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Prostate cancer (PCa) is the most common non-skin cancer
men in developed countries. Despite years of research,
no strong modifiable risk factor for PCa has been found.
The two most significant cancer risk factors, smoking and
obesity, do not appear to be strong risk factors for PCa. A
recent systematic review and meta-analysis summarized the
current literature of tobacco use and PCa mortality and
incidence (1). This meta-analysis included 51 cohort studies
(50,349 incident cases and 4,082,606 cohort participants)
and found a dichotomized association between smoking and
PCa risk. Current smoking was associated with an increased
risk of PCa [rate ratio (RR): 1.06; 95% confidence interval
(CI), 0.98-1.15] in studies completed in 1995 or earlier
[before the prostate-specific antigen (PSA) screening era],
and a reduced risk of PCa (RR: 0.84, 95% CI, 0.79-0.89)
in studies completed afterward (after the wide spread of
PSA screening). These data suggest that smoking may
reduce the risk of indolent non-aggressive cancers that
have predominated in more recent years, while promoting
more aggressive cancers. Likewise, there also appears
to be a dual effect of obesity on PCa incidence. A meta-
analysis of multiple prospective studies found that obesity
had a slightly protective effect in localized PCa (RR: 0.94,
95% CI, 0.91-0.97), but was associated with an increased
incidence of advanced PCa (RR: 1.09, 95% CI, 1.02-1.16)
for every five units of body mass index (BMI) increase (2).
Age is the most important risk factor for PCa: the
lifetime The lifetime probability of being diagnosed
with PCa was 0.3 (1 in 325) for those aged younger than
50 years, 2.1 (1 in 48) for 50-59 year old men, 5.8 (1 in 17)
for 60-69 year old men, and10.0 (1 in 10) for those aged
70 years and above (3). Another major risk factor for PCa is
race: the incidence rate among African Americans is about
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70% higher than that among whites (4). In addition, genetic
susceptibility plays an important role in PCa etiology.
Earlier studies on familial aggregation of cancer clearly
showed familial clustering of PCa. A meta-analysis of 33
independent studies demonstrates a pooled RR of 2.48 (95%
CI, 2.25-2.74) for men with a first-degree family history
(i.e., affected father or brother) and the RR increases to 4.39
(95% CI, 2.61-7.39) for those with two or more affected
first-degree family members (5). The large classic Nordic
Twin study recently estimated a heritability of about 58%
for PCa, much higher than all the other common non-
skin cancers (e.g., lung cancer, 18%; breast cancer, 31%;
and colon cancer, 15%), whereas shared environment has
negligible effect (0%) on PCa development, compared to
24%, 16%, and 16% for lung, breast, and colon cancer,
respectively (6,7).

Given the high heritability of PCa, there have been
enormous efforts on identifying inherited genetic
susceptibility loci for PCa. Many genome-wide association
studies (GWAS) have been performed across different
ethnicities and over 100 common, low-penetrance PCa
predisposing variants have currently been identified
through GWAS (8-25). These common single nucleotide
polymorphisms (SNPs) have minor allele frequencies (MAF)
of at least 5%, and have modest effect sizes [odds ratio
(OR) <1.5], and were estimated to explain about 33% of the
familial risk (25), leaving the majority of risk unexplained.
With the extremely large sample sizes of the published
GWAS and meta-analysis of GWAS of PCa, the remaining
“low-hanging fruits” of common SNPs are expected
to have effect sizes of <1.1 and not likely to increase
much of the relative contribution of common SNPs to
PCa familial risk. An intriguing hypothesis is that rare
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variants (MAF <1%) may explain the substantial “missing
heritability” of PCa and other complex diseases. The
commonly used SNP arrays in GWAS have very limited
representation of variants of this low MAF and GWAS is
limited in detecting the association between rare variants
and cancer risks. The association of rare variants with PCa
has been largely unexplored.

The first identified rare variants that confer increased
PCa risk were BRCA2 mutations: BRCA2 mutation carriers
exhibited a nearly 5-fold increased risk of PCa and the
risk increased to about 7-fold for early-onset PCa (26,27).
More recently, a missense mutation (G84E) in HOXB13
was found to be associated with increased PCa risks (28)
and a meta-analysis of 24,213 cases and 73, 631 controls
of European descendants revealed an OR of 4.07 (95%
CI, 3.05-5.45) (29). These data provide supporting for the
evidence of rare variants in PCa etiology. However, due
to the rare frequencies of these variants and the scarcity
of validated such rare variants, it is still unclear to what
degree rare variants can explain the “missing heritability”.
There have been ongoing efforts to identify such rare
variants through systemic sequencing rather than limited
candidate gene approach, but without success to date. Rand
et al. (30) recently performed whole-exome sequencing of
2,165 PCa cases and 2,034 controls of African ancestry at
a mean coverage of 10.1x and identified 395,220 coding
variants down to 0.05% frequency in 16,751 genes, but did
not observe exome-wide significant associations with PCa
risk after correcting for multiple testing in single variant or
gene-level testing. The data from this first whole-exome
sequencing study of PCa did not provide strong support
for the hypothesis that rare, non-synonymous coding
variants down to 0.5-1.0% frequency have large effects on
PCa risk in men of African ancestry. However, this study
only examined protein-coding sequence that comprises
1-2% of the whole genome. The GWAS-identified cancer
predisposing SNPs are predominantly located in non-
coding regions. In analogy, rare cancer predisposing
variants may also locate to non-coding regions. One known
example is a rare variant (rs183373024, risk allele frequency
0.54% in controls) at a previously known PCa susceptibility
region 8q24 that confers an OR of 2.90 (95% CI, 2.44-3.44)
in a study of 10,007 cases and 62,027 controls of European
origin (31). This variant maps to an enhancer region to
which androgen receptor (AR) and transcription factor
FoxAl are bound and the predicted binding specificity
for FoxAl is greatly reduced by the introduction of the
risk allele of this variant, which may explain its association
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with PCa risk (32). For non-coding rare variant, whole-
exome sequencing is not a suitable approach. High-
coverage whole-genome sequencing (WGS) is the ultimate
way to tackle this problem. However, given the technical,
analytical, and cost issues of WGS, it is not feasible to
perform WGS in a large number of cases and controls
for systemic investigations of rare variants and cancer risk
at current stage. Targeted resequencing of known cancer
susceptibility regions is a valuable option to identify such
rare cancer susceptibility variants.

In a recently published manuscript in Nature Genetics,
Mancuso ez al. (33) reported targeted sequencing of 63 known
PCa risk regions in a multi-ancestry study of 9,237 men and
assessed the contribution of rare variants to PCa risk. They
showed that the variance explained by all the sequenced
variants is significantly larger than the variance explained by
known GWAS variants at the same loci. In addition, they
found evidence of genetic heterogeneity by ancestry in risk
for PCa. More importantly, they uses variance-components
methods to partition the SNP heritability across different
variant frequency classes and found that a large amount
of SNP heritability comes from the rare variant class in
men of African ancestry: specifically, variants with 0.1%<
MAF <1% explain a point estimate of 0.12 of variance PCa
risk as compared to an estimate of 0.17 for variants with
MAF >1%. This latter statistics was provocative, indicating
that rare variants (MAF of 0.1-1%) explain approximately
42% of the variance contributed by all variants (including
rare variants and common SNPs) with MAF of 0.1-50%.
Previously, although it was hypothesized that rare variants

” of common

may explain some “missing heritability
diseases, the 42% contributed by rare variants to a common
disease like PCa exceeds general expectations given the low
frequency of rare variants and the lack of confirmed rare
variants predisposing to common diseases. It is even more
striking that this 42% may be an underestimate since this
study only sequenced known regions of PCa susceptibility
that were derived from GWAS. If unbiased WGS were
performed, the percentage of contribution of rare variants
to PCa susceptibility may be even higher. It should be
pointed out that variants with a MAF <1% accounts for
only a small fraction of genetic variation in the population.
This estimated 42% contribution by rare variants to PCa
risk accounts for an order of magnitude larger than the
heritability of PCa. The only possible explanation for this
provocative number is that newly arising PCa predisposing
variants are often subject to natural selection pressure that
prevents them from becoming common, i.e., natural selection
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has driven down the frequency of many PCa risk alleles.

"This study only observed significant contribution of rare
variation to the heritability of PCa in African Americans,
but not in European, Japanese, and Latino Americans.
Han er al. (34) recently examined 82 common PCa
predisposing SNPs identified by GWAS in European and
Asian populations in 4,853 PCa cases and 4,678 controls of
African ancestry. Of the 82 variants, 68 (83%) had effects
that were directionally consistent in their association with
PCa risk, indicating common functional alleles of SNPs
that are shared across populations. It is known that African
population carry a much larger number of rare variants
than European and Asian populations. Whether this
observation in the discrepancy of rare PCa predisposition
variants in different populations is an artifact due to smaller
sample sizes of other populations (less than half of the
sample size of African Americans) in this study or reflects
true differences in the genetic architecture of different
ethnicities remains to be determined.

A caveat of this study by Mancuso et /. (33) that
estimated such a high contribution to PCa risk by rare
variants is the statistically complex analyses the author
performed. Assaying SNP heritability using variance
components makes a number of simplifying assumptions
and there might be hidden biases that were not appreciated.
The identity of such rare PCa predisposition variants, which
should be a large number, is unknown. High-coverage
targeted sequencing and WGS in larger samples, which will
provide sufficient statistical power to allow a direct variant-
by-variant analysis of rare variants in the MAF range of
0.1-1%, is warranted to find the identity of rare PCa
susceptibility variants that together contribute to almost
half of the genetic heritability of PCa. Only by then will we
be completely confident that rare variants make comparable
contribution to the genetic heritability of PCa.
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