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Abstract

African-American men are more likely than any other racial
group to die from prostate cancer. The contribution of acquired
genomic variation to this racial disparity is largely unknown, as
genomic from Africa is lacking. Here, we performed the first
tumor-normal paired deep whole-genome sequencing for
Africa. A direct study-matched comparison between African-
and European-derived, treatment-naïve, high-risk prostate
tumors for 15 cases allowed for further comparative analyses
of existing data. Excluding a single hypermutated tumorwith 55
mutations per megabase, we observed a 1.8-fold increase in
small somatic variants in African- versus European-derived
tumors (P ¼ 1.02e–04), rising to 4-fold when compared with
published tumor-matched data. Furthermore, we observed an
increase in oncogenic driver mutations in African tumors (P ¼
2.92e–03); roughly 30% of impacted genes were novel to
prostate cancer, and79%of recurrent drivermutations appeared
early in tumorigenesis. Although complex genomic rearrange-
ments were less frequent in African tumors, we describe a
uniquely hyperduplicated tumor affecting 149 transposable
elements. Comparable with African Americans, ERG fusions
and PIK3CAmutations were absent and PTEN loss less frequent.
CCND1 and MYC were frequently gained, with somatic copy-
number changes more likely to occur late in tumorigenesis. In
addition to traditional prostate cancer gene pathways, genes
regulating calcium ion-ATPase signal transduction were disrupted in African tumors. Although preliminary, our results suggest
that further validation and investigation into the potential implications for elevated tumor mutational burden and tumor-
initiating mutations in clinically unfavorable prostate cancer can improve patient outcomes in Africa.

Significance: The first whole-genome sequencing study for high-risk prostate cancer in African men allows a simultaneous
comparison of ethnic differences relative to European populations and of the influences of the environment relative to African-
American men.
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alterations in high-risk prostate cancer from treatment-naïve African- versus European-
derived tumors.
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Introduction
Prostate cancer is the most commonly diagnosed male malig-

nancy and secondmost common cause of cancer-related death in
men in the developed world (1). However, racial disparity in
incidence andmortality rates has beenobservedwithin theUnited
States. African-American men are 1.6 and 2.9 times more likely to
be diagnosed, and 2.4 and 5.0 times more likely to die from
prostate cancer than Americans of European or Asian ancestries,
respectively (2). Although socioeconomic or lifestyle factors have
been suggested, after adjusting for these differences, African
ancestry remains a significant risk factor (3). Together with the
risk associated with a family history of prostate cancer (4) and a
large heritable contribution (estimated 58%; ref. 5), a genetic
basis for the greater African-ancestral disease burden cannot be
ignored. Besides inherited risk, disparities in prostate cancer out-
comes suggest the influence of somatic drivers. Along with an
increase in mortality rates, African-American men are generally
younger at diagnosis, present with higher tumor grade and vol-
ume at surgery, and are at a greater potential for metastasis (4).
Within Africa, a greater disease burden has been suggested (1, 6).
The Southern African Prostate Cancer Study (SAPCS) has shown
that SouthAfricanmenpresentwith a 2-fold increase in aggressive
disease compared with age-adjusted African Americans (7).

Molecular profiling has identified prostate cancer as a highly
complex disease with substantial somatic genomic heterogeneity.
Although whole-exome sequencing as part of The Cancer
Genome Atlas (TCGA) has identified seven major prostate cancer
subtypes, including three genes associated with recurrent muta-
tions and four fusion events (8), correlating these subtypes with
clinical outcomes has been less obvious. Studies focused on
whole-genome sequencing (WGS) have highlighted the signifi-
cance of interrogating the entire prostate genome, reporting an
abundance of acquired complex genomic rearrangements or
noncoding alterations over single-nucleotide driver mutations
(9, 10). Focused on men of European ancestry, more recent
interrogation of African-American–derived primary prostate
tumors includes whole-genome (n ¼ 24; ref. 11) and whole-
exome sequencing (AAPC, n ¼ 102; ref. 12). Significant differ-
ences in somatic mutational patterns observed between Amer-
icans of African versus European ancestries and reported in those
studies include lack of TMPRRSS2-ERG gene fusions, PTEN loss,
and mutated PIK3CA, while suggesting novel African-enriched
prostate cancer genes, such as CDC27-OAT gene fusions and
recurrent mutations in ERF. No such study has been performed
within the context of Africa.

This study, to our knowledge, is the first to genome profile
prostate cancer in men from Africa, in particular, Southern Africa
with the greatest within individual inherited heterogeneity (13).
Focusing on high-risk disease, it was critical that we could provide
a direct and unbiased non-African comparison, factoring in
sample source and pathology, sequencing technology, depth of
coverage, and computational pipelines. As such we generated
comparable data for nine European ancestral Australians while
providing further comparisons with publically available data for
American men of European and African ancestries.

Patients and Methods
Patient description, genetic ancestries, and ethics

African patients were recruited and consented in 2013, at time
of diagnosis (biopsy core tissue), from the University of Pretoria's

Steve Biko Academic Hospital, South Africa, as part of the SAPCS
(7). Inclusion criteria included a histopathologic Gleason score
�8 prostate cancer (high-risk disease) and self-identified African
ancestry, classified as Southern Bantu (n ¼ 4) or South African
Coloured (n ¼ 2; Table 1). African heritage was confirmed using
103,670 autosomal ancestry informative genetic markers and
ancestral fractions defined as African-Bantu (Yoruba), African-
KhoeSan (Ju/'hoansi), European (CEPH-Utah), and Asian (Han
Chinese), as previously described (13, 14). The study was
reviewed and approved by the University of Pretoria Human
Research Ethics Committee (HREC #43/2010), including US
Federal-wide Assurance (FWA00002567 and IRB00002235
IORG0001762). Isolated DNA was shipped under the Republic
of South Africa Department of Health Export Permit, in accor-
dance with the National Health Act 2003 (J1/2/4/2 No1/12), to
the Garvan Institute of Medical Research in Australia, written
informed consent was obtained, and the study was conducted in
accordance with ethical guidelines as outlined by the Declaration
of Helsinki. WGS was performed in accordance with site-specific
approval granted by St. Vincent's Hospital HREC in Australia
(SVH 15/227). The European comparative cohort included Aus-
tralian patients selected based on a treatment-naïve surgically
removed tumor with a Gleason score�8, as previously described
by the Australian Prostate Cancer Centre (APCR; Supplementary
Table S1; ref. 15).

WGS and quality control
DNA was extracted from fresh-frozen prostate tumor tissue,

derived either from biopsy core tissue at diagnosis (SAPCS) or
from surgical tissue at surgery (APCRCEUR), as well as matched
blood, and underwent 2� 150 cycle paired-end sequencing on an
Illumina HiSeq X Ten instrument (Genome.One), averaging over
80X and 45X coverage, respectively. Reads were adapter-trimmed
using Illumina's Bcl2fastq Conversion software (http://www.
illumina.com/) and filtered using cutadapt v1.9 (16) to remove
low-quality bases (<Q15), short reads (<70 bp), andmissing read
pairs. Remaining reads were aligned to the hg38 reference using
bwa-mem v0.7.12 (17). The GATK pipeline v3.6 was used for
identifying duplication, performing small (<50 bp) insertion/
deletion (indel) realignment, base quality score recalibration,
and corealignment of the tumor–blood pair (18). Tumor
duplication rates ranged from 8.62% to 15.25%, whereas for
blood, these ranged from 9.70% to 22.31%. Alignment statis-
tics of the reads were calculated using QualiMap v2.1.3 (19).
Stromal cell contamination was calculated using Sequenza
(20). Tumor purity calculations (range, 41%–78%) are pre-
sented in Table 1. Quality control included interrogation of
21 somatic mitochondrial DNA mutations previously reported
(Supplementary Table S2; ref. 21) and consistent size distribu-
tion of inserts from different sequencing lanes that were pre-
pared from the same WGS library (Supplementary Table S3).
Sequencing data for six SAPCS samples have been deposited
in the NCBI Sequence Read Archive (accession SRP119289)
with BioProject number PRJNA412953 and the following
BioSample accessions: SAMN07732894–SAMN07732905 and
SAMN08985113–SAMN08985130.

Variant calling and annotation
In this study, small variants include single-nucleotide var-

iants (SNV) and insertions or deletions �50 bases (indels),
whereas structural variants (SV) are greater than 50 bases.
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Read alignment of the blood underwent FreeBayes (22) and
GATK HaplotypeCaller analysis (18) to generate a consensus
set of SNVs and indels. Germline variants were further
assessed for known prostate cancer risk alleles (23) and rare
variants in highly penetrant genes including BRCA1, BRCA2,
HOXB13, ATM, and CHEK2. All the risk variants observed
were manually inspected using Integrative Genomics Viewer
(IGV; ref. 24).

High-confidence somatic variants were called for each tumor–
blood pair using multiple callers. Specifically, somatic SNVs and
indels were called using MuTect (25), VarScan v2.4.0 (26), and
Strelka v2.7.1 (27), generating a consensus callset (two or more
callers). Differences between the MuTect and consensus callsets
were insignificant (35,004 vs. 37,975 mutations; t ¼ �0.46; P ¼
0.66; Supplementary Table S4). The MuTect results of small
somatic mutations were counted and divided by genome size

Table 1. Clinical presentation, patient ancestry, sequencing statistics, and genomic variation

UP2003 UP2039 UP2099 UP2113 UP2116 UP2133

Ethnicity SA Coloured SA Coloured Zulu Pedi Swati Zulu
Clinical presentation at diagnosis
Age (years) 76 71 76 88 99 58
PSA levels (ng/mL) 3,459 319 100 123 65 100
Gleason score 9 8 8 8 10 9
Family history prostate cancer Yes No No No No No

Ancestral fractionsa

African: Bantu/KhoeSan 0.421/0.417 0.622/0.378 0.868/0.132 0.944/0.056 0.975/0.025 0.868/0.132
Non-African: Eur/Asian 0.138/0.024 0 0 0 0 0

WGS statistics
Blood/Tumor coverage 43X/86X 40X/75X 42X/82X 58X/86X 41X/87X 43X/81X
Tumor purity 0.42 0.68 0.78 0.41 0.44 0.43

Germline variations (total number)
SNVs 4,447,982 4,463,245 4,459,492 4,361,491 4,398,876 4,465,481
Ins 535,378 547,399 539,284 568,665 533,522 569,188
Del 569,071 580,344 572,637 600,646 565,696 605,795

Somatic variants (total number)b

SNVs 11,463 8,017 7,939 138,990 6,946 11,463
Ins 1,006 844 1,077 7,401 1,003 1,471
Del 1,760 1,182 1,362 23,151 1,326 1,448
Nonsynonymous 95 52 42 1,507 56 79
TMB per Mbp 4.6 3.3 3.4 55 3 4.7
SV-DEL (bases impacted) 124 (296,889,562) 7 (31,812,041) 46 (198,385,225) 27 (7,785,288) 56 (125,131,631) 54 (315,444,459)
SV-DUP (bases impacted) 16 (310,358,766) 2 (50,355) 9 (134,176,076) 7 (13,696,461) 6 (98,051,676) 234 (320,826,012)
SV-INV (bases impacted) 12 (262,977,083) 1 (287,931) 6 (500,592,107) 0 (0) 2 (79,698,508) 4 (3,017,735)
SV-CTX 19 1 17 1 2 20
Chained eventc 0 0 0 0 0 1 (4)
SCNA-Gains/Losses 2,325/3,979 3,466/6,184 6,759/4,784 1,863/2,524 3,009/5,130 11,593/13,848

TCGA molecular subtyped

Classification (mutation) SPOP (F133I) UC UC FOXA1 (D226G) UC UC

Oncogenic driver mutations
SNV: TransFIC/CanDrAe 28/21(8) 18/11(2) 15/11(5) 613/237(113) 8/20(4) 25/14(6)
SV-DEL: High Impactf 21(9) 2(0) 16(7) 1(1) 12(8) 16(6)

SCNA recurrent focal amplifications
CCND1 (11q13.3) High gain Het loss Some gain High gain Some gain High gain
MYC (8q24.21) High gain Some gain High gain Diploid High gain High gain

SCNA recurrent focal deletions
PTEN (10q23.31) Diploid Het loss Some gain Diploid Some gain Het loss
TP53 (17p13.1) Het loss Het loss Some gain Diploid Some gain Hom del
FANCD2 (3p25.3) Het loss Het loss Diploid Diploid Diploid Hom del
SPOPL (2q22.1) Hom del Het loss Some gain High gain Het loss Diploid
MAP3K7 (6q15) Het loss Some gain Het loss Diploid Hom del Het loss
CHD1 (5q15) Hom del Het loss Some gain Diploid Some gain Het loss

Abbreviations: CTX, interchromosomal translocation; del, deletion <50 bp; DEL, deletion >50 bp; DUP, duplication; Eur, European; Het loss, heterozygous loss; Hom
del, homozygous deletion; ins, insertion < 50 bp; INV, inversion; SA Coloured, South African Coloured; UC, unclassified.
aAncestral fractions based on STRUCTURE analysis.
bNumber of SNVs/indels detected using MuTect and that of SVs (hg38) from high-confidence results of somatic callers.
cIn brackets is the number of interchromosomal translocations involved.
dA total of seven TCGA subtypes.
eOverlapping results in brackets.
fOncogenic potentials reported in MalaCard in brackets.
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3,088 Mbp for tumor mutational burden (TMB). Germline SNVs
and indels were further excluded, and those in known cancer-
associated geneswere reviewedusing IGV.High-confidence somat-
ic SVs were called when detected by two or more SV callers using a
previously described five-tooled MetaSV analysis (28). Interchro-
mosomal translocations were identified based on identical SVs
(bedtools window –w 1000) called by Lumpy v0.2.13 (29) and
Manta v1.1.0 (30). Genomic rearrangementswere excluded if both
breakpoints were within low complexity regions, with all remain-
ing genomic rearrangements undergoingmanual inspection.Addi-
tional de novo genome assembly of tumor reads was performed to
identify inserted sequences of somatic duplications using ABySS
v1.9.0, as previously mentioned (28), and subsequently searched
for repeat elements against the Repbase database (http://repeat
masker.org). Chromoplexic and chromothriptic rearrangements
were tested using ChainFinder version 1.0.1 (9) and ShatterProof
(31), respectively. Significant focal somatic copy-number altera-
tions (SCNA) were identified through a comparison of segmented
copy-number profiles between tumor and matched blood (Sup-
plementary Table S5), using GISTIC v2.0.22 (32), with the confi-
dence level and q value equal to 0.90 and 0.10, respectively. The
segmentation profiles were generated using CNVkit (33), and their
unsupervised hierarchical clustering, together with copy-number
data from the Memorial Sloan Kettering Cancer Center cohort of
low- to high-risk prostate cancer (MSKCC; n ¼ 157 primary
tumors), was computed as previously described (34). Percentage
of genome alteration (PGA) was calculated based on the cumula-
tive number of base pairs altered for each gain or loss per patient
divided by a reference genome size.

Functional annotation and deleterious alterations of germ-
line variants were performed using ANNOVAR (35). Functional
impact, affected genes, transcripts, and other relevant features
of small somatic mutations and SVs were annotated using
Oncotator v1.8.0.0 (36) and GEMINI v0.18.3 (37), respective-
ly. Highly mutated noncoding regions were identified using
LARVA v1.0, with b-binomial distribution and replication
timing correction (38). Additional annotation of somatic SNVs
to 30 Catalogue of Somatic Mutations in Cancer (COSMIC)
mutational signatures (39) was performed using SomaticSigna-
tures in R package (40). Missense mutations were identified as
potential oncogenic drivers using either TransFIC (http://bg.
upf.edu/transfic/home) or CanDrA (41) with prostate cancer–
specific databases.

Comparative cohort analysis
Besides our comparativeWGS cohort (APCRCEUR), we scanned

the literature and databases for publically available somatic
mutation data for the American population with the inclusion
of associated racial and pathologic classification.We identified 52
men with high-risk primary prostate cancer (Gleason score � 8;
Supplementary Table S6; as at September 01, 2017) including
BACAEURWGS (n¼ 10) and TCGA exome sequencing (TCGAEUR,
n ¼ 26 and TCGAAA, n ¼ 3). An additional 13 African-American
men were excluded because their tumor DNA was extracted from
formalin-fixed paraffin-embedded tissues (12). Published results
of the 39 patients using the MuTect calling and Oncotator anno-
tation pipeline were compared with our genomes analyzed with
the same pipeline. Only SNVs (missense, nonsense, splice site,
and silent mutations), indels (frameshift and in-frame muta-
tions), and SVs (>900 bp and �4 reads based on read-pair
evidence) available between the studies were counted and

log10-transformed for a subsequent significance test using two-
tailed t test in R. Deleterious impact and oncogenic potential
of missense (nonsynonymous) mutations were assessed using
PolyPhen-2 (42) and CanDrA, respectively.

Clone phylogenetic analysis
Estimation of clonality and clonal segregation of somatic

mutations was computed using PhyloWGS v1.0-rc1 (43). The
somatic SNVs and indels from each patient described above were
analyzed for their segregation into each clone or subclone, fol-
lowing the program's instruction with copy-number estimation
(TITAN program). The clonality was run with 10,000 Markov
chainMonte Carlo samples. Matching of the copy-number altera-
tions and somatic SVs observed was assessed through the visual
inspection of SV frequencies and log2 copy-number ratio.

Results
Germline variation and prostate cancer risk alleles

Representing the earliest diverged contemporary human pop-
ulation (13), our African participants all share an ancient
KhoeSan (range, 2.5%–41.7%) along with a predominant Bantu
heritage (range, 42.1%–97.5%) and therefore an exasperated
inherited genomic variation, averaging 5.5 million small variants
(4,432,761 SNVs and 1,131,271 indels; Table 1), 1.3-fold greater
than observed for the APCRCEUR.We found the largely European-
derived prostate cancer risk alleles (7) to be fixed (6/100) or
common in SAPCS (78/100 allele frequency >0.1; 48/100 �0.5;
Supplementary Table S7) and unlikely to be risk-predicting for
this population, as previously suggested (14).Missensemutations
in high penetrance genes were found to be common, compared
with an internal dataset of nine Southern African genomes (Sup-
plementary Table S7), and/or previously predicted as nononco-
genic (Supplementary Table S8).

Spectrum of small somatic variation and associated racial
disparities

The total number, type, and distribution of somatic mutations
observed within the SAPCS are summarized in Fig. 1A. We
observed a total of 227,289 putative small somatic mutations
(Supplementary Table S9). Notably, 74.6% (169,542) were from
a single hypermutated tumor (UP2113), with a 1.8- to 3-fold
within study increase in transitionmutations (Supplementary Fig.
S1) and a "small" TMB of 55 mutations per Mbp (2,180 protein
coding). Excluding the hypermutated tumor, our study suggests a
roughly 4-fold increase in the burden of small somatic variants
thanpreviously reported for high-risk prostate cancer (8, 9),with a
range of 3.0 to 4.7 per Mbp. Direct comparison with our high-risk
APCRCEUR tumors confirmed a 1.8-fold increased TMB (t ¼
�5.679; P ¼ 1.02e–04), rising to a 7.7-fold increase when con-
sidering published TMB for low- to intermediate-risk prostate
cancer (10). Importantly, our comparison with APCRCEUR con-
firms the racial mutational disparity is not a technical or compu-
tational artifact. Additional racial differences (SAPCS vs.
BACAEUR, TCGAEUR, and APCRCEUR) observed include (i) the
total number of protein-coding variants (median, 103 vs. 42, 32,
and 45; t ¼ �3.314, �4.739, �2.819; P ¼ 0.005, 5.49e–05, and
1.45e–02; Fig. 1B); (ii) the number of predicted "probably" or
"possibly" damaging nonsynonymous mutations using Poly-
Phen-2 (median, 33 vs. 15, 10, and 12; t ¼ �2.698, �4.159,
�2.884;P¼0.017, 2.46e–04, and1.28e–02; Fig. 1C); and (iii) the
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Figure 1.

Spectrum of somatic genomic variation in high-risk prostate cancer in African and European men. A, Circos plots depicting total tumor mutational burden within six
African-derived SAPCS tumors. The outermost (first) track represents autosome ideograms (chromosomes 1 to y; centromeres, red line), with the pter-qter
orientation in a clockwise direction (length inMbp). The second track represents somatic copy-number gains (red) and losses (blue). The third and fourth tracks show
histograms of the number of somatic SNVs and indels observed per Mbp, respectively. Vertical scales of these two tracks are 0–25 variants per Mbp, except for 0–130
in the UP2113 circos plot. The innermost area shows breakpoints of acquired genomic rearrangements (>900 bp), with their links colored according to the
following variant types: deletions (red), tandem duplications (blue), inversions (yellow), and interchromosomal translocations (black). B-D, Somatic variation
identified in the SAPCS was further compared with European (BACAEUR, TCGAEUR, and APCRCEUR) and African-American cohorts (TCGAAA) with high-risk
prostate cancer for protein coding mutations (B), predicted deleterious mutations using PolyPhen-2 (C), and oncogenic driver mutations classified using a
machine learning algorithm and COSMIC true datasets in the CanDrA package (D). � , P < 0.05; �� , P < 0.01. Red diamonds, mean values. Horizontal lines in a
box plot (top to bottom) indicate the third quartile, median, and first quartile, respectively.
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total number of predictedoncogenic drivermutations (median17
vs. 4, 4, and 6; t¼�3.831,�4.957,�3.653; P¼ 1.84 e–03, 3.12e–
05, and 2.92e–03; Fig. 1D). Depending on the computational
prediction tool applied, CanDrA or TransFIC, 8 to 28 oncogenic
driver mutations were observed per tumor, respectively, with 2 to
8 overlapping driver mutations predicted between the tools. The
single exception included UP2113 with 237 and 613 predicted
oncogenic driver mutations, respectively, including 113 tool
overlaps (Supplementary Table S10). Roughly 30% of genes
mutated in the tumors were novel to prostate cancer (COSMIC
Genome Screens v82 as at September 01, 2017). We observed no
impact of hypermutated tumor exclusion on the statistical sig-
nificance (t¼�3.175 to�6.055; P¼ 7.31e�03 to 1.37e�06) and
no significant differences in the number and impact of small
somatic mutations between our study and the TCGAAA tumors
(t ¼ �0.774 to �0.561; all P values > 0.46). Taken together, we
suggest that the TMB, defined by small somatic variants, is
significantly increased in African men with high-risk prostate
cancer compared with men of European ancestry, irrespective of
country of origin.

Spectrum of structural somatic variation and associated racial
disparities

Compared with small variants, greater variability was observed
in the total number (11 to 312 per tumor) and type of SV acquired
(Table 1 and Supplementary Table S11). Comparative analysis
with BACAEUR required us to restrict SVs to those >900 bp and
evident in >3 reads based on read-pair algorithms only. Large
deletions were most common, ranging from 2 to 61 events per
tumor, compared with BACAEUR (5 to 182) and APCRCEUR (5 to
47; Supplementary Fig. S2A). Oncogenic impact based on GEM-
INI high impact andMalaCards human cancer annotation ranged
from zero to nine. The TMPRSS2–ERG fusion resulting from 3
Mbp chromosome 21 deletions was distinctly absent in the
SAPCS, yet found in almost half of European-derived primary
prostate tumors (8, 9), including 3 of 9 APCRCEUR. Our data sug-
gest that Europeans aremore likely to acquire megabase size dele-
tions, with a 3.5-fold increase in BACAEUR (t ¼ 2.255; P¼ 0.041)
and 1.12-fold increase in APCRCEUR using conservative calling
methods (t¼ 0.904; P¼ 0.383; Supplementary Fig. S2B). Unique
to this study, we identified a hyperduplicated tumor (UP2133)
with 234 tandem duplications. The remaining SAPCS tumors
presented with 2 to 16 tandem duplications (median 6), signif-
icantly increased compared with BACAEUR (1 to 7; median 2;
t ¼ �3.699; P ¼ 0.003), yet only marginally increased compared
with APCRCEUR (0 to 15;median 4; P¼ 0.326). Sequence scaffold
interrogation through the de novo assembly of UP2133 verified
35.9% (84/234) of these events. Despite lack of known genes in
the duplicated regions, their sequence assembly resembled 149
transposable elements (57 SINEs, 48 LINEs, 25 LTR elements,
and 19 DNA elements; Supplementary Table S12). Additional
distinguishing features of UP2133 included (i) a single chro-
moplexic chained fusion event involving four interchromo-
somal translocations affecting 67 genes (Supplementary
Table S13) and (ii) elevated levels of SCNAs (11,593 gains
and 13,848 losses). Compared with European studies, we
found the acquisition of larger genomic rearrangements,
including chromoplexy and chromothripsis (5/9 and 2/9
APCRCEUR, respectively; Supplementary Fig. S3A and S3B) to
be less frequent in our African-derived tumors, consistent with
lack of ERG positivity.

Mutational clusters, recurrence, and associated racial
disparities

In an attempt to further identify genomic hallmarks or drivers
of racial disparities in lethal prostate cancer, we performed muta-
tional cluster and recurrence analyses. Our tumors fell into three
main COSMIC clusters (Fig. 2A). Specifically, hypermutated
UP2113 showed a predominance of somatic mutational Signa-
ture 6, whereas UP2003 clustered with tumors corresponding to
the largest contribution of Signature 3, with a notable under
representation of Signature 1 common to all cancer subtypes.
Signatures 3 and 6 have been associated with failure of DNA
mismatch repair responses, which may explain the observed
hypermutation and upper level for large deletions observed for
UP2003. The remaining tumors, including hyperduplicated
UP2133, grouped with the most prominent mutational patterns
attributed to unknown causes, Signatures 5, 8, and unknown
(46%–76%). Of 18,080 genes acquiring small mutations (Sup-
plementary Table S9), 46% (8,333) were mutated in more than
one SAPCS tumor and 2% (355) in all tumors. Two tumors
acquired mutations within TCGA taxonomic genes, specifically
SPOP and FOXA1 (UP2003 and UP2113, respectively; Table 1).
Out of 137 reported genes significantly mutated or driving pros-
tate cancer in approximately 1,000 tumors (44, 45), 32 were also
identified in African patients with reported mutation frequencies
ranging from 18.7% (TP53) to as low as 0.7% (HRAS, KRAS,
TAP1, and WASF3; Fig. 2B). Among them, CDH1 (0.9%), CHD7
(1.5%), andKMT2A (1.7%)were recurrent in two tumors studied.
To expand the recurrent gene set, machine learning of a curated
prostate cancer database training set identified an additional 14
genes within SAPCS tumors as recurrent nonsynonymous pre-
dicted oncogenic drivers (Supplementary Fig. S4), with TTN,
PABPC3, RAVER2, and RIF1 also mutated in African Americans
(8, 12). Recurrence of small somatic mutations (single nucleotide
or indel) affecting genes, such as FOXA1, SPOP, FLG2, HSPG2,
KMT2A, and MUC16, concurs with African-American studies (8,
11, 12), whereas large deletions (over 50 bp in length) affecting
BRCA2, DEFA1B, and MFF were recurrent in our study. Noncod-
ing regions significantly mutated (corrected P ¼ 1.81e�02 to
5.20e�08) included previously reported transcription factor–
binding sites (TFBS) of CTCF, FOXA1, or MYC (8, 9) and the
promoter of SMARCA5 (39) and recurrent mutations within the
promoters of PRPSAP2 and MFF, TFBS of GABPA or FOXA1, and
DNase I hypersensitive site (DHS) of MIR8065 or RBFOX1.
Besides the traditional gene pathways disrupted in prostate can-
cer, namely AR, PI3K, WNT, p53, and DNA repairing, we iden-
tified an abundance of genes implicated in Calcium ion-ATPase
signal transduction (Supplementary Table S14). Our study
implies that abnormal Calcium-mediated cell death (46) may
represent a novel pathway of prostate tumorigenesis.

Recurrent SCNAs revealed 61 gains and 30 losses (Supple-
mentary Table S15), the most significant including gains
(q value < 1.82e�4) at 1p36.13 (NBPF1), 4p16.3 (ZNF595
and ZNF718), and 9q13 (LOC442421) and a loss at 8p23.1
(q value ¼ 4.16e�08; DEFB130, DEFB134, and DEFB135).
Comparing the magnitude of this copy number with those
reported for low- to high-risk prostate cancer (MSKCC; PGA
range 0%–41%, median 2%) suggested the same two major
subtypes, minimal and substantial SCNAs, with all SAPCS
tumors clustered in the latter (Supplementary Fig. S5). Their
percentage of genome alteration was high (range, 18%–34%),
and their 276 reported DNA signature genes for prostate cancer
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were highly altered (range, 60–196 genes), but not in UP2113
(3% and 29/276; Supplementary Table S16). The subtype and
PGA that affect specific genes have provided a disadvantage of
prognosis in 5-year biochemical relapse-free survival (34, 47)
and metastasis within study SAPCS patients (48).

Tumor evolution
Clonephylogenetic analyses showed thatmost SNVs and indels

clustered at the clonal, rather than subclonal stage of tumor
evolution (Fig. 3A), with an affected cancer cell fraction (CCF)
estimated to be 100% (t ¼ 4.009; P ¼ 9.09e–4; Fig. 3B) and a
likelihood for tumor initiation (Tajima's D ¼ �2.23; P ¼ 0.01;

Supplementary Fig. S6). Among the 14 recurrent oncogenic
drivers described above, 11 were mutated at the clonal stage. The
noncodingmutations that were highlymutated and showed high
mutant allele frequencywere also found early in their correspond-
ing phylogenies. A similar observation was seen with the SPOP
missense mutation in UP2003, a previously described TCGA
prostate cancer molecular subtype (8). Although 8p23.1 losses
within four of the six tumors were found to be clonal, most copy-
number alterations were at the subclonal stage with CCF ranging
from 20% to 60% (t ¼ �2.389; P ¼ 0.03; Fig. 3C). Notably,
recurrent gains at 1p36.13, 4p16.3, and 9q13 were subclonal
among all the tumors analyzed.

Figure 2.

Somatic mutational signatures and mutational recurrence in African high-risk prostate cancer. A, Somatic signature annotation for the high-risk prostate
tumors, each of which has the frequency of mutations corresponding to different COSMIC signatures (�30) assigned and defined as African (SAPCS,
black square), African American (TCGA, black circle), or European (remainder). B, SAPCS tumors versus existing significantly mutated genes or driver
genes among a thousand prostate cancers (44, 45). Percentage of the mutated genes is calculated using total number of mutations divided by
number of tumors (n ¼ 1,013).
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Figure 3.

Predicted SAPCS tumor evolution. A, Phylogenies revealing relationships between sample clone and subclone and their segregation of somatic mutations for each
African SAPCS patient. Arrows, the number of small somaticmutations and CNAs at either clonal or subclonal stage. CCFs (0–1) for each clone or subclone are shown
in gray circles. CN, copy number; UTR, untranslated region.B andC, Significant differences ofmolecular aberrations acquired at the clonal and subclonal stage for the
number of somatic SNVs and indels (B), and for the number of CNAs (C).
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Discussion
To our knowledge, this is the first study to use deep WGS to

profile genomic variation in men with lethal primary prostate
cancer from Africa. The significance of this study lies not
only in the extent of naturally occurring genome variation
within the study population, averaging a million more variants
than Europeans, but importantly the significance of previously
described aggressive disease presentation (7), allowing for
comparable analyses for genomic signatures determining racial
disparities observed within the United States. Future African-
based studies would also advance our understanding of
how the contribution of tumor-initiating inherited variation,
along with environmentally induced epigenetic changes, drives
tumor evolution and associated heterogeneity between racial/
ethnic groups (49).

Studies characterizing somatic mutations in primary prostate
cancer from African-American men have focused on interme-
diate- to high-risk disease (Gleason grade �7) reporting a
similar overall burden of small somatic variants (defined in
this study as TMB) as observed for men of European ancestry
(11, 12). Although our numbers are small, we observe an
elevated TMB compared with European men, averaging a
7.7-fold increase for low- to intermediate-risk disease (10) and
4-fold for more aggressive disease presentation (8, 9, 50).
Compared with the African-American studies, differences from
our study include formalin fixation of sample sources (12) or
stringency of mutant calling associated with the Complete
Genomics Inc. sequencing technology (11), which may, at least
in theory, have contributed to the observed elevated TMB in our
African samples. Furthermore, the number of small potentially
impactful oncogenic driver mutations appears to be significant-
ly increased, with further suggestive evidence that these events
initiate tumorigenesis. Although European-based studies have
reported abundance of acquired complex genomic rearrange-
ments or noncoding alterations over single-nucleotide driver
mutations (9, 10), TMPRSS2-ERG or any ERG fusions are
absent in our study, whereas chromoplexic or chromothriptic
chained fusion events are lacking. It therefore waits to be
validated if large genomic rearrangements are a hallmark of
the observed racial disparity, being common to non-African
over African-derived prostate cancer.

Excluded from our calculated averages, we describe the most
hypermutated prostate cancer genome, exceeding current
reports for localized (maximally 1,068 protein-coding; ref. 51)
or metastatic disease (maximally 1,527 protein-coding; ref. 52).
Observing copy-number losses in mismatch DNA repair genes,
MSH2 (log2 copy number ¼ �0.75) and MSH6 (�0.75), as
well as an interchromosomal translocation between MSH6
intron 1 (chromosome 2) and chromosome 15, we speculate
that alterations in the DNA repair pathway may have contrib-
uted to the hypermutation (51, 52). Alterations in DNA repair
genes do not, however, explain the increased overall TMB
observed, with approximately 70% of the tumors in our study
clustering within cancer mutational signatures of unknown
cause. Traditionally, prostate cancer has one of the lowest
reported TMBs of adult cancers (53) and no known modifiable
prostate carcinogenic mutagen (54). This study raises an
important question if as yet unknown environmental/carcino-
genic and/or genetic factors are contributing to increased TMB
in men from Africa.

Although this study is limited by study size, strengths include
(i) the first genome sequencing for prostate cancer within men
from Africa, (ii) patients representing genetically themost diverse
ancestral human lineages known to date (including signi-
ficant KhoeSan ancestral contributions), (iii) treatment-naïve
tumors, (iv) access to fresh tissue minimizing formalin
fixation–associated DNA degradation and subsequent sequenc-
ing biases, (v) deep WGS allowing for confidence in somatic
variant calling within a highly heterogeneous and nontumor-
contaminated environment, and (vi) direct pathologic, technical,
and most importantly computationally matched comparative
analyses with a European-derived sample source. One should
acknowledge additional contrasts to non-African data, including
recruitment of African patients at time of diagnosis versus time
of surgery, lack of screening for metastasis in SAPCS, and
population-based elevated PSA in black South Africans. For the
latter, we previously reported in 302 black South African men
excluded for prostate cancer, 75.4%presentedwithaPSA�4mg/L,
of which 61.4% presented with PSA � 20 mg/L (7).

Given the significant increase in the burden of small somatic
mutations (or TMB) among Africa-derived tumors, averaging a
1.8-fold increase with direct African versus European study com-
parison, onemay speculate (especially with clearmismatch repair
defects) that higher TMB would predict for responsiveness to
immunotherapy within African men with high-risk prostate can-
cer, as seen for diverse cancer types (55). The potential benefits for
immunotherapeutics for advanced prostate cancer within Africa,
however, call for larger study validation, both within South Africa
and across the continent. This study highlights the critical need for
further African-ancestral studies, not only to elucidate the under-
lying contribution to racial disparities but importantly for much
lacking global inclusivity as we move into an era of precision
medicine (56, 57).
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