand to 452 

detectable levels and so only neutrally evolving lineages remain. Positively selected variants, both 453 
SNVs and CNAs, are clonal in the tumour and part of the ‘trunk’ of the phylogenetic tree but do not 454 
drive subclone expansions.  455 
 456 
We propose an altered “core karyotype” is necessary for the initiation of malignancy, and that the 457 
same karyotype is also sufficient for subsequent metastatic spread. These evolutionary dynamics are 458 
consistent with the observation of early metastasis in CRC32, whereby the genome of the initial 459 
primary tumour is competent for metastasis. Given the inter-tumour heterogeneity in patterns of 460 
CNAs, we suggest that the fitness landscape traversed by CNAs is ‘rugged’, with local fitness peaks 461 
located at normal-diploid and at multiple aberrant-genome positions, and that fitness of any 462 
individual karyotype is likely to be somewhat patient-specific due to the background of germline and 463 
somatic variants and tumour microenvironment composition. There could be multiple local maxima 464 
close together in genotype space – or similarly new CNAs could be deleterious or neutral – our 465 
analysis is insensitive to detect these dynamics. Our data do suggest that fitness peaks are likely 466 
sufficiently distant in karyotype space to prevent easy transition between peaks, and potentially that 467 
the selective landscape of CNAs differs between benign and malignant disease.  468 
 469 
Given the potentially defining role of CNAs in CRC evolution, we hypothesise that the fixed pattern 470 
of CNAs in any individual CRC likely defines the biology of that tumour, and consequently is a major 471 
determinant of patient prognosis and treatment response. That the karyotype is relatively fixed 472 
through treatment is surprising, as presumably the effectiveness of therapy is dependent on it acting 473 
as a novel and strong selective pressure. We had expected this new selective pressure to change the 474 
fitness landscape and as a result cause wholesale change in the CNAs observed post-therapy. It may 475 
be that the fitness peak of maximal treatment-resistance is too far from that occupied by an 476 
untreated tumour and so is highly unlikely to evolve. However, we emphasise that our analysis has 477 
taken a genome-wide average view, and adaption could be driven by individual and/or small 478 
CNAs8,33 for which our analysis is insensitive to detect. Nevertheless, an alternative explanation is 479 
that chemotherapy response in CRC may be entirely plastic34, and so does not involve the clonal 480 
selection of individual lineages – a phenomenon that may be common across cancer types35. In CRC, 481 
previous work is suggestive that plasticity is established very early in CRC35 and is consistent with 482 
reports of early metastatic spread32.  483 
 484 
We reiterate that there are typically clear genetic differences between matched primaries and mets, 485 
and we do not rule out that these differences could contribute importantly to tumour biology: we 486 
recognise that our analysis is insensitive to detect a driving role for such events. We acknowledge 487 
that our study is limited by its principal reliance upon bulk sampling, including our use of individual 488 
tumour glands, and stronger evidence for or against negative selection on CNAs will derive from 489 
large-scale single cell sequencing analyses. Our modelling relies on a number of critical but untested 490 
assumptions, such as simple scaling of mutation rates between tumour cells and glands, steady 491 
division rates of disseminated tumour cells, uncertain estimates of the age of metastases, and 492 
monoclonal origins of metastases. All these assumptions can alter the expectation of the degree of 493 
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genetic divergence between and within lesions. Appropriately addressing these assumptions is a 494 
major undertaking and should be a priority for future work. 495 
 496 
Collectively, out study demonstrates a plausible role for negative selection acting on the karyotype 497 
to define the genomes of colorectal cancers. 498 
 499 
Methods 500 
Full methods are provided as supplementary material. 501 
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