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Simple Summary: Many cancer cells are chromosomally unstable, a phenotype describing a tendency
for accumulating chromosomal aberrations. Entire chromosomes tend to be gained or lost, which is
called whole chromosome instability (W-CIN). Structural chromosomal instability (S-CIN) describes
an increased rate of gaining, losing or translocating smaller parts of chromosomes. Here, we analyse
data from 33 cancer types to find differences and commonalities between W-CIN and S-CIN. We find
that W-CIN is strongly linked to whole genome doubling (WGD), whereas S-CIN is associated with a
specific DNA damage repair pathway. Both W-CIN and S-CIN are difficult to target using currently
available compounds and have distinct prognostic values. The activity of the drug resistance gene
CKS1B is associated with S-CIN, which merits further investigation. In addition, we identify a
potential copy number-based mechanism promoting signalling of the important PI3K cancer pathway
in high-S-CIN tumours.

Abstract: A large proportion of tumours is characterised by numerical or structural chromosomal
instability (CIN), defined as an increased rate of gaining or losing whole chromosomes (W-CIN)
or of accumulating structural aberrations (S-CIN). Both W-CIN and S-CIN are associated with
tumourigenesis, cancer progression, treatment resistance and clinical outcome. Although W-CIN
and S-CIN can co-occur, they are initiated by different molecular events. By analysing tumour
genomic data from 33 cancer types, we show that the majority of tumours with high levels of W-CIN
underwent whole genome doubling, whereas S-CIN levels are strongly associated with homologous
recombination deficiency. Both CIN phenotypes are prognostic in several cancer types. Most drugs
are less efficient in high-CIN cell lines, but we also report compounds and drugs which should be
investigated as targets for W-CIN or S-CIN. By analysing associations between CIN and bio-molecular
entities with pathway and gene expression levels, we complement gene signatures of CIN and report
that the drug resistance gene CKS1B is strongly associated with S-CIN. Finally, we propose a potential
copy number-dependent mechanism to activate the PI3K pathway in high-S-CIN tumours.

Keywords: whole chromosomal instability; structural chromosomal instability; whole genome
doubling; integrative analysis; PI3K oncogenic activation

1. Introduction

A large proportion of human tumours exhibits abnormal karyotypes with gains and
losses of whole chromosomes or structural aberrations of parts of chromosomes [1–3]. In
many cases, these karyotypic changes are the result of ongoing chromosomal instability
(CIN), which is defined as an increased rate of chromosomal changes. Accordingly, two
major forms of CIN can be distinguished: Whole chromosome instability (W-CIN), which
is also called numerical CIN, refers to the ongoing acquisition of gains and losses of whole
chromosomes. Structural CIN (S-CIN) is characterised by an increased rate of acquiring
structural changes in chromosomes including, amongst other things, amplifications and
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deletions, inversions, duplications and balanced or unbalanced translocations [1–4]. CIN
is to be distinguished from polyploidy, where the whole set of chromosomes is increased.
In cross-sectional tumour samples, W-CIN manifests itself by an abnormal and unequal
number of chromosomes, whereas the S-CIN phenotype is characterised by segmental
aneuploidy, i.e., gains and losses of chromosome segments.

Although W-CIN can induce S-CIN and vice versa, both types of CIN arise through
distinct molecular characteristics. Whilst W-CIN is caused by chromosome missegregation
during mitosis, S-CIN is commonly attributed to errors in the repair of DNA double-strand
breaks [5,6]. Both types of CIN are intimately related to DNA replication stress [7,8],
which not only induces CIN [9,10], but also occurs as an immediate short-term response to
aneuploidy and CIN [11].

Aneuploidy and CIN have typically detrimental effects on cell fitness and prolifer-
ation [5,11,12]. Therefore, it was unclear why CIN is often associated with poor patient
survival and more aggressive disease progression [1,13,14]. Stratification of breast cancer
patient samples into low, intermediate and high CIN groups revealed that patients with
intermediate levels of CIN had the worst survival, whereas the low and high CIN groups
had a better prognosis [15,16]. These results hinted at mechanisms for tolerating CIN in
order to survive the stresses provoked by chromosomal aberrations. The CIN tolerance
mechanisms are currently not completely understood [17], but one important recurring
event is a loss of TP53 function, which otherwise prevents the propagation of CIN cells [18].

The CIN 70 signature is a set of genes whose expression is correlated with functional
segmental aneuploidy [1]. It was one of the first CIN signatures and it is enriched by
genes involved in cell cycle regulation and mitosis. CIN 70 was later criticised for rather
being a marker for cell proliferation than for CIN, because it reflects evolved aneuploid
cancer cell populations which have adapted their genome instead of a primary response to
CIN [19]. These studies highlighted that we have to distinguish between acute responses
to aneuploidy and CIN [11], mechanisms for tolerating CIN [17] and the cellular pro-
gramme [20,21] and genetic alterations [22] acquired by evolved CIN cells. These cellular
programmes might differ between cancer cell lines and tumours, partially as a result of
treatment effects or as a result of interactions with the tumour microenvironment. Recently,
it was discovered that chromosome segregation errors as well as replication stress activate
the anti-viral immune cGAS-STING pathway, which responds to genomic double-stranded
DNA in the cytosol [2,23]. This interesting research links cancer cell intrinsic processes with
cell to cell communication and immune response in the tumour microenvironment.

The phenotypic plasticity in combination with tumour heterogeneity enables CIN
tumours to rapidly adapt to diverse stress conditions. It has been shown that CIN permits
and accelerates the acquisition of resistance against anti-cancer therapies by acquiring
recurrent copy number changes [24,25]. This acquired drug resistance could potentially
exacerbate the intrinsic drug resistance [26] of many CIN cells, which highlights the need to
better understand genomic changes of CIN tumours in the context of anti-cancer treatment.

Computational studies of cancer genomic data have provided valuable insights into
CIN [1,19–22] and aneuploidy [27] and guided experimental and clinical testing. However,
most of these studies did not differentiate between W-CIN and S-CIN. Here, we analyse
cancer genomic data to better understand commonalities and differences between both
types of CIN. In particular, we analyse, across multiple cancer types, the genomic landscape
of S-CIN and W-CIN, their relationship to prognosis and drug sensitivity, the relationship
between CIN, somatic point mutations and specific copy number variations and propose a
new link between S-CIN and the PI3K oncogenic pathway.

2. Materials and Methods
2.1. TCGA Pan-Cancer Clinical and Molecular Data

We analysed chromosome instability of 33 primary tumour types from The Cancer
Genome Atlas (TCGA): Adrenocortical carcinoma (ACC, n = 89); bladder urothelial car-
cinoma (BLCA, n = 399); breast invasive carcinoma (BRCA, n = 1039); cervical and
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endocervical cancers (CESC, n = 294); cholangiocarcinoma (CHOL, n = 36); colon adeno-
carcinoma (COAD, n = 420); lymphoid neoplasm diffuse large B-cell lymphoma (DLBC,
n = 47); esophageal carcinoma (ESCA, n = 162); glioblastoma multiforme (GBM, n = 556);
head and neck squamous cell carcinoma (HNSC, n = 510); kidney chromophobe (KICH,
n = 65); kidney renal clear cell carcinoma (KIRC, n = 480); kidney renal papillary cell
carcinoma (KIRP, n = 280); acute myeloid leukaemia (LAML, n = 124); brain lower grade
glioma (LGG, n = 506); liver hepatocellular carcinoma (LIHC, n = 361); lung adenocarci-
noma (LUAD, n = 490); lung squamous cell carcinoma (LUSC, n = 482); mesothelioma
(MESO, n = 81); ovarian serous cystadenocarcinoma (OV, n = 550); pancreatic adenocarci-
noma (PAAD, n = 165); pheochromocytoma and paraganglioma (PCPG, n = 160); prostate
adenocarcinoma (PRAD, n = 471); rectum adenocarcinoma (READ, n = 154); sarcoma
(SARC, n = 244); skin cutaneous melanoma (SKCM, n = 104); stomach adenocarcinoma
(STAD, n = 427); testicular germ cell tumours (TGCT, n = 133); thyroid carcinoma (THCA,
n = 463); thymoma (THYM, n = 106); uterine corpus endometrial carcinoma (UCEC,
n = 512); uterine carcinosarcoma (UCS, n = 56); uveal melanoma (UVM, n = 80).

We also calculated karyotypic complexity scores as surrogate measures for CIN (see
Section 2.4) for 391 metastatic tumour tissues, 8719 blood-derived normal tissues and
2207 solid normal tissues.

The TCGA pan-cancer molecular and clinical data were downloaded from the Pan-
Cancer Atlas [28]. The file names for different data modalities are: Copy number seg-
ment data from broad.mit.edu_PANCAN_Genome_Wide_SNP_6_whitelisted.seg; ABSO-
LUTE [29] inferred ploidy data from TCGA_mastercalls.abs_tables_JSedit.fixed.txt; nor-
malised and batch effect-corrected gene expression profile from EBPlusPlusAdjustPANCAN_
IlluminaHiSeq_RNASeqV2.geneExp.tsv; clinical data from TCGA-CDR-SupplementalTableS1
.xlsx; PARADIGM [30] inferred pathway activity data from merge_merged_reals.tar.gz.

2.2. CCLE Molecular and Sample Annotation Data

Cell line multiomics data were downloaded from the Broad-Novartis Cancer Cell Line
Encyclopedia (CCLE) [31]. In particular, the copy number segment data are located in CCLE_
copynumber_2013-12-03.seg.txt. Gene expression profiles and sample annotations are
located in CCLE_RNAseq_genes_rpkm_20180929.gct.gz and Cell_lines_annotations_
20181226.txt. The binary alteration matrix is located in CCLE_MUT_CNA_AMP_DEL_binary_
Revealer.gct. Sample ploidy data estimated using the ABSOLUTE algorithm [29] are
located in CCLE_ABSOLUTE_combined_20181227.xlsx.

2.3. CTRP Drug Screening Data

We collected cell line pharmacological profiling data from the Cancer Therapeutics Re-
sponse Portal (CTRP [32], CTRPv2.0_2015_ctd2_ExpandedDataset.zip). The drug resis-
tance quantified by the area under the dose–response curve (AUC) was min–max nor-
malised, i.e., the minimum value was subtracted and the resulting values were rescaled by
the original range of the AUC. These min–max normalised AUC values have a range between
zero and one. From this, we computed the drug sensitivity index as 1 − normalised AUC
with values in the range between 0 (highest resistance) and 1 (most sensitive).

2.4. Karyotypic Complexity Scores (CIN Scores)

We implemented three different karyotypic complexity scores [7] as surrogate mea-
sures for CIN in both TCGA bulk tumours and CCLE cell lines: The numerical complexity
score (NCS), the structural complexity score (SCS) and the weighted genome instability
index (WGII). For brevity, we will refer to these karyotypic complexity scores as CIN scores.
Here, we detail the procedures for computing each score.

The NCS is calculated by the following steps:

Step 1: Inferring sample ploidy using the ABSOLUTE algorithm [29].

https://data.broadinstitute.org/ccle_legacy_data/dna_copy_number/CCLE_copynumber_byGene_2013-12-03.txt
https://data.broadinstitute.org/ccle_legacy_data/dna_copy_number/CCLE_copynumber_byGene_2013-12-03.txt
https://data.broadinstitute.org/ccle/CCLE_RNAseq_genes_rpkm_20180929.gct.gz
https://data.broadinstitute.org/ccle/Cell_lines_annotations_20181226.txt
https://data.broadinstitute.org/ccle/Cell_lines_annotations_20181226.txt
https://data.broadinstitute.org/ccle_legacy_data/binary_calls_for_copy_number_and_mutation_data/CCLE_MUT_CNA_AMP_DEL_binary_Revealer.gct
https://data.broadinstitute.org/ccle_legacy_data/binary_calls_for_copy_number_and_mutation_data/CCLE_MUT_CNA_AMP_DEL_binary_Revealer.gct
https://data.broadinstitute.org/ccle/CCLE_ABSOLUTE_combined_20181227.xlsx
https://ctd2-data.nci.nih.gov/Public/Broad/CTRPv2.0_2015_ctd2_ExpandedDataset/CTRPv2.0_2015_ctd2_ExpandedDataset.zip
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Step 2: Rounding the ploidy and segment-wise copy numbers of each sample to the
nearest integer.

Step 3: Identifying whole chromosomal changes in each chromosome. For each chromo-
some in a sample, this chromosome is counted as a whole chromosomal change
if at least 75% of the chromosome has integer copy numbers greater or less than
the sample integer ploidy.

Step 4: Summing up the whole chromosome changes across all 22 autosomes yields the
sample NCS.

The SCS is calculated by the following steps:

Step 1: Rounding the segment-wise copy numbers of each sample to the nearest integer.
Step 2: Computing the modal copy number for each chromosome in each sample.
Step 3: Identifying intra-chromosomal changes for each chromosome. Given a chro-

mosome segment of a sample, this segment (with length ≥1 Mb) is counted as
changed if its integer copy number is greater or less than the modal copy number
of this chromosome.

Step 4: Summing up all intra-chromosomal changes across all 22 autosomes yields the
sample SCS.

The WGII is calculated by the following steps:

Step 1: Inferring sample ploidy using the ABSOLUTE algorithm [29].
Step 2: Rounding the ploidy and segment-wise copy numbers of each sample to the

nearest integer.
Step 3: Identifying chromosome changes for each chromosome. Given a chromosome

segment of a sample, this segment is counted as changed if the integer copy
number of this segment is greater or less than the sample integer ploidy.

Step 4: Calculating the percentage of the chromosome change for each chromosome.
Step 5: Calculating the mean percentage of the chromosome change of all 22 autosomes,

resulting in sample WGII.

2.5. Association Analysis between CIN and Genome Instability

Aneuploidy scores (ASs) of samples are taken from [27], Supplementary Table S2,
tumour characteristics including homologous recombination deficiency (HRD), silent mu-
tation rate (SMR), non-silent mutation rate (NSMR), proliferation and intra-tumour hetero-
geneity (ITH) were collected from [33], Supplementary Table S1. Microsatellite instability
(MIN) scores are collected from [34], Supplementary Table S5. The correlations of these
genome instability scores and NCS or SCS were quantified by Spearman correlation coefficients.

2.6. Survival Analysis

We performed survival analysis using the survival R package [35]. Patients were
stratified according to their median CIN score of all patients from the same cohort. A
univariate Cox proportional hazards model was fitted to evaluate the association between
patient survival and CIN and the log rank test was applied to calculate the p-value for
the survival difference between high-CIN and low-CIN groups. Survival curves were
visualised using ggsurvplot implemented in the survminer R package [36].

2.7. Treatment Response Analysis

We labelled patients with complete/partial response to chemotherapy or radiation
therapy as responders and the other patients as non-responders. A Wilcoxon rank sum
test was used to evaluate the differences of the NCS and SCS in the responder and non-
responder groups.
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2.8. Identification of Candidate Compounds Selectively Targeting CIN

Spearman correlation coefficients between drug sensitivity (defined in Section 2.3) and
CIN were computed for 545 CTRP compounds. Compounds with multiple testing adjusted
p ≤ 0.05 and median drug sensitivity >0.5 were considered as candidate compounds selec-
tively targeting low-CIN cancer cells (compounds with negative correlation coefficients) or
high-CIN cancer cells (compounds with positive correlation coefficients).

2.9. Association Analysis between CIN and PARADIGM Pathway Activities

We collected the sample-wise PARADIGM pathway activity matrix from the Pan-
Cancer Atlas [28] with the file name merge_merged_reals.tar.gz. For each cancer type
we computed the Spearman correlation coefficient between CIN score (NCS or SCS) and
PARADIGM pathway activity and selected the top pathways corresponding to significant
protein coding genes. We filtered genes/proteins whose PARADIGM pathway activities
are strongly positively correlated with NCS or SCS (correlation coefficient ≥0.3) in more
than seven cancer types.

2.10. Association Analysis between Somatic Alterations and CIN

We used the limma R package [37] for multiple linear regression analysis on CIN scores,
using alteration status (mutation, copy number amplification or copy number deletion
versus wild type) and cohort as predictor variables. To achieve sufficient statistical power,
only alterations which occurred in more than 20 samples were included as predictors.

3. Results
3.1. Karyotypic Complexity Scores as Surrogate Measures for CIN

CIN is a dynamic feature of abnormal chromosomes, rendering its assessment in
routine experimental settings difficult [38,39]. Assessing the degree of ongoing W-CIN or S-
CIN requires time-resolved data to monitor the rate of mitotic errors or the rate of segmental
gains or losses, respectively. An alternative is to use single cell analysis to quantify cell to
cell karyotype heterogeneity within a population of cells. The latter approach is based on
the assumption that the degree of CIN is reflected by the degree of karyotype heterogeneity.

Although these and other approaches have made considerable progress in recent years
(see, e.g., [40] for a recent review), the number of patient-derived tumour samples across
different cancer types providing such information is not sufficient for a statistically mean-
ingful comparison across different cancer types. Instead, we use established karyotypic
complexity scores which have been evaluated as good markers for the CIN phenotype [7,26].
Please note, however, that these scores derived from cross-sectional tumour data quantify
the degree of aneuploidy or segmental aneuploidy, which is the result of both CIN and
the selective pressures shaping the karyotype. As such, the karyotypic complexity scores
cannot quantify ongoing CIN, but only reflect the chromosomal changes resulting from CIN
and evolutionary adaptation and selection. Nevertheless, based on previous evidence [26]
we assume here that these karyotypic complexity scores reflect features of the evolved CIN
phenotype and refer to them as CIN scores.

As a surrogate score for the degree of W-CIN of a given tumour sample, we used the
numerical complexity score (NCS) [7], which counts the number of whole chromosome
gains/losses (defined as chromosomes with more than 75% of integer copy numbers higher
or lower than the sample integer ploidy). The exact computation is given in Section 2.4. The
degree of S-CIN was assessed by the structural complexity score (SCS), which is the number
of structurally aberrant regions in the genome of a sample. A region in a chromosome is
defined as structurally aberrant if it is longer than 1 Mb and its copy number deviates from
the modal copy number of the chromosome (Section 2.4).

The weighted genome instability index (WGII) was previously used as a measure
integrating both numerical and structural complexity (e.g., [7,12]). The WGII is the average
percentage of changed genome relative to the sample ploidy [7], see again Section 2.4. We
found that the WGII is highly correlated to the NCS (Pearson correlation coefficient: 0.99)

https://gdc.cancer.gov/about-data/publications/pancanatlas
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and we also provide the pan-cancer analysis results using the WGII for comparison in
PDF S1.

Please note one important difference between our work and previous analysis (e.g., [7,12])
of karyotypic complexity scores: We used the ABSOLUTE algorithm for estimating the ploidy
of the sample, whereas most previous work used the median copy number weighted by seg-
ment length across all segments [7]. The ABSOLUTE inferred ploidy has been validated using
fluorescence-activated cell sorting, spectral karyotyping and DNA-mixing experiments [29].

3.2. Landscape of W-CIN and S-CIN across Human Cancers

In total, we calculated NCS and SCS for 21,633 samples including 10,308 primary
tumours, 391 metastatic tumours and 10,934 normal tissues derived from 33 cancer types.
The distribution of NCS varies drastically across cancer types (Figure 1A), but shows a
characteristic bimodal pattern, see also the pan-cancer histogram on the right hand side.
The colour coding of the whole genome doubling (WGD) status indicates that tumour
samples with high levels of NCS are often characterised by a WGD event. Please note that
this is not an artefact of the NCS, which is measured relative to the sample ploidy. This
suggests that WGD is an important mechanism inducing W-CIN in many cancer types.
However, the exception is kidney chromophobe (KICH), where WGD events seem to be
rare, but high levels of the NCS can still be observed. In this cancer type, there is also no
clear bimodal pattern, suggesting that mechanisms other than WGD drive W-CIN in KICH.
Even in cancers where the bimodal pattern suggests a clear separation between numerically
unstable and numerically stable tumours, it is difficult to define a universal NCS threshold
distinguishing numerically stable from W-CIN tumours across cancer types. For example,
in ovarian serous cystadenocarcinoma (OV), one can distinguish low- and high-NCS groups
with WGD, but the overall level of the NCS is much higher than that in other cancer types.
Similarly, for adrenocortical carcinoma (ACC), there are many patients with high levels
of NCS even in the group of samples which did not undergo WGD. This suggests that
processes other than WGD can drive a certain degree of W-CIN in these tumours.

In contrast to the NCS distribution, the pan-cancer distribution of SCS peaks at low
values and is right skewed (Figure 1B). This indicates that most tumours are structurally
chromosomally stable, but some can exhibit extreme levels of S-CIN. Overall, there is no
functional relationship between NCS and SCS (Figure A1).

The distribution of SCS indicates a high degree of tumour heterogeneity within the
same cancer type and across cancer types. Ovarian serous cystadenocarcinoma (OV), uter-
ine carcinosarcoma (UCS) and sarcoma (SARC) show the highest SCS (Figure 1B) and many
samples within these tumours also exhibit high NCS (compare Figure 1A). Both types of
CIN occur in many OV, esophageal carcinoma (ESCA) and BRCA samples, whereas thyroid
carcinoma (THCA), thymoma (THYM) and acute myeloid leukaemia (LAML) samples are
typically both structurally and numerically stable. Cancer types previously recognised as
those dominated by the CIN phenotype [41], including stomach adenocarcinoma (STAD),
colon adenocarcinoma (COAD), uterine corpus endometrial carcinoma (UCEC), OV, UCS
and prostate adenocarcinoma (PRAD) have extremely heterogeneous SCS.

We also checked for associations of CIN with other types of genetic instability by
correlating the NCS and SCS with different features: Aneuploidy score (AS), homologous
recombination deficiency (HRD), silent mutation rate (SMR), non-silent mutation rate
(NSMR) and intra-tumour heterogeneity (ITH). The NCS is positively associated with
the aneuploidy score (Figure 1C) across cancer types [42]. HRD is consistently positively
associated with the SCS (Figure 1D), suggesting that impaired repair of double-strand DNA
breaks might be a key driver of S-CIN.

CIN and microsatellite instability (MIN) are usually considered mutually exclusive [38].
Indeed, most MIN tumours have low NCS and SCS, but some MIN samples which under-
went WGD can also exhibit signs of W-CIN and S-CIN (Figure A2A).
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B

C

D

Figure 1. Distribution of CIN scores and their association with genetic instability. (A) Left: NCS for
TCGA tumour samples (dots) from different cancer types, sorted according to median NCS. The
colour coding indicates the WGD status and the number below each beeswarm plot is the proportion
of samples which underwent WGD. Right: Pan-cancer histogram of NCS. (B) SCS for tumour samples
from different cancer types, ordered by their median SCS. Right: Pan-cancer histogram of SCS with
colours indicating WGD status. (C,D) Correlation between NCS (C) or SCS (D) with different indices
for genetic instability, intra-tumour heterogeneity and proliferation: MKI67 expression, proliferation
rates (PROLIF), intra-tumour heterogeneity (ITH), non-silent mutation rate (NSMR), silent mutation
rate (SMR), homologous recombination deficiency (HRD) and aneuploidy score (AS). Data for these
indices were collected from [27,33].

To check for a potential link between CIN and proliferation, we used a proliferation in-
dex [33] and the expression of the MKI67 marker for proliferation. In many cancers, including
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BRCA, SARC, STAD and PRAD, increasing levels of NCS go along with increasing levels of
these proliferation markers (Figure 1C). Proliferation markers are also associated with SCS
in some cancers, including BRCA and LUSC. However, this is not the case for many other
cancers, reflecting again the complex relationship between CIN and proliferation [43–45].
The balance between the proliferation-promoting effect of CIN as a template for Darwinian
selection and the cellular burden of chromosomal aberrations accompanied by CIN might be
highly cancer type dependent.

Both NCS and SCS tend to be higher in primary tumours than in normal samples
(Figure A2B). Previous findings linked CIN and metastasis [23]. We find that metastatic
tumours tend to have higher levels of the SCS. For the NCS, this relationship is unclear.
The average NCS is higher in metastatic tumours, but there are many primary tumours
with high levels of NCS. The small sample size for metastatic tumours prevents a cancer
type-specific analysis of the relationship between CIN and metastatic disease.

These results highlight that W-CIN and S-CIN are two related but distinct pheno-
types with different distributions across cancer types. Whole genome doubling is often
accompanied by W-CIN, but this does not completely explain the elevated levels of NCS in
some cancer types or individual tumours. The bimodal distribution of the NCS in most
cancer types separates high-W-CIN from low-W-CIN samples, but does not provide a
universal threshold valid across cancer types. However, in some cancers such as OV, even
the non-WGD samples can exhibit substantial levels of W-CIN. In contrast, S-CIN is a
continuous trait which is strongly associated with HRD, but not with WGD. Please note
that these patterns are also observed in cell lines (Figure A2C,D).

3.3. Clinical Significance of CIN in Different Cancer Types

To analyse the relationship between W-CIN and prognosis, we divided the tumour
samples in each individual cancer type into disjoint NCShigh and NCSlow groups using
the median as a threshold. For seven of the 33 cancer types, we found that NCShigh

patients had a significantly shorter overall survival than patients in the NCSlow group
(Figure 2A, Table A1, log rank test, p < 0.05). This includes BRCA, LGG, LIHC, OV, STAD,
UCEC and UVM. Disease-free survival is lower in the NCShigh group for LGG, OV, PRAD
and UCEC patients (Figure A3A, Table A3, log rank test, p < 0.05) and progression-free
survival is negatively associated with high NCS in KIRC, LGG, OV, PRAD, UCEC and
UVM (Figure A4A, Table A5, log rank test, p < 0.05).

Using an analogous separation of the tumour samples into SCSlow and SCShigh groups
using the median SCS in each tumour type, we found that the overall survival of patients in
11 out of 33 cancers is negatively associated with S-CIN (Figure 2B, Table A2, log rank test,
p < 0.05). High SCS is linked to impaired disease-free survival in adrenocortical carcinoma
(ACC), KIRC, kidney renal papillary cell carcinoma (KIRP), lung squamous cell carcinoma
(LUSC), PRAD, THCA and UCEC (Figure A3B, Table A4, log rank test, p < 0.05). For OV,
patients with high SCS tend to have slightly better overall survival (Figure 2B, Table A2).
However, the effect is very small and at the edge of statistical significance. In addition,
the analysis of disease-free survival (Figure A3, Tables A3 and A4) and progression-free
survival (Figure A4, Tables A5 and A6) does not provide any evidence for an effect of S-CIN
on the prognosis of OV patients.

To further explore the clinical relevance of both types of CIN in therapy, we studied
the association between CIN and response to radiotherapy or chemotherapy. Radiotherapy
responders tend to have lower NCSs than radiotherapy non-responders (Wilcoxon rank
test, p = 0.0007), whereas SCS is not significantly associated with radiotherapy response
(Figure 2C). On a pan-cancer level, we did not find a significant difference between NCSs
in the group of chemotherapy responders versus non-responders (Figure 2D). The median
SCS of chemotherapy responders is slightly higher. One possible explanation is that high
S-CIN samples tend to have defective homologous recombination repair (see Figure 1B),
which renders them slightly more sensitive to chemotherapy [46,47].



Cancers 2022, 14, 1424 9 of 30

Figure 2. Clinical significance of CIN in different cancer types. (A) For seven cancer types there are
significant differences in overall survival between patient samples with low NCS (blue) and high NCS
(red). Dashed lines indicate the five-year overall survival probability of the two groups. (B) The SCS is
associated with overall survival in 11 cancer types (low-SCS group in blue and high-SCS group in red).
(C) Comparison of the NCS and SCS between radiotherapy responders and non-responders using a
Wilcoxon rank sum test. (D) Comparison of the NCS and SCS between chemotherapy responders
and non-responders using a Wilcoxon rank sum test. (E) The median drug sensitivity of a compound
plotted against the correlation coefficient between drug sensitivity and NCS. Drugs with significant
positive and negative correlations between their sensitivity and NCS are highlighted in red and
blue, respectively. (F) The median drug sensitivity of a compound plotted against the correlation
coefficient between drug sensitivity and SCS. Compounds whose sensitivity is significantly negatively
or positively correlated with SCS are highlighted in blue and red, respectively.

Next, we asked whether there are drugs suitable for targeting CIN [48]. To this end,
we combined data from the Cancer Therapeutics Response Portal (CTRP) and the Cancer
Cell Line Encyclopedia (CCLE). We normalised the area under the dose–response curve
(AUC) values of 545 compounds and small molecules in all cell lines to values between zero
and one and defined drug sensitivity as one minus the normalised AUC. Values of zero
indicate the highest resistance level, whereas values of one indicate the highest possible
sensitivity. We then computed Spearman rank correlation coefficients between the drug
sensitivity of each compound with the NCS or SCS. To analyse the typical drug sensitivity
as a function of CIN, we plotted the median drug sensitivity of each compound or small
molecule across cell lines against their correlation coefficients with NCS (Figure 2E) or SCS
(Figure 2F).

For the majority of compounds, we found negative correlations between their sensitiv-
ity and both types of CIN (Figure 2E,F), highlighting that for many compounds CIN confers
an intrinsic drug resistance [26]. Only a few compounds are more potent in high-CIN cell
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lines than in low-CIN cell lines. However, their overall levels of sensitivity are typically
low in comparison to drugs more efficient in low-CIN cell lines.

The strongest positive correlations between drug sensitivity and NCS (Figure 2E) were
found for the compounds PLX-4032 and BCL-LZH-4 (median drug sensitivity >0.5 and
FDR-adjusted p < 5%). PLX-4032 targets BRAF and has been approved by the FDA for
clinical use. The BCL2/BCL-xL/MCL1 inhibitor BCL-LZH-4 is a probe.

Drugs showing increasing sensitivity with the SCS (Figure 2F) include afatinib and lapatinib
(median drug sensitivity >0.5 and FDR-adjusted p < 5%). Lapatinib targets HER2/neu and
is used in combination treatment of HER2-positive breast cancer. Afatinib is used to treat
non-small lung cancers with EGFR mutations [49]. Austocystin D is a natural cytotoxic agent
and also more efficient in high-S-CIN tumours. Further details about the correlations between
CIN scores and drug sensitivity can be found in the Supplementary Tables (NCS: Table S1; SCS:
Table S2; WGII: Table S3).

Overall, the analysis shows that the prognostic value of CIN scores depends on cancer
types and that S-CIN and W-CIN provide distinct prognostic information. The prognosis
for many cancer types worsens with increased levels of CIN scores. Only for OV did
we find a slightly better overall survival for patients with high SCS. It is possible that
a stratification of patients according to cancer subtypes might reveal more fine-grained
insights regarding the prognostic value of CIN [15,16]. Our drug sensitivity analysis reveals
that most compounds are less efficient in high-CIN tumours than in low-CIN tumours.
There are a few drugs to which high-CIN cells are more sensitive than low-CIN cells. In
particular, we suggest that afatinib, lapatinib and austocystin D merit further investigation
for targeting S-CIN tumours. However, current drug sensitivity screens do not include
many highly potent drugs specifically targeting CIN.

3.4. PARADIGM Pathway Activity and CIN

To identify pathways with altered activity in W-CIN or S-CIN tumours, we used the
PARADIGM framework [30]. PARADIGM is a computational model which represents inter-
actions between biological entities as a factor graph. PARADIGM integrates copy number
and gene expression data and computes activities for each PARADIGM pathway feature
in an individual tumour sample. These features refer to protein-coding genes, protein
complexes, abstract processes and gene families. We focused on the PARADIGM features
for protein-coding genes, because these are easier to interpret and can be used to generate
experimentally testable predictions. We correlated the PARADIGM pathway features with
the NCS or SCS and filtered features with a significant (FDR-adjusted p < 5%) Spearman
correlation coefficient ≥ 0.3 in at least seven of the 32 cancer types (NCS: Figure 3A, SCS:
Figure 3C).

PARADIGM pathway features corresponding to the mitotic genes TPX2, RAE1, UBE2C,
AURKA (see Figure 3A) show increased activity in tumours with high NCS, consistent
with the known role of chromosome segregation errors in W-CIN [1,20]. Additionally, the
PARADIGM features corresponding to the genes CDC25B and DSN1 have higher activity
in tumours with high NCS across many cancers. CDC25B regulates cell cycle progression
and unregulated CDC25B induces replication stress, leading to CIN [50]. DSN1 is required
for kinetochore assembly.

The STX1 (SYNTAXIN 1A) pathway shows increased activity in W-CIN tumours. This
finding is surprising, because the STX1 gene is normally expressed in brain cells and is a
key molecule in synaptic exocytosis and ion channel regulation. The reason why STX1 is
upregulated in W-CIN tumours needs further investigation.

It is interesting to note the positive association of the PARADIGM feature for GINS1
with NCS [10]. The GINS1 protein is essential for the formation of the Cdc45–MCM–GINS
(CMG) complex which functions to unwind DNA ahead of the replication fork [51]. As
detailed in [10], overexpression of GINS in vitro increases replication origin firing and
triggers whole chromosome missegregation and W-CIN. Indeed, when we complement
our PARADIGM pathway analysis with simple gene-wise correlation of the NCS and gene
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expression, we find many genes involved in DNA replication and replication origin firing
(see Figure 3A,B).

Paradigm feature
replication factor

gene type
not significant
significant

significant (FDR<0.05)

Figure 3. PARADIGM pathway activity and gene expression associated with CIN. (A) The PARADIGM
pathway-level activities corresponding to protein-coding genes (rows) were correlated with the NCS.
Only pathways with a significant correlation (FDR-adjusted p < 5%) larger than 0.3 in at least seven
cancer types were included. The heatmap shows the normalised PARADIGM pathway activity (0–1
from low to high). Cancer types were ordered according to their median NCS, see top panel. (B) Volcano
plot for the correlation between gene expression and NCS. (C) Analogous to (A), but for the SCS instead
of the NCS. (D) Correlation of SCS and gene expression, analogous to (B).

The analysis of the SCS-associated PARADIGM features (Figure 3C) again revealed pro-
teins involved in kinetochore function, mitotic progression and spindle assembly and chro-
mosome segregation (AURKA, UBE2C NEK2, TBCE) or cell cycle progression (CDK4, E2F1).

The activity of the cyclin-dependent kinase regulatory subunit 1B (CKS1B) pathway is
positively associated with the SCS. CKS1B has recently been linked to cancer drug resistance
and was discussed as a new therapeutic target [52]. Our results suggest that the CKS1B
activity is closely linked to S-CIN, which needs to be considered when studying CKS1B as
a new target gene or as a marker of drug resistance.

To check for the robustness of these findings, we also performed a gene-wise corre-
lation of the SCS and gene expression (Figures 3C and A5C). We also highlighted genes
involved in DNA replication. Gene set enrichment analysis indicates that the top high-S-
CIN-associated genes are enriched with replication origin factors (Figure A5A,B).

Please note that the analysis of genes and PARADIGM pathways negatively associated
with CIN did not reveal a similarly consistent pattern across cancer types (see Figure A6).

Taken together, our analysis of PARADIGM pathway activity and gene expression
in the context of CIN not only recovered known CIN genes involved in mitotic processes
and spindle assembly, but highlighted, amongst others, the replication factor GINS1 to be
associated with W-CIN [10] and the CDK regulator and drug resistance protein CKS1B as
strongly associated with S-CIN. In addition, we observed that the over-expression of genes
involved in DNA replication is positively associated with high CIN.
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3.5. Somatic Point Mutation Frequencies in High-CIN Tumours

To investigate the relationship between somatic point mutations and CIN, we identi-
fied genes that are more frequently or less frequently mutated in high-CIN tumours. From
the 19,171 gene mutations, we included only those occurring in more than 19 samples in
the wild type or mutant group across different cancer types. We fitted a linear regression
model using NCS or SCS as response and somatic point mutation status (present or absent)
and cancer type as predictors. The estimated regression coefficient for mutation status was
used to measure its association with CIN, adjusted for tumour type.

As expected, at the pan-cancer level, TP53 mutation shows the strongest association
with CIN. Tumours harbouring a TP53 mutation have on average more than four more
whole chromosome gains or losses (ANOVA p-value < 2.2 × 10−16) than tumours with
wild type TP53 (Figure 4A). The mean difference in the SCS in a tumour sample with
a TP53 mutation compared to wild type samples is approximately 11 structural aberra-
tions (Figure 4B). In line with this, TP53 mutation is positively associated with high CIN
in many individual cancer types (Figure A7A). In fact, even after removing MIN samples,
this correlation still holds (Figure A7B), corroborating the well-known role of TP53 as a
gatekeeper of genome stability (see e.g., [53]).

Contrary to the enrichment of TP53 mutation in both types of CIN, we find that the
presence of mutations in 5807 different genes is negatively associated with both NCS and SCS
(Figure 4A). A similar negative correlation between the frequencies of recurrent copy number
alterations and somatic mutations has previously been reported [54]. Later, it was realised
that this negative relationship can be reversed, when the confounding effect of MIN [21,27] is
removed. When we exclude these hypermutated samples, we observe a more even distribution
between genes more or less frequently mutated in high-CIN compared to low-CIN tumours
(Figure 4B). This is also consistent with Figure 1C,D, where we found that neither the silent
mutation rate nor the non-silent mutation rate is associated with NCS and SCS.

A B

Figure 4. Pan-cancer somatic mutations and CIN. (A) The volcano plots show the association between
somatic mutations and the NCS (left) or the SCS (right). The linear model coefficient indicates the
mean difference of the respective CIN score when the mutation is present in a tumour sample relative
to the wild type. Genes with lowest p-values, well-known CIN genes and cancer driver genes are
highlighted. The analysis was performed on genes for which samples sizes for both wild type group
and mutated group are larger than 19. Mutations significantly associated (FDR < 5%) with higher or
lower CIN score are highlighted in blue and red, respectively. (B) The same as (A), but hypermutated
MIN samples are excluded.

Intriguingly, even after excluding hypermutated samples, we find somatic point muta-
tions of important cancer genes including PI3KCA, PTEN and ARID1A to be under-represented
in high-CIN bulk tumours (Figure 4B) and high-CIN cancer cell lines (Figure A7D). HRAS
and JAK1 mutations are less frequent in tumours with high NCS and KRAS mutations are
under-represented in samples with high SCS. More remarkably, when only considering vali-
dated cancer driver somatic mutations [55], the above observed relationship between PI3KCA
mutation, PTEN mutation and CIN still holds (Figure A7C). The under-representation of



Cancers 2022, 14, 1424 13 of 30

somatic mutations in these key cancer genes in high-CIN tumours cannot be explained by
differences in the overall mutation rates of these samples.

3.6. Copy Number Gains and Losses Associated with CIN

Given that somatic mutations of many genes are under-represented in high-CIN
tumours, we next investigated copy number alterations which are specifically linked to
CIN (Figure 5A). One of the strongest associations between a copy number gain and SCS
was found for the MYC proto-oncogene. The candidate oncogene PVT1 is also specifically
gained in tumours with high SCS. PVT1 is involved in the regulation of MYC [56] and
carries a TP53-binding site. In addition, we found high NCS is associated with copy number
gains for genes encoding members of the WFDC-EPPIN family, which have been linked to
proliferation, metastasis, apoptosis and invasion in ovarian cancer (reviewed in [57]).

Genes specifically lost in tumour samples with high NCS include KIAA1644, TAMM41,
GRM7, TTC39B and FREM1 (Figure 5B). The top genes whose copy number loss is strongly
associated with SCS are PDE40, RB1 and PTEN (Figure 5C). The tumour suppressor RB1 is
a key regulator of the G1/S transition of the cell cycle and is required for the stabilisation
of heterochromatin.

A B

Figure 5. Copy number amplifications and deletions enriched in high-CIN samples. (A) The volcano
plots show the gene-wise associations between copy number amplification status and NCS (left)
and SCS (right), obtained from a regression model adjusted by cancer type. The linear model
coefficient indicates the mean difference in the respective CIN score when the alteration is present
in a tumour sample relative to the wild type. Genes with the lowest p-values and well-known CIN
genes are highlighted. Blue and red colours encode genes with a significantly higher alteration
frequency (FDR < 5%) in samples with low and high CIN scores, respectively. The analysis was
performed on 16,922 genes with sample sizes greater than 19 for both wild type and amplified groups.
(B) Pan-cancer copy number deletions associated with SCS are displayed in an analogous way to (A).

3.7. PI3KCA Copy Number Gains in High-S-CIN Tumours Suggest a Gene Dosage-Dependent
Mechanism for PI3K Pathway Activation

In Section 3.5, we observed that somatic point mutations of PTEN and PIK3CA were
scarce in high-CIN tumours. In addition, copy number amplification of PIK3CA and copy
number loss of PTEN are very frequent in tumour samples with high SCS. This led us to ask
whether there is a link between S-CIN and specific gene copy number alterations in these
two genes to activate the PI3K oncogenic pathway. The PIK3CA gene encodes the catalytic
subunit of phosphatidylinositol 3-kinase and the PI3K oncogenic pathway is frequently
deregulated in many cancers. PTEN is a tumour suppressor gene and negatively regulates
the growth-promoting PI3K/AKT/mTOR signal transduction pathway.

The oncoprint in Figure 6A displays tumour samples from all 33 TCGA cancer types in
our investigation, which harbour at least one of the following genetic alterations: Somatic
mutation of PIK3CA or PTEN, copy number amplification of PIK3CA, deletion of PTEN. It
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is apparent that there is only a small number of cancers with an amplification of PKI3CA or
a deletion of PTEN, which simultaneously harbour somatic mutations in any of these genes.
The copy number of both genes is also strongly associated with their gene expression. In
particular, amplification and simultaneous over-expression of PIK3CA are associated with
higher levels of SCS.

To check whether this effect is preserved in pure cancer cells, we used cell line data
from CCLE and found a very similar pattern. Copy number gains of PIK3CA are linked
to high levels of its gene expression, and rarely co-occur with somatic mutations, but are
associated with high SCS.

Taken together, we suggest a gene dosage effect on PI3K pathway activity, which is
facilitated in high-S-CIN tumours. This effect is cancer cell intrinsic, because it can also be
observed in cancer cell lines.
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Figure 6. Oncoprint for PIK3CA and PTEN in relation to CIN. (A) The bottom panel depicts the
presence or absence of somatic mutations, copy number amplifications of PIK3CA and deletions of
PTEN in TCGA tumour samples (columns). Alterations are sorted by their frequency. The upper
panel shows the NCS, SCS, PI3KCA and PTEN gene expression. Different levels of CIN scores
and gene expression are encoded by colours. (B) The corresponding oncoprint for cell line data
from CCLE.

4. Discussion

W-CIN and S-CIN are two distinct but related phenotypes triggered by different
biological mechanisms and leading to diverse consequences. A large majority of pan-cancer
association studies has focused on CIN in general or exclusively on W-CIN. Here, we
present an integrative statistical analysis for 33 cancer types distinguishing between W-CIN
and S-CIN. We used the NCS as a proxy measure for W-CIN and the SCS to quantify the
degree of S-CIN and associated these karyotypic complexity scores with various molecular
and clinical features.

Our analysis reveals that the majority of tumours with high levels of NCS underwent
whole genome doubling. Whole genome doubling is an early event in tumourigenesis and
has been discussed as a way to rapidly accumulate numerical and structural chromosomal
abnormalities and to buffer against negative effects of mutations and aneuploidy [12,58,59].
The results of our analysis suggest that whole genome doubling is typically accompanied
by W-CIN, but not S-CIN. Instead, we find that high SCS is linked to homologous recombi-
nation deficiency, highlighting the different processes involved in these two different CIN
phenotypes [6].
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Although whole genome doubling is observed in many tumour samples with high
levels of W-CIN, it is not sufficient to explain the elevated NCS in many tumour samples
which did not undergo whole genome doubling, as most prominently observed in KICH,
ACC and OV. We speculate that replication stress is an alternative mechanism for these
elevated levels of W-CIN. This is based on ample evidence that replication stress can induce
CIN [7,60] and our observation that replication factors are over-expressed in tumours with
high levels of W-CIN and that over-expression of the replication genes GINS1 and CDC45
can induce W-CIN [10].

We find that NCS and SCS are associated with poor prognosis in different cancer
types. Only in the case of ovarian cancer did we find that high-S-CIN patients have
a slightly longer overall survival, but the difference is very small and at the edge of
statistical significance. In addition, we observe slightly higher NCS in patients resistant
to radiotherapy. However, the relationship between CIN and prognosis is multifaceted
and depends on details of the cellular physiology [3]. For instance, extreme levels of CIN
in breast cancer subtypes [15,16] were associated with better prognosis. This indicates
that a subtype-specific analysis of W-CIN and S-CIN and prognosis might potentially be
an interesting future project. This might also apply for the response to radiotherapy, as
improved sensitivity against radiotherapy in transplanted human glioblastoma tumours
has been reported [61].

From the association of NCS and SCS with in vitro drug sensitivity, it is apparent
that both types of CIN are linked to intrinsic drug resistance, corroborating earlier results
in colon cancer [3,26]. However, as a new contribution we filtered small molecules and
compounds for which drug sensitivity is positively associated with S-CIN or W-CIN. The
drug sensitivity of a BRAF inhibitor, PLX-4032, is higher in cells with higher NCS. For
S-CIN, this includes the approved drugs afatinib and lapatinib and the natural cytotoxic
agent austocystin D. It remains to be tested whether these drugs or compounds are indeed
efficient against high-CIN tumours in vivo.

In addition to well-known CIN genes including TPX2, UBE2C and AURKA, we iden-
tified a number of new candidate CIN genes and corresponding PARADIGM pathway
features [30]. One interesting new finding is the chemotherapeutic drug resistance-inducing
gene CKS1B [52], which is strongly associated with S-CIN. CKS1B is a cell cycle progression
gene, which is discussed as a new drug target. Here, we show that CKS1B is over-expressed
in S-CIN tumours, which might be important for the stratification of patients. We also note
that the activity of the replication origin firing factor GINS1 is linked to W-CIN, which was
mechanistically verified in a recent collaboration [10]. In this context, we also found many
genes involved in DNA replication to be over-expressed in tumours with high levels of
W-CIN and S-CIN.

Both W-CIN and S-CIN are strongly correlated with somatic point mutation of TP53.
We find that many copy number gains of important onogenes and loss of tumour suppressor
genes [62] are strongly associated with W-CIN and S-CIN. Most strikingly, copy number
gains of the oncogene PIK3CA and deletion of the tumour suppressor gene PTEN rarely
occur in combination with somatic mutations in these genes. In addition, copy number
gain of PIK3CA is linked to increased gene expression and strongly associated with S-CIN.
Intriguingly, it has recently been reported that mutations in PIK3CA increased in vitro
cellular tolerance to spontaneous genome doubling [63]. Our results, however, suggest
a gene dosage effect for the activation of the PI3K pathway in the context of high S-CIN.
This copy number-dependent activation of PI3K signalling was observed in both bulk
tumours and cancer cell lines, indicating that it is an intrinsic property of S-CIN cells. We
suggest that copy number gains of PIK3CA should be further investigated for both their
mechanistic role in S-CIN and for their clinical implications regarding treatment strategies
and patient stratification.

As a final remark, we emphasise again that our analysis is based on the karyotypic
complexity scores NCS and SCS, which are averaged measures over a population of cancer
cells and reflect features of the evolved W-CIN or S-CIN phenotype. As such, our analysis can
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stimulate new experimental work, but it cannot cover the spatio-temporal dynamics [62,64] of
tumour heterogeneity. In particular, individual chromosome changes in single cells, which still
might be important drivers of cancer progression, cannot be detected by bulk data analysis [65].
We believe that the accumulation of single cell-based data from different cancer types will be
essential to better understand the effect of ongoing CIN on cancer progression in the future.
This will also include the testing of concepts such as karyotype coding [66], the relationship
between different karyotypic states within a cellular population and the evolutionary forces
shaping cancer evolution at the level of chromosome organisation.

5. Conclusions

In summary, our pan-cancer analysis provides insights into the distinct and common
molecular, prognostic and therapeutic characteristics of W-CIN and S-CIN. Our results
suggest that whole genome doubling and homologous recombination deficiency might be
the most important drivers for W-CIN and S-CIN, respectively. The predictive value of W-
CIN and S-CIN depends on the cancer type. We report that most of the existing compounds
preferably kill low-CIN cells, but we also suggest a few compounds with increased efficiency
in high-CIN cells. High activity of CKS1B might be a promising S-CIN target, because its
expression is linked high S-CIN. We propose a new copy number-dependent mechanism
for an increased activity of the oncogenic PI3K pathway in high-S-CIN cancer cells, which
merits experimental investigation.
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Appendix A

Table A1. Association between W-CIN and overall survival across cancer types.

Cohort Sample_Number p-Value Low_surv5 a High_surv5 b Low_surv5_n c High_surv5_n d

UCEC 518 0.00 0.85 0.63 76.00 31.00
LGG 509 0.00 0.74 0.49 38.00 27.00
OV 558 0.00 0.40 0.28 65.00 51.00

UVM * 80 0.00 0.97 0.89 33.00 31.00
LIHC 366 0.01 0.52 0.45 23.00 18.00
BRCA 1066 0.03 0.86 0.78 139.00 110.00
STAD 433 0.05 0.45 0.30 14.00 4.00
THYM 122 0.08 0.96 0.81 28.00 5.00
SARC 252 0.08 0.59 0.49 33.00 23.00
HNSC 516 0.10 0.55 0.41 24.00 28.00

LAML * 179 0.13 0.57 0.44 68.00 20.00
GBM 571 0.14 0.07 0.05 12.00 7.00
DLBC 48 0.16 0.73 0.94 6.00 3.00
CESC 294 0.17 0.73 0.59 26.00 15.00
TGCT 133 0.17 0.99 0.95 32.00 19.00
ACC 89 0.30 0.67 0.57 14.00 14.00
KIRP 282 0.31 0.82 0.69 34.00 19.00

ESCA * 182 0.32 0.82 0.70 66.00 49.00
KIRC 506 0.40 0.62 0.63 69.00 78.00
PCPG 161 0.41 0.97 0.96 16.00 12.00
PAAD 183 0.46 0.18 0.40 3.00 5.00
PRAD 489 0.62 0.99 0.96 54.00 30.00

CHOL * 36 0.64 0.75 0.86 15.00 12.00
READ * 154 0.65 0.94 0.96 52.00 63.00
MESO * 86 0.72 0.66 0.70 29.00 27.00
KICH 65 0.77 0.86 0.85 17.00 20.00
BLCA 405 0.78 0.44 0.40 26.00 21.00
LUAD 491 0.81 0.41 0.41 28.00 25.00
THCA 497 0.84 0.93 0.94 80.00 16.00
UCS * 56 0.88 0.76 0.84 22.00 20.00
COAD 425 0.89 0.64 0.57 25.00 15.00
LUSC 481 0.90 0.51 0.44 39.00 41.00

SKCM * 104 0.93 0.84 0.91 33.00 37.00
a Five-year overall survival probability in low-W-CIN group. b Five-year overall survival probability in high-
W-CIN group. c Number of samples at risk in low-W-CIN group by 5th year. d Number of samples at risk in
high-W-CIN group by 5th year. * One-year overall survival statistics were reported in these cancer types due to
short survival.

Table A2. Association between S-CIN and overall survival across cancer types.

Cohort Sample_Number p-Value Low_surv5 a High_surv5 b Low_surv5_n c High_surv5_n d

UCEC 518 0.00 0.90 0.60 69.00 38.00
ACC 89 0.00 0.81 0.39 21.00 7.00

THCA 497 0.00 0.96 0.72 86.00 10.00
SARC 252 0.00 0.62 0.47 31.00 25.00
KIRP 282 0.00 0.86 0.65 30.00 23.00
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Table A2. Cont.

Cohort Sample_Number p-Value Low_surv5 a High_surv5 b Low_surv5_n c High_surv5_n d

THYM 122 0.01 0.98 0.76 29.00 4.00
PCPG 161 0.01 1.00 0.92 15.00 13.00
LGG 509 0.01 0.73 0.52 32.00 33.00
KICH 65 0.02 0.97 0.70 23.00 14.00
COAD 425 0.02 0.71 0.52 23.00 17.00

OV 558 0.04 0.32 0.37 58.00 58.00
ESCA * 182 0.06 0.81 0.72 60.00 55.00
LUAD 491 0.08 0.48 0.35 28.00 25.00
TGCT 133 0.09 0.95 1.00 25.00 26.00
UCS * 56 0.09 0.75 0.85 20.00 22.00

READ * 154 0.10 0.96 0.93 64.00 51.00
LAML * 179 0.10 0.58 0.45 66.00 22.00
PAAD 183 0.11 0.25 0.26 5.00 3.00
KIRC 506 0.17 0.65 0.59 83.00 64.00
BRCA 1066 0.22 0.83 0.81 129.00 120.00
GBM 571 0.23 0.05 0.08 7.00 12.00

CHOL * 36 0.39 0.76 0.83 13.00 14.00
PRAD 489 0.45 0.99 0.97 40.00 44.00
BLCA 405 0.46 0.40 0.44 21.00 26.00
UVM * 80 0.50 0.93 0.93 38.00 26.00
HNSC 516 0.56 0.51 0.44 27.00 25.00
LUSC 481 0.57 0.46 0.49 36.00 44.00

SKCM * 104 0.63 0.84 0.93 36.00 34.00
MESO * 86 0.64 0.62 0.75 28.00 28.00

LIHC 366 0.73 0.48 0.50 23.00 18.00
CESC 294 0.77 0.68 0.66 20.00 21.00
STAD 433 0.90 0.35 0.43 11.00 7.00

DLBC * 48 0.93 0.96 0.89 23.00 15.00
a Five-year overall survival probability in low-S-CIN group. b Five-year overall survival probability in high-S-CIN
group. c Number of samples at risk in low-S-CIN group by 5th year. d Number of samples at risk in high-S-CIN
group by 5th year. * One-year overall survival statistics were reported in these cancer types due to short survival.

Table A3. Association between W-CIN and disease-free survival across cancer types.

Cohort Sample_Number p-Value Low_surv5 a High_surv5 b Low_surv5_n c High_surv5_n d

OV 279 0.00 0.24 0.11 17.00 8.00
UCEC 406 0.00 0.87 0.72 60.00 23.00
LGG * 130 0.03 0.97 0.98 65.00 37.00
PRAD 332 0.03 0.85 0.74 36.00 15.00
THCA 352 0.06 0.92 0.84 56.00 13.00
COAD 175 0.07 0.82 0.63 11.00 3.00
LUSC 295 0.07 0.74 0.62 25.00 23.00

CHOL * 24 0.10 0.73 0.43 11.00 3.00
KICH 29 0.16 0.91 1.00 5.00 12.00
CESC 170 0.17 0.83 0.76 18.00 8.00
SARC 148 0.18 0.58 0.41 17.00 10.00
KIRP 180 0.19 0.73 0.91 17.00 14.00
DLBC 28 0.23 1.00 0.90 5.00 3.00
UCS * 26 0.28 1.00 0.77 11.00 9.00
LIHC 315 0.29 0.36 0.28 12.00 6.00

PAAD * 68 0.36 0.85 0.81 28.00 14.00
BLCA 187 0.37 0.69 0.73 13.00 13.00
PCPG 144 0.40 0.95 0.97 12.00 10.00
TGCT 104 0.47 0.70 0.82 10.00 14.00
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Table A3. Cont.

Cohort Sample_Number p-Value Low_surv5 a High_surv5 b Low_surv5_n c High_surv5_n d

MESO * 15 0.48 0.67 1.00 6.00 2.00
GBM * 3 0.48 1.00 1.00 1.00 2.00

READ * 42 0.53 0.90 1.00 15.00 20.00
KIRC 107 0.60 0.90 0.76 19.00 19.00

ESCA * 87 0.80 0.75 0.82 28.00 22.00
ACC 52 0.83 0.68 0.72 11.00 10.00

LUAD 291 0.85 0.62 0.56 19.00 18.00
HNSC 130 0.85 0.69 0.55 7.00 4.00
BRCA 927 0.87 0.85 0.84 107.00 83.00
STAD 255 0.96 0.62 0.69 9.00 4.00

a Five-year disease-free survival probability in low-W-CIN group. b Five-year disease-free survival probability in
high-W-CIN group. c Number of samples at risk in low-W-CIN group by 5th year. d Number of samples at risk in
high-W-CIN group by 5th year. * One-year disease-free survival statistics were reported in these cancer types due
to short survival.

Table A4. Association between S-CIN and disease-free survival across cancer types.

Cohort Sample_Number p-Value Low_surv5 a High_surv5 b Low_surv5_n c High_surv5_n d

UCEC 406 0.00 0.92 0.65 61.00 22.00
ACC 52 0.00 0.81 0.48 16.00 5.00

PRAD 332 0.00 0.88 0.75 27.00 24.00
KIRP 180 0.02 0.88 0.72 18.00 13.00
LUSC 295 0.03 0.71 0.64 25.00 23.00
THCA 352 0.03 0.92 0.81 64.00 5.00
KIRC 107 0.04 0.94 0.70 24.00 14.00

READ * 42 0.09 1.00 0.89 20.00 15.00
BRCA 927 0.10 0.88 0.80 100.00 90.00

PAAD * 68 0.14 0.91 0.74 23.00 19.00
LIHC 315 0.15 0.33 0.31 12.00 6.00
GBM * 3 0.16 1.00 1.00 1.00 2.00
KICH 29 0.18 0.94 1.00 11.00 6.00
COAD 175 0.27 0.79 0.71 9.00 5.00
CESC 170 0.30 0.86 0.75 15.00 11.00
HNSC 130 0.31 0.66 0.59 8.00 3.00
LUAD 291 0.37 0.63 0.54 19.00 18.00
DLBC * 28 0.45 1.00 1.00 14.00 11.00
MESO * 15 0.46 0.69 1.00 6.00 2.00
ESCA * 87 0.49 0.80 0.76 26.00 24.00
PCPG 144 0.49 0.93 1.00 12.00 10.00
LGG 130 0.61 0.76 0.65 3.00 3.00
OV 279 0.64 0.22 0.14 17.00 8.00

CHOL * 24 0.65 0.67 0.57 10.00 4.00
BLCA 187 0.69 0.73 0.69 14.00 12.00
TGCT 104 0.70 0.75 0.75 14.00 10.00
STAD 255 0.76 0.67 0.64 8.00 5.00
UCS * 26 0.76 0.92 0.83 10.00 10.00
SARC 148 0.79 0.53 0.48 14.00 13.00

a Five-year disease-free survival probability in low-S-CIN group. b Five-year disease-free survival probability in
high-S-CIN group. c Number of samples at risk in low-S-CIN group by 5th year. d Number of samples at risk in
high-S-CIN group by 5th year. * One-year disease-free survival statistics were reported in these cancer types due
to short survival.
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Table A5. Association between W-CIN and progression-free survival across cancer types.

Cohort Sample_Number p-Value Low_surv5 a High_surv5 b Low_surv5_n c High_surv5_n d

UCEC 518 0.00 0.80 0.56 67.00 27.00
LGG 509 0.00 0.53 0.29 26.00 10.00

PRAD 489 0.00 0.75 0.60 43.00 20.00
UVM * 79 0.00 0.94 0.69 31.00 24.00

OV 558 0.00 0.17 0.09 24.00 11.00
KIRC 504 0.04 0.69 0.58 60.00 58.00

ESCA * 182 0.07 0.66 0.57 48.00 36.00
THYM 122 0.08 0.83 0.63 24.00 5.00
CESC 294 0.11 0.69 0.63 23.00 13.00
ACC 89 0.13 0.49 0.40 11.00 10.00

SKCM * 104 0.15 0.74 0.68 27.00 25.00
DLBC 48 0.18 0.67 0.93 6.00 3.00
SARC 252 0.20 0.45 0.32 22.00 13.00
LIHC 366 0.23 0.29 0.25 11.00 7.00
GBM * 571 0.27 0.30 0.30 85.00 58.00
LUSC 482 0.31 0.56 0.53 32.00 33.00
HNSC 516 0.32 0.51 0.47 20.00 24.00

CHOL * 36 0.33 0.53 0.41 10.00 5.00
THCA 497 0.33 0.84 0.83 68.00 14.00

READ * 154 0.34 0.90 0.88 48.00 56.00
PCPG 161 0.40 0.80 0.88 11.00 11.00

MESO * 84 0.41 0.57 0.54 22.00 19.00
BLCA 406 0.42 0.39 0.42 21.00 15.00
COAD 425 0.45 0.62 0.56 21.00 9.00
TGCT 133 0.53 0.71 0.80 20.00 17.00
STAD 435 0.68 0.43 0.47 14.00 4.00
KICH 65 0.75 0.87 0.87 17.00 20.00
BRCA 1066 0.76 0.79 0.78 122.00 99.00
UCS * 56 0.79 0.48 0.60 14.00 14.00
KIRP 281 0.96 0.71 0.80 28.00 17.00

LUAD 491 0.99 0.38 0.40 20.00 18.00
PAAD * 183 1.00 0.64 0.61 60.00 32.00

a Five-year progression-free survival probability in low-W-CIN group. b Five-year progression-free survival
probability in high-W-CIN group. c Number of samples at risk in low-W-CIN group by 5th year. d Number of
samples at risk in high-W-CIN group by 5th year. * One-year progression-free survival statistics were reported in
these cancer types due to short survival.

Table A6. Association between S-CIN and progression-free survival across cancer type.

Cohort Sample_Number p-Value Low_surv5 a High_surv5 b Low_surv5_n c High_surv5_n d

UCEC 518 0.00 0.86 0.50 65.00 29.00
ACC 89 0.00 0.66 0.22 16.00 5.00
KIRP 281 0.00 0.86 0.61 27.00 18.00

THCA 497 0.00 0.87 0.64 75.00 7.00
PRAD 489 0.00 0.76 0.65 32.00 31.00
LGG 509 0.00 0.50 0.33 18.00 18.00

CHOL * 36 0.02 0.69 0.27 11.00 4.00
THYM 122 0.03 0.85 0.60 26.00 3.00
GBM * 571 0.06 0.29 0.32 73.00 70.00
COAD 425 0.07 0.65 0.53 19.00 11.00
SARC 252 0.08 0.44 0.34 19.00 16.00

PAAD * 183 0.09 0.67 0.59 46.00 46.00
KICH 65 0.09 0.97 0.72 23.00 14.00
KIRC 504 0.11 0.66 0.60 67.00 51.00

ESCA * 182 0.12 0.61 0.63 41.00 43.00
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Table A6. Cont.

Cohort Sample_Number p-Value Low_surv5 a High_surv5 b Low_surv5_n c High_surv5_n d

LIHC 366 0.12 0.26 0.27 11.00 7.00
BRCA 1066 0.12 0.81 0.75 118.00 103.00

READ * 154 0.12 0.93 0.84 59.00 45.00
UVM * 79 0.21 0.82 0.80 32.00 23.00

OV 558 0.25 0.14 0.13 22.00 13.00
BLCA 406 0.31 0.44 0.39 16.00 20.00

SKCM * 104 0.31 0.74 0.67 28.00 24.00
LUAD 491 0.35 0.40 0.38 19.00 19.00
UCS * 56 0.41 0.54 0.54 14.00 14.00
CESC 294 0.41 0.70 0.63 19.00 17.00
STAD 435 0.41 0.45 0.44 11.00 7.00
PCPG 161 0.45 0.84 0.84 13.00 9.00

DLBC * 48 0.51 0.83 0.84 19.00 15.00
MESO * 84 0.73 0.63 0.47 24.00 17.00
TGCT 133 0.77 0.72 0.77 19.00 18.00
LUSC 482 0.79 0.51 0.57 29.00 36.00
HNSC 516 0.93 0.49 0.49 23.00 21.00

a Five-year progression-free survival probability in low-S-CIN group. b Five-year progression-free survival
probability in high-S-CIN group. c Number of samples at risk in low-S-CIN group by 5th year. d Number of
samples at risk in high-S-CIN group by 5th year. * One-year progression-free survival statistics were reported in
these cancer types due to short survival.
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Figure A1. The NCS versus the SCS in TCGA tumours from 33 different cancer types.
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A B

Figure A2. (A) The relationship between microsatellite instability (MIN) scores and the NCS and the
SCS. (B) Comparison of the NCS and the SCS between normal samples with primary and metastatic
tumour samples. (C) Cancer type-wise NCS distribution in CCLE cell lines, cancer types are ordered
by the median NCS; whole genome doubling (WGD) status is encoded by colours. The number
reported on x axis is the proportion of samples that underwent WGD. (D) SCS distribution in CCLE
cell lines, cancer types are ordered by their median SCS.
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Figure A3. (A) Disease-free survival in four cancer types where significant differences between high-
and low-NCS groups were observed. (B) Disease-free survival in seven cancer types where significant
differences between high- and low-SCS group were observed.
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Figure A4. (A) Progression-free survival in six cancer types where significant differences between
high- and low-NCS groups were observed. (B) Progression-free survival in eight cancer types where
significant differences between high- and low-SCS groups were observed.
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A B

C

Figure A5. (A) Gene set enrichment analysis (GSEA) [67] for KEGG [68] DNA replication gene set.
All genes are ordered according to the correlation of their expression with the SCS and enrichment
significance is evaluated using permutation test. (B) GSEA analysis for manually curated origin
firing factor gene set (curated in [10]). (C) Gene expression of many origin firing factors is positively
correlated with SCS in many cancer types. Rows and columns of the heatmap represent cancer types
and origin firing factor genes, respectively. Cancer types are clustered based on their correlation
coefficients with origin firing factors. Genes are ordered based on the median correlation coefficient.
Colour and values encoded in the heatmap represent the Spearman correlation coefficient.
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not significant
significant

significant (FDR<0.05)

Figure A6. Paradigm pathway activity and gene expression negatively associated with CIN.
(A) The PARADIGM pathway-level activities corresponding to protein-coding genes (rows) were cor-
related with the NCS. Only pathways with a significant negative correlation (FAD-adjusted p < 5%)
less than −0.3 in at least seven cancer types were included. The heatmap shows the normalised
PARADIGM pathway activity (0–1 from low to high). Cancer types are ordered according to their
median NCS, see top panel. (B) Volcano plot for the correlation between gene expression and NCS,
highlighting gene names corresponding to PARADIGM features that are significantly negatively
associated with NCS. (C) Analogous to (A), but for the SCS instead of the NCS. (D) Correlation of
SCS and gene expression, analogous to (B).
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A B

C D

Figure A7. (A) TP53 mutation is positively associated with high W-CIN in multiple cancer types.
The bar shows the linear regression model coefficient using NCS as dependent variable and TP53
mutation as explanatory variable. Only cancer types with both TP53 mutant and TP53 wild type in
≥20 samples are considered. (B) TP53 mutation is positively associated with SCS, the association
analysis is performed as in (A), except excluding MIN samples. (C) The volcano plot shows the
association between CIN and validated driver mutations, association analysis is performed using
non-MIN samples only. (D) The volcano plot shows the correlation between CIN score and somatic
mutations in CCLE cell line samples. For all associations in (A–D), red, grey and blue encode positive,
insignificant and negative associations. FAD-adjusted p ≤ 0.05 is considered as significant. Gene
names of known important oncogenes and CIN driver genes are annotated in the volcano plot, if
significantly associated with CIN.
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