
ANALYSIS 

An unstable genome is a hallmark of many cancers. It is unclear,
 however, whether some mutagenic features driving somatic  alterations in cancer are
 encoded in the genome sequence and whether they can operate in a
 tissue-specific manner. We performed  a genome-wide analysis of 663,446 DNA
 breakpoints associated with somatic copy-number alterations (SCNAs) from 2,792  
cancer samples classified into 26 cancer types. Many SCNA breakpoints are spatially
 clustered in cancer genomes. We observed  a significant enrichment
 for G-quadruplex sequences (G4s) in the vicinity of SCNA breakpoints and
 established that SCNAs show  a strand bias consistent with G4-mediated
 structural alterations. Notably, abnormal hypomethylation near G4s-rich regions
 is a  common signature for many SCNA breakpoint hotspots. We
 propose a mechanistic hypothesis that abnormal hypomethylation in  
genomic regions enriched for G4s acts as a mutagenic factor driving
 tissue-specific mutational landscapes in cancer.

 

 

 

 
RESULTS DNA breakpoints in cancer are

 often clustered in hotspots 
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Figure 1 Spatial distribution of breakpoint hotspots in cancer genomes and genomes of healthy human subjects. (a) SCNA breakpoints can 

occur at high frequencies tens of kilobases away from EGFR (a known cancer gene shared across multiple cancer subtypes), shown in red. 
The direction of the red arrow shows the direction of transcription of EGFR. (b) SCNA breakpoints can occur at high frequency tens of 
kilobases away from PAX5 (a known cancer gene specific to acute lymphoblastic leukemia), shown in red. The red arrow shows the direction 

of transcription of PAX5. (c) SCNA breakpoint densities calculated over 1-Mb nonoverlapping genomic blocks across the human genome. 
Dotted vertical lines mark centromeres. (d) Summary statistics for SCNA breakpoint hotspots. Frequencies are shown in parentheses.
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Table 1 Association between genomic features and 
breakpoint hotspots 
FDR-corrected P value

Sequence features  Common repeats 3.66 × 10-3 
 Alu elements 6.88 × 10-2 
 CR1 elements 8.96 × 10-3 
 L1 elements 3.19 × 10-3 
 L2 elements 4.54 × 10-3 
Secondary structure features  G4 secondary 
structures 9.19 × 10-6 
DNA breakage and  recombination features  
Fragile sites 3.52 × 10-2 

 Meiotic recombination rate 1.87 × 10-2

1.50 × 10-2 

9.08 × 10-3 
6.95 × 10-2 
4.35 × 10-3

Evolutionary features  28 
way most evolutionarily   
conserved elements

2.43 × 10-2

aThe second column represents the statistical significance corresponding to all 
breakpoint hotspots found in cancer genomes, while the third column represents 
the statistical significance for those breakpoint hotspots that occur in cancer 
genomes but not in the three personal genomes analyzed. 
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Breakpoint hotspots are associated

 with PG4s 

Genomic 
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a b c15010050P  < 2.2 ×  100 Blocks withat least one breakpointï16Blocks with no breakpointsG4 structureLagging strandSCNADNA replication5' 3'SCNA spanning 5'  side (1,403)SCNA spanning 

3'  side (815)P  = 7.40 ×  10ï10Figure 2 Association between G-quadruplexï forming sequences and breakpoint hotspots.  (a) The distribution of the density 

(bp) of PG4s in 10-kb genomic blocks that have at least  one SCNA breakpoint in cancer is markedly higher than the distribution of PG4s in those 
genomic blocks that harbor no breakpoints. The whiskers of the box plots represent the range of the PG4s density for the respective groups. (b) A 
schematic representation of DNA replication near a G4 structure and generation of an SCNA. Arrows indicate the direction of motion of the DNA 

polymerase. Only the leading strand obstructs the motion of the DNA polymerase and therefore SCNAs are more likely to occur at the 5'  side of G4 
structures. (c) Cancer SCNAs with at least two PG4s within 10 kb are significantly likely  to occur at the 5'  side of the G4 structures, an observation 
that is consistent with the hypothesis that these structures inhibit the action of DNA polymerase. Frequencies are shown within parentheses. The pattern 

is independent of the choice of parameters (see Supplementary Table 5).
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G4-dense breakpoint hotspots are

 hypomethylated in cancer 
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