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A decade of discovery

in cancer genomics

HENNETH OFFIT

Over the past decade, genetic testing for rare inherited mutations,
such as BRCA1 and BRCA2 mutations, has been successfully
incorporated into clinical practice. Next-generation sequencing

of cancer-susceptibility genes and entire tumour genomes has
transformed cancer care and prevention. The discoveries of new
cancer syndromes have raised exciting opportunities and potential
liabilities for cancer-care providers seeking to incorporate genomic
approaches into preventive oncology practice.
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the incorporation of genetic
testing for cancer-susceptibil-
ity syndromes into the evidence-based
practice of oncology, and the emer-
gence of ‘next-generation’ genome
scans for cancer-risk loci. Herein,
I discuss a series of seminal papers
published over the past decade that
described new cancer syndromes, but
also raised new challenges related to
informed consent, incidental find-
ings, and the management of genetic

T he past decade has witnessed
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variants of unknown significance or
unproven clinical actionability.

In the 1980s and 1990s, rare but
highly-penetrant  cancer-predisposi-
tion genes were identified by stud-
ying cancer-prone families that
demonstrate Mendelian inheritance
of cancer susceptibility. These stud-
ies implicated genes, such as BRCAI
and BRCA2, the DNA-mismatch-
repair genes (relevant for colon can-
cer), T'P53 in Li-Fraumeni syndrome,
and APC in familial adenomatous

polyposis. The genetic basis of these
and other syndromes had a power-
ful impact on the practice of pre-
ventive oncology. The incorporation
of genetic testing for BRCA muta-
tions in breast cancer marked one of
the first applications of ‘personalised’
genomics in medicine, and enabled
‘targeted’ cancer screening, preven-
tion and, in some cases, the ability
to personalise therapies according to
the patient’s genetic lansdcape.! The
translation of BRCA testing to clini-
cal practice was highlighted by Dom-
chek and colleagues* who showed
that preventive surgery of the ova-
ries over a 34-year period decreased
mortality in a cohort of 2,482 women
with BRCAI or BRCA2 mutations;
compared with women who did not
have salpingo-oophorectomy, women
who underwent this procedure had a
60% decrease in all-cause death rates,
driven by lower mortality associated
with both breast and ovarian cancer.?
In this study, the subset of women
found to have occult microscopic
ovarian cancer at the time of ‘pre-
ventive” surgery were excluded from
analysis.? During subsequent vyears,
risk-reducing ovarian surgery, along
with breast MRI, the option of pro-
phylactic breast surgery, and hormonal



chemoprevention, became standard
practice in preventive oncology.’

In the past decade it had become
obvious that highly penetrant cancer
genes (such as BRCA1/2 and MSH?2)
did not account for the bulk of famil-
ial risk of the common hereditary
cancers. A debate ensued regarding
whether there were many common
low-risk genetic variants or undiscov-
ered rare high-risk variants, which
would explain the ‘missing herit-
ability’ of cancer. A pivotal paper
tested the ‘common variant’" hypoth-
esis using the emerging technology
of ‘gene chips’ to assess hundreds of
thousands of single nucleotide poly-
morphisms (SNPs).? In a two-stage
design, 227,876 SNPs were assessed
in 4,398 breast-cancer cases and
4,316 controls, identifying 30 SNPs of
interest, which were further analysed
in 21,860 cases and 22,578 controls.?
The SNP that emerged as the best
‘hit’, which was proximal to the gene
FGFR2, had a relative risk of around
1.2-times the baseline risk, compared
with  BRCAI, which elevated risk
of early onset breast cancer by up to
40-fold.* Subsequent genome-wide
association studies of other cancer
types identified hundreds of hits near
potentially causal genes, which were
all statistically significant, but none
of a magnitude to influence preven-
tive management in the clinic.* A pos-
sible exception to this lack of clinical
utility emerged from studies we per-
formed as part of an international con-
sortium investigating modifiers of risk
in the carriers of BRCA mutations. In
studies involving tens of thousands
of BRCA1/2 mutation carriers world-
wide, panels of risk-associated SNPs
could partition breast cancer risk from
20% up to 100% in BRCA-mutation
carriers.’” These findings will likely
mark the first application of SNP-

based risk profiling to inform clini-
cal management of individuals with
hereditary risk of a common cancer.

Over the second half of the past
decade, a shift to identifying rare
genomic variants was made possi-
ble by the emergence of next-gener-
ation sequencing (NGS) approaches.
NGS involves a series of repeating
sequencing reactions, performed
and detected automatically, with the
production of thousands to millions
of simultaneous sequence reads. An
immediate and obvious application of
NGS was to sequence several genes
at the same time. A technological tour
de force prefigured the current era
in ‘cancer panel testing. Using tar-
geted capture and massively parallel
genomic sequencing, a group at the
University of Washington screened
21 candidate genes in 360 women
with ovarian cancer.® Strikingly, 24%
of these women carried germline
loss-of-function mutations in genes
such as BRCAI, BRCA2, BARDI,
BRIPI, CHEK2, MREI11A, MSHe,
NBN, PALB2, RADS0, RADSIC,
and TP53.° Fuelled by this techno-
logical innovation, plus the equally
impactful loss of patent protection
for BRCAT and BRCA2 sequence
analysis, a plethora of commercial
cancer panels flooded the oncology
marketplace.

At the same time, NGS technolo-
gies were rapidly applied to study-
ing unexplained familial cancer
clusters. Over the past five years,
whole-exome sequencing (WES) and
whole-genome  sequencing (WGS)
has resulted in a renaissance in the
discovery of new syndromes of cancer
susceptibility (see box).

One of the early applications of
this technology came from a group
at the Johns Hopkins University, who
applied WES of 20,661 coding genes
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Cancer susceptibility
syndromes*

Familial pancreatic cancer

PALB?2 identified by exome
sequencing; ATM identified by exome
sequencing and WGS

Familial ovarian cancer
BRIP1 identified by WGS

Familial pheochromocytoma
MAX identified through exome
sequencing

Acute myelogenous leukaemia
(with Emberger syndrome)
GATA2 identified by exome
sequencing

Familial Hodgkin lymphoma
NPAT identified by exome sequencing

Familial pre-B-cell acute
lymphoblastic leukaemia
PAX5 identified by exome sequencing

Familial melanoma
MITF identified by WGS; TERT
identified by targeted sequencing

Familial mesothelioma, melanoma
and renal-cell cancer

BAP1 identified through exome and
targeted sequencing

Hereditary mixed polyposis
syndrome (HVIPS)

GREM1 identified by targeted
sequencing

Colorectal adenomas and
colon cancer
POLE and POLD1 identified by WGS

Familial breast cancer

XRCC2 and FAN1 identified by exome
sequencing; PPM1D (mosaic) by
targeted sequencing

*Discovered recently by next-generation
sequencing*
WGS — whole-genome sequencing
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in a single case of familial pancreatic
cancer.” Of 15,461 germline variants
not found in the reference human
genome, a deletion of four base pairs
within the PALB2 gene was discov-
ered and tested as a pancreatic-can-
cer-susceptibility gene.” Despite this
early report, we and oth-

Despite these advances over the
past decade, clinical interventions
for these syndromes remain rela-
tively rudimentary, and the ethical
implications of these discoveries
remain daunting. Risk reduction for
the adult-cancer syndromes includes

organ removal surger-

ers have failed to confirm  Oncologists will ies.! True genetic pre-
PALB2 as a major factor b . vention using assisted
in hereditary breast—pan- soon be screening reproductive technolo-
creas-cancer  families;  the inherited gies is an option oncolo-
however, PALB2 main- gists should remember
tained its status as a rare  SCMOMES of all to discuss with their

breast-cancer-suscepti-
bility gene.

Another example of a new syn-
drome with a striking phenotype was
described by Testa and colleagues in
2011,% on the basis of their observa-
tion of gene clustering of mesotheli-
omas and melanomas. Using exome
sequencing  strategies,  germline
mutations were discovered in the
gene encoding BRCATI-associated
protein-1 (BAPT) in two families with
multiple cases of mesothelioma, and
in some cases of uveal melanoma.®
These findings built on the earlier
observation of inherited germline
BAPI mutations in uveal and cuta-
neous melanocytic tumours. Remark-
ably, this syndrome was extended by
other groups to include renal-cell
cancers in rare families.

In some cases the ‘mew’ familial
cancer types studied were not rare.
For example, we studied families
with acute lymphoblastic leukaemia,
the most-common malignancy of
childhood, and identified a mutation
in a lymphoid-associated transcrip-
tion factor, PAXS, in two such fami-
lies,” with a third Israeli family more
recently reported to harbour the same
mutation. These ‘new’ cancer syn-
dromes have redefined our notion of
inherited cancer (see box, p47).
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patients with cancer

younger patients, or
patient’s families, tak-
ing into account ethical or religious
considerations. A broader ethical
debate has emerged regarding the
extent to which incidental, or sec-
ondary genetic findings, termed the
‘incidentalome’, should be disclosed
to patients. Particularly challenging
for oncologists are the unexpected
results of NGS analysis of tumour
and normal pairs, which might
include identification of genetic pre-
dispositions to non-cancer-related
diseases, such as cardiac or neuro-
logical diseases.! A vigorous dis-
cussion is in progress regarding the
potential obligations of physicians
to inform individuals of incidental
genetic findings.

At the same time there have been
recent calls for population-based
screening, for example BRCA test-
ing of all 30-year-old women world-
wide. Although such requests by
laboratory-based  scientists have
the best intentions, they overlook
a more-pressing clinical reality:
oncologists will soon be screening
the inherited genomes of all patients
with cancer. In both scenarios, pop-
ulation testing of healthy individu-
als and tumour—normal screening
in patients with tumours, we must

recognise what has been learnt over
the past decade: not all individu-
als wish to know all genomic infor-
mation; risks might reflect both
population heterogeneity and dif-
ferences in penetrance; and not all
genomic information is clinically
actionable. Oncology has become
the ‘ground zero’ for a tectonic shift
in paradigms regarding personalised
medicine, both for targeted treat-
ment as well as prevention based on
genomic profiles. m
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