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Supplementary Figure 1 – Pan-cancer landscape of hypoxia in primary tumours 

Tumour hypoxia scores for 1,188 independent tumours from 27 cancer types based on the Winter1 (a) and 
Ragnum2 (b) hypoxia signatures. The black horizontal lines indicate the median hypoxia score within each cancer 
type. The number of tumours from each cancer type are shown along the bottom. IQR values for each cancer type 
are also shown along the bottom. c) Hypoxia scores based on the three independent signatures were highly 
correlated for 1,188 independent tumours from 27 cancer types. d) Comparison of median hypoxia scores within 
cancer types based on the Buffa3, Winter1 and Ragnum2 hypoxia signatures for 1,188 independent tumours from 
27 cancer types. Median hypoxia values were scaled from +1 to -1. e) The mean of the scaled median hypoxia 
scores for each cancer type are shown by the filled circle. Lines show the standard deviation of the scaled median 
hypoxia score. Squamous tumours of the lung (Lung-SCC), cervix (Cervix-SCC) and head (Head-SCC) are 
amongst the most hypoxic cancer types. f-h) Association of hypoxia scores between 16 comparable types of 
cancer in PCAWG and TCGA. Dots represent the mean of the scaled median hypoxia scores from the Buffa3 (f), 
Winter1 (g) and Ragnum2 (h) hypoxia signatures. Pan-cancer calculations of hypoxia between the PCAWG (n = 
1,188 independent tumours) and TCGA (n = 7,791 independent tumours) datasets is strongly correlated based on 
independent hypoxia signatures. 
  



 
Supplementary Figure 2 – Hypoxia in tumour vs. normal samples and the genomics of hypoxia 
across cancers 

Tumour samples consistently have elevated hypoxia compared to normal samples from the same tissue based on 
the Buffa (a), Ragnum (b) and Winter (c) hypoxia signatures (n = 5,649 independent tumours and n = 625 
independent normal tissue samples). Bonferroni-adjusted p-values are shown along the top of each panel while 
sample sizes are shown along the bottom. The IQR values of cancer types were not associated with the median 
hypoxia score within that cancer type (d) or the sample size (e, n = 1,188 independent tumours). f) A partial 
summary of the knowledge around the genomics of hypoxic tumours. Hypoxia-related associations that have been 
previously examined within 19 tumour types in TCGA are shown along the left based on data from Bhandari et 
al.4 (n = 7,791 independent tumours). CNAs and SNVs in several genes were found to be associated with elevated 
hypoxia within tumour types. Hypoxia was also associated with elevated PGA in 10 tumour types. The right side 
of the figure partially summarizes the analyses carried out in this work (n = 1,188 independent tumours). Several 
of the previous intra-tumour type findings have been extended in this work as pan-cancer features of hypoxia and 
several novel features, particularly related to structural variants, have been assessed and found to be significantly 
associated with hypoxia. This is in addition to the novel pan-caner work presented around single-base substitution 
signatures, indel signatures and tumour subclonality. 
  



 

 

 

 
 
 
 
 
 
 
 
 

Supplementary Figure 3 – Confirmation of key hypoxia-associated features within individual 
tumour types and evaluation of hypoxia-associated mitochondrial mutations. 

The number of duplications is significantly associated with tumour hypoxia within four of the five largest 
individual cancer types in our cohort (a). Dot sizes represent the Spearman’s r and background shading represents 
p-values. For four of five histologies, the number of duplications were significantly positively correlated with 
hypoxia score, confirming the association previously described with a linear mixed-effects model across cancers. 
Tumours with TP53 mutations are associated with elevated hypoxia within individual histologies (b). Dot sizes 
represent the difference in median hypoxia score between tumours that have a TP53 mutation vs. tumours that 
have wildtype TP53. Background shading represents p-values (Mann-Whitney U-test). For all three histologies 
where TP53 mutations are associated with hypoxia, the directionality of the association matches the directionality 
described in the pan-cancer analysis (TP53 mutant tumours are associated with elevated hypoxia). For one 
histology, Ovary-AdenoCA, none of the tumours with information for mutational status and hypoxia were 
wildtype for TP53, so we could not evaluate if hypoxia scores were different between mutant and wildtype 
tumours. Results for a) and b) are shown for the five largest tumour types from the overall cohort of 1,188 tumours 
that have WGS and RNA-seq data. Mutations in the mitochondria were not associated with tumour hypoxia across 
cancer (c). Results are shown for the top 15 features based on FDR-adjusted p-values (n = 982 independent 
tumours). 
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Supplementary Table 1 – PCAWG cancer type codes 
Cancer type codes for the 27 PCAWG cancer types examined in this study and their descriptions. 
 
Cancer Type Description 
Biliary-AdenoCA Biliary Adenocarcinoma 
Bladder-TCC Bladder Transitional Cell Carcinoma 
Breast-AdenoCA Breast Adenocarcinoma 
Breast-LobularCA Breast Lobular Carcinoma 
CNS-GBM CNS Glioblastoma 
CNS-Oligo CNS Oligodendroglioma 
Cervix-AdenoCA Cervix Adenocarcinoma 
Cervix-SCC Cervix Squamous Cell Carcinoma 
ColoRect-AdenoCA Colon/Rectum Adenocarcinoma 
Eso-AdenoCA Esophagus Adenocarcinoma 
Head-SCC Head/Neck Squamous Cell Carcinoma 
Kidney-ChRCC Kidney Chromophobe Renal Cell Carcinoma (Distal Tubules) 
Kidney-RCC Kidney Renal Cell Carcinoma (Proximal Tubules) 
Liver-HCC Liver Hepatocellular Carcinoma 
Lung-AdenoCA Lung Adenocarcinoma 
Lung-SCC Lung Squamous Cell Carcinoma 
Lymph-BNHL Lymphoid B-Cell Non-Hodgkin’s Lymphoma 
Lymph-CLL Lymphoid Chronic Lymphocytic Leukemia 
Ovary-AdenoCA Ovary Adenocarcinoma 
Panc-AdenoCA Pancreas Adenocarcinoma 
Prost-AdenoCA Prostate Adenocarcinoma 
Skin-Melanoma Skin Melanoma 
SoftTissue-Leiomyo Leiomyosarcoma 
SoftTissue-Liposarc Liposarcoma 
Stomach-AdenoCA Stomach Adenocarcinoma 
Thy-AdenoCA Thyroid Adenocarcinoma 
Uterus-AdenoCA Uterus Adenocarcinoma 

 
 



Supplementary Table 2 – Mutational density data by deciles 
For each of the 15 mutational features analyzed, the value corresponding to each decile is provided. Decile are noted along the top row. 
  

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 
Total SV, 
deletions 

0.00 1.00 3.00 6.00 11.60 20.00 29.00 42.00 62.00 88.00 456.00 

Total PGA, loss 0.00 0.60 5.13 6.09 9.20 14.19 19.95 26.27 31.81 39.64 60.53 
Total PGA 0.00 5.01 8.68 14.21 20.54 27.99 36.79 45.15 54.33 64.93 92.41 
Total SV, 
duplications 

0.00 0.00 1.00 2.00 5.00 9.00 15.00 24.00 45.00 96.00 810.00 

Average CNA 
length, loss 

0.00 1.63E+06 4.08E+06 5.77E+06 7.70E+06 9.58E+06 1.21E+07 1.54E+07 2.17E+07 3.11E+07 8.78E+07 

Total SV, 
truncation 

0.00 0.00 1.00 3.00 5.00 8.00 14.00 22.00 39.20 67.10 1241.00 

Average CNA 
length 

0.00 1.86E+06 3.70E+06 5.19E+06 6.68E+06 8.48E+06 1.10E+07 1.47E+07 1.97E+07 2.92E+07 7.52E+07 

Average CNA 
length, gain 

0.00 0.00 8.14E+05 2.00E+06 3.15E+06 4.59E+06 6.42E+06 9.53E+06 1.52E+07 2.33E+07 9.73E+07 

SNV per 
megabase 

0.01 0.70 1.11 1.47 1.93 2.47 3.14 4.12 6.05 11.57 864.90 

Total PGA, gain 0.00 0.00 0.84 3.84 6.12 8.78 12.33 17.68 24.32 35.68 89.89 
Total SV, H-H 
Inversions 

0.00 0.00 0.00 2.00 4.00 7.00 11.00 16.00 24.00 41.00 334.00 

Total SV, T-T 
Inversions 

0.00 0.00 1.00 2.00 4.00 7.00 11.00 16.00 24.00 39.00 327.00 

Kataegis 
frequency 

0.00 0.00 0.00 0.00 1.00 2.00 3.00 5.00 9.00 18.00 1.14E+04 

CNA gain:loss 0.00 0.03 0.31 0.55 0.78 1.00 1.26 1.68 2.30 3.84 230.64 
PGA gain:loss 0.00 0.00 0.15 0.29 0.43 0.62 0.85 1.10 1.76 4.25 1.24E+09 



Supplementary Table 3 – Hypoxia associated mutational density features 
Results from linear mixed-effect models associating hypoxia with mutational density features while controlling 
for cancer type, tumour purity, age and sex. 
 
Mutational density 
feature 

p-value Bonferroni-
adjusted p-
value 

𝑹𝑳𝑴𝑬𝑴−𝑪𝟐  𝑹𝑳𝑴𝑬𝑴−𝑴𝟐  

total_sv_del 1.11E-10 1.66E-09 0.58924153 0.02343019 
pga_loss 1.31E-08 1.97E-07 0.58527282 0.02136801 
pga_total 2.41E-08 3.61E-07 0.57254909 0.02238394 
total_sv_dup 0.00029372 0.00440584 0.59905876 0.00835183 
avg_cna_loss_length 0.00198885 0.02983281 0.59654213 0.00670137 
total_sv_tra 0.00329592 0.04943882 0.59688183 0.00615388 
avg_cna_length 0.00351645 0.05274673 0.59262284 0.00645899 
avg_cna_gain_length 0.0050237 0.07535548 0.6046345 0.00590894 
MutsPerMb 0.00555344 0.08330165 0.60081588 0.00541866 
pga_gain 0.02244465 0.3366697 0.59204366 0.00462285 
total_sv_h2hinv 0.02431619 0.3647429 0.59589865 0.00460942 
total_sv_t2tinv 0.03541738 0.53126077 0.59599525 0.00431923 
frequency.kat 0.05983866 0.89757984 0.60187881 0.0039126 
cna_gain_loss_ratio 0.13292578 1 0.60507099 0.00342699 
pga_gain_loss_ratio 0.42345003 1 0.60311946 0.00274842 

 
  



Supplementary Table 4– Hypoxia associated driver mutations 
Results from linear mixed-effect models associating hypoxia with driver mutations while controlling for cancer 
type, tumour purity, age and sex. 
 
Gene p-value FDR-

adjusted p-
value 

𝑹𝑳𝑴𝑬𝑴−𝑪𝟐  𝑹𝑳𝑴𝑬𝑴−𝑴𝟐  

BCL2 1.44E-17 7.56E-15 0.61524209 0.04529518 
TP53 7.50E-15 1.97E-12 0.58702975 0.0426901 
MYC 6.09E-07 0.00010659 0.59620501 0.01638566 
CREBBP 7.15E-06 0.00093839 0.60491724 0.01269053 
SGK1 6.36E-05 0.00667467 0.59914066 0.01064775 
TNFRSF14 0.0001213 0.01061372 0.59489865 0.00979189 
PTEN 0.00019948 0.01496111 0.59047392 0.00978797 
STAT6 0.00044271 0.02905273 0.59430646 0.00833882 
VHL 0.00068266 0.03982192 0.59985134 0.01449421 
RAF1 0.00172618 0.09062425 0.59549027 0.0075624 

 
  



Supplementary Table 5 – Hypoxia associated single base substitution signatures 
Results from linear mixed-effect models associating hypoxia with the proportion of mutations attributed to single 
base substitution signatures while controlling for cancer type, tumour purity, age and sex. 
 
Single-base 
substitution 
signature 

p-value FDR-
adjusted p-
value 

𝑹𝑳𝑴𝑬𝑴−𝑪𝟐  𝑹𝑳𝑴𝑬𝑴−𝑴𝟐  

SBS1 1.28E-09 8.33E-08 0.61063269 0.03315903 
SBS5 4.41E-08 1.43E-06 0.58956286 0.02225793 
SBS56 1.38E-05 0.00029993 0.61181946 0.01008063 
SBS6 0.00013822 0.00197637 0.61060751 0.00858818 
SBS3 0.00015203 0.00197637 0.60350628 0.01596484 
SBS17b 0.00026168 0.0028349 0.60723431 0.0078508 
SBS17a 0.00051701 0.0048008 0.606433 0.00723581 
SBS21 0.00571373 0.0431149 0.60551536 0.00507594 
SBS12 0.00596976 0.0431149 0.60361934 0.00664032 

 
  



Supplementary Table 6 – Hypoxia associated small insertion and deletion signatures 
Results from linear mixed-effect models associating hypoxia with the proportion of mutations attributed to small 
insertion and deletion signatures while controlling for cancer type, tumour purity, age and sex. 
 
Insertion 
and deletion 
signature 

p-value FDR-
adjusted p-
value 

𝑹𝑳𝑴𝑬𝑴−𝑪𝟐  𝑹𝑳𝑴𝑬𝑴−𝑴𝟐  

ID6 3.39E-06 5.76E-05 0.60094444 0.01505225 
ID5 0.00018121 0.00154028 0.59647682 0.01588363 
ID9 0.00134169 0.00706468 0.60457952 0.00680836 
ID2 0.00166228 0.00706468 0.60680165 0.01139191 
ID8 0.00717277 0.02438742 0.60531094 0.0074097 

 
  



Supplementary Table 7 – Associations of hypoxia with features of tumour clonality 
Results from linear mixed-effect models associating hypoxia with features of tumour clonality while controlling 
for cancer type, tumour purity, age and sex. The features tested for associations with hypoxia include the total 
number of clonal alterations (clonal_total), the total number of clonal structural variants (clonal_SV), the total 
number of clonal indels (clonal_indel), the total number of clonal single nucleotide variants (clonal_SNV), the 
total number of subclonal alterations (subclonal_total) and the number of subclones detected in the tumour 
(subclone_number). 
 
Clonality feature p-value Bonferroni-

adjusted p-
value 

𝑹𝑳𝑴𝑬𝑴−𝑪𝟐  𝑹𝑳𝑴𝑬𝑴−𝑴𝟐  

clonal_SV 1.96E-06 1.1746E-05 0.59553502 0.01329516 
clonal_total 0.00077563 0.00465376 0.59915695 0.00741347 
clonal_indel 0.00145617 0.00873701 0.60340965 0.00598623 
clonal_SNV 0.00213627 0.01281765 0.59928141 0.00663105 
subclone_number 0.0227242 0.13634518 0.60299828 0.00505359 
subclonal_total 0.04626171 0.27757025 0.60214616 0.00392718 
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