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Abstract

Background: The classical genetic model of colorectal cancer presents APC mutations as the earliest genomic
alterations, followed by KRAS and TP53 mutations. However, the timing and relative order of clonal expansion and
other types of genomic alterations, such as genomic rearrangements, are still unclear.

Results: Here, we perform comprehensive bioinformatic analysis to dissect the relative timing of somatic genetic
alterations in 63 colorectal cancers with whole-genome sequencing data. Utilizing allele fractions of somatic single
nucleotide variants as molecular clocks while accounting for the presence of copy number changes and structural
alterations, we identify key events in the evolution of colorectal tumors. We find that driver point mutations, gene
fusions, and arm-level copy losses typically arise early in tumorigenesis; different mechanisms act on distinct
genomic regions to drive DNA copy changes; and chromothripsis—clustered rearrangements previously thought to
occur as a single catastrophic event—is frequent and may occur multiple times independently in the same tumor
through different mechanisms. Furthermore, our computational approach reveals that, in contrast to recent studies,
selection is often present on subclones and that multiple evolutionary models can operate in a single tumor at

different stages.

Conclusion: Combining these results, we present a refined tumor progression model which significantly expands
our understanding of the tumorigenic process of human colorectal cancer.
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Background

Somatic mutations in colorectal cancer, the third most
common cancer worldwide, have been characterized
extensively over the years. These include frequent muta-
tions in TP53, APC, and KRAS and are associated with
disruptions to pathways such as Wnt signaling, TGF-f
signaling, and DNA mismatch repair [1]. In terms of
genome stability, microsatellite instability (MSI) and
chromosomal instability (CIN) are the two prominent
features. MSI cases have deficient DNA mismatch repair
due to mutations or epigenetic silencing of mismatch
repair genes, such as MSH2 and MLHI; this deficiency
results in a multitude of somatic single nucleotide
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variants (SNVs) and small indels. In contrast, tumors
characterized by CIN usually are aneuploid and accumu-
late somatic structural variants (SVs; also referred to as
genomic rearrangements) that frequently produce corre-
sponding copy number variations (CNVs).

Among the many genomic profiling efforts of colorec-
tal cancers, one of the most comprehensive ones was
performed by The Cancer Genome Atlas (TCGA), which
analyzed nearly 300 cases utilizing multiple “omics” plat-
forms [2]. This analysis identified a subset of ultra-
mutated (more mutations than hyper-mutated MSI
tumors) tumors carrying mutations in the POLE (DNA
polymerase epsilon) exonuclease domain, additional
frequently mutated genes such as ARIDIA and SOX9,
recurrent amplifications of ERBB2 and IGF2, recurrent
fusions of NAV2-TCF7L1, and the importance of tran-
scription regulation of MYC. Other studies uncovered
various SV drivers for colorectal cancers, including
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VTIIA-TCF7L2 fusions [3], RSPO fusions [4], and som-
atic transposable element insertions [5].

Although genetic alterations in colorectal cancer have
been extensively studied, less is known about the timing
of the alterations during tumor progression. The clas-
sical genetic model posits the order of major drivers to
be APC, TGF beta, KRAS, and TP53. The relative timing
of these mutations is derived from mouse models [6, 7]
and observed mutational frequencies at different tumor
stages [8], e.g, APC mutations are most frequent in
early-stage adenomas and 7TP53 mutations become
frequent only in late-stage carcinomas. To define the
timing of a larger set of alterations, one strategy is to
compare mutational frequencies in multiple samples
from the same patient [9-12], assuming that the alter-
ations found in all biopsies of a patient must have
occurred before the alterations found only in a subset.

Interestingly, a recent study that profiled many indi-
vidual tumor glands from each colorectal cancer patient
found subclonal alterations present in distant regions,
suggesting that the majority of subclonal alterations
occurred earlier, before ancestral cells expanded in
different directions [13]. The authors proposed a “Big
Bang” model, where tumors grow as a single expansion
without selective sweep. In the absence of multiple sam-
ples from an individual, it is also possible to infer relative
timing by analyzing allelic fractions in a single bulk sam-
ple, using allelic fractions to differentiate subclonal alter-
ations from clonal ones. Another recent study modeling
subclonal mutations in TCGA genomes and exomes,
including colorectal cancer, concluded again that tumor
growth is neutral after initial clonal expansion [14]. The
analysis we describe in this paper disputes these
inferences.

In this study, we used previously unpublished whole-
genome sequencing data from 63 TCGA colorectal cancer
patients to deepen our understanding of the evolution of
colorectal tumors and the mutational mechanisms that
shape their history. In particular, we integrated information
from multiple types of genomic alterations to infer the
order of mutational events. The events we characterized
include somatic SNVs, aneuploidy, genomic rearrange-
ments, clonal expansion, and other complex events such as
chromothripsis and kataegis. The use of whole-genome
data is essential for our analysis, as it enables more accurate
characterization of DNA copy number, mutant allelic frac-
tions, and other genomic features.

Results

The landscape of genetic alterations in colorectal cancer
A total of 65 colorectal cancer patients were subjected to
whole-genome sequencing (WGS) by TCGA Network at
an average depth of 55x for tumor samples and 36x for
matched normal samples (Additional file 1: Table S1 and
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S2). Two samples were excluded from further analysis due
to the presence of a large number of small tandem duplica-
tions, whose even distribution across the genome indicated
amplification-related artifacts (Additional file 2: Figure Sla).
Among the 63 high-quality cases, we detected a median of
20,867 somatic SNVs, 4020 small indels, 45 SVs, and 18
transposable element insertions (TEIs) per tumor.

The patterns of somatic alterations (Fig. 1) were
largely consistent with a previous study [2]. Ten tumors
(16%) had mismatch repair (MMR) genes disrupted by
either somatic SNVs or epigenetic silencing and dis-
played the classical MSI phenotype (hyper-mutated and
abundant in small indels). Another seven (11%) tumors
had a POLE exonuclease domain defect, which resulted
in ultra-mutated genomes with mutation rates higher
than those in MSI tumors [15]. The remaining 46 tu-
mors carried few SNVs and indels but were abundant in
CNVs and SVs, consistent with typical characteristics of
tumors with CIN. Using the method we developed previ-
ously for TEI detection [5], we confirmed that MSI
tumors had significantly more somatic TEIs than other
tumors (P =0.050 for MSI vs. POLE-mutant and CIN
tumors combined, Wilcoxon rank sum test), whereas
POLE-mutant and CIN tumors were not significantly
different (P =0.117, Wilcoxon rank sum test).

In our cohort, 6% of tumors had driver fusions. We
detected a VTIIA-TCF7L2 fusion and two RSPO3 fu-
sions. We also found an in-frame ACSL5-TCF7L2 fusion
that is part of a complex rearrangement resulting in
three distinct in-frame fusions (Additional file 2: Figure
S1b). The ACSLS5-TCF7L2 fusion activates the 3’ fusion
partner TCF7L2 (Additional file 2: Figure Slc) and
therefore is likely to be a driver fusion [16].

Mutational history revealed by somatic SNVs

To reconstruct the mutational history of a tumor, we
first dissected clonal and subclonal structure and deter-
mined ploidy for all chromosomes. Existing methods
combine CNV calls with either somatic SNV [17] or
germline single nucleotide polymorphism (SNP) calls
[18, 19] to infer tumor purity, presence of subclone(s),
and integer copy number of each chromosome (equiva-
lent to ploidy) from bulk sequencing data. We integrated
both mutant allele fractions (MAFs) of somatic SNVs
and minor allele (B-allele) frequencies (BAFs) of hetero-
zygous SNPs with copy ratios between tumor and nor-
mal samples to infer tumor purity, ploidy, and subclone
structure (see the “Material and methods” section). This
integrative analysis was challenging due to the high noise
level of the various mutational profiles, as illustrated in
Fig. 2a. Compared to the data generated by SNP-based
platforms, WGS data provide much more accurate infer-
ence of copy number profiles, which serve as a basis for
purity and ploidy estimation as well as subsequent
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Fig. 1 Mutational landscape of our colorectal cancer cohort. Tumors are classified into three groups: POLE-mutant, MSI, and CIN. The total
number of tumors carrying specific mutations is listed on the right side of the mutation tables. Mut_homozygous indicates all chromosomes in
tumor cells carry the mutation regardless of copy number, Mut_heterozygous indicates some chromosomes carry mutant allele and some carry
wild-type allele, and Mut* indicates mutations are detected but we cannot determine if some or all chromosomes carry the mutations

analysis. Although computational methods addressing
this issue have improved substantially [20, 21], because
of the lack of sufficient precision in allele fraction quan-
tification and the inherent complexity of the mutational
event space, manual annotation is required to properly
combine multiple data sources, especially for subclonal
inferences. We were able to reconstruct the main events
in the history of nearly all 63 cases, performing a manual
inspection of each event for accuracy.

To illustrate our procedure of validating the predicted
purity and ploidy with somatic SNVs, consider the colorec-
tal sample (crc3913) highlighted in Fig. 2a. The sample’s
tumor purity was predicted to be 0.74. Both chromosome
arms 3p and 5q were characterized by copy neutral loss of

heterozygosity (CN-LOH) based on their copy number of
two and the presence of a single allele inferred from the
germline BAF distribution. In terms of somatic SNVs, there
were three distinct groups according to their allele fractions
in both the 3p and 5q (Fig. 2b) arms: clonal SNVs that
occurred before the CN-LOH, clonal SNVs that occurred
after the CN-LOH, and subclonal SNVs. The somatic SN'Vs
found on both copies of the chromosomes (red SNVs) were
predicted to have a MAF of 0.74 based on the formula
described in the “Materials and methods” section. The
right-most peak was observed at 0.7 for chromosome 3p
(Fig. 2b, left panel), close to the predicted value. Similarly,
the predicted and observed right-most peaks were 0.37 and
0.37 for copy neutral chromosomes (i.e., chromosomes 1,
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Fig. 2 (See legend on next page.)
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Fig. 2 Timing of genetic alterations and tumor progression history. a Genetic alteration profiles for tumor crc3913. Copy ratio, heterozygous SNP
BAF, and somatic SNV MAF profiles are displayed. The numbers on the right side of the copy ratio plot represent predicted integer copy
numbers. b MAF profiles and timing estimation for CN-LOH regions. The two plots on the left are allele fraction distributions in two CN-LOH
regions, and the plots on the right demonstrate how somatic SNVs accumulate in a CN-LOH chromosome. c—f MAF profiles for copy-neutral,
one-copy gain, bi-allelic two-copy gain, and three-copy gain chromosomes. Mutational history is shown for one-copy gain and three-copy gain
chromosomes. In one-copy gain chromosomes (panel d), the SNVs in the middle peak of the MAF profile are SNVs present on one out of the
three chromosomes and are a mixture of SNVs occurring both before (red SNVs) and after (blue SNVs) the copy gain, since red SNVs on the
green chromosome are not duplicated. g Tumor progression map of crc3913. The tumor progresses from left to right. The heights of colored
bars on the right represent the proportions of cells. For example, in this tumor, 74% of the cells are tumor cells and 26% of cells are stroma cells.
The arrows point out the timing of the events with the 95% of confidence interval shown as a bar above or below the arrows. The time windows
when point mutations occur are shown as pink horizontal lines. h Complex aneuploidy history inferred by data integration for chromosomes 2

and 9. The variants’ profiles are shown on the left and the proposed mutational history is on the right. i Tumor progression map of crc2683

2p, 3, 5p, 10, 15, and 22; Fig. 2c), 0.54 and 0.5 for chromo-
somes (chromosomes 6 and 11) with a one-copy gain
(Fig. 2d), and 0.43 and 044 for chromosomes (chromo-
somes 3q, 7 and 13) with a bi-allelic two-copy gain (Fig. 2e),
respectively. Interestingly, chromosome X had two separate
duplications—a one-copy gain and a bi-allelic two-copy
gain based on the somatic MAF pattern (Fig. 2f). The red
SNVs occurred before any copy gains and thus were
present on all four copies of the chromosome; the blue
SNVs occurred after the one-copy gain but before the two-
copy gain; and the green SNVs occurred after the two-copy
gain (Fig. 2f). The predicted and observed peak positions
were 0.85 and 0.88 for red SNVs, respectively. Overall, this
suggests the observed MAFs were consistent with predicted
tumor purity and ploidy.

To estimate the timing of chromosomal duplications and
clonal expansions, we used somatic SNVs as a molecular
clock. For example, for the CN-LOH chromosomes of
crc3913, there were very few pre-LOH somatic SNVs (red
SNVs) on 5q, whereas there were many on 3p, with more
post-LOH SNVs (blue SNVs) than pre-LOH ones (Fig. 2b).
This suggested that the 5q CN-LOH was a very early event
and the 3p CN-LOH happened at a later time. The timing
of the CN-LOH could be quantified as 0.02 and 0.68 for 5q
and 3p, respectively, based on the number of SNVs occur-
ring before and after the CN-LOH (Fig. 2g). Early CN-LOH
events were also present in some other tumors, whereas the
rest of the copy gain events usually took place after TP53
mutations (Additional file 2: Figure S2). This is expected
because although cells with wild-type TP53 cannot tolerate
aneuploidy, they can tolerate CN-LOH, as the total number
of chromosomes remains the same in CN-LOH regions.
Similarly, the timing of the one-copy gain and the bi-allelic
two-copy gain could be estimated as 0.66 and 0.71, respect-
ively (Fig. 2d, e) and were very close to the timing of most
CN-LOH (Fig. 2g). The timing of clonal expansion was
estimated by counting the number of clonal SNVs out of
total somatic SNVs. In crc3913, it was estimated to be 0.9
on both CN-LOH (Fig. 2b) and copy neutral non-LOH
chromosomes (Fig. 2c). In our study, we only used regions
with one or two copies for clonal expansion time

estimation because the subclonal peaks of somatic SNVs in
MAF profiles were better separated from clonal ones. The
inference of clonal expansion time was less reliable on
higher copy number chromosomes since subclonal SNVs
were often undetectable (Fig. 2e, f). We could also infer
when somatic SNVs arose based on their MAFs. For in-
stance, the APC mutation in the colorectal tumor crc3913
clearly occurred before the 5q CN-LOH because it was
present on both copies of chromosome 5q (Fig. 2b, g). The
TP53 mutation, in contrast, was only present on one copy
of chromosome 17 and must have occurred after the CN-
LOH (Fig. 2g). The timing estimations of point mutations
often encompassed wide windows (the entire pink block in
Fig. 2g) since we could only determine the point mutation
occurrences to be before or after copy changes/clonal
expansions.

In some cases, it was possible to reconstruct com-
plex aneuploidy history. In tumor crc2683, for in-
stance, chromosomes 2 and 9 had the same copy
ratios and heterozygous SNP profiles, but they dif-
fered in somatic SNV distributions (Fig. 2h). Based on
SNPs and copy ratio, we concluded there were four
copies of both chromosomes and all four were of the
same parental origin. A significant portion of somatic
SNVs on chromosome 2 had allele fractions near 1
while many SNVs on chromosome 9 had allele frac-
tions around 0.75 (Fig. 2h and Additional file 2: Fig-
ure S3a). The simplest model compatible with these
observations is that chromosome 2 had a three-copy
gain after losing one parental copy, while chromo-
some 9 had an early CN-LOH event followed by a
late mono-allelic two-copy gain (Fig. 2h, i). We com-
pared our timing estimations with the cancerTiming
package [22] in CN-LOH, one-copy gain and mono-
allelic two-copy gain regions of all CIN tumors. The
two estimations were very similar (R*=0.83). How-
ever, the cancerTiming algorithm can only model a
subset of evolutionary histories. It cannot model bi-
allelic two-copy gain and some complex histories, e.g.,
two types of copy-gain LOH events in Fig. 2h. In
summary, our approach can provide a valuable view
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of tumor progression history using bulk sequencing
data.

We were able to reconstruct the tumor progression
history for the vast majority of CIN tumors (43 out
of 46; Additional file 2: Figure S4a) as well as all of
the MSI and POLE-mutant tumors (Additional file 2:
Figure S4b and S4c). Interestingly, tumor purity was
significantly higher in the CIN tumors than POLE-
mutant and MSI tumors (P =0.002, Wilcoxon rank
sum test; Additional file 2: Figure S4d). In addition,
we found that clonal expansion happened earlier for
POLE-mutant tumors than CIN and MSI tumors
(P=0.019, Wilcoxon rank sum test; Additional file 2:
Figure S4d). The underlying biological mechanisms
of these differences are unknown, but they are un-
likely to be caused by mutation burden or mutation
mechanisms since our timing estimation of clonal
expansion is based on the ratio between clonal and
subclonal SNVs. Comparing the timing of subclonal
events and clonal expansion, we showed that subclo-
nal copy changes often arise before major clonal
expansion (Fig. 3a and Additional file 2: Figure S5).
This is consistent with the observation of a previous
multi-sample sequencing study [13], but our ap-
proach to model the timing of subclonal alterations
using a single tumor sample is substantially less bur-
densome in practice than sequencing multiple sam-
ples. We found that driver SNVs often occur before
aneuploidy and that mutant alleles were amplified by
copy gains (Fig. 3b—d). Similarly, driver fusions also
occurred fairly early. This was the case in three of
the four cases shown in Fig. 3e; in the fourth tumor
(crcA5YX), genome duplication (GD) occurred im-
mediately before clonal expansion, and we could not
further narrow down the time window of the
PTPRK-RSPO fusion.

In a recent study of kidney cancer [21], timing of alter-
ations was estimated in years and the occurrences of alter-
ations could be mapped to patient age. This resulted from
the fact that somatic SNVs in kidney cancer are predomin-
antly driven by aging-related mutational signatures (COS-
MIC signatures 1 and 5) and the mutation rate was shown
to be constant over time. In addition, multiple tumors were
sequenced for each patient in the kidney cancer study, so
that mutation rates could be determined based on the
phylogenetic trees of the tumors. In our cohort, the muta-
tion rates are unlikely to be the same across patients and
are certainly not constant over time, since some tumors are
hyper-mutated and multiple mutational signatures (e.g,
homologous recombination deficiency and COSMIC signa-
tures 17 and 18, of unknown etiology) contribute to shape
the mutational landscape. Therefore, the estimated timing
in our study can only accommodate the relative order of
genetic alterations and clonal expansions.
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Non-neutral evolution

The above analysis involved carefully distinguishing clonal
and subclonal SNVs and accounting for sequencing depth,
tumor purity, and ploidy in each sample. For example, we
used somatic SNVs in genomic regions with either one or
two copies so that clonal and subclonal SNVs were better
separated, and then determined the upper bounds of allele
fraction that best separated clonal and subclonal SNVs.
The lower bounds were determined by testing SNV detec-
tion limits under different coverages (see the “Material
and methods” section and Additional file 2: Figure Sé6a).
For sample crcA5EK, for instance, the appropriate range
of subclonal SNVs was 0.06—0.21, which appeared to opti-
mally separate clonal and subclonal SNVs according to
the distribution of allele fractions (Fig. 4a).

An important consequence of differentiating clonal and
subclonal SNVs is that we are able to better understand
the evolutionary process of tumor growth. A recent study
proposed that a significant portion of colorectal cancers
undergo neutral evolution after an initial clonal expansion
[14]. Their theory was based on the simple argument that
the allele fractions of subclonal SNVs should follow a
power-law distribution if the tumor evolves neutrally.
Given that mutations are introduced at every cell division,
late-occurring SNVs in a neutrally expanding cell popula-
tion should be present in more cells (as more cells acquire
SNVs independently) but at lower allele fractions (a
smaller number of cells carrying each SNV). Their model
results in a simple relationship between the number of
subclonal SNVs and the inverse of allele fractions, where a
linear relationship corresponds to neutral evolution. Using
an R? value of 0.98 as a cutoff threshold for the linear rela-
tionship, they found that many colorectal cancers evolve
neutrally. However, others have pointed out that many
other evolutionary models besides neutral evolution are
also compatible with their observed data [23].

In Williams et al., a single allele fraction range (0.12 to
0.24) was used to select subclonal SNVs for all tumors in
the study, regardless of their sequencing depth, purity, and
ploidy. In the example shown in Fig. 44, it can be seen that
variants in this range included many clonal SNVs and ex-
cluded many subclonal SNVs. Testing the tumor growth
model for the new set of subclonal SNVs using the same
mathematic formula from Williams et al., we found that
this tumor no longer fit the neutral model (an R* of 0.76
was below their threshold of 0.98). In addition, Williams
et al. claimed that aneuploidy did not affect their model,
but we observed the contrary. As pointed out recently
[24], in aneuploid regions, clonal SNVs had much lower
allele fractions (Additional file 2: Figure S6b), and so SNVs
in the 0.12-0.24 range were mostly clonal. After selecting
the appropriate subclonal SNVs on non-aneuploid chro-
mosomes for all tumors and performing the same power-
law distribution test, we found that only 6 out of 39 CIN
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A

tumors fit the neutral model (Fig. 4b, Additional file 1:
Table S3), in sharp contrast to the previously reported
number (31/82; P=0.012, Fisher’s exact test). Further-
more, sometimes peak(s) of subclonal SNVs could be

clearly observed (Fig. 4a), which is consistent with expan-
sion of subclone(s). If subclonal SNV peaks were well
separated and not too close to the detection limit, the tim-
ing of one of the subclonal expansions could also be
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quantified. Similar to the timing estimations of copy gain
and clonal expansion demonstrated in Fig. 2b, we could
further assign subclonal SNVs into two categories: before
(SNVs around peak 1) and after (SNVs around peak 2)
subclonal expansions. The timing of subclonal expansion
was subsequently estimated based on the proportion of
SNVs before and after subclonal expansion (Fig. 4c). In
summary, our results demonstrated that, in a vast majority
of the colorectal tumors, tumor growth is not neutral after
the initial clonal expansion and additional selection on
subclones is often present.

Different mechanisms act on different genomic regions to
optimize DNA dosage

The integer copy numbers and the timing of their changes
we inferred allowed us to better understand the process of
copy gains and losses (Fig. 5). In a routine CNV analysis,

identification of amplified and deleted regions is based on
copy ratios between tumor and normal tissues, typically
involving normalization of the copy ratios within each sam-
ple. This normalization becomes problematic when there
are genome duplications (GDs), a common phenomenon in
solid tumors [25]. For example, if most of the chromo-
somes in a tumor have three copies and only one chromo-
some has two copies, the two-copy chromosome would be
considered a “loss” by a standard copy ratio approach
because of its low dosage relative to other chromosomes.
Furthermore, since GD is frequently followed by additional
copy losses, it is not simple to distinguish such cases from
the ones in which there are a series of duplications of indi-
vidual chromosomes without GD. A previous approach for
identifying GD was based only on allelic copy number
imbalance [17], without considering the synchrony among
the chromosomes.
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We considered the fact that a full GD event gives rise
to bi-allelic copy gains of all chromosomes at the same
time (Additional file 2: Figure S7a), with copy loss prior
to and after the GD manifesting as CN-LOH or a single
copy gain after GD, respectively. To avoid calling
sequential duplications as a GD, we required more than
half of the genome to be duplicated (CN-LOH, one copy
gain, bi-allelic two or more copy gain) at the same time
since the number of chromosomes co-amplified seemed
to follow a continuous distribution (Additional file 2:
Figure S7b). In our cohort, 43% (20 out of 46) of the
CIN tumors had GD events, while none of the POLE-
mutant or MSI tumors exhibited GD, as expected
(Fig. 5). In some GD cases, GD occurred quite early
compared to clonal expansion (Figs. 2e and 3c, d).
Among the non-GD CIN tumors, some had a substantial
portion of their genomes amplified, but the duplications
occurred at multiple time points (Additional file 2:
Figure S7c¢).

We observed three distinct mechanisms acting on
different genomic regions to optimize DNA dosage, as

illustrated by three examples. First, we found frequent
losses and CN-LOH events for chromosome 17p and 18
(where the major tumor suppressors, TP53, SMAD4, and
DCC, reside) in CIN tumors (Fig. 5). Some tumors had
additional copy gains after LOH of 17p, resulting in three
or more copies of the same parental origin (orange color
in Fig. 5). Chromosome 17p loss and CN-LOH were the
most frequent arm-level copy changes across all cancers
[26]. In our cohort, the loss of 17p only occurred in non-
GD tumors; GD tumors were distinct, mostly having CN-
LOHs but no copy loss (Fig. 5; P=0.005, Fisher’s exact
test). The occurrences of copy loss and CN-LOH on
chromosome 18 were significantly correlated with GD
status (Fig. 5; P =1e-6, Fisher’s exact test): losses were
only found in non-GD tumor with one exception, whereas
all CN-LOHs were seen only in GD tumors. The whole
chromosomal CN-LOH has been proposed to arise from
chromosomal segregation errors in mitosis, whereas seg-
mental CN-LOH can result from recombination during
mitosis or DNA double-strand break repair [27]. However,
the association between CN-LOH and GD in our data
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suggests that most CN-LOH takes place through a two-
step process: a deletion followed by a duplication (often a
GD).

Second, multiple losses may occur in GD tumors both
before and after GD, as exemplified by chromosome 8.
For that chromosome, most tumors only had one copy of
8p regardless of whether GD took place or not (Fig. 5,
blue). The additional 8p loss must have occurred after GD
because there was always one copy of 8p that remained
and homozygous loss of 8p was never observed. Such a
pattern suggested that there was an additional 8p loss after
GD that provided further selective advantages to tumor
cells, such as altering tumor metabolism [28].

Lastly, some chromosomes often had low dosage even
after GD, not because of subsequent deletion but because
they were not involved in GD and thus not amplified in
the first place. For example, a previous study identified
frequent loss of chromosomes 1p and 4 [2]. However, our
analysis showed that they are amplified less frequently
than being deleted after GD (Fig. 5). Of the 20 GD tumors,
seven had two copies of chromosome 4, and six of them
retained both parental copies. If these tumors had lost two
copies after GD, we would have expected equal numbers
of copy neutral and CN-LOH cases. However, the ratio of
6 to 1 suggested that a more likely scenario was that
chromosome 4 was not duplicated during GD (P = 0.06 by
binomial test is marginally significant due to the small
sample size), although we cannot rule out the possibility
of frequent loss of two copies of the same parental origin
after GD. Furthermore, in non-GD CIN tumors, chromo-
some 4 is one of the rarely amplified chromosomes.

Multiple independent occurrences of chromothripsis and
kataegis

Two recently discovered mutational phenotypes are
chromothripsis, a multitude of genomic rearrangements
occurring on one or a few chromosomes as a result of a
single catastrophic event [29], and kataegis, clustered
occurrences of C > G and/or C > T SNVs associated with
activities of APOBEC enzymes and genomic rearrange-
ments [30]. Here, we define chromothripsis broadly as
complex rearrangements that are likely to arise as a
single catastrophic event. Chromothripsis was reported
in a colorectal tumor in a cohort of four patients [31];
however, kataegis was not described in colorectal cancer
yet. The TCGA colorectal cancer paper [2] analyzed 97
genomes sequenced at very low coverage (2—3x)—too low a
coverage to detect chromothripsis and kataegis. In our
cohort, we identified chromothripsis in 23 chromosomes
from 13 tumors (Fig. 1, Additional file 1: Table S4, with more
details in Additional file 2: Figure S8a) for all cases except
the two described below. Of all the chromothripsis events,
20 were clonal and 3 were subclonal (Additional file 1: Table
S4). Most of these tumors (12 out of 13) were CIN. One of
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them (crcAO1R), however, was an MSI case, even though
MSI tumors are considered chromosomally stable [2].
Although CNVs were rare in MSI tumors (Fig. 5) in general,
their SV frequencies were comparable to those in CIN
tumors (P = 0.82, Wilcoxon rank sum test). We suspect that
the ancestor cells of MSI tumors may have less chromosomal
mis-segregation (thus no aneuploidy) but may have similar
levels of erroneous DNA replication and error-prone DNA
double-strand break repair as CIN tumors.

Surprisingly, we found that chromothripsis could occur
multiple times independently in a tumor. This was inferred
based on the timing of CNVs and clonality associated with
the chromothripsis events. An example is tumor crc4015,
in which chromothripsis events were present on chromo-
somes 1, 12, and 21 (Fig. 6a, colored). First, the rearrange-
ments were almost entirely intra-chromosomal, suggesting
that the three chromosomes are unlikely to be related.
Second, they displayed different mechanistic signatures and
timing. For chromosome 1, our estimation of CNV timing
showed that the oscillatory one-copy gain on 1p and the
arm-level one-copy gain on 1q occurred at the same time
as GD, consistent with a one-copy gain on the entire
chromosome 1 followed by chromothripsis only on 1p.
This chromothripsis perfectly recapitulated a micronuclei-
induced event [32]. For chromosome 21, although its
timing could not be estimated reliably due to the small
number of somatic SNVs in the copy gain region, the chro-
mothripsis event showed a different pattern: there were at
least four copy states, some fragments were highly ampli-
fied, and a sub-telomeric region was lost. Such pattern is
reminiscent of BFB-cycle-induced chromothripsis [33].
Finally, on chromosome 12, the event was subclonal (copy
states are between integers) and appeared to have occurred
later than the other two (Fig. 6b). Note that our chromo-
thripsis mechanism inferences were based on the pattern of
SV breakpoints and copy number profiles. We could not
formally rule out other possible chromothripsis-forming
mechanisms.

In another tumor (crcA01S), a detailed investigation of
the chromothripsis events on chromosomes 2, 4, and 13
revealed that these were three independent events
(Fig. 6¢). The one at a sub-telomeric region of 2q was a
subclonal event (Fig. 6c, right panel), with most
segments having a copy number close to two but posses-
sing a germline SNP BAF profile different from copy
neutral or CN-LOH regions. More interestingly, there
were two events that each involved multiple chromo-
somes. In one case, chromosomes 4, 13, 18, and X were
part of a micronuclei-induced-chromothripsis with two
copy states (Fig. 6¢ bottom). In the second case, chro-
mosomes 8, 20, and another part of 13 were part of a
BFB-cycle-induced chromothripsis event, displaying
multiple copy states, high amplification of certain re-
gions, and loss of sub-telomeric regions of chromosomes
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8 and 20. This event occurred relatively early (Fig. 6d),
as estimated via the two-copy gain of 8q, CN-LOH of
20p, and one-copy gain of 20q. Thus, our analysis
suggested the presence of two clonal and one subclo-
nal chromothripsis events, all having occurred inde-
pendently, and two events involving different parts of
the same chromosome (chromosome 13).

Kataegis events were present on 12 chromosomes
across eight CIN tumors (Fig. 1 and Additional file 1:

Table S5). In addition to the canonical kataegis SNVs
(C>G and C>T), we also found C>A SNVs to be
abundant (Additional file 2: Figure S8b crc4015). Deter-
mining the timing of kataegis based on kataegis SNV
MAFs and the timing of associated somatic SVs (as
kataegis SNVs are generated during SV formation), we
found that kataegis sometimes occurred multiple times
independently in a single tumor, as chromothripsis did.
In one tumor (crcA56B; Fig. 6e), kataegis was found on
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chromosomes 11, 17, and 21 and was associated with
chromothripsis, a simple deletion, and a complex
rearrangement, respectively (Fig. 6f, blue). On chromo-
some 11, the copy numbers of segments mostly differed
by ~1, suggesting that chromothripsis and its corre-
sponding kataegis occurred after a GD. On chromosome
17, we did not detect somatic SVs nearby, but the kataegis
SNVs were in close proximity of a copy loss region of 17p.
The two-copy difference between the deleted region and
its surrounding regions as well as the high MAFs of katae-
gis SNVs on chromosome 17 suggested that this kataegis
event arose before the duplication of chromosome 17.
Similarly, the copy changes and low MAFs of kataegis
SNVs on chromosome 21 suggested that this kataegis oc-
curred after a one-copy gain. Thus, we inferred that three
independent kataegis events occurred at different times in
this sample (Fig. 6g). Other kataegis cases are shown in
Additional file 2: Figure S8a and S8b.

These results demonstrate that, although chromo-
thripsis and kataegis are considered as bursts of gen-
etic alterations that arise from a single catastrophic
event, they can occur independently multiple times
during tumor progression, sometimes by distinct
mechanisms.

Enhanced genetic model for colorectal cancer
With our in-depth and unbiased bioinformatic analysis
of 63 WGS cases, we estimated timing of various
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genomic alterations in the history of colorectal tumors
and detailed the many complex patterns previously
unexamined. The frequently observed events were sum-
marized into an enhanced genetic model in Fig. 7. For
CIN tumors, APC mutation and 5q loss were the earliest
driver alterations (light blue in Fig. 7a). CN-LOH can
occur quite early, but the 5q CN-LOH always occurred
after APC mutation so that both copies of APC were
mutated. As an early-stage adenoma turned into a late-
stage adenoma, TGF beta, RAS, and TP53 were mutated
sequentially, and 8p, 17p, and 18 were lost over time
(dark blue and light green clones). Driver fusions, such
as those involving TCF7L2 or RSPO, also occurred in
this time window. Eventually, one of the adenoma cells
(dark green) took over the entire tumor cell population,
out-competing other cells. After T7P53 mutation and loss
of 17p, chromosome-level CNVs started to accumulate,
sometimes with the emergence of GD. In GD tumors,
8p was frequently lost after the GD. The major clonal
expansion happened fairly late, often preceded by sub-
clonal copy changes. When the major clonal expansion
occurred, adenoma started to transition into carcinoma.
Tumor growth was usually not neutral after the major
clonal expansion and secondary subclonal expansions
were often present. Chromothripsis took place multiple
times in the same cells, sometimes in subclones, but
always after TP53 inactivation. Some somatic TE inser-
tions could also occur quite early, given their high allele
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fractions. Note that all tumors in our cohort are carcin-
omas and the order of genetic alterations in adenoma
phase is adopted from the classical genetic model [8].

The timing of most genomic alterations could not be
precisely estimated in MSI and POLE-mutant tumors
since they had few copy changes (Fig. 7b, c). The clonal-
ities of MSI and POLE-mutant tumors were lower than
CIN tumors, and the major clonal expansion in POLE-
mutant tumors started earlier than in MSI and CIN
tumors.

Four different tumor evolution models have been
proposed based on numerous studies in the past several
decades: linear, branching, neutral, and punctuated
(reviewed in Davis et al. [34]). The linear model posits
that driver mutations are acquired slowly one by one
and selective sweeps occur to form dominant clones;
the branching model states that multiple clones emerge
in parallel and diverge; the neutral model proposes that
there is no additional selection after tumor initiation
and that tumors evolve neutrally; and the punctuated
model favors a large number of mutations burst in a
short time. Our results reveal that colorectal tumors
evolve as a mixture of at least three models. For CIN
tumors at early stage (Fig. 7a), the APC, KRAS, and
TP53 mutations and arm-level copy losses occur one
after another, and the dominant clones carry all of
these driver alterations—so the linear model is in action
at early stage. Then, parallel branches (subclones)
emerge before the major clonal expansion and persist
through late stage—therefore, the branching model is
operating later. Bursts of mutations—in accordance
with a punctuated model—arise in some tumors in the
form of chromothripsis and kataegis. Therefore, these
three evolutionary models could be operating at differ-
ent stages in the same tumor, and one model is unlikely
to fit all. In summary, our enhanced genetic model for
colorectal cancer is substantially more comprehensive
than the classical genetic model and offers further
insights into the landmark events as well as their com-
plexity in colorectal tumor progression.

Discussion

Our ability to differentiate subclonal copy changes
largely depends on the quality of copy number calls and
the size of subclonal copy changes, as regions with copy
ratios between two integer copy numbers are considered
to have subclonal copy changes. Therefore, the fact that
the colorectal genomes were profiled using WGS and
copy number changes were identified at high resolution
was critical. The noise level of copy number profiles also
depends on sample quality and sequencing quality, and
hence, fresh-frozen tissue and PCR-free sequencing
libraries should be used whenever possible to reduce
noise. For copy number changes, subclones could be still
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detected even when the coverage was not high if the
data quality was high: for example, sample crc3885 was
sequenced only at 31x coverage, but we could detect
subclones easily because it had relatively little noise in
its copy number profile (Additional file 2: Figure S5). If
the copy number profile is noisier (e.g., sample crc3514
sequenced at 41x), we could still detect subclones but
their copy changes had to involve multiple chromosomes
(Additional file 2: Figure S5). The detection of subclonal
SNVs depends more sensitively on sequencing depth be-
cause enough reads are needed at a given genomic loca-
tion to capture the variant with a low allele fraction. In
our cohort, the median coverage was ~ 60x for tumor
(Additional file 1: Table S2, S3), which means that at
50% purity, somatic variants in 20% of the cells would
correspond to 3 reads. We suspect that, depending on the
purity, the minimum allele fraction would be roughly in the
0.1-0.2 range. Nine of the 64 had low coverage (30—35x),
but eight of them had high purity (>0.7), thus making it
possible to detect a substantial fraction of subclonal SNVs
(Additional file 2: Figure S6a).

Regarding timing estimation using somatic SNV
MAFs, the peaks of MAF will be overlapping and trun-
cating when the tumor purity is low. In such cases, the
peaks of amplified and unamplified SNVs in MAF pro-
files are usually well separated, so the timing estimation
of copy gain is still feasible. The unamplified SNVs in
major clone are sometimes indistinguishable from sub-
clonal SNVs (e.g., Figure 2e, f). Therefore, we only use
one-copy and two-copy regions to estimate timing of
clonal expansions. We note that the timing of clonal
expansion shall be interpreted with caution, because we
do not have the power to resolve the exact topology of
subclones with bulk sequencing data. However, in our
cohort, subclones detected by CNVs suggest that most
subclones have nested phylogeny rather than a branch-
ing phylogeny, because the sum of two subclones shall
not be bigger than the major clone (pigeonhole
principle). For example, in crc2683 (Fig. 2i), the green
clone must be nested in the orange clone and the light
blue clone must be nested in the green clone. Other tu-
mors show similar patterns (Fig. 3a—e and Additional file 2:
Figure S4). Comparing MAF profiles across different
tumors, we observed some tumors having more subclonal
SNVs than others (Additional file 2: Figure S3c), which
suggests different time of clonal expansions. Comparing
different regions within the same tumor, we could infer
the relative orders of copy gains and clonal expansion
regardless of the subclonal phylogeny. For example, in
crc2683, two regions were characterized as CN-LOH with
an extra copy gain (three copies of the same parental ori-
gin). The copy change on chromosome 1p was a clonal
event while the one on chromosome 15 was a subclonal
event (Fig. 2i) based on copy ratios. There were very few
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subclonal SNVs on chromosome 1p suggesting the clonal
expansion was very late (Additional file 2: Figure S3d).
The numbers of SNVs occurring before and after copy
gains in both regions were very similar (Additional file 2:
Figure S3d) suggesting the subclonal copy gain on
chromosome 15 occurred shortly after the copy gain on
chromosome 1p. Taken together, our results suggest sub-
clonal copy changes can occur much earlier than the
major clonal expansion. Our conclusion is consistent with
the multi-region sequencing study of colorectal cancer
[13]. Therefore, our timing estimation of clonal expansion
is biologically meaningful.

Conclusion

The classical genetic model of human colorectal cancer
provides the orders of mutations in a few important
genes (e.g., APC, KRAS, and TP53). The relative timing
of other genetic alterations such as arm-level gains and
losses as well as genomic rearrangements remains un-
clear. Here, we reconstruct the progression history of 63
primary colorectal tumors by detailed computational
analysis of WGS data. Our enhanced genetic model of
colorectal cancer significantly broadens our understand-
ing of the tumorigenesis process.

Material and methods

Sample processing

Tumors were resected, flash-frozen, and shipped to a cen-
tralized processing center (Biospecimen Core Resource)
for additional pathologic review and extraction of nucleic
acids. See Additional file 1: Table S1 for details about the
patient cohort.

WGS

Ilumina paired-end pre-capture libraries were generated
according to the manufacturer’s protocol (Ilumina Multi-
plexing_SamplePrep_Guide_1005361_D) with modifications
as described in the BCM-HGSC Illumina Barcoded Paired-
End Capture Library Preparation protocol. The complete
protocol and oligonucleotide sequences are accessible at the
HGSC website (https://hgsc.bcm.edu/sites/default/files/
documents/Illumina_Barcoded_Paired-End_Capture_
Library_Preparation.pdf). Genomic DNA (500 ng) was
sheared into fragments that range in size from 300 to
800 base pairs with the Covaris S2 or E210 system
(Covaris, Inc. Woburn, MA). Fragmented DNA was
purified using a 0.75x volume AMPure XP (Beckman,
Cat. No. A63882). Pre-capture Ligation Mediated-PCR
(LM-PCR) was performed for 6-8cycles using the
[llumina IBC1-12 index primers and Phusion PCR
Supermix HiFi (2X) (NEB, Cat. No. M0531L). Whole-
genome libraries were sequenced on the Illumina
HiSeq 2000 and 2500 platforms. Each library was
loaded on three to six lanes of a flow cell to achieve
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target coverages of 30x for normal samples and 60x
for tumor samples. MSI status of the adenocarcinomas
was evaluated in a previous study [12].

Sequence alignment, variant calling, and processing
Initial sequence analysis was performed using the HGSC
Mercury analysis pipeline (https://www.hgsc.bcm.edu/
content/mercury). The primary analysis software on the
instrument produces .bcl files that were transferred off-
instrument to the HGSC analysis infrastructure by the
HiSeq Real-time Analysis module. Once the run was
complete and all .bcl files were transferred, Mercury ran
the vendor’s primary analysis software (CASAVA), which
demultiplexed pooled samples and generated sequence
reads and base-call confidence values (qualities). Sequence
reads were aligned to the reference genome using BWA
[35]. Picard and GATK [36] were used for duplicate mark-
ing and indel realigning.

Somatic SNVs were identified by MuTect [37] (v1.1.4),
VarScan 2 [38] (v2.3.6) and MuSE [39] (v1.0). Variants from
all three callers were merged, and caller-specific variants
were removed. Indels were identified by VarScan 2, GATK
and the Baylor pipeline [40]. Caller-specific indels were also
removed. Copy number segmentations and copy ratios
were calculated by BIC-seq [41]. Somatic SVs and TE inser-
tions were predicted by Meerkat [42] and TEA [5]. Muta-
tions and epigenetic silencing of POLE and the mismatch
repair pathway were investigated previously [15].

Ploidy, clonality, and timing

The sample purity and ploidy were initially predicted by
Sequenza [18], based on the copy ratios between tumor
and matched normal samples and BAFs of germline het-
erozygous SNPs. If there is no ploidy change in the
tumor, all chromosomes have a copy ratio of 1 and a
BAF of 0.5. When there is a ploidy change, the copy
ratios and BAFs of the corresponding chromosomes
change accordingly. For example, when tumor purity is
100%, a chromosome with a one-copy gain will have a
copy ratio of 1.5 and a BAF of 0.33 (1/3 for minor allele)
or 0.67 (2/3 for major allele). When a tumor is 50% pure,
a one-copy gain chromosome will have a copy ratio of
1.25 and a BAF of 0.4 (2/5 for minor allele) or 0.6 (3/5
for major allele). Therefore, given the copy ratio and
BAF profiles of all chromosomes, sample purity and
ploidy can be estimated. However, multiple solutions
often exist for the same observed data. For example, a
sample with 80% of cells carrying a one-copy gain will
have the exact same copy ratio and BAF profiles as a
sample with 40% of cells carrying a two-copy gain.

To improve the purity/ploidy calls and to infer subclo-
nal structures, we performed additional analysis using
the MAFs of somatic SNVs. If a purity/ploidy call was
correct, it should be supported by the distribution of
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MAFs. Suppose tumor fraction is denoted by p and
normal cell fraction by 1 - p, and the numbers of chro-
mosomes for major and minor alleles are denoted by 7,
and 7,. Then, the peak of the largest MAFs correspond-
ing to somatic SNVs on amplified chromosomes would
be positioned at p xn;/(p x (n; +ny) +2 x (1 - p)). For
example, for a chromosome with a one-copy gain in a
tumor tissue of 50% purity (p =0.5, n; =2, and n,=1),
we would see the peak of MAF at 0.4. Additional peaks
would be observed if there is a complex aneuploidy
history or if subclonal SNVs are present (see examples
in the “Results” section). If the MAF distribution con-
flicted with purity/ploidy calls, we would adjust purity
and ploidy. We then tested if the observed MAFs were
consistent with the adjusted purity and ploidy calls. For
example, if the prediction of 80% of the cells carrying a
one-copy gain does not fit with the observed MAFs, we
would test the possibility of 40% of the cells carrying a
two-copy gain, 27% of the cells carrying a three-copy
gain, etc. If no solution could be found, we would leave
that sample or chromosome as unresolved. Sequenza
does not provide subclonal predictions. For regions that
could not be solved by giving an integer copy number in
a major clone, we assigned the smallest possible number
of copy changes and inferred clonality according to the
copy ratio and BAFs. Similarly, the inferred clonality and
copy number should also be supported by MAFs. If the
samples (most of the hyper- and ultra-mutated samples)
had no major copy changes, purity was inferred by som-
atic SNVs. There were three tumors for which we
cannot reliably determine the clonality and ploidy
(crc2691, crcA565, and crcA50T).

We then inferred the evolutionary history of each region
using MAFs of somatic SNVs. For each given history and
tumor purity, the peaks of MAF will have expected loca-
tions. For example, in crc3913, the tumor purity is 0.74.
Then, the SNVs occurred before and after CN-LOH were
expected to have MAF of 0.74 (two out of two copies) and
0.37 (one out of two copies). We compared the observed
peak locations of MAF profiles with expected peak loca-
tions of the possible evolutionary histories and decided the
most likely history. When the total copy number is small
(i.e., <4), there are only a few possible evolutionary paths
(copy loss, copy neutral, CN-LOH, one-copy gain, one-
copy gain with LOH, mono-allelic two-copy gain, bi-allelic
two-copy gain, or two-copy gain with LOH). It is relatively
easy to decide one history vs. others. For example, chromo-
somes 2 and 9 of sample crc2683 were both characterized
as four copies with LOH. Given the observed MAF profiles,
we inferred that chromosome 2 had mono-allelic three-
copy gain after losing one parental allele while chromosome
9 had CN-LOH and then a mono-allelic two-copy gain
(Fig. 2h and Additional file 2: Figure S3a). Note that, some-
times, we could not find a history that fits with observed
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copy ratio and variant profile, such as chromosome 2 of
crc3913. In such cases, complex history as well as subclonal
copy changes are often involved. When the copy number is
larger than 4, there will be numerous paths to achieve the
observed copy number. We did not attempt to differentiate
all possibilities, but only gave simple solutions, such as
mono-allelic three-copy gain and bi-allelic four-copy gain.

The timing of copy gains and CN-LOH events were
estimated based on somatic SNVs. Somatic SNVs that
occurred before amplification have higher MAFs. A
spline smoothing line was fitted to each allele fraction
distribution profile. Peaks were assigned as clonal before
or after copy number change and subclonal. The timing
of amplification was calculated as the proportion of
somatic SNVs before amplification, while the timing of
clonal expansion was calculated as the proportion of
clonal somatic SNVs out of total SNVs. Only regions of
one copy or two copies are used to infer timing of clonal
expansion so that the subclonal peaks in the somatic
SNV MAF profiles are well separated from clonal peaks.
A 95% confidence interval was given by 1000 boot
straps. The occurrence intervals of driver SNVs and
driver SVs were inferred based on MAFs (given as before
or after amplification). See examples in the “Results”
section. Our timing estimations were compared with the
cancerTiming package [22] for CN-LOH, one-copy gain,
and mono-allelic two-copy gain regions in CIN tumors.

In each tumor, after ploidy and timing of aneuploidy
was determined, if more than half of the chromosomes
(chromosomes 1 to 22 and X) could be attributed to
CN-LOH, one-copy gain, bi-allelic two-copy gain, and
other higher order of bi-allelic copy gains occurring at
the same time, the tumor was determined to have a GD
event. A chromosome arm was counted as a half
chromosome. A similar approach was taken in a breast
cancer study [20], in which duplication of as few as five
chromosomes were defined as a GD. Here, we required
a GD event to involve more than half of the genome.

Test for neutral evolution

Somatic SNVs with allele fractions ranging from 0.4 to
0.6 in tumor crc6917 (79x sequencing coverage) were
used for simulation in order to evaluate the SNV detec-
tion power at different allele fractions. The selected
SNVs were assigned with allele fractions ranging from 0
to 0.2, uniformly. Reads in the BAM file spanning a spe-
cific SNV were randomly assigned with reference allele
or alternative allele according to the allele fraction
assigned to individual SNVs. Then, the resulting BAM
file was down-sampled to 30x, 40x, 50x, 60x, and 70x
coverages. The SNV calling pipeline was run on the sim-
ulated BAM file and all down-sampled BAM files. For
each 0.01 allele fraction interval, the proportion of SNVs
that could be detected was calculated.
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For each tumor, regions with one or two copies were
selected and were required to contain at least 500 som-
atic SNVs to model the allele fraction distribution.
Tumors with no region satisfying the above criteria were
left out from this analysis. The lower bound allele frac-
tion was determined as the lowest allele fraction where
80% of the SNVs could be detected in the above simula-
tion experiment. The upper bound was determined by
modeling the valley of allele fractions in a histogram of
SNV MAFs that best separate the clonal and subclonal
SNVs. The SNVs with allele fractions within the lower
and upper bounds were used to test for neutral evolu-
tion as previously described [14]. The same R* cutoff of
0.98 was used to determine neutral evolution.

Chromothripsis and kataegis

Chromothripsis events were predicted by ShatterSeek
[43]. Briefly, in chromothripsis events, the deletion-like,
tandem-duplication-like, and inversion-like rearrange-
ments shall be random and interleaved. Permutation
tests were performed to identify such rearrangement
clusters followed by manual curation for all cases. We
did not require copy number to oscillate between two or
three states since a recent study showed breakage-
fusion-bridge cycles can generate chromothripsis events
with multiple copy states [33].

Kataegis chromosomes were identified as follows: Fisher’s
exact test was performed for each chromosome by compar-
ing the proportion of C->T/C->G SNVs that are close to
each other (among top 3% by inter-mutation distance) and
the proportion of these SNVs in the entire genome. A P
value of 0.01 with Bonferroni correction was used to select
the chromosomes with C->T/C->G clusters, and manual
curation was performed for all cases.

Quantification and statistical analysis

Software package R version 3.2.1 was used for all
statistical analysis. Specific statistical tests were re-
ported in the main text where P values were reported
and all tests were two-sided. A P value of 0.05 was
used as a significance cutoff unless otherwise stated.

Additional files

Additional file 1: Table S1. Patients’ information. Table S2.
Sequencing samples’ information. Table S3. Test for neutral evolution.
Table S4. List of chromothripsis. Table S5. List of kataegis. (XLSX 27 kb)

Additional file 2: Figure S1. Amplification artifacts and TCF7L2 fusion.
Figure S2. CN-LOHs occurring early in several tumors. Figure S3. Timing
estimation. Figure S4. Tumor progression maps of other tumors. Figure
S5. Timing of subclonal copy changes. Figure S6. Subclonal SNV
selection in tumor evolution modeling. Figure S7. GD and sequential
chromosomal duplications. Fig. $8. Chromothripsis and kataegis. (DOCX
3297 kb)

Additional file 3: Review history. (DOCX 232 kb)

Page 16 of 17

Acknowledgements
We thank TCGA Research Network for recruiting the patients and generating
the sequencing data.

Review history
Review history is available at Additional file 3.

Authors’ contributions

LY designed the experiments, developed the original concepts, and
contributed to new informatic methods. LY, SW, JJL, SL, EL, and ES
performed the data processing and analysis. LY, DW, RK, and PJP supervised
the project. LY and PJP interpreted the results and wrote the manuscript. All
authors read and approved the final manuscript.

Funding

This work was supported by the University of Chicago (L.Y.), NCl grant
K22CA193848 (L.Y), Cancer Research Foundation Young Investigator Award
(LY.), American Cancer Society Institutional Research Grant IRG-16-222-56
(LY.), NCI Cancer Center Support Grant P30CA14599 (L.Y.), and the Harvard
Ludwig Center (P.J.P.).

Availability of data and materials

All primary sequence files can be downloaded by registered users from the
Genomic Data Commons (GDC, https://portal.gdc.cancer.gov/). Clinical data
are available through the TCGA Data Portal. All coordinates are based on the
hg19 human reference genome. Our software of timing estimation “Beehive”
is available at https://zenodo.org/record/3358081 (DOI: https://doi.org/10.52
81/zenodo.3358081) under GPL 3.0 license [44].

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
RK.is on the board of directors of AVEO, Metamark, Enlight, and KEW Inc.
The other authors declare that they have no competing interests.

Author details

'Ben May Department for Cancer Research and Department of Human
Genetics, The University of Chicago, Chicago, IL, USA. “Department of
Biomedical Informatics, Harvard Medical School, Boston, MA, USA. 3Ludwig
Center at Harvard, Boston, MA, USA. “Department of Molecular and Human
Genetics, Baylor College of Medicine, Houston, TX, USA. °Division of Genetics,
Brigham and Women's Hospital, Boston, MA, USA. ®Department of Genetics,
Harvard Medical School, Boston, MA, USA. “Present Address: Department of
Biomedical Engineering, Ulsan National Institute of Science and Technology,
Ulsan, South Korea. 8Present Address: Division of Genetics and Genomics,
Boston Children’s Hospital, Boston, MA, USA.

Received: 22 March 2019 Accepted: 2 August 2019
Published online: 15 August 2019

References

1. Fearon ER. Molecular genetics of colorectal cancer. Annu Rev Pathol Mech
Dis. 2011,6:479-507.

2. TCGA Network. Comprehensive molecular characterization of human colon
and rectal cancer. Nature. 2012;487:330-7.

3. Bass AJ, Lawrence MS, Brace LE, et al. Genomic sequencing of colorectal
adenocarcinomas identifies a recurrent VTITA-TCF7L2 fusion. Nat Genet.
2011;43:964-8.

4. Seshagiri S, Stawiski EW, Durinck S, et al. Recurrent R-spondin fusions in
colon cancer. Nature. 2012;488:660-4.

5. Lee E Iskow R, Yang L, et al. Landscape of somatic retrotransposition in
human cancers. Science. 2012;337:967-71.

6. Groden J, Thliveris A, Samowitz W, et al. Identification and characterization
of the familial adenomatous polyposis coli gene. Cell. 1991;66:589-600.

7. Zeineldin M, Neufeld KL. More than two decades of Apc modeling in
rodents. Biochim Biophys Acta. 1836;2013:80-9.


https://doi.org/10.1186/s13059-019-1782-4
https://doi.org/10.1186/s13059-019-1782-4
https://doi.org/10.1186/s13059-019-1782-4
https://portal.gdc.cancer.gov/
https://zenodo.org/record/3358081
https://doi.org/10.5281/zenodo.3358081
https://doi.org/10.5281/zenodo.3358081

Yang et al. Genome Biology

20.

21.

22.

23.
24.
25.
26.
27.

28.

29.

30.

31

32.
33.
34.
35.

36.

37.

(2019) 20:168

Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis. Cell.
1990;,61:759-67.

Campbell PJ, Yachida S, Mudie LJ, et al. The patterns and dynamics of genomic
instability in metastatic pancreatic cancer. Nature. 2010467:1109-13.

Ding L, Ley TJ, Larson DE, et al. Clonal evolution in relapsed acute myeloid
leukaemia revealed by whole-genome sequencing. Nature. 2012;481:506-10.
Gundem G, Van Loo P, Kremeyer B, et al. The evolutionary history of lethal
metastatic prostate cancer. Nature. 2015;520:353-7.

Cross W, Kovac M, Mustonen V, et al. The evolutionary landscape of
colorectal tumorigenesis. Nat Ecol Evol. 2018,2:1661-72.

Sottoriva A, Kang H, Ma Z, et al. A Big Bang model of human colorectal
tumor growth. Nat Genet. 2015;47:209-16.

Williams MJ, Werner B, Barnes CP, et al. Identification of neutral tumor
evolution across cancer types. Nat Genet. 2016;48:238-44.

Shinbrot E, Henninger EE, Weinhold N, et al. Exonuclease mutations in DNA
polymerase epsilon reveal replication strand specific mutation patterns and
human origins of replication. Genome Res. 2014;24:1740-50.

Yang L, Lee M-S, Lu H, et al. Analyzing somatic genome
rearrangements in human cancers by using whole-exome sequencing.
Am J Hum Genet. 2016;98:843-56.

Carter SL, Cibulskis K, Helman E, et al. Absolute quantification of somatic
DNA alterations in human cancer. Nat Biotechnol. 2012;30:413-21.

Favero F, Joshi T, Marquard AM, et al. Sequenza: allele-specific copy number
and mutation profiles from tumor sequencing data. Ann Oncol. 2015;26:64-70.
Ha G, Roth A, Khattra J, et al. TITAN: inference of copy number architectures
in clonal cell populations from tumor whole-genome sequence data.
Genome Res. 2014;24:1881-93.

Nik-Zainal S, Van Loo P, Wedge DG, et al. The life history of 21 breast
cancers. Cell. 2012;149:994-1007.

Mitchell TJ, Turajlic S, Rowan A, et al. Timing the landmark events in
the evolution of clear cell renal cell cancer: TRACERx renal. Cell. 2018;
173:611-623.e17.

Purdom E, Ho C, Grasso CS, et al. Methods and challenges in timing
chromosomal abnormalities within cancer samples. Bioinformatics.
2013;29:3113-20.

Noorbakhsh J, Chuang JH. Uncertainties in tumor allele frequencies limit
power to infer evolutionary pressures. Nat Genet. 2017;49:1288-9.

Tarabichi M, Martincorena |, Gerstung M, et al. Neutral tumor evolution? Nat
Genet. 2018;50:1630-3.

Zack Tl, Schumacher SE, Carter SL, et al. Pan-cancer patterns of somatic
copy number alteration. Nat Genet. 2013;45:1134-40.

Beroukhim R, Mermel CH, Porter D, et al. The landscape of somatic copy-
number alteration across human cancers. Nature. 2010;463:899-905.

Tuna M, Knuutila S, Mills GB. Uniparental disomy in cancer. Trends Mol Med.
2009;15:120-8.

Cai'Y, Crowther J, Pastor T, et al. Loss of chromosome 8p governs tumor
progression and drug response by altering lipid metabolism. Cancer Cell.
2016;29:751-66.

Stephens PJ, Greenman CD, Fu B, et al. Massive genomic rearrangement
acquired in a single catastrophic event during cancer development. Cell.
2011;144:27-40.

Nik-Zainal S, Alexandrov LB, Wedge DC, et al. Mutational processes molding
the genomes of 21 breast cancers. Cell. 2012;149:979-93.

Kloosterman WP, Hoogstraat M, Paling O, et al. Chromothripsis is a common
mechanism driving genomic rearrangements in primary and metastatic
colorectal cancer. Genome Biol. 2011;12:R103.

Zhang C-Z, Spektor A, Cornils H, et al. Chromothripsis from DNA damage in
micronuclei. Nature. 2015;522:179-84.

Li'Y, Schwab C, Ryan SL, et al. Constitutional and somatic rearrangement of
chromosome 21 in acute lymphoblastic leukaemia. Nature. 2014;508:98-102.
Davis A, Gao R, Navin N. Tumor evolution: linear, branching, neutral or
punctuated? Biochim Biophys Acta. 2017;1867:151-61.

Li H, Durbin R. Fast and accurate long-read alignment with Burrows-
Wheeler transform. Bioinformatics. 2010,26:589-95.

DePristo MA, Banks E, Poplin R, et al. A framework for variation discovery
and genotyping using next-generation DNA sequencing data. Nat Genet.
2011;43:491-8.

Cibulskis K, Lawrence MS, Carter SL, et al. Sensitive detection of somatic
point mutations in impure and heterogeneous cancer samples. Nat
Biotechnol. 2013;31:213-9.

38.

39.

40.

41.

42.

43.

44,

Page 17 of 17

Koboldt DC, Zhang Q, Larson DE, et al. VarScan 2: somatic mutation and
copy number alteration discovery in cancer by exome sequencing. Genome
Res. 2012,22:568-76.

Fan Y, Xi L, Hughes DST, et al. MuSE: accounting for tumor heterogeneity
using a sample-specific error model improves sensitivity and specificity in
mutation calling from sequencing data. Genome Biol. 2016;17:178.
Creighton CJ, Morgan M, Gunaratne PH, et al. Comprehensive molecular
characterization of clear cell renal cell carcinoma. Nature. 2013;499:43-9.

Xi R, Hadjipanayis AG, Luguette LJ, et al. Copy number variation detection
in whole-genome sequencing data using the Bayesian information criterion.
Proc Natl Acad Sci U S A. 2011;108:E1128-36.

Yang L, Luquette LJ, Gehlenborg N, et al. Diverse mechanisms of somatic
structural variations in human cancer genomes. Cell. 2013;153:919-29.
TCGA Network. Genomic classification of cutaneous melanoma. Cell. 2015;
161:1681-96.

Yang L, Wang S, Lee J J-K, Lee S, Lee E, Shinbrot E, Wheeler DA, Kucherlapati R,
Park PJ. An enhanced genetic model of colorectal cancer progression history.
Source code, zenodo. https//zenodo.org/record/3358081. Accessed 1 Aug
2019.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

e thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://zenodo.org/record/3358081

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	The landscape of genetic alterations in colorectal cancer
	Mutational history revealed by somatic SNVs
	Non-neutral evolution
	Different mechanisms act on different genomic regions to optimize DNA dosage
	Multiple independent occurrences of chromothripsis and kataegis
	Enhanced genetic model for colorectal cancer

	Discussion
	Conclusion
	Material and methods
	Sample processing
	WGS
	Sequence alignment, variant calling, and processing
	Ploidy, clonality, and timing
	Test for neutral evolution
	Chromothripsis and kataegis
	Quantification and statistical analysis

	Additional files
	Acknowledgements
	Review history
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

