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Abstract Background: Clinically implemented prognostic biomarkers are lacking for the

80% of colorectal cancers (CRCs) that exhibit chromosomal instability (CIN). CIN is charac-

terised by chromosome segregation errors and double-strand break repair defects that lead to

somatic copy number aberrations (SCNAs) and chromosomal rearrangement-associated

structural variants (SVs), respectively. We hypothesise that the number of SVs is a distinct

feature of genomic instability and defined a new measure to quantify SVs: the tumour break
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load (TBL). The present study aimed to characterise the biological impact and clinical rele-

vance of TBL in CRC.

Methods: Disease-free survival and SCNA data were obtained from The Cancer Genome

Atlas and two independent CRC studies. TBL was defined as the sum of SCNA-associated

SVs. RNA gene expression data of microsatellite stable (MSS) CRC samples were used to

train an RNA-based TBL classifier. Dichotomised DNA-based TBL data were used for sur-

vival analysis.

Results: TBL shows large variation in CRC with poor correlation to tumour mutational

burden and fraction of genome altered. TBL impact on tumour biology was illustrated by

the high accuracy of classifying cancers in TBL-high and TBL-low (area under the receiver

operating characteristic curve [AUC]: 0.88; p < 0.01). High TBL was associated with disease

recurrence in 85 stages IIeIII MSS CRCs from The Cancer Genome Atlas (hazard ratio [HR]:

6.1; p Z 0.007) and in two independent validation series of 57 untreated stages IIeIII (HR:

4.1; p Z 0.012) and 74 untreated stage II MSS CRCs (HR: 2.4; p Z 0.01).

Conclusion: TBL is a prognostic biomarker in patients with non-metastatic MSS CRC with

great potential to be implemented in routine molecular diagnostics.

ª 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Colorectal cancer (CRC) is the third most common and

second leading cause of cancer-related deaths worldwide
[1,2]. More than 80% of CRCs show chromosomal

instability (CIN), whereas approximately 15%e20%

display microsatellite instability (MSI) [1,2]. CIN is

characterised by an increased rate of somatic copy

number aberrations (SCNAs) and chromosomal

rearrangement-associated structural variants (SVs)

[3e6]. MSI is characterised by a hypermutable pheno-

type of short repetitive sequences in the genome due to
an impaired DNA mismatch repair mechanism [4,7,8].

MSI cancers and cancers with mutations in DNA po-

lymerase-ε (POLE) or DNA polymerase-d catalytic

subunit 1 (POLD1) have a high tumour mutational

burden (TMB), a measure for the number of single/

simple nucleotide variants (SNVs). This discerns MSI

from microsatellite stable (MSS) CRCs [9,10]. MSI

CRCs are associated with a relatively good prognosis
for stage II localised disease but tend to have a worse

prognosis when metastasised and not treated with im-

mune checkpoint inhibitors [8,11e13].

For the large proportion of patients with non-

metastatic (stages IeIII) MSS CRC, the risk of disease

recurrence is currently estimated based on stage of dis-

ease. Although staging is helpful to stratify groups of

patients in general, within each stage, it remains unclear
for individual patients who have a relatively good

prognosis and who are at risk of disease recurrence

[1,14]. The vast majority of these cancers are charac-

terised by CIN, a consequence of mitotic chromosome

segregation errors and DNA double-strand break (DSB)

repair defects. Segregation errors result in numerical

alterations, such as whole-chromosome gains and losses

[10,15]. DSB repair defects result in SVs comprising of
deletions, insertions, duplications, inversions, and

chromosomal translocations [10,15,16]. The fraction of

genome altered (FGA) is a measure of the total amount

of SCNAs, describing the extent of numerical alterations

[17e21]. A high FGA has been reported to be associated

with poor prognosis in stage II colon cancer [20] and
metastatic CRC [19,21], indicating the potential prog-

nostic impact of FGA. However, although FGA is

representative of the extent of aneuploidy, it fails to

capture the amount of structural variation.

The detection of all SVs in a given tumour sample

requires high-resolution data such as deep-coverage

whole genome sequencing (WGS) data. Although the

use of WGS is gaining track in cancer diagnostics, the
availability of WGS data from clinically well-defined

cohorts of patients with non-metastatic CRC is still

lacking [22]. In contrast, SCNA profiling is a widely

established approach to characterise chromosomal al-

terations in cancer [23]. Computational methods

detecting SCNAs also yield genomic information about

the shift in DNA copy number levels within chromo-

some arms, which are indicative of SCNA-associated
(i.e. unbalanced) SVs [23,24]. In the present study, we

defined the tumour break load (TBL) as a measure of

the number of SCNA-associated SVs and aimed to

characterise the biological and clinical impact of the

TBL in MSS CRC.

2. Materials and methods

2.1. Patient cohorts and data

Public data from The Cancer Genome Atlas (TCGA)

[25] and segmented copy number and clinical data

from two additional validation series of CRC patients

were used in this study [20,26]. Specifically, processed

http://creativecommons.org/licenses/by/4.0/
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Affymetrix SNP 6.0 array (n Z 633), whole-exome

sequencing (n Z 521), RNA sequencing (n Z 462)

and clinicopathological data including MSI status

were retrieved for 633 colorectal adenocarcinoma

(COADREAD) samples [9]. Updated clinical data for

survival analysis [27], consensus molecular subtype

(CMS) classification data [28] and curated oncogenic

pathway alteration states [29] were retrieved from
other publications that analysed TCGA COAD-

READ data. In the present study, the subset of MSS

CRC cases with a low TMB (<300 SNVs; i.e. also

wildtype for POLE and POLD1) will be further

referred to as ‘MSS CRC’ (see also Supplementary

Materials and Methods). An overview of the data

flow is shown in Fig. S1.

2.2. Calculation of the TBL

The TBL was defined as the sum of SCNA-associated

SVs, that is, the sum of unbalanced somatic chromo-

somal breaks per tumour sample (Table S1). The

detection and filtering of somatic chromosomal breaks

and subsequent calculation of the TBL are described in

the Supplementary Materials and Methods.

2.3. RNA-based classification models

TCGA RNA gene expression data were used to classify

genomic instability states, for example, MSI status,

TBL status, and FGA status. As the TBL is a contin-

uous value, a selection of the upper and lower quantiles

of the TBL distribution, denoted as ‘high TBL’ (>75%)

and ‘low TBL’ (<25%), was made as predefined class

labels. The TBL model was trained with a random
forest model using a 65%/35% train-test split with a

ten-time repeated fivefold CV loop. To assess the per-

formance of the model, a permutation test was per-

formed. A Wilcoxon signed-rank test was used to assess

the statistical significance of TBL between subgroups.

A full description of the model setup and MSI and

FGA models is provided in the Supplementary

Materials and Methods.

2.4. Survival analysis

To assess the prognostic impact of the TBL, a threshold

to divide tumour samples of clinical series into ‘TBL-

high’ and ‘TBL-low’ was determined. KaplaneMeier

analysis and Cox proportional hazards regression

models were applied to assess the association of the

predefined dichotomised TBL states (Table S1), the TBL
expression profiles, CMS classes and the altered onco-

genic pathway states with disease-free survival or time to

recurrence data (see also Supplementary Materials and

Methods).
2.5. Data availability

The data generated in this study are available within this
article, its supplementary data files, and the code and

data repositories. All code and models used for the

analysis described in this study are available at https://

codeocean.com/capsule/1605813/tree/ and https://

github.com/ibivu/Tumor_Break_Load.

3. Results

3.1. TBL is a distinct feature of genomic instability in

CRC

The TBL is a measure for the number of SCNA-

associated SVs, that is, unbalanced chromosomal

breaks. As a first step, we aimed to obtain insight into

the variability of TBL among CRC samples. Therefore,

the prevalence of SCNA-associated SVs was determined

in 633 colorectal adenocarcinoma cases (COADREAD).
Segmented DNA copy number data from patient

normal and tumour tissue were used to determine cutoff

values that allowed to remove the far majority of

germline events, background noise and artefacts while

retaining most somatic events (Fig. S2). In this way, the

prevalence of (unbalanced) SVs could be estimated per

sample, the sum of which is expressed as the TBL (Table

S1). Example SCNA profiles with a low TBL (TBL: 19)
and high TBL (TBL: 151) are shown in Fig. 1A. The

median TBL for the 633 TCGA COADREAD samples

was 47 and ranged from 0 to 337 SCNA-associated SVs

per sample (Fig. 1B). CRC samples that were MSI or

hypermutators due to mutations in POLE or POLD1

showed a high TMB (TMB: median 3.05 [1.83e4.02])

and a relatively low TBL (TBL: median 19 [0e138]). In

contrast, non-hypermutated MSS CRC samples showed
large variation in TBL (TBL: median 54 [1e337];

Fig. 1C). These data show that the TBL is a highly

variable feature in MSS CRC.

Next, we examined the relationship between TBL and

other features of genomic instability. TBL was

compared with TMB as a measure for the number of

SNVs and to FGA as a measure for the abundance of

SCNAs. When focussing on the subset of non-
hypermutated MSS cases (Fig. 1C), a poor correlation

between the TBL and TMB was observed (R2: 0.057;

Fig. 2A). Interestingly, a poor correlation was also

observed between the TBL and FGA (R2: 0.072;

Fig. 2B). These data indicate that TBL and FGA, while

both characteristics of CIN, each represent distinct

features of genomic instability.

3.2. TBL has a large impact on CRC biology

Having identified TBL as a distinct feature of genomic

instability, we aimed to investigate its impact on CRC

https://codeocean.com/capsule/1605813/tree/
https://codeocean.com/capsule/1605813/tree/
https://github.com/ibivu/Tumor_Break_Load
https://github.com/ibivu/Tumor_Break_Load
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Fig. 1. Characterisation of the tumour break load (TBL) in colorectal cancer. (A) Segmented SNP 6.0 array DNA copy number profiles for a

sample with a low TBL (TBL: 19; )) and a high TBL (TBL: 151; )̂. DNA copy number represented as the Log2 ratio. Gain in copy number

indicated as red and loss in copy number indicated as blue. (B) Density histogram depicting the TBL distribution of 633 TCGA

COADREAD cancer samples. The TBL value of the high and low copy number profiles depicted in panel A are marked by^and ),
respectively. (C) Scatter plot of the TBL against the log10 tumour mutational burden (TMB) from 521 colorectal cancer samples for which

both SNV and SCNA data were available. The dots indicate CRC samples that are microsatellite instable (MSI-H; red), CRC samples

with a mutation in POLE or POLD1 (POLE/D1; blue) and non-hypermutated CRC samples that are microsatellite stable (MSS; green).

CRC, colorectal cancer; POLD, polymerase-d; POLE, polymerase-ε; SCNA, somatic copy number aberration; SNV, single/simple

nucleotide variant; TCGA, The Cancer Genome Atlas; TMB, tumour mutational burden. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Poor correlation of TBL with other genomic instability features. Density scatterplot of the tumour break load (TBL) plotted against

tumour mutational burden (TMB) (A) and fraction genome altered (FGA) (B) in 401 non-hypermutated MSS CRC samples. The cor-

relation was reported with the Pearson correlation coefficient (R2). CRC, colorectal cancer; MSS, microsatellite stable.
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biology. We hypothesise that if the observed variation in

TBL is associated with distinct CRC biology, gene

expression profiles could be used to predict which CRC

cases have a high TBL (TBL-high) or a low TBL (TBL-

low). TCGA RNA gene expression data were used to

create a classification model that differentiates between

TBL-high and TBL-low samples. First, this strategy was

verified by demonstrating that MSI status could be
accurately classified (Fig. S4A). To apply the RNA gene

expression classification strategy on a continuous label

such as the TBL, TBL-high and TBL-low groups were

preselected using the upper 75% and lower 25% quan-

tiles of the TBL distribution. These quantiles were

selected as predefined classes to represent the most

extreme TBL phenotypes. The trained TBL classifier

could classify an independent test set of tumours in
TBL-high and TBL-low expression profiles with high

accuracy (AUC of 0.88; p < 0.01; Fig. 3A and B), an

accuracy that was higher than observed for the classifi-

cation of the FGA status (AUC of 0.83; p < 0.01;

Fig. S4B). When the TBL classification model was

applied to all MSS CRC samples (336 cases), there was a

significant difference in TBL between TBL-low (median:

20) and TBL-high (median: 74; p < 0.0001; Fig. 3B).
When the classification model was applied to the pre-

viously excluded MSI and POLE/D1 mutant samples,

86% of these samples were classified in the TBL-low

group (Figs. S4C and D), verifying that the model

captures the variation associated with the TBL. The

predictive value of the TBL expression profiles to clas-

sify TBL-low from TBL-high samples shows that there

is a clear biological distinction between CRC samples.
To understand the underlying biological processes

associated with the TBL classification, an enrichment

analysis was performed between the predicted TBL-high
Fig. 3. Biological impact of the tumour break load (TBL). (A) Receiver o

high (75% quantile) and TBL-low (25% quantile) classifier trained on 1

(AUC) of the TBL classifier is 0.88, permutation p-value < 0.01. (B) T

(blue) expression profiles of 336 MSS CRC cases. The TBL distributio

signed-rank test. (C) Spider plot of the percentage of predicted TBL-h

with an altered oncogenic pathway affected by SNVs or SCNAs. Statis

the altered oncogenic pathways was assessed with a Fisher’s exact tes

SCNA, somatic copy number aberration; SNV, single/simple nucleotide

the references to colour in this figure legend, the reader is referred to
and TBL-low states and reported curated oncogenic

pathway alteration states [29]. The TBL-high expression

profile is associated with an altered TP53 pathway

affected by mutations or SCNAs (p < 0.05), whereas the

TBL-low expression profile is associated with the altered

rat sarcoma virus (RAS), transforming growth factor-b
(TGF-b) and phosphatidylinositol-3-kinase (PI3K)

pathways (p < 0.05; Fig. 3C). The predicted TBL-high
and TBL-low states did not show significant variation

in immune cell composition (Fig. S5, Table S2).

Clinically, the TBL expression profiles are distinct

from pathological stages (p < 0.001; Fig. S6A) and the

CMS classification (p < 0.0001; Table S3). The TBL-

high expression profile shows a strong association with

disease recurrence in stages IIeIII MSS CRC (hazard

ratio [HR] Z 5.19; p < 0.02; Fig. S6B), which is in this
data set more profound than the differences observed

for CMS classification (CMS: HR Z 1.29; p Z 0.7;

Fig. S6CeD) [28].

3.3. TBL is a prognostic biomarker in non-metastatic

CRC

High levels of CIN are associated with tumour relapse
and metastasis [6,30,31]. As we have demonstrated that

TBL is a distinct feature of CIN with an impact on

tumour biology, we aimed to assess whether the TBL

itself is a prognostic biomarker for disease recurrence in

patients with MSS CRC. Following dichotomisation of

CRC samples into TBL-high and TBL-low groups,

TCGA CRC patients that were TBL-high showed a

shorter disease-free survival compared with patients in
the TBL-low group (HR Z 6.1; p < 0.01; Fig. 4A).

Although these data imply that TBL has prognostic

value, the TCGA patient data are heterogeneous and
perating characteristic (ROC) curve of the 35% test set of the TBL-

68 TCGA MSS COADREAD samples. Area under the ROC curve

he TBL distribution of the predicted TBL-high (red) and TBL-low

ns are significantly different (p < 0.0001) assessed with a Wilcoxon

igh (red) and TBL-low (blue) expression profile samples associated

tical significance of the enrichment of TBL expression profiles with

t. )p � 0.05. CRC, colorectal cancer; MSS, microsatellite stable;

variant; TCGA, The Cancer Genome Atlas. (For interpretation of

the Web version of this article.)



Fig. 4. The prognostic impact of the TBL in non-metastatic CRC. (A) KaplaneMeier DFS curve for 85 TCGA stage II and stage III MSS

CRC samples stratified in high and low TBL. (B) KaplaneMeier curve of the relapse-free survival (RFS) for 57 untreated stages IIeIII

MSS CRC samples from Orsetti B et al. [26] stratified in high and low TBL. (C) KaplaneMeier curve of the relapse-free proportion for 74

stage II MSS colon cancer patients from Lahoz S et al. [20] stratified in high and low TBL. Statistical significance for the difference in

survival has been assessed with a log-rank test. The hazard ratio (HR) has been assessed with a univariate Cox regression model. CRC,

colorectal cancer; MSS, microsatellite stable; TBL, the tumour break load; TCGA, The Cancer Genome Atlas.
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include patients who received adjuvant treatment.

Therefore, to validate this finding, independent cohorts

of untreated patients with stage II and stage III MSS

CRC were analysed. In one cohort of 57 stage II and

stage III untreated MSS CRC patients [26], TBL-high

was associated with poor relapse-free survival

(HR Z 4.1; p Z 0.012; Fig. 4B). Similarly, in a second
cohort consisting of 74 chemotherapy-naı̈ve stage II

MSS colon cancer patients [20], TBL-high was associ-

ated with poor relapse-free proportion (HR Z 2.4;

p Z 0.01; Fig. 4C). The findings were retained in a

multivariate analysis including clinicopathological fea-

tures for the TCGA and Orsetti et al. cohort (Fig. S7).

In summary, these results show that TBL is a prognostic

biomarker for disease recurrence in non-metastatic MSS
CRC.

4. Discussion

At present, there are several classification methods to

define CRC subtypes, for example, MSI/MSS status [7],

CMS classification [28], TMB and FGA [20,21] and

clinicopathological features [32]. However, none of these

methods can make an optimal clinical distinction for the

risk of disease recurrence in the large proportion of
patients with non-metastatic MSS CRC [1,14].

In the present study, we introduced and assessed the

novel feature TBL as a measure for the number of

(SCNA-associated) SVs and aimed to characterise its

biological and clinical impact in CRC. We showed that

the TBL is a distinct feature of genomic instability, re-

flected by its poor correlation with the FGA and TMB.

We demonstrated that the TBL has a strong impact on
tumour biology by showing that the TBL status can be

predicted with high accuracy from RNA gene expression

data. Finally, we showed that a high TBL is associated

with poor prognosis in untreated stages IIeIII CRC,
implying that the TBL is a prognostic biomarker that

may improve the estimation of an individual’s risk of

disease recurrence and support decision-making whether

or not to receive adjuvant treatment.

TBL was determined as the sum of SCNA-associated

SVs, which implies there is a dependency between the

TBL and the abundance of SCNAs represented by the
FGA. Nevertheless, when focussing on the non-

hypermutated MSS CRCs, there was a poor correla-

tion between the TBL and the FGA, indicating that DSB

repair deficiency problems and chromosome segregation

errors can and should be examined as separate features

of CIN [10,15,16]. Using an RNA gene expression-based

classification strategy, TBL-high CRCs could be

discriminated from TBL-low CRCs, demonstrating their
distinct biology within MSS CRC. A comparison of the

TBL classification to the well-known CMS classification

showed that the TBL-high expression profile is enriched

among CMS2 and CMS4, the two CMS subtypes that

are characterised by high levels of SCNAs. CMS4 has

been reported to have a worse prognosis than CMS2 [28].

In the TCGA MSS stage IIeIII cohort analysed in this

study, the difference in disease recurrence between TBL-
high and TBL-low in non-metastatic MSS CRC was

more pronounced. Overall, these results prompt further

investigation to validate whether the TBL captures the

risk for disease recurrence in untreated stages IIeIII

MSS CRC better than the currently frequently used

approach of CMS classification.

The present study has several limitations. This is a

retrospective study with limited availability of clinico-
pathological data. The sample size of each of the cohorts

analysed is relatively small. It is therefore important that

we were able to explore the prognostic value of the TBL

in three independent cohorts and observed strong

prognostic value in each of these cohorts. Moreover, we

were able to perform a multivariate analysis for the
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TCGA cohort, for which multiple clinicopathological

variables were available. In this multivariate analysis, we

observed that the TBL was the feature with the strongest

prognostic value.

The strong prognostic effect of TBL on disease

recurrence suggests an important role for double-

strand breaks in the biological and clinical behav-

iour of CRC. One molecular process that may be
involved is the mediation of the cGAS-STING anti-

viral pathway. The cGAS-STING pathway might be

induced by the high number of SCNA-associated

double-strand DNA breaks in TBL-high samples.

Activation of the cGAS-STING pathway subse-

quently activates the nuclear factor kappa B (NF-kB)
pathway downstream of STING, which can facilitate

migration, invasion and metastasis [6,30,31]. In this
way, a high TBL could intrinsically be associated with

an increased likelihood of the development of (micro)

metastases and early relapse in patients with resected

primary CRC [33].

Currently, the prognosis of patients with non-

metastatic CRC is mostly based on clinicopathological

features. There is an increasing interest in the use of

genomic information for determining the risk of disease
recurrence; however, due to the lack of robust proced-

ures for classification based on gene expression signa-

tures, its clinical implementation is lagging behind [32].

In addition, in recent years, tremendous progress has

been made in the detection of post-surgery cell-free

circulating tumour DNA (ctDNA) as a biomarker for

minimal residual disease in stages II and III CRC

[33e36]. Patients with a post-surgery ctDNA-positive
test result who do not receive adjuvant treatment have a

very high chance of disease recurrence of more than

80%. However, the sensitivity of ctDNA-testing is

currently not sufficient to detect all patients who

develop a recurrence. For future investigations, it will be

very interesting to explore the added value of tumour

tissue prognostic biomarkers in patients with a post-

surgery ctDNA-negative test who developed re-
currences [35].

We here demonstrated that a high TBL is associated

with poor prognosis in patients with resected stages II

and III MSS CRC. The TBL is a DNA-derived feature

that can be obtained from SCNA profiling data from

various platforms with different resolutions, such as

array comparative genomic hybridisation, SNP6 arrays

and low-coverage WGS. For clinical applicability of the
TBL as a prognostic biomarker, a relative distinction

between TBL-high and TBL-low is expected to be suf-

ficient, for which a precise determination of the exact

number and location of chromosomal breaks is not

required. We therefore expect that TBL classification

can be performed in a robust manner using a wide range

of platforms that are currently used to generate SCNA

data.
In conclusion, the TBL is a prognostic biomarker

that has the potential to be implemented for patients

with non-metastatic CRC, pending further validation.

Further assay development and prospective validation

studies are required to develop the TBL measure into a

robust biomarker that can be applied in a routine mo-

lecular diagnostic setting.
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