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Abstract

Here we present and describe data on homozygous deletions (HD) of human CDKN2 A and 

neighboring regions on the p arm of Chromosome 9 from cancer genome sequences deposited on 

the online Catalogue of Somatic Mutations in Cancer (COSMIC) database. Although CDKN2 A 

HDs have been previously described in many cancers, this is a pan-cancer report of these 

aberrations with the aim to map the distribution of the breakpoints. We find that HDs of this locus 

have a median range of 1,255,650bps. When the deletion breakpoints were mapped on both the 

telomere and centromere proXimal sides of CDKN2A, most of the telomere proXimal breakpoints 

concentrate to a narrow region of the chromosome which includes the gene MTAP.. The 

centromere proXimal breakpoints of the deletions are distributed over a wider chromosomal 

region. Furthermore, gene expression analysis shows that the deletions that include the CDKN2A 

region also include the MTAP region and this observation is tissue independent. We propose a 

model that may explain the origin of the telomere proXimal CDKN2A breakpoints Finally, we find 

that HD distributions for at least three other loci, RB1, SMAD4 and PTEN are also not random.
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1. Introduction

Cancers are in general characterized by the lifelong accumulation of thousands of mutations 

and other chromosomal aberrations resulting from inappropriately repaired DNA damage. 

These mutations do not accumulate linearly throughout the life of the individual. Rather, 

mutations of certain key genes serve as “primers” for rapid mutation accumulation [1]. This 

DNA damage may be caused by exogenous agents, but a vast majority occurs during DNA 

replication, accumulating particularly as a result of lagging strand synthesis [2,3].

In addition to simple base pair substitutions and small insertions and deletions (InDels) most 

cancer cells are also characterized by a high level of numerical instability (nCIN) that leads 

to aneuploidy [4] as well as structural chromosomal instability (sCIN) which represents 
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large deletions, duplications and translocations [5]. These large chromosomal aberrations are 

the result of improperly rescued stalled or collapsed replication forks [6–8]. In at least one 

analysis of mice livers it was revealed that accumulation of chromosomal instability 

accelerates later in the life of the tissue [9]. We and others have previously shown that 

mutations in key genes that control the fidelity of replication and facilitate accurate DNA 

damage repair increase the numbers of sCINs [10–12].

It has been long appreciated that the most represented mutations in cancer cells are of genes 

that control the cell cycle and those involved in DNA damage repair. For example, p53 

mutations are identified in over 50% of cancers [13]. The second most represented genetic 

aberration in cancers is in the INK4-ARF locus which is found on Ch9p21 [14–16]. This 

locus has two cyclin dependent kinase inhibitors: CDKN2 A which encodes p16 and the 

splicing variants p12 and p14 (ARF), and CDKN2B which encodes p15. p15 and p16 are 

inhibitors of Cyclin D/CDK4/6 while p14(ARF) promotes p53 stabilization. p12 is a splicing 

variant of p16 expressed only in pancreatic tissues. A non-coding RNA known as ANRIL 

required for regulation of transcription of the CDKN2 A/B loci is also encoded.

Mutations that inactivate CDKN2A/B locus have been studied for over 20 years [17,18] and 

from the beginning attempts have been made to catalogize the type of mutations observed in 

cancer cells [19–21]. The types of chromosomal aberrations observed at this locus in cancer 

cells fall into three general categories, simple mutations (amino acid substitution, insertion 

or deletion), promoter methylation, and homozygous deletions larger than 100 bp [22–24]. 

Remarkably, in some cancers, over half of the chromosomal aberrations that span the 

CDKN2A locus are large homozygous deletions (HDs) [25–28].

CDKN2 A HDs have been reported in several cancers (we only name a few) [29–33,66] 

including a recent pan-cancer distribution of of CDKN2A homozygous deletions. Here, we 

built on these previous studies and asked whether the breakpoints of these deletions 

distrubute equally on either side of the CDKN2A locus and attempted to identify a potential 

reason for the braks. We queried the COSMIC database which reports homozygous deletions 

in a variety of cancers using an AffymetriX SNP6.0 array [34–36]. The major finding of this 

study is that the CDKN2 A HDs telomere proXimal breakpoints originate in a small 

chromosomal region (Chr9:20000000–22000000) where the gene MTAP is located. The 

centromere proXimal breakpoints spread over a larger region. We propose a model which 

suggest that these homozygous deletions may require two events: loss of heterozygosity 

followed by loss of both copies (homozygous deletion).

2. Materials and methods

2.1. Homozygous deletion breakpoint data analysis

For this analysis, we relied on the data presented on Catalogue of Somatic Mutations in 

Cancer (COSMIC) website [34] using the copy number variation CONAN tool. The data 

deposited on COSMIC CONAN were derived from an AffymetriX SNP 6.0 Array and 

analyzed with PICNIC [37] and ASCAT [38]. Note that this database is a repository for 

many different studies. Therefore, it does not rely on data from only one study (please see 

results section). Deletion breakpoints were downloaded from the COSMIC CONAN 
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database present on the same website (https://cancer.sanger.ac.uk/cosmic/conan/search). All 

aberration breakpoints for CDKN2A, RB1, SMAD4 and PTEN were downloaded as an 

EXcel file. For the Chromosome 9 breakpoint distribution the search term was 

“9:1-40000000” (Genomic Region). For the genes breakpoint data the search terms were 

“CDKN2A, RB1, SMAD4, PTEN” (HGNC Gene Symbol). All data were exported as .csv 
format. Graphs of the breakpoints were analyzed in either SPSS or EXcel.

2.2. Gene expression analysis

Two methods were used to extract the relevant gene expression data from the TCGA cancer 

samples analyzed for HDs. Note that only some of the TCGA samples also reported gene 

expression data. (1) A ‘PERL’ script was generated to load the raw Gene Expression Data as 

a .tsv file and the TCGA sample list. Then every sample of the Gene EXpression Data was 

scanned and matched with TCGA sample list and gene name. All the matches were then 

written out to separate “per gene name” files. (2) The LinuX ‘grep’ built in command was 

used to scan the Gene Expression Data.tsv file, extract all samples that match any of the 

TCGA patients and output results to file. Then the same ‘grep’ command was used to load 

this output file and match it with the gene name, then output matches to separate “per gene” 

files. The “per gene” name output files from both methods were compared using a PERL 

script and found to be identical.

2.3. Raw data availability

The data can be accessed on COSMIC CONAN using the prompts described in the above 

section. The files can be downloaded in .csv format. Each file contains 8 columns. The “# 

Sample” column lists the cancer subject identifier. The “Tissue” column lists the cancer 

tissues analyzed. The “Segment start” and “Segment end” columns list the chromosomal 

coordinates for the aberrations. These coordinates are at the resolution of the array. The 

“Total copy number” column lists the number of alleles identified. The “Minor allele” 

column represents the copies of the least frequent allele. The “Classification” column lists 

the type of aberration: HD = homozygous deletion, AMP = amplification, LOH = loss of 

heterozygosity. The gene expression data was downloaded as a .tsv file.

3. Results and discussion

3.1. A concentration of breakpoints in a narrow region on Chromosome 9

The COSMIC (Catalogue of Somatic Mutations in Cancer) database deposits cancer genome 

data from different sources, including the ICGC (International Cancer Genome Consortium), 

the cell line project (https://cancer.sanger.ac.uk/cell_lines/about), and TCGA (The Cancer 

Genome Atlas). To understand whether Chromosome 9 is more prone to breaking in certain 

regions, we first analyzed the distribution of the breakpoints in all cancer genomes reported 

on COSMIC. We used data deposited on the Copy Number Analysis (CONAN) database 

that catalogues only the copy number variations (CNVs) [39] acquired with an AffymetriX 

SNP6.0 array and reports CNV segment start and segment end for all breakpoints at probe 

resolution. The coordinates give the minimal region of the deletion. When we generated 

scatter plots of both the left and right breakpoints of the p arm of Chromosome 9, we found 

that many breakpoints concentrate in a narrow region between coordinates 
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2000000020,000,000 and 25,000,000 (Supplementary Fig. S1). Note that this pattern is 

unique to this region and is not found anywhere on the p arm of Chromosome 9.

The concentration of breakpoints found in this narrow region of Chromosome 9 suggests 

that the chromosome is prone to breaking in this region which includes the CDKN2A locus 

but was not unexpected because the Chromosome 9 p21.1 and p21.2 (Fig. 1A) regions have 

been previously reported to be hotspots for large genomic aberrations [26,40,66]. We 

analyzed all the aberrations (1398) that include the CDKN2 A locus which fall into three 

categories: homozygous deletions (loss of both copies), loss of heterozygosity (loss of one 

copy) and amplification (gain of more than two copies) (Fig. 1B). 1215 of these samples are 

from TCGA while 271 are deposited from various other sources including the cell lines 

project and some have been described previously [66]. A significant number of these 

CDKN2A aberrations were reported in cancers of the central nervous system (CNS) but 

there was good representation of a variety of cancers, particularly lung (Fig. 1C). The high 

representation of aberrations in CNS is discussed later.

3.2. Mapping breakpoints of CDKN2A aberrations

We hypothesized that if enough homozygous deletions are mapped, the breakpoints should 

have an equal distribution two the left and right of CDKN2A (Fig. 2A) and should form a 

perfect bell curve with zero skewness. However, if the breakpoints should concentrate in a 

narrower region on one side than on the other, the skewness would be negative (skewed to 

the left) or positive (skewed to the right).This would mean that breaks are more likely to 

occur on one side than the other. Kurtosis is a measure of how spread out the tails of a 

distribution are. Positive kurtosis distributions have small tails while negative kurtosis have 

long tails. This statistic will inform whether the breakpoints are really close to each other 

(short aberrations) or far away (long aberrations).

When we mapped all of the reported HDs for the CDNK2A locus, the skewness was 19.712 

and kurtosis was 736.15 (Supplementary Figure S2). However, a visual inspection showed 

that three homozygous deletions that extend over larger regions were likely to affect this 

statistic. When these homozygous deletions (coordinates 46587-31532212 CNS, 

1627292-29951546 pancreas and 46587-141091394 kidney) were excluded from this graph, 

the skeweness was 2.434 and kurtosis 7.193 but both statistics were still positive (Fig. 2B). 

This indicates that the distribution is skewed to the right and most HDs (about 50%) are 

short. An analysis of CDKN2A deletions in cancer cell lines also found a shorter and a 

longer cluster [66]. A scatter graph also showed that most breakpoints concentrate just to the 

left and right of CDKN2A with no significant correlation between the position of the left 

and the right breakpoints (Pearson’s r= −.325) (Supplementary Figure S3A). Note that this is 

not a consequence of graphing method because in Fig. 2B each line shows position start and 

position end of the homozygous deletion. Clearly, the left breakpoints are more clustered 

that the right breakpoints (Supplementary Figure S3B,C). These data show that the 

breakpoints spread over a larger region on the centromere proXimal side of CDKN2A. The 

deletions median range is 1,255,650bps. When we mapped the LOH aberrations we found 

that the breakpoints are moderately skewed to the left (skewness = −0.583, kurtosis = 1.405). 

These differences in skewness may have potentially explain how these how these 
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homozygous deletions arise (discussed later). Remarkably the CDKN2A shows both small 

and large LOH events suggesting that it behaves like a fragile site as described in [67]. The 

amplifications map equally to the right and left of CDKN2A.

3.3. Analysis of the chromosomal region spanning the left and right breakpoints

We wanted to analyze in more detail the positions of the HD breakpoints in the regions 

flanking CDKN2 A. Fig. 2C shows the breakpoint density as number of breaks per genomic 

base pair with some of the genomic loci represented on the X-axis using information from 

the UCSC genome browser. Chromosomal coordinates were chosen to represent these loci 

or regions in between these loci. The left breakpoints clusters within 2.5Mbs (chromosomal 

coordinates 19400000-22000000) while the right breakpoints span over a region of about 

10.96Mbs (Ch9: 21977195-32942228, approx. 10965033bp) which is about four times 

larger than the region spanning the left breakpoint.

The break interval where most left breakpoints occur includes the MTAP, the IFN genes, 

FOCAD, MLLT3 and SLC24 A2 genes, while the right breakpoints include ELAVL2, the 

TEK genes and LINGO2. Clearly most of the left breakpoints are concentrated in the MTAP 

region (Fig. 2C). We calculated the percentage of breakpoints in each region. Most left break 

points (1098/1398, 78.5%) occur approXimately between coordinates 20995956-21937651, 

which is just under 1Mb. A smaller percentage of breakpoints (204/1398, 14.6%) occur in 

the region of the FOCAD, MLLT3, and SLC24A2 loci. Few breakpoints (96/1398, 6.9%) 

occur between CDKN2A and the end of MTAP. Within the right region we find that 70.7% 

of the breakpoints occur between CDKN2A and ELAVL2 (short deletions), 1.6% occur in 

the ELAVL2 region, 15.4% occur between ELAVL2 and the TEK region and 1.36% occur in 

the TEK region. The rest of the breakpoints are to the right of the TEK region. The deletion 

size increase is determined primarily by the position of the right breakpoint (Fig. 2D). Note 

that the left breakpoints remain concentrated in a small region while the right breakpoints 

move further and further to the right and this correlates with the increase in deletion size.

3.4. Analysis of gene expression in the region harboring homozygous deletions

We asked whether gene expression levels correlate with loss of CDKN2A as well as other 

loci flanking CDKN2A. However, only some of the HD samples acquired through the 

TCGA study also report gene expression and we checked gene expression for these ones. 

Gene expression should not be possible when both alleles are deleted. We note that gene 

expression levels for CDKN2A and MTAP regions where most of the breakpoints 

concentrate is low (Fig. 2E). This agrees with the data in Fig. 2B which shows that these 

HDs include both CDKN2A and MTAP. Moreover, loci farther to the left and right of the 

CDKN2A locus have increased levels of gene expression. The graph shows mean gene 

expression in all the samples reported to have CDKN2A HDs and is consistent with the 

spread of the breakpoints of these deletions (e.g. not all HDs include MLLT3 or the TEK 

region, so a percentage of the samples may show normal gene expression).

3.5. Tissue distribution of homozygous deletion breakpoints

To understand whether the distribution of breakpoints is different in the various tissues 

analyzed, we graphed the breakpoints by tissue (Fig. 3A). We find that generally the 
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distribution of breakpoints is similar for all tissues. We also plotted gene expression profiles 

for most tissues and compared with the breakpoint distribution (Fig. 3B). For some tissues 

gene expression was not available. The most important observation is that for most tissues 

MTAP is always co-deleted with CDKN2A. The exception was the haematopoietic and 

lymphoid tissues where some samples show normal expression of MTAP resulting in larger 

error. The skewness of this tissue is 3.009 with suggests that the breakpoints are highly 

skewed to the right (Fig. 3C). In this tissue, some of the left breakpoints may not incorporate 

MTAP.

We find that generally the skewness and kurtosis of the tissues correlated with gene 

expression; those with higher skewness have higher expression for the genes telomere 

proximal of CDKN2A (SLC24A2, MLLT3, MTAP) and lower gene expression of the genes 

centromere proximal to CDKN2A (TEK, LINGO2). For example, breast tissue has a high 

skewness but also high kurtosis. This suggests that some of the homozygous deletions 

extend far to the left of CDKN2A but most of them are short. Indeed, we see that MLLT3 

and SLC24A2 are not always co-deleted with CDKN2A. Likewise, LINGO2 which is far to 

the right of CDKN2A is also not deleted in all samples because only one or two 

homozygous deletions extend to that region. This is also true for CNS and lung, the two 

tissues with the most homozygous deletions. Note that for CNS (skewness = 1.876, kurtosis 

= 4.790) most homozygous deletions spread as far as TEK and LINGO2 and expression of 

these genes is not as decreased as CDKN2A and MTAP while for lung (skeweness = 2.143, 

kurtosis = 5.347) TEK and LINGO2 show decrease expression because the high skewness 

and kurtosis indicates that most deletions are longer and spread farther to the right. Overall, 

these tissue independent analyses show that skewness and kurtosis correlate with levels of 

gene expression in the various tissues. COSMIC TCGA samples give Z-scores for gene 

expression in diploid tumor samples. Often genes that have high expression will show a 

more marked change (e.g. MTAP) However, CDKN2A/p16 expression in diploid tumor 

tissues is low (Z = −0.115 ± 0.127SEM for 20 diploid samples). A decrease from this value 

to a value of Z = −1.5is indicative of complete loss of gene expression.

3.6. Chromosome and replication origins analysis in CDKN2A neighboring regions

When we analyzed the nature of the repetitive elements in the region where aberrations 

breakpoints are found, we did see a high concentration of segmental duplications that 

localize within the IFNA transcripts region (Supplementary Figure S4C), where about 25% 

of the left breakpoints are found and within the TEK region where only 1.36% of right 

breakpoints are found (data not shown). Segmental duplications have been proposed to arise 

from repair of damaged DNA replication forks [8,41]. Although a correlation between the 

other approximately 74% of the breakpoints and segmental duplications cannot be made this 

still suggests that breaks may arise from rescued stalled or collapsed replication forks.

We next asked if there is anything unique about this region of the chromosome that make it 

prone to breakage. A snapshot of the human genome from UCSC genome browser [42] 

revealed that the telomere proXimal region of the CDKN2 A locus is very gene rich but the 

centromere proXimal region is not (data not shown). Histone H3K27 acetylation marks are 

associated with actively transcribed regions [43,44]. Indeed, the telomere proXimal 
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CDK2NA region is characterized by high levels of H3K27 acetylation indicating that these 

genes are highly transcribed (Supplementary Figure S4A). Further, the DNaseI sensitivity 

pattern also supports the observation that this region has relaxed chromatin characteristic of 

highly transcribed regions. The centromere proXimal CDKN2A region has neither H3K27 

acetylation marks nor is it sensitive to DNaseI typical of non-transcribed regions.

Transcription can cause chromosomal breaks when it interferes with DNA replication. 

Actively transcribed genes can act as replication fork barriers that can cause fork stalling and 

potential breaks [45]. To understand whether replication replication thorugh highly 

transcribed regions may be causing these breaks, we investigated the positions of origins of 

replications and fork directionality in this region. Petryk et al. have mapped all origins of 

replication and fork directionality by OK-seq [3]. We took a snapshot of the replication 

landscape in this region with the same chromosomal coordinates as the genome browser 

snapshot (Supplementary Figure S4). In the Petryk et al. analysis the presence of the 

Okazaki fragments was monitored (red and blue dots). A replication origin is determined by 

a shift between the blue dots and red dots with blue on the left and red on the right. A 

sudden shift represents an efficient origin. We identified 4 origins of replication within this 

region. Most genome wide replication forks have been shown to be oriented in the same 

direction as transcribed genes [3]. Here we found that at least in some cells one origin of 

replication may fire in between MTAP and CDKN2A while another one is right in the 

proximity of the MIR31HG gene (Fig. 4A). We hypothesized that the increase breakpoint 

frequency in this region may be due to collisions between replication forks and transcription 

machinery. However, a different study (Ini-seq origins) identified the same origins of 

replication in the FOCAD/MLLT3 and MIR31HG regions but places the other origins of 

replication on either side of MTAP and CDKN2A suggesting that that there is no collision 

[70]. Finally, one study showed that certain intragenic origins termed “oncogene induced 

origins (Oi)” are activated in cells with short G1 cycles. One such origin maps between 

MIR3HG and MTAP (Chr9: 21672000) [68]. Replication forks from these Oi origins may 

increase instability whether they are co-directional or head on with transcription [69]. 

Centromere proximal to CDKN2A we only mapped one other origin besides those shown in 

Fig. 4A between CDKN2A and ELAVL2 where most of the breakpoints are found using ini-

seq data. This origin is found at position 22446404 next to DMRTA1 (data not shown). 

Forks from this origin advance in the same direction as DMRTA1 transcription. Other 

orirings were found further towards the centromere after coordinates 25350000.

We next checked the level of transcription of these genes using data from NCBI (Fig. 4B) 

[46]. These data are reported as reads per kilo base per million mapped reads (RPKM). We 

also checked tissue distribution of these transcripts. Although, there is some differential 

expression of CDKN2A in various tissues, we find biquitous lower transcription when 

compared to MTAP which shows generally ubiqutous higher transcription. This observation 

was quite striking because the concentration of breakpoints in the MTAP region is not tissue 

specific suggesting that it this replication-transcription collision that may be responsible for 

the breaks. The MIR31HG expression is higher in brain, urinary and digestive systems and 

thyroid and lower in all other tissues. MIR41HG may contribute to the breaks in these 

tissues.
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3.7. Speculative model for CDKN2A homozygous deletions

We propose a speculative model for the skewed distributions of these CDKN2 A HDs on the 

base of higher density of genes and origions on the telomere proXimal side of CDKN2A 

(Fig. 4C). In this model a homozygous deletion may require two events. The first is an LOH 

event that leads to hemizygous deletion in one of the homologues. We note that the loss of 

heterozygosity distribution is skewed to the left (Fig. 2B) showing that segments of the left 

arm of chromosome 9 are preferentially lost in these samples. Note also that some of these 

LOH events spread to about coordinates 33,000,000. The second event involves a break 

within the MTAP or neighboring regions perhaps due to interference between replication 

and transcription. This break may then be repaired from the homologous chromosome by 

break induced replication (BIR). BIR has been shown to be the predominant mechanism for 

repair of DNA damage arising from stalled or collapsed replication forks [47]. Major 

repetitive sequences or passage through the centromere is not necessary because 

microhomology mediated BIR (MMBIR) has been identified which may require as few as 

3–5 base pair homology and involves template switching [48]. This model proposes that this 

form of repair will result in homozygous deletion of CDKN2A and other genes between the 

break and wherever homology is found on the LOH chromosome. This also does not suggest 

that the window of homozygous deletion is identical for both chromosomes. In fact previous 

studies have shown that homozygous deletions may involve one longer deletion on one 

chromosome and a shorter one on the other [66]. Furthermore the CONAN coordinates 

predict the window of homozygous deletion with high confidence but does not exlude the 

posibility that the deletion on one of the chromosomes may be longer than the other; only 

that between the coordinates somes regions on both chromosomes are lost We realize that 

this is only a model and will require subsequent wet laboratory testing, but this is beyond the 

scope of this publication. This model also does not exclude the possibility of breaks 

occurring due to replication and transcription interference in the centromere proXimal region 

of CDKN2A but this is less likely because both gene and origin density is lower. However, 

we did identify three Oi origins between CDKN2A and ELAVL2 that may collide with the 

oppositely transcribed CDKN2B (data not shown).

3.8. Functions of genes co-deleted with CDKN2A

We realize that large homozygous deletions should only be tolerated if the deleted genes are 

not essential. Therefore, there should be some form of selection for regions that do not 

include essential genes. The window of CDKN2A homozygous deletions lies between the 

ribosomal protein RPS6 (chr9:33025201-33039906) on the telomere side and and an enzyme 

essential for the trichloroacetic acid cycle (ACO1, chr9: 32384603-32450832) on the 

centromere side. These two genes could act as selectors for the HD window. The breakpoints 

of these deletions have been analyzed with ASCAT and PICNIC which should predict 

breakpoints with high accuracy at the resolution of the probe [37,38]. We investigated the 

functions and tissue-dependent expression of some of the co-deleted genes right and left of 

the CDKN2A (Table 1). Not unexpectedly none of these genes are essential and therefore 

dispensable for viability.

The telomere proXimal region includes several genes commonly altered in cancer cells. 

Inactivation of the MLL (Mixed Lineage Leukemia) and related genes have been identified 
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in different forms of leukemias [49]. Many of these genes are inactivated by various 

translocations which produces chimeric mRNAs. The most famous is the Philadelphia 

chromosome translocation which produces a fusion between ABL1 and BCR1 [50]. Further 

analysis of translocation in leukemia cancers led to identification of a plethora of other genes 

which were named after the point of translocation. This includes MLLT3 (Multiple Lineage 

Leukemia Translocated to Ch. 3) [51]. MLLT3 characterized by tri-nucleotide repeats which 

may facilitate these form of translocations [52]. Several non-reciprocal translocations 

between MLLT3 and other chromosome loci have been identified [53]. The presence of an 

MLLT3 gene in the vicinity of CDKN2 A may explain why some of the breakpoints localize 

in this region but does not explain most of the breakpoints which occur in the MTAP region 

or between MTAP and MIR31HG. Remarkably, MTAP is the only transcript that collides 

with CDKN2 A which raises the possibility that collisions between transcriptional 

machineries may lead to a higher incidence of breaks in this region. However, in this 

analysis we do not have any data for this conclusion.

MIR31HG encodes a long-non-coding RNA with oncogenic properties that represses 

expression of p16 [54]. MIR31HG dysregulation has been identified in many cancers 

including pancreatic [54–56]. Thus, it appears that the homozygous deletion events seen 

here simultaneously inactivate both CDKN2A and its regulators. MTAP encodes the enzyme 

methylthioadenosine phosphorylase which is required early in the purine biosynthesis 

pathway [57]. Deletion of MTAP has been identified in many forms of cancers and is usually 

co-deleted with the CDKN2A locus [58].

The centromere proXimal region includes three other cell cycle regulators (TUSC1, TEK, 

MOB3B) as well as an apoptosis regulator (CAAP1). TUSC1 is intriguing because it has 

been shown to have a possible role as a tumor suppressor in lung tumors [59] and some 

glioblastomas [60]. The TEK receptor tyrosine kinase functions in angiogenesis and it has 

been shown to be mutated particularly in lymphatic cancers [61]. The function of Mps1 in 

spindle checkpoint and its connection to cancer has also been actively studied [62,63]. 

Decrease in MOB3B transcriptional levels have also been associated with prostate cancers. 

CAAP1 has been shown to function in regulating apoptosis in response to double strand 

breaks arising from topoisomerase 2 errors [64,65]. This genomic analysis of the function of 

these genes shows the concentration of so many cell cycle regulators in this region allows for 

inactivation of several of them in one event.

Remarkably, we also found several brain specific genes (SLC24A2, ELAVL2, LINGO2). 

These observations suggest that in the CNS there may be selective pressure to also delete 

these genes and might explain why so many HDs appear in this tissue. We compared the 

tissue distributions of all genome-wide homozygous deletions with CDKN2a deletions and 

found a statistically significant increase in CDKN2A HDs in CNS (p < 0.0001, chi square 

test).

3.9. Distribution of homozygous deletions for other tumor supressor genes

We wanted to check whether other loci characterized by homozygous deletions have such 

skewed distributions. We investigated seven previously identified loci (Supplementary 

Figure S5) [66,67] and found that all these loci have a combination of both short and long 
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deletions. Additionally, some of these loci appeared to show some skewness. In order 

analyze them similarly to CDKN2A we removed some of the longer deletions and identified 

3 that show some pronounced skewness and kurtosis (RB1, SMAD4, PTEN (all deletions 

shown for PTEN)) (Fig. 5). We investigated the reason for this skewness in these genes but 

could not correlate it with transcription or replication as we did for CDKN2A. However, we 

identified SUCLA2 (Succinyl-CoA Synthetase) at position 48,000,000 immediately 

centromere proXimal of RB1. Because this gene is essential for the tricarboXylic acid cycle it 

is possible that there is selection to retain the function of this gene though clearly some 

deletions include it (Supplementary Fig. S5).

We also found the gene MBD1 on one side of SMAD4. The MBD1 protein interacts with 

methylated DNA and is involved in transcriptional repression. Promoter methylation leading 

to changes in gene expression is a characteristic of cancer cells and is possible that this 

protein is required globally for this process. Therefore, there may be selection to preserve it.

We could not find a reason for the moderate skewness of PTEN. TGFBR2 also showed 

negative skewness (−2.309) when considering only the small deletions but we did not 

characterize it further because there were few data points and we are not confident in this 

statistic.

4. Conclusion

Previous analyses have shown that some cancers are characterized by CDKN2A deletions. 

Here we show that the telomere proXimal breakpoints of these homozygous deletions are not 

random but concentrate in a region just left of CDKN2A. These aberrations are not cancer 

specific but are probably related to the structure or other molecular transactions in the 

chromosomal region in which they occur. We hypothesize that it is interference between 

replication and transcription that produces these concentrated breakpoints. Furthermore, this 

study agrees with previous studies showing that the CDKN2A homozygous deletions 

include the MTAP region [71]. Such skewed distributions of homozygous deletions were 

also found in other genes but the model is not immediately obvious.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Distribution of homozygous deletions that include the CDKN2A locus.
A. Map of the p-arm of chromosome 9 indicating some genomic regions and nucleotide 

coordinates. B. Pie charts showing the number of the three CDKN2 A aberrations (LOH, 

HD, AMP) analyzed in this study and their sources. C. Cancer tissue distribution of the three 

types of CDKN2 A aberrations.
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Fig. 2. Maps of chromosomal aberrations that include the CDKN2A locus.
A. Diagrams showing the interpretation of skewness and kurtosis statistics used in this study. 

We assume that for any deleted gene the breakpoints should map with equal frequency to the 

left and to the right. The skewness and kurtosis of such a curve is 0. A distribution skewed to 

the left will have a negative statistic while a distribution skewed to the right will have a 

positive statistic. Likewise, a sharp curve will have a positive kurtosis and a curve with wide 

tails will have a negative kurtosis. The kurtosis statistic will inform whether the breakpoints 

map close to the deleted gene (short deletions) or far (wide deletions). B. Graphs of 
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homozygous deletions, loss of heterozygosity and amplification organized by size. Each line 

shows the span of an aberration. C. Density of CDKN2 A homozygous deletion breakpoint 

distribution to the left and right of CDKN2 A. Note that the graph is not to scale, and more 

loci are shown for the left breakpoint than for the right breakpoint. The coordinates were 

chosen arbitrarily between some loci. Chromosomal 9 coordinates are given for the 

indicated genes and the regions between the genes. D. Graph showing correlation between 

the length of homozygous deletion (orange), its left breakpoint (blue) and its right 

breakpoint (grey). Note that the left breakpoints are clustered, and the deletions size increase 

is dependent on the position of the right breakpoint. E. Gene expression levels of CDKN2 A 

and some loci flanking CDKN2 A. Shown are mean Z-scores and standard error for each 

gene.
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Fig. 3. Tissue distribution of CDKN2A HD breakpoints and correlation with gene expression.
A. Maps of homozygous deletions by tissue similar to Fig. 2B. B. Gene expression per tissue 

similar to Fig. 2E. C. Skewness and kurtosis statistics for all maps in A.
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Fig. 4. Speculative model of CDKN2a homozygous deletions.
A. Three origins of replication are shown (OK-seq) that fire at the position of the arrows. 

Data from Petryk et al. [3]. The replication forks converge where the circles touch. Four 

origins of replication (Ini-seq) [70] are shown on the bottom of the diagram. An oncogene 

induced origin is also shown. B. EXpression level of MIR31HG, MTAP and CDKN2A from 

NCBI [46]. MIR31HG is differentially expressed in tissues and this graph groups all tissues 

with 0.135RPKM as high and those below 0.135RPKM as low. MTAP is ubiquitously 

expressed and the graph shows expression in all tissues. However, the pancreas has 
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significantly lower expression levels (0.74RPKM) but it is represented in this graph. 

Although there is some differential expression in various tissues, when compared to MTAP, 

CDKN2A expression is overall lower (highest expression is 0.6RPKM in fat). C. Model 

explaining how CDKN2A deletions are generated. In this model we propose that the HDs 

arise in two steps. In the first step, one of the homologues (Homologue 2) may sustain a 

deletion (the whole arm or interstitial) leading to a LOH. A second break may occur due to 

interference between replication forks and MTAP or other genes (MIR31HG, CDKN2A). 

This break may be repaired by BIR or MMBIR from the LOH homologous chromosome. 

The outcome is that the CDKN2A and neighboring regions are deleted.
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Fig. 5. RB1, SMAD4, and PTEN breakpoint distribution of homozygous deletions.
Maps were generated for the three genes RB1 (A), SMAD4 (B) and PTEN (C) similarly to 

those shown in Fig. 2B.
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