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Supplementary Figure 1 
 

 
Supplementary Figure 1. Atypical mutations co-occur with each of the three ETS-forming TERTp driver 
mutations. GENIE samples in the “High TERTp, UV” subcohort were further subdivided based on the 
individual driver mutations: (a) -124 bp, (b) -146 bp and (c) -139/-138 bp. Mutations at the native ETS site co-
occurred with all three driver mutations, although to a limited extent in the -139/-138 bp sample subset. 
Notably, four of the mutations at -126 bp occurred in patients having a -146 bp driver mutation. Source data are 
provided as a Source Data file. 
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Supplementary Figure 2 
 

 
 
Supplementary Figure 2. Atypical mutations co-occur in cis with driver mutations in 100k Genomes 
melanoma whole-genome sequencing data. Sequencing reads from 100k Genones melanoma cases with 
atypical mutations at one or more positions of interest (-97, -100, -101, -126, -138, -148 or -149 bp from at ATG 
codon). ETS-forming driver mutations (-124, -146, -139/-138) are indicated with a triangle. Only reads which 
covered all bases between -97 and -149 bp were considered shown. Mutations only at the specific positions of 
interest are indicated, with substitutions coloured by pyrimidine-based mutation type. Source data are provided 
as a Source Data file. 
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Supplementary Figure 3 

 
 
Supplementary Figure 3. Electrophoretic mobility shift assay (EMSA) showing GABP complex binding to 
TERTp dsDNA oligonucleotides. (a) Concentration curve of GABPA/B heterodimers showing an incomplete 
shift at 0.1 mM and complete shift at 0.5 mM which improves with increasing concentration. 5 mM was chosen 
as the concentration for UV footprinting. (b) EMSA of samples used in UV footprinting experiment (main Fig. 
5b). Arrowheads indicate unbound oligo. Gels are representative of experiments performed at least in triplicate. 
Exact genomic coordinates of the oligos are chr5:1295183-1295272 (hg19) and chr5:1295068-1295157 (hg38). 
Source data are provided as a Source Data file. 
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Supplementary Figure 4 
 

 
 

Supplementary Figure 4. DNase I footprinting of the TERTp. T4 endo V digestion is shown side by side, 
revealing the location of CPD-prone TT dinucleotides at the native ETS and ETS proto-sites, thus allowing 
these sites to be mapped to the footprint. UV footprint samples (independent replicates) are shown in lanes 1-10 
and DNAse experiments with or without 5 µM of GABPA/B heterodimers in 11-16. Note that the lane 10 
sample was partially lost in phenol chloroform extraction. The gel is representative of two repeated experiments. 
M is the marker lane showing a 10-100 bp ladder (Affymetrix). The labelled oligos are the same as in 
Supplementary Fig. 3. Source data are provided as a Source Data file. 
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Supplementary Figure 5 

 
 

Supplementary Figure 5. CPD formation levels following UV irradiation of TERTp dsDNA fragments. 
Complete gel image to complement main Fig. 5. Note that lanes 21/22 and 23/24 were repeated samples. 
Sample 3 for the -146 bp mutant oligo (lanes 23/24) was partially lost during phenol chloroform extraction but 
shows a clear UV hotspot. For main Fig. 5a only the first two replicates (Lanes 20 and 21) are shown. Gel is 
representative of more than three replicate experiments. M is marker lane showing 10-100 bp ladder 
(Affymetrix). Bands indicated by the numbers on the red numbers on the gel were quantified using ImageJ 
Analyse tool. Boxplots represent median and first and third quartiles (25th and 75th percentiles), with whiskers 
indicating 1.5 times the interquartile range for the three replicates. Individual values are shown as dots and 
coloured by sample type (WT, -124 or -146 TERTp sequence with or without 5 uM GABP proteins). The 
labelled oligos are the same as in Supplementary Fig. 3. Source data are provided as a Source Data file. 
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Supplementary Figure 6 
 

 
 
Supplementary Figure 6. Helical periodicity in the spacing of somatically mutated GABP binding site 
pairs. (a) Smoothened histogram showing the distribution of distances for co-localized (within 100 bp) ETS 
motif match pairs (NNTTCCK) in 1000 bp upstream regions genome wide. (b) Same as a but for a subset of site 
pairs matching the motif NNTTCCG. Distributions were computed for non-mutated pairs (none of the sites 
mutated), pairs where both sites had at least one mutation (>= 1 mut/site) as well as pairs where both sites had 
more than two mutations (>= 2 mut/site). Pairs where the two sites overlapped were excluded from the analysis. 
The dashed lines indicate a periodicity of 10.5 bp. (c) The proportion of pairs where both sites were positioned 
within a strong GABP ChIP-seq peak, for the motif NNTTCCK, shown for non-mutated pairs as well as pairs 
with at least one or two mutations per site. (d) Same as c but for the motif NNTTCCG. Source data are provided 
as a Source Data file. 
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Supplementary Table 1 
 
 
From 
ATG (bp) 

Variant hg19  
chr5  
coord 

hg38 
chr5 
coord 

Comment Creates 
ETS? 

Reported in 

-46 C>T 1295150 1295035  No 1 
-57 T>G 1295161 1295046 Recurrent in bladder cancer Yes 2 
-58 C>T 1295162 1295047  No 1 
-87 C>T 1295191 1295076  No 3 
-97 C>T 1295201 1295086 Recurrent in skin cancer No 4,5 
-100 C>T 1295204 1295089 Recurrent in skin cancer No 1,4,5 
-101 C>T 1295205 1295090 Recurrent in skin cancer No 1,4,5 
-113 C>T 1295217 1295102  No 4 
-124 C>T 1295228 1295113 Driver Yes 1,2,4-13 
-125/-124 CC>TT 1295229 1295114 Recurrent in skin cancer No 1,4,7,11,12 
-126 C>T 1295230 1295115 Recurrent in skin cancer No 1,4,10-12 
-139/-138 CC>TT 1295243/42 1295128 Likely driver in skin cancer Yes 1,2,4,6,7,11-13 
-144 C>T 1295248 1295133  No 1 
-146 C>T 1295250 1295135 Driver Yes 1,2,4-13 
-149 C>T 1295253 1295138 Recurrent in skin cancer No 1,4-7,11 
-154 C>T 1295258 1295143  No 1 
-156 C>T 1295260 1295145  Yes 1 
-176 C>T 1295280 1295165  No 1 
-187 C>T 1295291 1295176  No 1 

 
Supplementary Table 1. Survey of previously reported somatic mutations in the TERT promoter. Known 
drivers are underlined, recurrent mutations found only in skin cancers are shown in bold, and less recurrent 
mutations are shown in grey. Positions are labelled with the number of bases from the ATG codon (hg19 
chr5:1295104 and hg38 chr5:1294989), as well as their respective genome coordinates. 
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Supplementary Table 2 
 

 Cancer subtypes Samples % of GENIE v11 
Total in GENIE v11 756 118094 100 

Remaining after removal of: 
Samples using assay lacking TERTp or with 
reduced targeted region size (<300,000 bp) 

520 46341 39.2 

Non-unique tumors (one sample per patient) 
Subtypes with <40 samples 
Subtypes with <500 mutations   
Subtypes with <1% TERTp mutation 

513* 
128 
81 
59 

41617 
38267 
34832 
19755 

35.2 
32.4 
29.5 
16.7 

 
Supplementary Table 2. Summary of included samples from GENIE v11. Cancer subtypes refer to 
OncoTree codes as registered in GENIE. The final set consisted of unique samples (one tumor per 
patient). To allow analysis of mutational signatures, mutation burden and TERTp mutations, filters 
were applied to exclude cancer subtypes that were small, had low mutations counts, or where capture 
assays lacking TERTp or with limited genomic coverage were used. *, Some cancer subtypes with 
low patient counts were removed at this stage. 
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Supplementary Table 3 
 
  

High TERTp, UV High TERTp, no UV Low TERTp 
Mutation Samples +Driver Samples +Driver Samples +Driver 

TERTp driver mutations   
-124_SNV 438 

 
2252 

 
377  

-125/-124_DNV 57 
 

1 
 

2  
-146_SNV 473 

 
528 

 
81  

-139/-138_DNV 72 
 

7 
 

6  
TERTp driver with ONVs     

-126/-125/-124_ONV 2 
 

0 
 

0  
-126/-124_ONV 3 

 
1 

 
1  

-148/-146_ONV 1 
 

0 
 

0  
-149/-146_ONV 9 

 
0 

 
0  

-149/-148/-146_ONV 1  0  0  
-149/-148/-147/-146_ONV 2 

 
0 

 
0  

TERTp proto-ETS atypical     
-125 SNV 1 1 (1,0,0) 0 0 1 0 
-126_SNV 9 9 (5,4,0) 0 0 1 1 (0,1,0) 
-149_SNV 8 8 (0,8,0) 0 0 1 0 
-148_SNV 1 1 (0,1,0) 0 0 0 0 

TERTp native ETS atypical     
-97_SNV 4 4 (4,0,0) 0 0 0 0 
-100_SNV 8 7 (6,1,0) 0 0 1 0 

-101/-100_DNV 2 1 (0,1,0) 0 0 0 0 
-101_SNV 30 29 (14,14,1) 0 0 5 5 (2,3,0) 
Summary     
All drivers 1058  2789  467  

Proto-ETS atypical ONV 18 18 [100] 1 1 [100] 1 1 [100] 
Proto-ETS atypical SNV 19 19 [100] 0 0 [0] 3 1 [33] 
All proto-ETS atypical 37 37 [100] 1 1 [100] 4 1 [25] 
All native ETS atypical 44 41 [93.2] 0 0 [0] 6 5 [83] 

Total samples 1569  4065  14121  
 
 
Supplementary Table 3. Overview of driver and atypical mutations in GENIE subcohorts. Total 
sample counts for each mutation type in “High TERTp, UV” (≥20% of samples having TERTp driver 
mutations, ≥10% of mutations in subcohort attributed to SBS7 or DBS1), “High TERTp, No UV” 
(≥20% TERTp, <10% UV mutations) and “Low TERTp” (<20% TERTp) GENIE subcohorts. 
Mutations are either single nucleotide variants (SNV), double nucleotide variants (DNV) or 
oligonucleotide variants (ONV). Atypical mutations were split into proto-ETS site and native site 
mutations. The “+Driver” columns indicate the subset of atypical mutations that co-exist with TERTp 
driver events in the same samples, where numbers in parentheses further specify co-occurence with -
124, -146 and DNV -139/-138 driver mutations, respectively. In “Summary”, the percent atypical 
mutations co-existing with a driver mutation is in square brackets.  
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Supplementary Table 4 

 
 
Supplementary Table 4. Cancer subtypes with recurrent (n > 1) -139/-138 CC>TT mutations 
had active double base signatures resulting from UV light (DBS1) and APOBEC (DBS11) 
mutagenesis. Mutational signatures identified from Alexandrov et al 14. DBS1 relates to CC>TT 
mutations which result from UV light exposure. DBS11 is characterized by mainly CC>TT mutations 
with the likely etiology of APOBEC mutagenesis.   

Cancer type  Samples -139/-138 
CC>TT 

Frequency 
(%) 

Mutational 
signature 

Etiology 

Cutaneous Melanoma 870 48 5.51 DBS1 UV 
Melanoma of Unknown Primary 175 9 5.14 DBS1 UV 
Melanoma 124 6 4.84 DBS1 UV 
Cutaneous Squamous Cell Carcinoma 115 4 3.48 DBS1 UV 
Bladder Urothelial Carcinoma 1282 4 0.31 DBS1114 APOBEC 
Basal Cell Carcinoma 43 3 6.98 DBS1 UV 
Cancer of Unknown Primary 525 3 0.57 ? ? 
Squamous Cell Carcinoma, NOS 80 2 2.50 DBS1 UV 
Upper Tract Urothelial Carcinoma 258 2 0.78 DBS1114 APOBEC 
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Supplementary Table 5 
 

Oligos 

TERTp WT F 90 (C-rich) 
ACCCCGCCCCGTCCCGACCCCTCCCGGGTCCCCGGCCCAGCCCCCTCCGGGCCCTCCCAGCCCCTCCCCTTCCTTTCCGCGGCCCCGCCC 

TERTp WT R 90 (G-rich) 
GGGCGGGGCCGCGGAAAGGAAGGGGAGGGGCTGGGAGGGCCCGGAGGGGGCTGGGCCGGGGACCCGGGAGGGGTCGGGACGGGGCGGGGT 

TERTp 124 F 90 (C-rich) 
ACCCCGCCCCGTCCCGACCCCTCCCGGGTCCCCGGCCCAGCCCCTTCCGGGCCCTCCCAGCCCCTCCCCTTCCTTTCCGCGGCCCCGCCC 

TERTp 124 R 90 (G-rich) 
GGGCGGGGCCGCGGAAAGGAAGGGGAGGGGCTGGGAGGGCCCGGAAGGGGCTGGGCCGGGGACCCGGGAGGGGTCGGGACGGGGCGGGGT 

TERTp 146 F 90 (C-rich) 
ACCCCGCCCCGTCCCGACCCCTTCCGGGTCCCCGGCCCAGCCCCCTCCGGGCCCTCCCAGCCCCTCCCCTTCCTTTCCGCGGCCCCGCCC 
TERTp 146 R 90 (G-rich) 
GGGCGGGGCCGCGGAAAGGAAGGGGAGGGGCTGGGAGGGCCCGGAGGGGGCTGGGCCGGGGACCCGGAAGGGGTCGGGACGGGGCGGGGT 

 
 
 
Supplementary Table 5. Oligonucleotides for CPD/DNase footprinting and gel-shift assays. Exact genomic 
coordinates of the fragment (hg19 chr5:1295183-1295272,  hg38 chr5:1295068-1295157). 
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Supplementary Table 6 
 
 

Gene Position hg19 Forward 5´- 3´ Reverse 5´- 3´ Amplicon 
TERT chr5:1295152-1295311 AGCGCTGCCTGAAACTCG CCTGCCCCTTCACCTTCCAG 160 bp 

 
Primer Sequence 5´- 3´ 
TERT Fwd  
with barcode 

GGACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNNNNNNATGGGAAAGA
GTGTCCAGCGCTGCCTGAAACTCG 
 

TERT Rev  GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTGCCCCTTCACCTTCCAG 
 

Illumina Fwd  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 
 

Illumina Rev 
with index 

CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGCTCT 
TCCGATCT 

 
Supplementary Table 6. Primer sequences used for SiMSen-seq in TERTp. Target specific TERTp primer is 
shown in the top panel and indicated in italics in in the SiMSen primer below. 12 bp barcode 
(NNNNNNNNNNNN) in the TERT Fwd primer is shown in bold. Index sequence in the Illumina Rev primer is 
shown with underline. Hg38 position chr5:1295037-1295196. 
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