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An ICGC major achievement in breast cancer: a comprehensive
catalog of mutations and mutational signatures
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Breast cancer is the first cause of cancer and death by
cancer in women worldwide, with nearly half a million
deaths each year (1). Despite progresses in screening and
treatment, 15% of patients experience a metastatic relapse
during follow-up and die from disease. Current systemic
therapies, aimed at the eradication of microscopic and
macroscopic metastases, are based on chemotherapy,
hormone therapy, and more recently targeted therapies.
These latter include several anti-HER2 drugs, the anti-
VEGEF drug bevacizumab, the mTOR inhibitor everolimus,
and very recently the CDK4/6 inhibitor palbociclib. Other
promising drugs in development target PARP, PD1, PIK3,
AKT, and others (2). But clearly, a better understanding
of mammary oncogenesis and the identification of new
molecular targets remain crucial for better tackling the
molecular heterogeneity and hardly predictable clinical
behavior of the disease and improving prevention and
treatment.

At the molecular level, breast cancer is a complex disease.
The causes of the disease remain unclear: we know some of
the likely causes (obesity, radiation exposure, accumulation
of random mutations due to ageing), but in half of cases we
do not know what causes the gene alterations. Accumulation
and combination of those genetic and epigenetic alterations
cause tumorigenesis, genetic instability, and acquisition
of an increasingly invasive and resistant phenotype. This
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combinatorial origin, the heterogeneity of malignant cells
and the variety of the host background create molecularly
distinct tumors endowed with different therapeutic
response and clinical outcome. Before the advent of high-
throughput molecular analyses (“omics”), conventional
biological techniques had successfully elucidated some
mechanisms of mammary oncogenesis and identified key
and clinically relevant features and alterations: expression
of ER and PR, overexpression or amplification of HER2/
ERBB? (the first successful therapeutic target defined by a
genomic aberration), and mutations of 7P53, BRCAI and
BRCA2. Since the early 2000s, high-throughput molecular
analyses (“omics”) allowed improving our understanding of
breast cancer. Gene expression profiling revealed the extent
of molecular heterogeneity of disease (3) and identified
biologically and clinically relevant subtypes (4) such as
luminal A, luminal B, basal, and HER2-enriched. Multigene
prognostic signatures [see (5) for review] were defined
to improve treatment decision in early breast cancer and
some of them are used in clinics and/or have been recently
tested in prospective phase 3 clinical trials (6,7). More
recently, next-generation sequencing (NGS) provided the
opportunity of sequencing tumor DNA from tens of genes
(targeted NGS) to the whole exome (sequencing of only
the coding regions) and to the whole genome, allowing for
the first time to define the complete repertoire of mutation

Chin Clin Oncol 2017;6(1):4



Page 2 of 4

types such as base substitutions, small insertions/deletions
(indels), rearrangements and copy number changes (8).

Briefly, two classes of somatic mutations exist in
cancer cells. The cancer-causing mutations or “driver
mutations”, which confer clonal selective advantage to the
cell and the sequential acquisition of which is required for
oncogenesis, versus the “passenger mutations”, stochastic
and far more numerous, which result from the increased
mutation rate of the cancer genome and, likely, do not
have any functional consequence and do not contribute
to oncogenesis (9). Identification of driver mutations has
become the basis of “precision medicine”. In 2012, five
NGS studies of whole-exomes established the repertoire
of driver gene mutations and copy number alterations in
breast cancer (10-14). Nearly 800 cancers representative of
all molecular subtypes were studied. Several recurrent new
gene mutations were uncovered, often with low frequency
inferior to 5%. Mutations in TP53, PIK3CA, GATA3
and PTEN genes were among the most frequent. Strong
inter-patient tumor heterogeneity was highlighted at the
mutational level, in addition to the spatial and temporal
intra-tumor heterogeneity previously revealed using NGS
of paired breast cancer and metastatic samples (15-17).
Even if some of these studies (10,11,13,18) already included
whole-genome sequencing data in small series (15 to 46
samples), most of NGS data targeted protein-coding exons,
leaving unexplored the mutations in untranslated intronic
and intergenic regions—which however represent the
large majority of genome—as well as the driver genome
rearrangements and the mutational processes.

Different mutational processes exist in human cancers,
including endogenous and exogenous carcinogen exposures,
aberrant DNA editing, replication errors and defective
DNA repair (18). Each process generates a signature on the
genome that is a specific combination of mutation types,
which may be related to the mechanisms of DNA damage
and repair involved and may give clues about the causes of
disease. Indeed, understanding the involved processes may
help identify the etiology of mutations and define targets
for prevention and treatment. The power of whole-genome
sequencing to improve such understanding in breast
cancer was first illustrated in 2012 in a small series of 21
samples (18). Mathematical modeling led to the extraction
of five mutational signatures. In most tumors, more than
one signature was represented in different proportions,
meaning that more than one process had been operative
and accounted for the heterogeneity of the 21 mutational
patterns. Foci of localized substitution hypermutation,
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termed kataegis, were detected, often in the vicinity of
genomic rearrangements. Based upon the substitution types
and sequence context involved in kataegis and signature
B, the authors proposed that the APOBEC enzymes
(cytidine deaminases) might be implicated. APOBEC family
members, which help fight off viral infection, were then
considered as fueling subclonal expansions and intratumour
heterogeneity (19) and might represent a new class of
therapeutic target aimed at limiting disease progression,
adaptation, and drug resistance. A subsequent study of
4,938,362 mutations from 7,042 cancers from 30 different
types revealed a landscape of 21 mutational processes and
showed that APOBEC mutational signatures are enriched
in tumor subclones (20).

Recently, breast cancer sequencing has made another
leap forward. In a paper published in Nazure (21), the same
team extended these observations by analyzing the whole-
genome sequences of 560 breast cancers. The objective
was to identify all of the genetic changes that cause breast
cancer. Molecular analyses also included RNA sequencing,
microRNA expression profiling, array-comparative
genomic hybridization and DNA methylation profiling
for subsets of cases. In addition, this study sprouted other
articles reporting on specific aspects or subsets of these data
(22,23). Samples were from patients across USA, Europe
and Asia. Cancer samples were pre-therapeutic primary
tumors in the vast majority of cases, most often non-
metastatic. Gynecological history (parity, age at first child,
oral contraception exposure and duration, menopausal
status and age at menopause, hormone replacement therapy
and duration) and smoking history were available. All
pathological subtypes were represented, largely dominated
by the ductal subtype, as well as all molecular subtypes.
BRCAI and BRCA?2 mutation and methylation statutes were
available (90 tumors had inactivating BRCAI or BRCA2
mutation or BRCAI promoter methylation), as well as the
homologous-recombination (HR) deficiency score. Normal
samples were blood, adjacent breast tissue or skin. This
impressive series of the Breast Cancer Working group of
the International Cancer Genome Consortium (ICGC)
represents by far the largest cohort of cancer genomes of a
single tissue type to date. Whole-genome sequencing gave
for the first time in such a large series the view of the rest of
the genome, allowing to address the questions unexplored
by the whole-exome sequencing, namely the mutations in
untranslated genome regions, the genome rearrangements
and the mutational processes.

Sequencing of 560 cancer samples detected a total
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of 3,479,652 somatic base substitutions, 371,993 small
indels, and 77,695 rearrangements, with substantial
variation between individual samples. Many thousands of
mutations were present in each of the 560 cancer genomes,
suggesting genomes profoundly remodeled. The search
for substitutions and indels mutations in protein-coding
regions concerned the 560 samples associated to 772
samples previously sequenced using whole-exome in other
studies. A total of 1,628 alterations were retained, including
substitutions (36%), indels (21%), rearrangements (10%)
and copy number alterations (34%). These alterations
concerned 93 candidate genes, of which at least one was
altered in 95% of samples. The ten most often altered
genes were TP53, PIK3CA, MYC, CCNDI1, PTEN, ERBB2,
ZNF703/FGFRI locus, GATA3, RBI and MAP3K1, and
accounted for 62% of driver alterations. This was not
a surprise as they have been already described in breast
cancer. Interestingly, five new candidate breast cancer genes
were uncovered: MED23, FOXP1, MLLT4, XBP1, and
ZFP36L1. MLLT4/afadin had been shown to be altered
in breast cancer (24) and XBP1 to play a role in basal
subtype (25). Some non-coding regions showed high
mutation rates, but most had distinctive structural features
likely causing hypermutability rather than being the focus
of driver alterations. Most of the driver genes and the
biological pathways involved represent potential therapeutic
targets.

The comparison of the 560 sequences showed that breast
cancer genomes are highly individual. Mathematical analysis
of the 560 mutational profiles identified 20 mutational
signatures, including 13 new, that might influence breast
cancer development: 12 base-substitution signatures,
two indel signatures and six rearrangement signatures.
In each tumor, more than one signature was represented
and their proportion varied between tumors. Among the
12 base-substitution signatures, two are correlated with
patients’ age at diagnosis, two are APOBEC-related,
three are associated with mismatch-repair deficiency, two
with HR deficiency, and three have unknown etiology.
Three rearrangement signatures, characterized by tandem
duplications or deletions, are associated with defective HR-
based DNA repair as measured by the HR deficiency score
for each tumor: one signature is associated with deficient
BRCAI function, another with deficient BRCAI or BRCA2
function, and the third one has unknown cause. Hierarchical
clustering of the 560 tumors based on the proportion of
the six rearrangement signatures in each sample showed
that tumors with BRCA1 or BRCA2 deficiency, known to
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have an increased risk of developing breast and ovarian
cancer, had whole-cancer genome profiles very different
from most other tumors. However, some tumors without
identifiable BRCA1/2 inactivating alteration co-segregated
with BRCA1/2-inactivated tumors in the clustering.
This observation could be used to classify patients more
accurately for treatment. Indeed, because breast cancers
with BRCA1/2 inactivation are particularly sensitive to
some DNA damaging agents such as platinum salts and
inhibitors of DNA repair such as PARP inhibitors (26,27),
these co-segregating tumors might also be candidates for
these treatments. From the point of view of pathogenesis,
such similarity of mutational profiles between BRCAI- and
BRCA2-mutated breast cancers suggests, better than the
cellular phenotype (known to be different between these
cancers), similarity regarding the underlying biological
defect. Several important aspects such as the relationship
between mutational processes and genome architecture (23),
their impact on immune response (28) or the mechanisms of
gene amplification (22) are reported in related articles. This
cohort of 560 ICGC genomes is a treasure chest in which
many other studies will dig.

Even if other infrequent molecular alterations remain
to be uncovered this huge study expands our knowledge
of the breast cancer genome and calls for rapid functional
and clinical validation of the results because of the major
potential applications. Better understanding the causes of
breast cancer should improve disease prevention. Cell-
based research methods are ongoing by the Nik-Zainal lab
to characterize the mutational signatures in human cells
through exposure to environmental compounds, editing
of genes that code for DNA repair and replication, and
through derivation of induced pluripotent stem cells from
patients with DNA repair defects. The key mutations of
93 driver genes and the mutational signatures reflecting
for example a HR deficiency provide new potential
therapeutical targets and predictive biomarkers. In this
context, the sequencing of samples from prospective clinical
trials should be strongly encouraged for testing eventual
correlations with therapeutic response. More generally, this
study confirms the potential of whole-genome sequencing
for more personalized cancer treatment and the importance
of analyzing the non-protein-coding regions of the genome.
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