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Abstract

Copy number variations (CNVs) which include deletions, duplications, inversions, translocations, 

and other forms of chromosomal re-arrangements are common to human cancers. In this report 

we investigated the pattern of these variations with the goal of understanding whether there exist 

specific cancer signatures. We used re-arrangement endpoint data deposited on the Catalogue of 

Somatic Mutations in Cancers (COSMIC) for our analysis. Indeed, we find that human cancers are 

characterized by specific patterns of chromosome rearrangements endpoints which in turn result 

in cancer specific CNVs. A review of the literature reveals tissue specific mutations which either 

drive these CNVs or appear as a consequence of CNVs because they confer an advantage to the 

cancer cell. We also identify several rearrangement endpoints hotspots that were not previously 

reported. Our analysis suggests that in addition to local chromosomal architecture, CNVs are 

driven by the internal cellular or nuclear physiology of each cancer tissue.
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1. Introduction

Cancers are characterized by accumulation of mutations in coding and regulatory gene 

regions, changes in gene expression, and structural genomic rearrangements [1]. Genomic 
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rearrangements which include large deletions, duplications, insertions, chromosomal 

translocations as well as chromosome gain or loss caused by mitotic non-disjunction lead to 

copy number variations (CNVs) [2]. CNVs are thought to promote cellular transformation 

and immortalization by disrupting tumor suppressor genes (e.g. loss of heterozygosity 

caused by chromosome loss or deletion), increasing the copy number of oncogenes 

(insertion, duplication, chromosome gain) or altering gene expression (translocations) [3].

Cancer genetics is replete with models of how CNVs contribute to cellular immortalization 

[1]. For example, in many cancers, several key tumor suppressors (CDKN2A, TP53, RB1, 

PTEN, etc.) are inactivated by homozygous deletion [4–9] while certain proto-oncogenes 

are modified by amplification (MET, BRAF, etc.) [10–13]. Translocations can also produce 

changes in gene expression. The most famous is the Philadelphia chromosome which results 

from a reciprocal translocation between chromosomes 9 and 22, t(9;22)(q34;q11), most 

often in chronic myeloid leukemias but also in some other forms of blood cancers [14–16]. 

This translocation creates the BCR-ABL1 fusion which results in constitutively active ABL1 

tyrosine kinase [17]. More examples include chromosome 17 loss/deletion [18] as well as 

others reviewed elsewhere [9].

Recent studies predict that many chromosomal re-arrangements occur during a brief period 

of time (one or two cell cycles) by processes known as chromothripsis [19–21] or break 

fusion bridge (BFB) cycles [22]. In this process, chromosomes are virtually shattered and 

rejoined but not with the same genomic organization as in quiescent cells, thus producing a 

massive genomic rearrangement event.

Unlike whole chromosomal copy number changes which are generally due to mitotic 

non-disjunction or endo replication, the major driver of chromosomal rearrangements is 

incorrectly repaired DNA double strand breaks (DSBs) [23,24]. DSBs can be generated by 

exogenous factors such as chemicals or radiation as well as endogenous processes such 

as DNA replication and transcription [25]. Regardless of how they happen, both types of 

breaks are repaired by the same genetic mechanisms which in human cells can be generally 

subdivided into homologous recombination (HR) and non-homologous end joining (NHEJ) 

[26]. Sub-pathways have been identified in both mechanisms. HR functions mainly during 

S-phase and G2 because it requires a homologous template which is usually found on the 

sister chromatid. Conversely, NHEJ is active during G1 but also contributes to repair during 

the other cell stages [27].

It is virtually impossible to determine precisely how many DSBs occur in human cancer 

genomes because we can only analyze those breaks that have been repaired incorrectly. 

Nevertheless, by comparing analyzed cancer genomes with the reference genome, it is 

possible to identify segments that have been reorganized, thus inferring where errors in DNA 

damage repair have occurred. Several studies have previously identified and mapped CNVs 

in human genomes [3,28–32]. A recent report has also characterized structural variations 

using data from Pan-Cancer Analysis of Whole Genomes and they identified certain cancer 

specific signatures [33]. In this report we provide a review of the literature and analyze all 

genomic rearrangement endpoints from independent studies deposited on the Catalogue of 

Somatic Mutations in Cancers (COSMIC) and generated tissue specific maps.
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2. Materials and methods

2.1. Data acquisition

An excel file with the structural genomic rearrangements breakpoints was downloaded 

from COSMIC [34]. This file contains data on 16 cancers and some that are not specified 

(Supplementary Fig. S1). For each cancer, data was acquired from multiple samples except 

for the upper aerodigestive tract that only has 2 samples. Several aberrations are reported 

within each sample type (Supplementary Table 1). References are provided for samples 

belonging to published studies (Supplementary Table 2).

2.2. Graphs and figures

Graphs were created in either SPSS or Excel. The COSMIC data lists chromosomal 

coordinates for “Location From” and “Location To” indicating the first breakpoint “from” 

and second breakpoint “to” (Fig. 1A). For each location, the minimum and maximum 

detected coordinates are listed (e.g. location from minimum, location from maximum, 

location to minimum, and location to maximum). The minima and maxima represent the 

resolution level within a range of base pairs. For some samples, the minima and maxima 

coordinates are identical because they are generated by whole genome sequencing while 

for others which were identified using microarray analysis this position is given at the 

resolution of the probe. The graph in Fig. 1C represents “location from” minimum (first 

breakpoint) and “location to” minimum (second breakpoint). The bottom graphs represent 

all breakpoints (first and second). For Fig. 1D and E the size of the fragments was generated 

by subtracting “location from minimum” from “location to maximum”. Because inversions 

produce a negative number, all values were multiplied by -1. For the data in Fig. 2, 

coordinates for location from minimum and location to maximum were combined and 

graphed together. The goal was to generate a graph with all the breaks (both 1st and 2nd 

break).

2.3. Computational analysis

Supplementary Fig. 4 shows the matrices representing the frequency of the aberrations in 

each cancer type. The matrices are derived based on the computational analysis implemented 

in Python 3 and described as follows:

The chromosomal aberrations from Cosmic are imported for each cancer type, and relevant 

columns are extracted for the two breakpoints (“Location From” i  and “Location To” j ). 

A frequency matrix, Xfreq, which is a square matrix of size 24 (for 24 chromosomes) is 

computed. This matrix represents the frequency of the chromosomal aberrations, and each 

element xij of the matrix represents the total number of chromosomal aberrations between 

chromosomes i and j. Due to the different lengths of the chromosomes in human genome, a 

new matrix X is defined by normalization of Xfreq. Since an element xij of the matrix Xfreq is 

derived from two chromosomes i and j, the corresponding normalized element, xij of matrix 

X is derived as follows:

xij, i = 1
li

xij
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(1)

xij, j = 1
lj

xij

(2)

xij = 1
2 xij, i + xij, j

(3)

where li and lj are the length of chromosomes i and j, respectively.

To scale elements of X in the range of [0,1], all elements are divided by the maximum 

element in X xmax  as follows:

X = 1
xmax

X

(4)

X is the normalized frequency matrix representing the frequency of the intrachromosomal 

aberrations (diagonal elements), and inter-chromosomal aberrations (none-diagonal 

elements). Fig. 4A is created using normalized frequency matrices.

The graphs in Fig. 5 are created using the Circos tool [35] for visual representation of 

chromosomal aberrations. The files are appropriately formatted for input to the Circos.

The spider graphs in Supplementary Fig. 6 for intra-chromosomal aberrations are created in 

Python 3 according to the following computational analysis:

The different types of aberrations (deletion, insertion, inversion, duplication, with inverted 

orientation, non-inverted orientation, and unknown type) are filtered for each cancer type. 

The graphs are created for each aberration type by developing two functions: 1) function 

“equation_constant” that solves a system of linear equations using a NumPy function 

(numpy.linalg.solve), given three coordinates for the first, mid, and end points for each 

aberration. 2) A function “create_curve” that creates two arrays of a = a0, a1, …, an − 1 , 

b = b0, b1, …, bn − 1  for generating x, y coordinates of the points between two breakpoints, 

as follows:

ai = x0 + i × dx ∀i ∈ 0, n − 1

(5)

bi = C2ai
2 + C1ai + C0 ∀i ∈ 0, n − 1
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(6)

where C2, C1, and C0 are the coefficients of the system of linear equations resulted from 

“equation constant” function, x1 is the x coordinate of the first breakpoint, and dx is defined 

as x1 − x0
n − 1  (we used n = 51 as the total number of points). Finally, the spider plots were 

created based on a and b vectors.

3. Results

Chromosomal aberrations can be generally subdivided into intra-chromosomal and inter-

chromosomal CNVs (Fig. 1A). Most chromosomal re-arrangements are hypothesized 

to require two breaks though one break is sometimes sufficient [36]. For example, a 

chromosomal deletion can occur if two breaks on either side of the red segment (Fig. 1A) 

are improperly repaired to exclude the red segment while an inversion or duplication can 

also be easily envisioned as resulting from improper repair of two breaks. A deletion may 

also occur from bidirectional resection of both ends of a break followed by ligation as in the 

case of single strand annealing [37]. This usually happens if the break is found between two 

direct repeats. Inter-chromosomal re-arrangements can occur if a break on one chromosome 

is improperly joined with a break on another chromosome. Most genomic re-arrangements 

are intra-chromosomal (deletions and duplications, inversions) which agrees with previous 

findings [33] (Fig. 1B). Deletions, duplications, and inversion in non-coding regions that 

do not contain genes that drive cellular transformation are unlikely to significantly affect 

cancer progression. However, the role of these deletions in promoting cellular transformation 

and immortalization is debated [9] and discussed later. Previous findings have also reported 

that deletions are frequent in late replicating origins while duplications correlated with early 

replicating origins [33]. About 25–30 % of aberrations are inter-chromosomal which include 

both reciprocal and non-reciprocal translocations (Fig. 1A, B). Translocations, particularly 

unbalanced (e.g., with deletion) have been long known to contribute to tumorigenesis [2].

3.1. Distribution of rearrangement endpoints in the human genome

For every chromosomal re-arrangement, COSMIC reports genomic coordinates of two 

breakpoints labeled as “from” and “to”. For example, if the red segment was deleted in 

Fig. 1A, the 1st (from) and 2nd (to) breakpoint are given as the coordinates flanking the 

deletion. The deletion could have occurred because of two breaks that were fused without 

the intervening segment or one break that was bidirectionally resected as in SSA. Some 

COSMIC data is from whole genome sequnces while other data from microarray analysis 

which can estimate the position of the break based on the resolution of the probe. Becasue 

in this study we are interested in creating a general map of rearangemnets, we refer to these 

“breakpoints” as “rearrangements endpoints”.

We graphed the first and second rearrangement endpoint genomic coordinates of all 

cancer tissues with the goal to understand if their distribution is random (Fig. 1C). The 

histogram distribution of these endpoints clearly identifies peaks with a higher frequency of 

rearrangements. We immediately note that some chromosomes are characterized by more 

rearrangements than others suggesting that chromosomal aberrations in the genome are 
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not random. Some of these peaks correlate with previously identified fragile sites [33]. 

Additionally, except for a few cases, the “from” and “to” endpoints generally correlated with 

each other in agreement with the observation that most aberrations are intra-chromosomal. 

Most intrachromosomal deletions are short (1000−10,000 bps average) agreeing with 

previous analysis [33]. We also find that deletions are also independent of chromosome 

size or number suggesting that they occur by the same mechanism throughout the genome 

(Fig. 1D). The distance between the breakpoints of the other intra-chromosomal aberrations 

(insertions, inversions and duplications) are further apart (about 100,000 bp average) but 

also not dependent on the chromosome number (Fig. 1E). These aberrations do not eliminate 

a region of the genome as deletions do and there may be selective pressure against large 

deletions.

Although most deletions are short, large deletions including deletions of entire chromosome 

arms do occur (Supplemental Fig. S2). Considering that such large deletions will probably 

remove essential genes it is likely that they cause hemizygosity and not homozygosity. 

However, the COSMIC file does not have information on ploidy, and we could not establish 

zygosity. We again note that the large deletions are not specific to a region of the genome 

but are found on every chromosome. No one chromosome appears to have a higher 

density of deletions than any other chromosome, nor does there appear to be a region of 

any chromosome that is cold to large deletions (Supplementary Fig. S3). Therefore, we 

conclude that no genomic region prohibits large deletions. Previous studies have also shown 

that deletions in many cancers have at least a bimodal distribution and in many cases 

multimodal. In some cancers they show a peak at 1 kb and another at 100Kb but often they 

distribute anywhere from under 1 kb to over 10Mb [33].

We next identified rearrangement endpoint peaks in the human genome (Fig. 2, 

Supplementary Fig. S3). To do this, we graphed the coordinates of both the first and 

second break point together (from and to). The labels represent peaks that appear in every 

chromosome. This graph clearly shows a higher frequency of breaks in some parts of the 

genome (e.g., chromosomes 8, 11 and 17). Some of the peaks have already been previously 

identified [9]. For example, it is known that cancers are in general characterized by chr17p 

and q CNVs. The tumor suppressor TP53 as well as other cell cycle regulators which are 

often inactivated in cancers are found on chromosome 17. Chr8p CNVs have also been 

identified in colorectal and liver cancers. Remarkably, we also found peaks on chromosomes 

11, 18, 19, 20 and 21 that to our knowledge were not previously identified. We discuss these 

peaks in the next section.

Breaks in repetitive regions are more likely to produce rearrangements because any repeat 

can be used as a template for repair. To understand whether peaks correlate with repetitive 

regions, we overlayed four tracks from UC Santa Cruz Genome browser (interrupted repeats, 

microsatellites, segmental duplications and simple repeats) on top of the chromosome 

break peaks (Supplementary Fig. S3). Many of the high peaks do occur in areas with a 

higher frequency of segmental duplications (e.g., 7q11.21, 9q13, 10q11.22, 10q23.2, 12q15, 

12q24.33, 14q11.2, 14q32.33, 16q23.1, 17q11.2, 17q12, 21p11.2). Segmental duplications 

are low copy repeats (LCRs) which can stall replication forks and cause DNA damage [38] 

but at the same time allow homologous recombination repair [39]. Segmental duplications 
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arise by a form of HR repair known as Non-allelic Homologous Recombination (NAHR) 

which constitutes recombination events between repeats not between two alleles [40]. 

NAHR can cause, duplications, inversions, deletions as well as other forms of CNVs. 

These observations suggest that most of the high peaks result from breaks repaired by 

homologous recombination. A previous study has found that replication origins correlated 

with rearrangement endpoints [33] suggesting that these breaks may arise form improperly 

rescued stalled or collapsed replication forks. Most of the smaller peaks do not appear to 

correlate with segmental duplications or the other forms of repeats which may suggest that 

they are repaired by NHEJ and related mechanisms.

3.2. The distributions of genome rearrangement endpoints are specific to each cancer 
type

We next wanted to understand whether the distribution of chromosome breaks in the human 

genome correlate with the types of cancer. We graphed each rearrangement endpoint by 

cancer type (Supplementary Figs. S4, 3). This analysis clearly shows that each cancer has a 

specific rearrangement endpoint signature. To ensure that these distributions are statistically 

significant, we used the Kolmorogov-Smirnov test for uniformity. A significant probability 

value (e.g. p < 0.05) indicates that the peaks are not uniform but cluster in different 

regions of the genome. Every cancer, except cancers of the upper aerodigestive tract shows 

clustering. This is also obvious when we generated graphs of combined endpoints to 

determine genome wide rearrangement endpoint density by cancer type (Fig. 3). Thus, it 

is reasonable to conclude that chromosomal breaks are dependent on the tissue where they 

occur.

3.3. The type of chromosomal aberrations is also specific to each cancer

To further understand whether each cancer type is characterized by breaks on specific 

chromosome we generated matrices of “from” (first break or endpoint) to “to” (second break 

or end point) (Supplementary Fig. S5). We then generated 3D graphs that represent first 

break point (X-axis) and second breakpoint (Z-axis) with the fold increase in incidence 

displayed on the Y-axis (Fig. 4A). For most cancers this produced diagonal peaks consistent 

with previous findings that most aberrations are deletions. However, three cancers are 

characterized by an increase in translocations (bone, urinary tract, upper aerodigestive tract). 

Fig. 4B summarizes the chromosomes that have the highest incidence of breaks in each 

cancer. Besides chromosome 17 which was expected to be frequent, many cancers are 

characterized by a high incidence of breaks on chromosome 19 followed by 20 and 21. 

Most remarkable is that, for the most part, breaks on the longest chromosomes (1–10) do 

not appear at high incidence in cancers. The lung is the exception where chromosome 1 is 

involved in intrachromosomal translocations.

We next mapped the copy number variations present in each cancer with the goal to identify 

cancer specific signatures (Fig. 4C). We find that each cancer is characterized by a specific 

combination of intra- and inter-chromosomal aberrations. Cancers of the urinary tract are the 

only ones that are characterized almost exclusively by inter-chromosomal aberrations (e.g., 

translocations). To parse out intra-chromosomal aberrations in more detail, we created spider 

graphs separated by cancer type (Supplementary Fig. S6). The spider graphs show intra-
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chromosomal aberrations, but this visual representation clearly highlights the fact that each 

cancer has a unique intrachromosomal aberration. Further, we generated circos graphs to 

map the inter-chromosomal aberrations in each cancer and also find that inter-chromosomal 

aberrations (e.g., translocations) show a specific cancer signature (Fig. 5). For example, the 

lung cancers have a higher incidence of Chromosome 1 translocations as discussed above. 

Taken together, these data suggest that chromosomal re-arrangements are cancer specific and 

possibly driven by selective pressure in each cancer type.

3.4. Mutation spectra of tumors discussed in this report

Although certain cell cycle regulators (e.g., TP53) are altered or inactivated in many cancers, 

tissue specific mutations have been identified [41]. To understand whether the genome 

re-arrangements observed in the cancers discussed in this report correlate with specific 

mutation signatures, we queried relevant literature including the papers reporting these 

studies (Table 1).

3.4.1. Adrenal gland—The adrenal gland re-arrangements from a study on pediatric 

adrenocortical carcinomas [42] were characterized by TP53 mutations with more than half 

harboring a previously reported germline mutant (TP53-R337H) discovered in a Southern 

Brazilian population [43] and known to increase the incidence of these cancers. Certain 

samples had co-occurring TP53 and ATRX mutations which were associated with increased 

chromosomal re-arrangements. Other studies have reported amplification of chromosome 

19 regions which include the CYP gene family [44] as well as other chromosome gains 

(chromosomes 5, 12, 4) and losses (chromosomes 1, 2, 11, 17) [45]. The CYP family genes 

have been implicated in modulating the activity of chemotherapeutic agents [46] and our 

analyses also shows that chromosome 19 aberrations are high in adrenal gland cancers (Fig. 

4A). Losses of chromones 1p and 17p correlate with benign to malignant transition [45,47]. 

The pediatric adrenocortical carcinomas were also characterized by deletion of 4q34 which 

encompasses LINCO00290 and amplification of chromosome 9q, while translocations 

causing fused genes were not frequent [42]. Our analysis showed that most re-arrangements 

endpoints in pediatric adrenocortical carcinoma occur at chr19q, a region characterized by 

segmental duplications [97,98]. We identified the CDK2 cyclin CCNE1 cyclin in this region.

3.4.2. Bone—The two bone studies catalogued on COSMIC are for osteosarcoma [48] 

and chondrosarcoma [49]. Common heterozygous TP53 germline mutations were found in 

osteosarcoma which were often accompanied by loss of heterozygosity of the WT allele. 

TP53, RB1, and CDKN2A/B gene deletions were also observed. Osteosarcomas were also 

characterized by amplifications of CCNE1 and Chr. 6p12.3, which the authors indicate that 

have been reported in previous studies [50–53]. But perhaps the most important finding from 

the osteosarcoma study is alterations of the PI3K/mTOR pathway which the authors showed 

that is essential for osteosarcoma proliferation.

Chondrosarcomas were characterized by COL2A1 (Type II collagen alpha chain) mutations 

as well as large scale re-arrangements with breakpoints within the COL2A1 coding 

sequence on chromosome 12 [49]. TP53, RB1 and hedgehog pathway alterations were 

also identified. Additionally, IDH1 and IDH2 mutations were also seen though this was 
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not surprising because it had been previously reported [54]. IDH1 R132H mutations are 

prevalent in astrocytomas which correlates with better patient survival [99]. IDH1 functions 

as a dimer but heterozygous IDH1-R132H/IDH1-WT converts alpha-ketoglutarate into D-2-

hydroxyglutarate which is a known oncometabolite [100]. Deletion of 19q and 1p co-occurs 

with IDH1 mutations in gliomas and it has been proposed that IDH1 mutations are a 

prerequisite for these translocations [100]. We also identify an increase breakpoint frequency 

within chromosome 19 in bone cancers (Fig. 4B). Remarkably, all of the chondrosarcoma 

IDH1 mutations in the Tarpey et al. study substitute arginine for a different amino acid 

than histidine at residue 132, most often cysteine, though previous studies have identified 

the R132H mutation. We have shown that in astrocytomas IDH1 is often commutated with 

TP53, ATRX and NOTCH1 but not CHEK2 and PTEN [101] which remarkably mirrors 

the two bone cancers discussed here: osteosarcoma has PTEN (within the PI3K/mTOR) 

mutations but not IDH1 while chondrosarcomas have IDH1 mutations but not PTEN. 

IDH1/2 mutations have been identified in other studies (Table 1) including in the COSU486 

study reported on COSMIC highlighting the importance of these genes in bone cancer.

3.4.3. Breast—One of the breast cancer studies reported on COSMIC is a basal like 

breast cancer mouse xenograft from a patient [55] on neoadjuvant chemotherapy [102]. 

The most prevalent mutation was a deletion on chromosome 5 that includes CTNNA1 

(catenin alpha 1) with roles in cell adhesion. Besides TP53 most mutations were in signal 

transduction pathways and cell cycle regulation (Table 1). No mutation was reported in 

DNA damage repair genes. Another study is of the breast tumor cell line HCC1954 

[56,103]. HCC1954 is characterized by several structural variations [104] causing MRE11 

truncations [105]. Gene network analysis by Galante et al. identified that the higher mutation 

burden is in the apoptosis, MAPK signaling, cell adhesion, cytoskeleton organization and 

cell cycle pathways. Two studies analyze primary breast cancers [57,58]. In one of the 

studies (COSU652) samples had mutations in cell cycle regulation signal transduction 

pathways (e.g., MAP2K4, PIK3CA, ERBB2) (Table 1) [57]. Mutations in both PIK3CA 

and the antisense transcript RP11–245C23.3 which overlaps with PIK3CA coding region 

were common in breast cancers. Mutations in TP53 and TP53 regulatory factors (MDM2) 

were also observed. A subset of the samples had BRCA1 and BRCA2 germline mutations 

and were characterized by chromosome 17q21 and 13q12 loss. The other study [58] also 

identified mutations in signal transduction pathways that regulate the cell cycle. A study 

of multifocal breast cancer [59] and another on 560 breast cancers [60] also identified 

mutations in similar genes (Table 1). The latter also identified mutations in RB1 which none 

of the other report.

A search of the literature also identified that triple negative breast cancers are characterized 

by significant chromosomal re-arrangements [61]. A region characterized by segmental 

duplications were identified as the potential culprit for amplification of a chromosome 

region encompassing ERBB2 (17q11.2–12) in primary breast cancers [62]. Chromosome 17 

centromere amplification that includes the ERBB2 was also detected in other breast cancers 

[106]. In the latter case ERBB2 co-amplification with HER2 was common. We also observe 

that most rearangement endpoints in our analysis fall on chromosome 17 which is consistent 
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with these studies. An association between ERBB2 amplification and general chromosomal 

re-rearrangements has been proposed and is reviewed here [107].

3.4.4. Central nervous system (CNS)—COSMIC reports two CNS studies, one from 

medulloblastoma and one from pediatric high-grade gliomas. Both were characterized by 

mutations in factors that establish or regulate the histone H3K27me3 mark which is required 

for transcriptional regulation of certain stem cell genes [108]. Pediatric high-grade gliomas 

were also characterized by mutations in the histone genes H3F3A and HSIT1H3B [69]. 

Changes in this chromatin mark is most often associated with altered gene expression 

but it also affects NHEJ repair through interaction with FANCD2 [109]. The authors also 

point out that certain germline mutations have a predisposition to medulloblastoma [65–

68] but they were rare in this study. The WNT signaling pathway was also altered in 

medulloblastoma, most often mutations that increase CTNNB1 stability. The WNT pathway 

controls cell proliferation, cell migration as well as other embryonic development processes 

and mutations in this pathway are common in medulloblastoma [110]. Additional mutations 

in high grade gliomas include ATRX, TP53 as well as deregulation of certain signal 

transduction pathways (Table 1) [69]. Some of the samples reported on COSMIC are from 

the COSU379 study (pediatric brain cancers) which are also characterized by mutation in 

histone genes or H3K27me3 dysregulation [70,71].

3.4.5. Endometrium—The most common mutations in these cancers are in cell 

adhesion and cell-cell interaction genes (Table 1). There were no apparent mutations in 

chromatin remodelers, DNA damage repair, DNA replication or transcription. Remarkably, 

there were reported mutations in CSMD1 [111] and CSMD3 [112], two genes that are 

involved in neuronal development. A recent study also identified CSMD3 mutations in 

ovarian cancers [72] and showed that CSMD3 mutations are associated with poor prognosis. 

This study also identified several other mutated genes including TP53 and APOB. Several 

other studies report Chr19 CNVs [73–76] and we also find that most breakpoints are on 

chromosome 19 (Fig. 4).

3.4.6. Hematopoietic and lymphoid—One study is of adult T-cell leukemia/ 

lymphoma (ATL) [77]. Human T-cell leukemia virus type-1 (HTLV-1) infection is a 

hallmark of this cancer [113] and the authors point out that mutations in TP53, FAS, CCR4, 

NOTCH1, ZEB1, and CDKN2A have been previously identified [78–80]. The current study 

identifies mutations in components of the NF-kB pathway and the author postulate that 

mutations generally allow cells to avoid host immune surveillance. A second study of 

early T-cell precursor acute lymphoblastic leukemia (ETP ALL) identified mutations in 

RAS signaling pathway and chromatin remodeling/modification [81]. Of note are mutations 

in EZH2 (H3K27me3) and SETD2 (H3K36me3). A third study is of pediatric B-acute 

lymphoblastic leukemia also identified mutations in the RAS signaling pathway, epigenetic 

modification genes (MLL2) cell cycle regulation genes (CDKN2A/B and TP53) as well 

as other pathways [82]. In this study, the authors followed cells from diagnosis to relapse 

with mutations in NT5C2 found specifically in relapsed patients. NT5C2, a gene required 

for dephosphorylation of various 6-hydroxypurine nucleotide monophosphosphates prior to 

cellular export [114,115] but also inactivates nucleoside analog drugs. NT5C2 activating 
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mutations have been observed in chemotherapy resistant cells [116]. A fourth study on 

chronic lymphocytic leukemias (CLL) also identified mutations in NOTCH1, and other 

immune system specific genes [83]. NOTCH1 was also identified in the COSU340 CLL 

study which is also reported on COSMIC [117]. Finally, some samples are from the 

COSU440 study on Burkitt Lymphomas [118] which are characterized by chromosome 8 

translocations all of which happen within the MYC oncogene locus (8q24) and cause MYC 

dysregulation [119]. Notably, they identified ID3, a gene involved in regulation of cell cycle 

progression as well as other processes. One function of ID3 is to negatively regulate E-box 

sequence transcription factor TCF3 which is required for Burkitt Lymphoma proliferation 

and viability [120]. Consequently, ID3 and TCF3 mutations are common in these cancers.

3.4.7. Large intestine—Primary colorectal adenocarcinoma tumors reported on 

COSMIC are characterized by VT11A-TCF4 fusion [84]. TCF4 is a helix-loop-helix 

transcription factor related to TCF3. It has roles in nervous system development and with 

certain dominant mutations causing the autism related Pitt Hopkins syndrome [121]. It 

also interacts with CTNBB1 (beta catenin) and regulates transcription of genes involved in 

intestinal epithelial cells growth [122]. VT11A-TCF4 fusions were also found in a colorectal 

cell line [84]. Although, this fusion is not dominant negative, the authors speculate that 

it could allow TCF4 to activate transcription of its targets in the absence of CTNBB1 

considering that this fusion is found in the background of APC mutations. APC is a known 

beta catenin suppressor. Other mutations in cell cycle regulators (TP53, KRAS, PTEN) 

were also identified in the large intestine cancers. Fusions between chromosomes 8 and 20 

and chromosomes 5 and 11 were also identified. Our analysis also found that aberrations 

endpoints were most abundant on chromosome 20.

3.4.8. Liver—Hepatocellular carcinoma with and without hepatitis B (HBV) and C 

(HCV) viral infections were analyzed [85]. Mutations in cell cycle regulators (TP53, ATM) 

as well as chromatin regulators (ARID1A, ARID1B, ARID2, MLL, MLL3) were detected in 

most tumors with no statistical differences between HBV and HCV status. Viral integration 

in the TERT region was also detected in HBV tumors. COSU322 was the second study from 

viral infected Japanese donors. Previously reported mutations in cell cycle regulators (e.g., 

TP53, RB1, PIK3CA, KRAS, NRAS, EGFR2) [41] were detected. Mutations in CSMD1 

and CSMD3 were also reported in these studies as well as mutations in cadherins and other 

cell adhesion and migration proteins. A mutation in the chromatin remodeler HDAC9 was 

also identified.

3.4.9. Lung—A small cell lung cancer (SCLC) cell line from a smoking patient [123] 

had characteristic SCLC gene mutations (TP53, RB1, others) which the authors point out 

that they have been previously reported in the literature [124–127]. Several unbalanced 

intrachromosomal translocations were identified as well as intra-chromosomal inversions. 

One translocation fuses CREBBP with BTBD12 (SLX4) a Holliday junction resolvase 

involved in DSB repair [128,129]. Elevated levels of CHD7 transcripts were detected due 

to a PVT1-CHD7 fusion and amplification of the PVT1 locus. CHD1 binds methylated 

H3K4 at enhancer and promoter regions [86]. Two cases had both MYC1 and CHD1 

high levels of gene expression suggesting that CHD1 amplification may drive MYC1 
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high expression levels. These findings are mirrored by a second SCLC study of surgically 

resected specimens (Table 1) [87]. The authors also showed that mutations in the chromatin 

remodelers CREBBP and EP300 reduced H3K18 acetylation, a mark that is involved in 

transcription elongation [130]. A third study is of non-small-cell lung cancer (NSCLC) 

[88]. Mutations in several known genes (TP53, PIK3CA, etc.) were identified as well as 

some novel genes (GLI3, MRC2). Several APOBEC genes were upregulated which correlate 

with C > A mutations. Several known chromosomal aberrations were also identified (e.g., 

3q, 17q) as well as some structural aberrations involving cytoskeleton regulation genes 

(IQGAP3 and others) and cell cycle regulation genes (CHEK2, FGFR2, etc.).

3.4.10. Ovary—The reported ovarian cancer samples are from the COSU585 study 

(serous cystadenocarcinoma). These samples are characterized by TP53 and KRAS 

mutations. Additionally, mutations in certain mitochondrial genes involved in sugar 

metabolism and respiration (e.g., MT-CYB, MT-ND2) or mitochondrial tRNAs (e.g., 

MT-TI, MT-TW) were also identified. A connection between mitochondrial oxidative 

phosphorylation, BRCA1 and homologous recombination has been previously made in 

several cancers including ovarian cystadenocarcinoma [131]. Changes in reactive oxygen 

species affect expression levels of BRCA1 and biases repair through NHEJ rather than HR. 

Unfortunately, gene expression levels for these samples are not available and we could not 

verify its status. However, we do find that these cancers are characterized by deletions and 

duplications which may suggest BRCA1 independent pathways.

3.4.11. Pancreas—The pancreatic data is from five studies (COSU328, COSU382, 

COSU586, COSU650 and COSU661). Ductal adenocarcinomas are characterized by 

TP53, KRAS, SMAD4, CDKN2A, and PIK3CA mutations [89]. Some rare pancreatic 

tumors (COSU661) have PTEN and TP53 mutations. MEN1 is a characteristic mutation 

of endocrine neoplasms [132]. Some MEN1 mutations give rise to certain parathyroid 

syndromes but we have shown that these mutations do not predispose patients to cancer 

[133].

3.4.12. Prostate—Primary cancers are characterized by mutations in chromatin 

remodeling genes (CHD1, CHD5, HDAC9), and chromosomal re-arrangements involving 

several cell cycle regulators (PTEN, MAGI2, TP53, MAP2K4, CSMD3, CADM2 

TMPRSS2-ERG fusion etc.) [90]. PTEN and ERG dysregulation has been shown to 

occur in aggressive prostate tumors [134,135]. Re-arrangements occurred primarily in open 

chromatin regions, but the authors do conclude that translocations affect mainly regions and 

genes that promote tumor development. Aggressive prostate tumors were characterized by 

biallelic inactivation of BRCA2 [91], either somatic or with one inherited germline mutation 

in addition to the known culprits. Similar mutations were found in the four COSU cohorts 

including some prostate specific genes (Table 1).

3.4.13. Skin—A cell line (COLO-829) from a metastatic malignant melanoma shows 

mutations characteristic of UV damage and transcription coupled repair [93]. Mutations in 

certain cell cycle regulators, cell adhesion and proliferation, transcription regulators as well 

as others were also identified (Table 1). BRAFV600E, the signature mutation in melanoma 

Mirzaei and Petreaca Page 12

Mutat Res. Author manuscript; available in PMC 2024 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[136, 137], was identified in these cancers. Sequencing of 25 metastatic melanomas 

identified similar mutations [92]. Chromosomal re-arrangements around and within PREX2 

locus as well as amplification of this gene was detected. PREX2 is a PTEN inhibitor and 

PIK3CA pathway activator [138] suggesting that melanoma cells rely on the activity of the 

PIK3CA.The COSU656 ICGC study also did not find any predicted mutation in PIK3CA.

3.4.14. Soft tissue—Rhabdomyosarcoma is a mesenchymal cell cancer in skeletal 

muscle [139]. Mutations were found in various cell cycle regulators and signal transduction 

pathways (e.g., TP53, NRAS, KRAS, PIK3CA) [94] (Table 1). Several chromosomal 

re-arrangements involving other cell cycle regulates (e.g., CDKN2A, MDM2) were also 

identified. Novel mutations were identified in FBXW7, a E3 ubiquitin ligase [140], and 

BCOR, a histone deacetylase interactor and transcriptional repressor [141]. PAX7-FOXO1 

and PAX3-FOXO1 fusions characteristics of these cancers [142,143]. Both the PAX genes 

and FOXO1 are transcription factors, and these fusions is believed to allow transcriptional 

regulation of different targets. COSMIC also reports certain cases from the Fujimoto et 

al. liver study above [85] as fibrous tissue of uncertain origin. Fujimoto et al. found that 

mutations in chromatin regulators are associated with liver fibrosis.

3.4.15. Upper aerodigestive tract—Squamous cell carcinomas are characterized by 

mutations in pathways that regulate squamous cell differentiation which includes genes in 

the NOTCH pathway (NOTCH1, NOTCH2, NOTCH3) [95]. Most patients characterized 

in this study had a history of alcohol and tabaco use. Previously identified mutations in 

cell cycle regulators such as CDKN2A deletion and EGFR and TP53 mutations were also 

identified here [144]. Certain mutations in apoptotic genes (CASP8, DDX3X) and chromatin 

remodelers (PRMDM9, EZH2) were also detected in a subset of the samples.

3.4.16. Urinary tract—CDKN1A, FAT1, and TP53 mutations as well as MDM2 

amplification have been detected in bladder cancers (Table 1) [96]. Other driver mutations 

(e.g., PIK3CA, CDKN2A, MLL2/3) were also prevalent. Chromothripsis of 3p, 5q, 6p and 

X were detected. Our analysis also identified chromosomes 4–21 and 2–21 translocations 

(Fig. 4A, B).

4. Discussion

4.1. Intra vs. inter-chromosomal re-arrangements

Our analysis of the COSMIC data shows that about 75 % of re-arrangements are intra-

chromosomal while only 25 % are inter-chromosomal (e.g., translocations), which has also 

been previously shown by other studies[33]. This is not unexpected because chromosomal 

translocations are influenced by the organization of the genome in the nucleus [145–148]. 

Therefore, a break is much more likely to be repaired by ligation to another proximal break 

than to a distant break. However, this observation is not universal as break mobility is 

somewhat influenced by the type of damage [149,150], whether the break is in an actively 

transcribed region [151], the type of repair [152,153], and the cell cycle stage [154,155]. 

Remarkably, this does not appear to be true in yeast [156] suggesting that in yeast repair is 

determined only by the type of the repair or the availability of homologous sequence.
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It is estimated that human cells encounter 25 DSBs per cell per day [157] though cancer 

cells that have lost cell cycle regulators or DNA damage repair genes experience many 

more breaks sometimes in catastrophic events such as chromotripsis or break-fusion-bridge 

cycles. For a deletion to occur 75 % of the breaks must be within ~10,000bps of each other 

(Fig. 1D) or within ~100,000bps of each other for other intrachromosomal aberrations (Fig. 

1E) assuming no break processing (e.g., resection). Considering that the genome is over 

3.1 × 109bps this is unlikely in quiescent cells but much more likely in cancer cells. Thus, 

deletions would be predicted to occur at higher level in cancer cells and previous studies 

have shown that NHEJ and related pathways are the primary repair mechanisms because 

there is little or no homology at the junctions ([33] and references therein). Nevertheless, 

break repair must go through a form of purifying selection and what we see when we 

analyze cancer genomes are only those breaks that could be repaired and for which repair 

conferred an advantage to the cancer cell. That selection occurs is almost certain and 

is revealed by certain persistent signatures such as deletion of key cell cycle regulators 

(CDKN2A, TP53, PTEN, etc.) [4–9] or translocations such as the Philadelphia chromosome 

translocation t(9;22)(q34;q11) in blood cancers [15,158] which activates the ABL1 tyrosine 

kinase [17] and confers a proliferative advantage to the cancer cells. However, even 

this translocation is facilitated by the nuclear arrangements of the chromosomes [159] 

highlighting the importance of proximity in break repair.

4.2. Repair pathway choice and cell cycle stage also determine the type of chromosomal 
aberrations

In humans most breaks occurring in G1 are repaired by NHEJ (also known as canonical 

NHEJ, c-NHEJ) and related pathways (backup NHEJ, B-NHEJ; microhomology-mediated 

end joining, MMEJ) [160] while those occurring in S-phase or G2 are generally repaired by 

HR [161]. However, the temporal separation of the two repair mechanisms is not quite that 

clear cut and competition and/or cooperation between the two general mechanisms occurs 

[162]. Whether a break is repaired by HR or NHEJ may affect the type of chromosomal 

aberrations that can be produced. Unlike NHEJ, HR needs a homologous region and the 

search for homology necessitates exploration of a larger nuclear space.

C-NHEJ appears to be the primary mechanism by which re-arrangements occur in human 

cells [163]. This is supported by the fact that aberration junctions are characterized by 

small levels of homology [104] and that microhomology mediated end joining is generally 

dispensable [163]. This suggests that at least two breaks must occur at any given time to 

produce any re-arrangement.

HR is generally error-free. Because it operates in S-phase and G2, break repair occurs off 

the sister chromatid which is identical. However, if repair occurs using a homologous region 

that is not the sister, it could produce re-arrangements. Single strand annealing (SSA) is 

one backup HR pathway that facilitates repair of breaks occurring between direct repeats 

[37]. In the case of SSA, repair is found on the same chromosome. More importantly, SSA 

does not require two breaks. Rather a break is bidirectionally resected until homology is 

found on either side, then the two homologous regions are annealed to each other [164]. 

Remarkably, certain tumor suppressors including BRCA1 and MLL sit between repetitive 
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elements [165–167]. Break induced replication (BIR), the major HR pathway for rescue of 

stalled or collapsed replication forks could also produce non-reciprocal translocations [168]. 

Our observation that some of the high peaks are characterized by segmental duplications 

(Supplementary Fig. S3) suggests that suggests that HR, perhaps in the process of rescuing 

stalled or collapsed forks, causes some of the higher frequency peaks.

Finally, the DNA damage checkpoint also appears to play a major role in whether re-

arrangements occur. ATM is the major signal transduction kinase that activates the DNA 

damage checkpoint in response to DSBs [169]. ATM mutations causes illegitimate DSB 

repair that produces re-arrangements [170–172]. Further, genetic alterations of p21 which 

controls the G1/S checkpoint in the p53 mutant background may bias repair towards SSA 

and BIR at the expense of more error-free HR repair [173,174].

4.3. Reccurent re-arrangements and cancer specific signatures

A quick overview of the genes mutated in all these cancers reveals many DNA damage 

repair and chromatin structure function genes (Table 1). Therefore, it is reasonable to 

conclude that failure to properly repair chromosome breaks causes re-arrangements. Breaks 

may occur randomly through the genome and failure to repair properly may be dependent on 

inactivation of processes involved in DNA damage repair, the cell cycle stage, restrictions or 

relaxation of nuclear mobility and genome position (Fig. 6). Because the human genome is 

mainly “junk” DNA many of these re-arrangements may not affect any genes. Alternatively, 

they may only affect genes that do not contribute to transformation (e.g. same type of genes 

that acquire passanger mutations). Thus, these CNVs may behave as “passenger” analogous 

to the many passenger mutations found in all cancers. Because genome position and nuclear 

mobility restricts break repair, a majority of CNVs are deletions. However, CNVs that occur 

in key cell cycle regulators are selected for because they confer an advantage to the cancer 

cell. Indeed, although certain recurrent mutations do occur in most cancers (e.g., TP53, 

PTEN, CDKN2a), the mutation spectrum of each cancer is unique (Table 1) [41]. But are 

these recurrent re-arrangements "drivers" analogous to driver genes. The literature certainly 

refers to them as drivers, particularly if they inactivate key cell cycle regulators [28].

There remains a question as to whether “passenger” deletions contribute to cellular 

transformation. Some deletions are known to cause fusion genes (Table 1) [175] which 

directly implicates them in carcinogenesis. Others have no known function. There is also 

a question of ploidy. The Knudson hypothesis suggests that tumor suppressors require 

two hits for inactivation [176]. However, some evidence suggests that haploinsufficiency 

[177,178] of even “established” tumor suppressors [179,180] is enough to drive cellular 

transformation, and Knudson himself refined his initial hypothesis [181]. For example, 

p27Kip1 heterozygous mutations are sufficient to contribute to cellular transformation [179]. 

A recent elegant review further discusses the role of deletions in cancers [9].

4.4. Conclusion

In this report we show that chromosomal breaks have distinct cancer specific patterns. 

These breaks also produce distinct cancer specific CNVs. Thus, most chromosomal re-
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arrangements seem to occur during the evolution of the cancer genome and are specific to 

each tissue.
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Fig. 1. Distribution of chromosomal aberration endpoints in human cancers.
A. Diagrams showing some of the possible intra- and inter-chromosomal aberrations. 

An aberration is defined as improper connection of two breakpoints (1st and 2nd). 

This can result in intra-chromosomal deletion, inversion or duplication and various inter-

chromosomal duplications. B. Frequency of intra- and inter-chromosomal aberrations. 

“Other” represents complex or not specified forms of aberrations. C. Genome density of 

the two aberration endpoints (breakpoints) leading to the aberrations in A. The approximate 
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chromosome location is indicated on top. D, E. Size of intrachromosomal deletions (D) or 

other intra-chromosomal aberrations (E) in base pairs.
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Fig. 2. Aberration endpoint (breakpoints) density in the human cancer genomes.
The frequency of the combined first and second aberration endpoints is shown. For each 

chromosome the location of the segments characterized by an increase in break density is 

shown. Each bar represents one million base pairs. The genome coordinates are given in 

base pairs and the approximate chromosome location is also indicated.
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Fig. 3. Genome wide aberration endpoint density by cancer type.
The distribution of the combined first and second aberration endpoint is separated by cancer 

type. Breakpoint resolution is graphed at one million base pairs.
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Fig. 4. Aberration endpoint signatures in human cancers.
A. Graphs of concordance matrices to map aberration endpoints density. The X-axis 

represents one aberration endpoint (1st breakpoint) while the Z-axis represents the other 

(2nd breakpoint). The Y-axis represents incidence frequency. B. Summary of concordance 

matrices to map chromosome specific aberration endpoints (breaks) in different cancers 

(see Supplementary Fig. S5). This graph shows only those chromosomes with a frequency 

occurrence of 0.7 or above. Complete data is shown in Supplementary Fig. S5. C. 
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Distribution of the several types of chromosomal aberrations by cancer type. “Non-inverted 

orientation” represents unknown or uncharacterized.
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Fig. 5. Signature inter-chromosomal aberrations in human cancers.
Circos plots showing inter-chromosomal translocations by cancer type. Next to each graph, 

the percent of intra-chromosomal aberrations is shown for comparison. These circus 

plots represent all re-arrangements reported on COSMIC (e.g., from all publications). 

Publications where these data were first reported may have graphed subsets of these 

rearrangements. Some data were not previously published. Please see Table 1 for complete 

references for all these data.
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Fig. 6. Model for chromosomal rearrangements in human cancers.
In this model we propose that chromosome break repair is influenced by genome position, 

nuclear mobility, cell cycle stage and DNA damage repair pathway choice (e.g., HR vs, 

NHEJ). Those re-arrangements that disrupt cell cycle regulators and confer an advantage 

to cellular transformation and cancer progression are selected and enriched for whereas 

others that disrupt essential genes would kill the cells and are eliminated from cancer 

cell populations. Some re-arrangements that occur in “junk DNA” or affect neither cell 

cycle regulators nor essential genes are carried through cellular transformation because they 

may have little effect on cancer progression. These may be “passenger” rearrangements 

analogous to passenger mutations. Because of restrictions on chromosome mobility within 

the nucleus, most re-arrangements are deletions.
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Table 1

Mutation spectra highlights of tumors discussed in this report.

Tissue Mutation spectra1 References

2Pediatric adrenocortical carcinoma: mutations TP53, ATRX, CTNNB1.

[42,44,45]
Adrenal gland

3Other studies: Chr19 amplification (CYP gene family), Chrlp and Chr7p loss: benign to malignant 
transition.

Osteosarcoma: mutations PI3K/mTOR, ADAM6, TP53, NBPF10, RB1,
Chondrosarcoma: mutations COL2A1, TP53, RB1, Hedgehog pathway, IDH1, PRMT5, IDH2. [48–54]

Bone 4COSU486 osteosarcoma, 
chondrosarcoma, other rare subtypes: mutations TP53, SUFU, IDH2
Other studies: Osteosarcoma, mutation Chr6p12.3 amplification (COPS3, CCNE1, CDK4, MYC), 
TP53, RB1; Chondrosarcoma, IDH1, IDH2 mutations
Basal like breast cancer: mutations JAK2, IRAK2, CSMD1, NRK, MAP3K8, PTPRJ, WWTR1, 
TP53, MYCBP2, SNED1; deletions Chr5 (CTNNA1), Chr8 (NRG1), MECR; various translocations.
Breast tumor cell line: translocations t(4;11) (q32;q21) (MRE11 truncation); mutations apoptosis, 
MAPK signaling, cell adhesion, cytoskeleton organization and cell cycle. 
Primary breast cancer: mutations TP53, GATA3, PIK3CA, MAP2K4, SMAD4, MLL2, MLL3, 
NCOR1; amplification ERRBB2, CCND1, MYC, MDM2, ZNF217, ZNF703; BRCA1/BRCA2 
germline mutation (loss of 17q21 and 13q12).
Primary breast cancer: mutations AKT2, ARID1B, CASP8, CDKN1B, MAP3K1, MAP3K13, 
NCOR1, SMARCD1 and TBX3 
Multifocal breast cancer: mutations TP53, PIK3CA, MAP3K1, PTEN, others.

Breast Breast cancers (various): mutations TP53, PIK3CA, MYC, CCND1, ERRBB2, RB1, GATA3, 
MAP3K1, MAP2K4, others.
COSU385 breast triple negative lobular cancer: mutations PIK3CA, TP53, RB1, PTEN, 
RP11–245C23.3, others; CNVs 1q trisomy, 4q monosomy, sub-clonal del 7, 13, 22q11, other 
re-arrangements that include MYC, HER2, BRCA1, BRCA2
COSU652: mutations PIK3CA, TP53, PTEN, RB1, ERRB2, RP11–245C23.3 others. 
COSU668: mutations PIK3CA, RP11–245C23.3, TP53, others 
Triple negative breast cancer: amplified 4q28.3, 2p, 3q24, 1q21.2, 10p, 12p11.1, 8q 20p11.22–
20p11.21, 21q22.13, 6p22.1; deleted 1p36.23, 4q21.1 and 5q.
Primary breast tumors: amplified 17q11.2–12 (ERBB2).
Breast cancers (various): Chr17 centromere amplification (ERBB2), HER2 amplification.
Medulloblastoma: mutations KDM6A and other KDM members, inactivation of members that 
regulate the H3K27me3 histone mark, WNT signaling mutations, ZMYM3, CTNNB1; Deletion 
9q34.14 (DDX31, AK8, TSC1); amplification OTX2.

[55–63]

Central Nervous 
System

Pediatric high-grade gliomas: mutations in genes that regulate H3K27me3, histone H3 genes 
H3F3A (H3.3) and HIST1H3B (H3.1), ATRX, TP53, NTRK1/2, RAS-PI3K, ACVR1. 
COSU379 medulloblastoma SMO, BRAF, PIK3CA, TP53, RP11–286H14.8, FGFR1, PTEN, 
RP11–350N15.4, H3K27me3 dysregulation; germline TP53, PTCH1, APC, CREBBP

[64–71]

Endometrium [72–76]

COSU677 (Uterine cancer, carcinosarcoma): mutations TP53, PTEN, KRAS, PIK3CA, RP11–
245C23.3, various other cell adhesion and cell-cell interaction genes, signal transduction genes.

Type II EC 
and serous ovarian 
cancer: amplified 
19q12 in.(CCNE1, 
URI)

TCGA and ICGC study: CSMD3, TP53, APOB, others.

Uterine 
carcinosarcomas: 
amplified 19q13 in.
(TGFBl).

Epithelial ovarian 
cancer: amplified 
19p13.11 in. 
(MERIT40, 
ANKLE1)

Hematopoietic and 
Lymphoid

Adult T-cell leukemia/lymphoma (ATL):
HTLV-1 integration; mutations CDKN2A, ATXN1, NF-kB signaling. [77–83]
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Tissue Mutation spectra1 References

Early T-cell precursor acute lymphoblastic leukemia (ETP ALL): RAS signaling
mutations (BRAF, JAK1/3, KRAS, NRAS FLT3, IGFR1), chromatin modification and remodeling 
(EZH2, EED, SUZ12, SETD2, EP300), other mutations specific to hematopoetic and lymphoid cell 
development, some novel mutations. 
Pediatric B-acute lymphoblastic leukemia:
RAS signaling mutations (KRAS, NRAS, PTPN11, FLT3), epigenetic regulators (MLL2), cell cycle 
regulation (CDKN2A/B deletion, TP53 mutations), other pathways. 
Chronic lymphocytic leukemia (CLL): mutations NOTCH1, MYD88, XPO1, KLHL6; deletions of 
6q14q22, 13q14. 
COSU340 (Chronic lymphocytic leukemia): mutations TP53, BRAF, KRAS, others 
COSU440 (Burkitt lymphomas): translocations t(8;14)(q24;q32), t(2;8), t (8;22); mutations ID3, 
SMARCA4, DDX3X, TP53, BRAF, MYC, RHOA, FBXO11, others. 
Other ATL studies: TP53, FAS, CCR4, NOTCH1, ZEB1, and CDKN2A.

Large Intestine Colorectal adenocarcinoma: translocations VTI1A-TCFL2 (TCF4) fusion, chr8–20, chr5–11; 
deletions EGFR, PTEN; rearrangements MACROD2, A2BP1, FHIT, IMMP2L; mutations TP53, 
KRAS, APC.

[84]

Liver

Hepatocellular carcinoma: multiple tumors with hepatitis B (HBV) and C (HCV) viral infections, 
two multicentric tumors sets: mutations TP53, CTNNB1, ATM, ERRFI1, WWP1, ZIC3, chromatin 
regulators ARID1A, ARID1B, ARID2, MLL, MLL3, others; HBV integration in TERT region
COSU322 (Viral associated hepatocellular carcinoma (Japanese cohort)): common mutations 
likely pathogenic TP53, RB1, PIK3CA, KRAS, NRAS, EGFR2, others including CSMD1/3, 
CTNNA2/3, LSAMP, CTNAP2, PCDH15, ALK, RBFOX1, chromatin remodeler HDAC9.

[85]

Lung

Small cell lung cancer (cell line, smoking):
mutations TP53, RB1, MLL2; rearrangements 1p32–36, 4q25–28, 3q, 5q; fusions, PVT1-CHD7 
CREBBP2-BTBD12.
Small cell lung cancer (surgical resection): mutations PTEN, PIK3CA, TP53, RB1, SLIT2,
CREBBP, EP300, others; deletions 3p,13q (RB1 region), 17p (TP53 region); amplifications 3q 
(SOX2 region), 8p12 (FGFR1 region), 19q12 (CCNE1 region) 
Primary and metastatic lung adenocarcinomas (NSCLC): various alterations of IQGAP3; 
overexpression APOBEC1, APOBEC3B, APOBEC3C, APOBEC3F; mutation BRAF, TP53, EGFR, 
LRP1B, KRAS, PTPRD, STK11, SMAD2, PIK3CA, BRAF, FLT1, RHPN2, GLI3, MRC2; 
rearrangements 1q, 3q, 5p, 7p/q, 8q, 14q, 16p, 17q, 20q; deletions 3p, 4q, 6q, 8p, 9p, 12q, 13q, 
15q, 17p, 18q.

[86–88]

Pancreas COSU328, 382 (Ductal adenocarcinoma): mutations KRAS, TP53, SMAD4, CDKN2A, PIK3CA, 
SMAD4.
COSU586 (endocrine neoplasms): MEN1, BRAF, CDKN2A.

[89]

Prostate

COSU661 (rare pancreatic tumors): TP53, PTEN.
Primary prostate cancer: mutations SPTA1, SPOP, TMPRSS2, chromatin modifiers CHD1, 
CHD5, HDAC9; re-arrangements involving CHD1, PTEN, MAGI2, CSMD3, ZNF407, TP53, 
MAP2K4, ABL1; fusion TMPRSS2-ERG. 
Aggressive prostate tumors: BRCA2, ERG, TMPRSS2, KMT2C, TFDP1, VPS13B, FOXA1, 
PARK2, PTEN, SPOP, TP53.
COSU534 (early onset prostate cancer):
TP53, PTEN, BRAF, SLC2A2.
COSU537, 538, 675 (prostate adenocarcinoma): PIK3CA, RP11245C23.3,
TP53, BCL10, AR, PTEN, CTD-2350C19.1, BRAF, XPC, SARM1, SLC46A1, CTD-2350C19.2, 
KRAS.
COLO-829 cell line (metastatic malignant melanoma): mutations, SPDEF, MMP28, UVRAG, 
BRAF; deletion, PTEN; rearrangements MAGI2, FHIT, WWOX, FRA3B, FRA16D; amplification 
chr3 (RARB, TOP2B, NGLY1, OXSM), chr15 (MKRN3, NDN)

[90,91]

Skin

Metastatic melanoma: mutation, BRAF, NRAS, KIT; rearrangements, FHIT,
MACROD2, CSMD1, PTEN, MAGI2, A2BP1, ETV1, PREX2.
COSU656 (skin adenocarcinoma):
mutations BRAF, NRAS, KRAS, MARCh9, TSPAN31 CDK4, CSDE1.

[92,93]

Soft Tissue

Rhabdomyosarcoma: mutations, HRAS, KRAS, NRAS, FGFR4, PIK3CA, NF1, FBXW7, BCOR, 
TP53, CTNNB1, BUB1B, FOXM1, CCND1, CCND2, BCOR, PTPN11, ATM, ZNF350, TRPC4AP, 
FOXO1, ARID1A; translocations, t(2;13) (PAX3-FOXO1), t(1:13) (PAX7-FOXO1), chr2q (PAX3-
INO80D); other structural variations affecting MIR17HG, CNR1, CDKN2A, ERBB4, RPTOR, 
FRS2, CACNA1A, NRG1, FOXP2; CNVs: LOH 11p15.5 (IGF2); amplification 12q13-q14 (CDK4), 
12q5 (FRS2, MDM2), 2p24 (MYCN), PAX7-FOXO1, 13q21–32 (MIR17 G); homozygous deletion, 
CDKN2A.

[94]

Upper Aerodigestive 
Tract

Head and neck squamous cell carcinoma: mutations, PTEN, PIK3A, TP53, CDKN2A, HRAS, 
NOTCH1, NOTCH2, NOTCH3, IRF6, TP63, SYNE1, SYNE2, RIMS2, PCLO, CASP8, DDX3X, 
PRDM9, EZH2; deletion, CDKN2A, NOTCH3; amplification, CCND1, MYC, EGFR, ERBB2, 
CCNE1;

[95]
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Tissue Mutation spectra1 References

Urinary tract

Bladder cancers of various stages:
mutations, CDKN1A, TP53, FGFR3, ARID1A, KDM6A, STAG2, B3GNTN9, FAT1, MLL2/3, 
PIK3CA, others; amplification 1q, 3q, 8q, chr11q12–3 (CCND1), chr4p16.3 (FGFR3), chr12 
(MDM2, NUP107, CPM, CPSF6, LYZ, YEATS4, FRS2); deletion chr9, chr9p21.3 (CDKN2A), 
chr4p16.3 (FGFR3), PPARGC1A, RFX3, FAT1; chromothripsis 3p, 5q, 6p, X;

[96]

1
Highlited are some of the most likely mutated genes in the indicated cancers. Although other mutations exist, these are mutations specific to these 

cancers reported in the referenced articles. Please see referenced studies for more in-depth analysis.

2
These references (bold) include the main studies used for the graphs and analysis in this paper. Please see Supplementary Table S2 for the list of 

all studies used for the analysis in this paper.

3
These references (italicized) represent other studies characterizing similar cancers.

4
For COSU samples only the most frequent pathogenic mutations are listed as reported on https://nam11.safelinks.protection.outlook.com/?

url=https%3A%2F%2Fdcc.icgc.org%2F&data=04%7C01%7Cp.punniyaseelan%40elsevier.com%7C08d67d677a034b2df78b08d9d126edcd%7C92
74ee3f94254109a27f9fb15c10675d%7C0%7C0%7C637770788370273669%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQI
joiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=jqYHDYZK9WZTbVU4V5tV4B3X55bKutYumGyX3yoYxVI%3D&rese
rved=0. Please see this resource for further information.
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