








that harbour a ‘second hit’ (genetic disruption of the remaining allele).
Thus, while a biallelic lesion is clearly selected for (Extended Data
Fig. 6c), the longitudinal data support the temporal analysis (Fig. 3b)
in which del(11q) precedes ATM mutations, reflecting the higher
likelihood of a focal copy number loss compared with a deleterious
point mutation35,36. In contrast, we consistently observed a concord-
ant rise of del(17p) and TP53mutations in all 12 CLLs harbouring
both of these events, and none of these cases exhibited multiple dis-
tinctly evolving TP53mutated clones. These observations suggest that
a true biallelic inactivation of TP53is required, and indeed, across the
538 CLL samples, the odds ratio for co-occurrence of del(17p) and
TP53mutation was far greater than the odds ratio for co-occurrence
of del(11q) and ATM mutation (97.22 versus 10.99, respectively).
These observations are in agreement with a recent analysis that
suggested that with the exception of a few genes such as TP53,
tumour suppressor genes in sporadic cancers are haploinsufficient
to begin with, and that the second hit only further builds on this
fitness advantage37.

Conclusions
This study of WES in CLL enabled a comprehensive identification of
putative cancer-associated genes in CLL, generating novel hypotheses
regarding the biology of this disease, and identifying previously unre-
cognized putative CLL drivers such as RPS15and IKZF3. The detailed
characterization of the compendium of driver lesions in cancer is of

particular importance as we strive to develop personalized medicine,
because driver genes may inform prognosis (for example, RPS15
mutations) and identify lesions that may be targeted by therapeutic
intervention (for example, MAPK pathway mutations and specifically
the unexpected enrichment for non-canonical BRAF mutations).
Through the inclusion of samples collected within a landmark clinical
trial with mature outcome data, we could further study the impact of
genetic alterations in the context of the current standard-of-care
front-line therapy. As targeted therapy is rapidly transforming the
treatment algorithms for CLL, future studies will be required to re-
examine these associations in this context38.

An important benefit of the larger cohort size is the enhanced ability
to explore relationships between driver lesions based on patterns of
their co-occurrence. Focusing on temporal patterns of driver acquisi-
tion—based on the distinction between clonal versus subclonal altera-
tions in a cross-sectional analysis—we derived a temporal map for the
evolutionary history of CLL. In the context of relapse after first-line
fludarabine-based therapy, we note highly frequent clonal evolution,
and that the future evolutionary trajectories were already anticipated in
the pre-treatment sample in one-third of cases with WES.

This study provides an indication of the potential benefits to be
gained by applying novel genomic technologies to growing
cohort sizes across leukaemias: the continued discovery of novel can-
didate cancer genes, the deeper integration of genetic analysis with
standardized clinical information (collected within clinical trials) to
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Figure 5 | Matched pre-treatment and relapse
samples reveal patterns of clonal evolution in
relation to therapy. a, The number and
proportion of the patterns of clonal evolution of
CLLs studied at pre-treatment and at relapse.
pts, patients. b, Selected plots of 2D clustering of
pre-treatment and relapse CCF demonstrating
clonal stability of tri(12) (CLL case GCLL-115),
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inform prognosis and therapy, and the ability to delineate the complex
network of relationships between cancer drivers in the history and
progression of the malignant process.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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