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Abstract

Deciphering whether actionable driver mutations are found in all or a subset of tumor cells will
likely be required to improve drug development and precision medicine strategies. We analyzed
nine cancer types to determine the subclonal frequencies of driver events, to time mutational
processes during cancer evolution, and to identify drivers of subclonal expansions. Although
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mutations in known driver genes typically occurred early in cancer evolution, we also identified
later subclonal “actionable” mutations, including BRAF(V600E), IDH1(R132H),
PIK3CA(E545K), EGFR(L858R), and KRAS(G12D), which may compromise the efficacy of
targeted therapy approaches. More than 20% of IDH1 mutations in glioblastomas, and 15% of
mutations in genes in the PI3K(phosphatidylinositol 3-kinase)-AKT-mTOR (mammalian target of
rapamyecin) signaling axis across all tumor types were subclonal. Mutations in the RAS-MEK
(mitogen-activated protein kinase kinase) signaling axis were less likely to be subclonal than
mutations in genes associated with PI3K-AKT-mTORsignaling. Analysis of late mutations
revealed a link between APOBEC-mediated mutagenesis and the acquisition of subclonal driver
mutations and uncovered putative cancer genes involved in subclonal expansions, including
CTNNAZ2 and ATXNL1. Our results provide a pan-cancer census of driver events within the
context of intratumor heterogeneity and reveal patterns of tumor evolution across cancers. The
frequent presence of subclonal driver mutations suggests the need to stratify targeted therapy
response according to the proportion of tumor cells in which the driver is identified.

INTRODUCTION

The advent of large-scale genome characterization efforts has led to an explosion in the
availability of next-generation sequencing data, with more than 5000 tumors sequenced by
The Cancer Genome Atlas (TCGA) alone. These efforts have contributed to the
identification of hundreds of cancer genes (1-3) and also shed light on the many mutational
processes molding the cancer genome (4). For instance, across 30 different cancer classes,
more than 20 distinct mutational processes have been identified, including those derived
from exogenous sources, exemplified by tobacco carcinogens and ultraviolet (UV) light, as
well as those resulting from endogenous mutational processes, such as mismatch repair
deficiency or up-regulation of APOBEC cytosine deaminases (4, 5).

Accumulating evidence suggests that tumors often evolve through a process of branched
evolution, involving genetically distinct subclones (6, 7). Therefore, drug development and
precision medicine strategies will likely require not only an understanding of cancer genes
and mutational processes but also an appreciation of the clonal status of driver events and
the timing of mutational processes. The presence of subclonal mutations may reduce the
clinical benefit of cancer therapies. For instance, in colorectal cancer, subclonal RAS
mutations have been shown to precipitate resistance to cetuximab (8), and in glioblastomas,
individual driver events can be present in distinct populations of cancer cells or subclones
(9, 10). Furthermore, the use of targeted therapy against a subclonal driver present in a
subset of cells within a tumor may lead to stimulation of wild-type subclones lacking the
targeted mutation (11).

Targeting clonally dominant truncal somatic events or adopting multiple targeted therapies
in a combination approach may therefore be necessary for optimal tumor control (12).
However, although the clonal status of driver mutations has received attention in certain
cancers (11, 13-17), a broad understanding of the heterogeneity of driver genes, deciphering
the clonal and subclonal frequencies, and the timing of mutational processes involved in
tumor evolution is lacking.
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Here, we use TCGA data from nine major cancer types—urothelial bladder cancer (BLCA),
breast cancer (BRCA), colon adenocarcinoma (COAD), glioblastoma multiforme (GBM),
head and neck squamous cell carcinoma (HNSC), clear cell kidney carcinoma (KIRC), lung
adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), and cutaneous melanoma
(SKCM). Our results provide a pan-cancer census of driver events within the context of
intratumor heterogeneity, determining the extent to which “actionable” mutations are
subclonal. We also reveal how mutational processes defining cancer evolution vary over
time during the course of a tumor’s development, in some cases fueling the acquisition of
subclonal driver mutations, and uncover drivers of subclonal expansions.

A pan-cancer data set allows temporal dissection of mutations

Mutations and copy number variants from TCGA were processed and filtered to obtain a
pan-cancer data set representing 2694 tumors from nine major cancer types with both copy
number and mutation data. A total of 516,672 somatic mutations were used for downstream
analysis, consisting of 326,918 missense, 145,009 silent, 24,236 nonsense, 9867 RNA[5’
untranslated region (UTR) or 3’'UTR], 9828 splice-site, 341 non-stop, and 473 translation
start-site mutations.

Clonal and subclonal mutations can be defined within single tumor samples

To explore the relative timing of mutations, we first estimated the mutation copy number
(the number of alleles harboring the mutation) and cancer cell fraction (the fraction of tumor
cells with the mutation) of each single nucleotide variant. Both measures were determined
using single-nucleotide polymorphism (SNP) arrays and exome sequencing data, integrating
the variant allele frequencies with the local copy number and normal cell contamination
estimates (Fig. 1). Mutations were classified as clonal (present in all tumor cells sequenced)
if the upper band of the 95% cancer cell fraction confidence interval was = 1, and subclonal
otherwise. We adopted this stringent classification to ensure that the number of subclonal
mutations was not overestimated.

Mutations were then classified as “early” or “late” based on the cancer cell fraction and the
mutation copy number. We reasoned that clonal mutations represent relatively early events
in tumor evolution, occurring before or at the time of the most recent clonal expansion,
whereas subclonal mutations represent later events. In the case of genome-doubling or
amplification events, the timing of mutations was further refined; a mutation occurring
before doubling would be expected to be present at multiple copies, whereas a mutation
occurring after a doubling will likely only be present at one copy. Thus, mutations were
defined as early if they were clonal and did not occur after amplification or a genome-
doubling event. Conversely, we defined late mutations as those that were subclonal or
occurred after genome-doubling or amplification events.

Our analysis, by necessity, was restricted to single tumor samples and was not powered to
detect regional variation in driver events or subclonal copy number events (18-21). Our
power to detect low-frequency subclonal events depended on sample sequencing depth (fig.
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S1A) and purity (fig. S1, B and C). At a sequencing depth of 70, the probability of detecting
mutations at a variant allele frequency (VAF) of 0.1 is estimated to be 0.98; however, the
probability is reduced to 0.69 when attempting to detect a variant with a VAF of 0.05 (22).
Thus, in our analysis, we may have underestimated the number of low-frequency subclonal
mutations.

Established driver mutations typically occur early in tumor evolution

To explore the clonal status of mutations in established cancer genes, we first identified all
nonsilent mutations that occurred in known cancer driver genes based on the recent pan-
cancer analysis by Lawrence et al. (1) combined with the manually curated COSMIC gene
census (23) (table S1).

In general, we observed a clear tendency for mutations in driver genes to be clonal
compared to mutations in noncancer genes (Fig. 2A). In every cancer type, with the
exception of KIRC, mutations in driver genes (considered in aggregate) were enriched to a
statistically significant degree for clonal mutations, compared to mutations in nondriver
genes (Fig. 2A). In KIRC, we found that VHL was the only cancer gene that had a
significantly higher proportion of clonal mutations than the background rate representing all
nonsilent mutations, consistent with multiregion sequencing results in KIRC (19) and
supporting our approach to distinguish clonal from subclonal somatic events (P= 0.0147; fig.
S2). Our results also remained robust to the choice of cutoff to define subclonal mutations
(Supplementary Materials and Methods and fig. S3).

Within other cancer types, we found that mutations in specific cancer genes showed a
tendency to be clonal (Fig. 2B). For instance, in BRCA, mutations in CBFB were
exclusively clonal, as were mutations in CDKN2A in LUSC and HNSC, and a similar trend
was observed for mutations in ARID1A in BLCA. In the pan-cancer data set, somatic
mutations in TP53 were significantly more often clonal than the background rate (fig. S2; P
< 0.0001). We also observed a significant enrichment of TP53 mutations in genome-doubled
tumors (fig. S4; P < 0.001, Fisher’s exact test), and almost invariably (>90% cases), these
mutations occurred before doubling, consistent with TP53 playing an important role in
tolerance of genome doubling (24).

Together, these results suggest that many known cancer genes have a tendency to be clonal
within single samples and corroborate the “driver” capabilities of these genes. However,
these findings may also reflect the fact that current methods for detecting cancer genes are
likely biased to detect clonal drivers that occur at high frequency within single cancer
samples.

Notably, we also identified nonsilent subclonal mutations in known cancer genes in every
cancer type. In KIRC, more than 50% of nonsilent mutations in PTEN were found to be
subclonal (significantly more than the background rate, P=0.01; fig. S2), consistent with
observations from a smaller cohort of KIRC samples subject to multiregion sequencing (19),
and supporting the role PTEN may play later in tumor evolution in this cancer type.
Mutations in PIK3R1 and MLL3 were frequently subclonal across cancer types, such that a
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higher proportion of subclonal mutations were observed in these genes compared to the
background rate (fig. S2).

In more than 30 cases, we identified multiple subclonal mutations occurring in the same
cancer gene or in separate cancer genes whose function might be expected to be redundant
(fig. S5). For example, in KIRC-B0-5399, we identified two distinct mutations in SETD2,
one occurring in 40% of cancer cells and the other in 19%. In GBM-28-2513, we identified
two subclonal mutations in genes involved in the PI3K (phosphatidylinositol 3-kinase)
signaling axis, with one mutation in PIK3R1 present in 54% of cancer cells and a mutation
in PTEN present in only 36% of cancer cells. These observations are consistent with
evidence for parallel tumor evolution, whereby the same genetic pathway is disrupted
independently in distinct tumor subpopulations within one tumor (19). In further support of
parallel evolution, in general, we found that when multiple nonsilent mutations were
identified in the same cancer gene within one tumor sample, these mutations exhibited a
significantly lower cancer cell fraction compared to mutations in cancer genes occurring
only once in a cancer sample (fig. S5C; P< 0.001, Wilcoxon rank sum test).

Mutational processes vary dynamically during tumor evolution

Temporal analysis also allowed us to explore whether mutational processes vary during
tumor evolution and whether the dynamics of genome instability processes can be
elucidated. In the nine cancer types, we identified 10 robust mutational signatures, most of
which were found to change in prevalence during the course of a tumor’s development (Fig.
3).

Signature 1A, reflecting a preponderance of C>T transitions at CpG sites, was identified in
five cancer types (BLCA, BRCA, COAD, GBM, and HNSC). This signature has been
linked to spontaneous deamination of methylated cytosines and has been found to correlate
with patient age at diagnosis (4). In four cancer types, signature 1A was significantly more
prevalent in early compared to late mutations [BRCA estrogen receptor (ER)—positive, P=
0.0359; BRCA ER-negative, P= 0.000629; COAD, P= 7.59 x 1071%; GBM, P= 3.55 x 10710
and HNSC, P=2.26 x 1079]. These data suggest that a large proportion of early mutations
represent non—cancer-specific mutational processes.

Consistent with additional cancer-specific mutational processes increasing in prevalence
later in tumor evolution, signature 2, which has been linked with up-regulation of APOBEC
cytosine deaminases, was found to increase over time in most of the tumor types in which it
was detected. A significant increase in signature 2 was observed in HNSC (P=5.57 x 107/)
and BLCA (P= 4.39 x 1076), and a similar pattern was observed in LUAD (P= 3.33 x 1079),
as previously reported (20). We also found a tendency for signature 2 to increase in
frequency in later mutations in ER-negative BRCA (P=0.0126), but not in ER-positive
breast cancers (P= 0.597), highlighting the differences between these two subtypes of breast
cancer. These data suggest that the APOBEC mutational process may foster subclonal
expansions across several tumor types. Notably, signature 2 was detected in both early and
late mutations, albeit to a lesser degree in early mutations, suggesting that APOBEC activity
is more than a transient event and does not simply represent a historical relic within the
tumor genome, active at only one point in time during the disease course (25).
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In contrast, signature 13, also linked to APOBEC cytosine deaminases, was found to be
significantly more prevalent in early compared to late mutations in BLCA (P= 6.67 x 1077).
Signature 13 has been postulated to be associated with APOBEC coupled with excess
activity of DNA repair protein REV1. These data suggest that signatures 2 and 13 are
distinct mutational processes that can be separated temporally in BLCA (5).

In terms of exogenous mutational processes, we found that signature 7, related to mutations
caused by exposure to UV, was elevated in early compared to late mutations in SKCM (P=
5.67 x 10711). Signature 4, associated with smoking-induced mutations, was significantly
more prevalent in early compared to late mutations in LUAD (P= 4.56 x 10~17) and LUSC
(P=8.1 x 1077) (20), and a similar pattern was observed in HNSC (P= 0.0338). These data
likely reflect the fact that despite the mutagenic effects of tobacco smoke and UV light,
additional mutational processes occur during tumor development. In SKCM, it is also worth
noting that most samples were derived from metastatic sites; thus, many of the later
mutations will likely have been acquired when tumor cells were no longer exposed to UV
light.

Mutational processes fuel the acquisition of somatic events in cancer genes

Next, we explored whether mutational processes could explain the temporal acquisition of
nonsilent mutations in known cancer genes (fig. S6 and table S2). In both LUAD and LUSC,
we found that more than 30% of clonal nonsilent mutations in cancer genes were C>A
transversions, which can be attributed to tobacco smoke; for example, more than 40% of
clonal mutations in TP53 were C>A transversions. In BLCA, by contrast, more than 40% of
clonal mutations in cancer genes were found to occur in an APOBEC context, consistent
with APOBEC-mediated mutagenesis shaping the early evolutionary trajectory of many
BLCA tumors.

Focusing on subclonal mutations in known cancer driver genes, APOBEC represented a
dominant mutational process in five cancer types: BLCA, BRCA, HNSC, LUAD, and
LUSC. In LUAD, LUSC, and HNSC samples showing evidence of APOBEC-mediated
mutagenesis, on average only 21% (range, 19 to 24%) of clonal mutations in cancer driver
genes occurred in an APOBEC context, but more than 45% (range, 35 to 59%) of subclonal
mutations in cancer genes could be explained by APOBEC-mediated mutagenesis.
Strikingly, in these cancers, more than 90% of subclonal mutations in PIK3CA occurred in
an APOBEC context, and we also identified subclonal APOBEC mutations in multiple other
cancer driver genes, including PTEN, EGFR, and TP53. Similarly, in APOBEC-associated
BLCA, more than 45% of subclonal mutations in driver genes occurred in an APOBEC
context. These data suggest that APOBEC cytosine deaminases may play a key role in
driving subclonal diversification in these cancer types.

Together, these data highlight the extent to which endogenous and exogenous mutational
processes can fuel the acquisition of somatic events in cancer genes. Moreover, the
dynamics of specific mutational processes may alter the subclonal architecture of a tumor by
providing the mutational fuel upon which selection can act.

Sci Transl Med. Author manuscript; available in PMC 2015 November 06.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

McGranahan et al. Page 7

Subclonal analysis identifies drivers of subclonal expansions

Given the tendency for mutations in many known cancer genes to be clonal and the
observation that many clonal mutations likely occur before tumorigenesis, we reasoned that
it might be possible to identify drivers of subclonal expansions by focusing exclusively on
late or subclonal mutations. We therefore applied the MutSigCV algorithm (1), a statistical
analysis that takes into account nucleotide context, gene expression, replication timing, and
the somatic background mutation rate to identify cancer genes, to our temporally and
clonally dissected mutations.

In total, we identified 32 late putative driver genes across the nine cancer types (q < 0.05).
Of these, 12 would have been missed in at least one cancer type without temporally
dissecting mutations (table S3). Temporal dissection was required to uncover the cancer
gene PIK3CA in HNSC, suggesting that mutations in this gene may often lead to, or be
permissive for, subclonal expansions in this cancer type.

A number of putative cancer genes that we identified can be linked to tumor development,
maintenance, and progression. A notable example is cell adhesion gene CTNNAZ2, catenin
(cadherin-associated protein) a2, identified in LUAD. CTNNAZ has previously been
implicated in laryngeal cancer as a tumor suppressor, and its inactivation in HNSC cells is
associated with migration and invasion advantages, consistent with it playing a role at later
stages of tumor development (26). In LUAD, we also identified mutations in NRXN3 as a
putative subclonal driver event. A polymorphic site of this gene (rs10146997) has been
associated with higher risk of breast cancer development (27), and low expression of
NRXNS3 is associated with poorer survival in lung cancer (fig. S7).

Another putative cancer gene, identified in COAD, is ATXN1. The ATXN1 protein family
plays an important role in transcriptional control of extracellular matrix remodeling, and
mutations in ATXN1 have been putatively linked to cancer metastasis, consistent with its
occurrence as a later event in COAD (28). In LUSC, we identified LRP1B, which encodes a
member of the low-density lipoprotein receptor gene family. It has been suggested that
LRP1B acts as a tumor suppressor gene (29), and in KIRC, its depletion leads to increased
anchorage-independent growth, cell migration, and invasion in vitro (30).

By temporally separating mutations, we also identified driver genes that may be missed by
the inclusion of late or subclonal mutations. For example, when focusing exclusively on
clonal mutations, we identified BRAF in COAD, consistent with BRAF playing an
important role early in tumor evolution and the clonal nature of this event in published
studies (31). Likewise, in LUSC, BRAF, KRAS, and EGFR were only identified as drivers
by focusing on early mutations.

Mutations in genes with therapeutic relevance can be subclonal within single tumor
samples

We next considered all nonsilent mutations in genes and gene pathways for which
therapeutics have been developed or are in development (table S4). For instance, the
presence of mutations that activate the PIBK-AKT-mTOR (mammalian target of
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rapamycin) pathway and contribute to carcinogenesis has engendered much interest in
inhibitors of this signaling axis (32).

It is therefore notable that, with the exception of CDKN2B and CDKN1B, for every gene
that has been linked with a targeted therapy approach, a subclonal mutation was identified in
at least one tumor in the pan-cancer cohort (Fig. 4A). More than 10%of all nonsilent
PIK3CA mutations and more than 20% of all nonsilent mutations in PTEN were found to be
subclonal, and more than 15% of mutations in genes in the PI3BK-AKT-mTOR pathway
overall were subclonal (Fig. 4B). In GBM, the use of IDH-targeted therapies has been
proposed for tumors with IDH1 or IDH2 mutations (33), and yet, we observed that more
than 20% of IDH1 mutations are subclonal in GBM (Fig. 4). On the other hand, all IDH1
mutations detected in SKCM were clonal. In KIRC, mTOR inhibition is a common
therapeutic option; however, we found that more than 30% of mutations in mTOR were
subclonal within this disease type within single tumor samples.

Subclonal mutations were detected in every actionable cancer pathway explored (Fig. 4B
and table S4). However, we also observed clear differences between different cancer
pathways; significantly fewer subclonal mutations in genes associated with cyclin-dependent
kinases (CDKN1A, CDKN1B, CDKN2B, RB1, CDKN2A, CDK®6, and CDKS5) and the
RAS-MEK (mitogen-activated protein kinase kinase) pathway were observed compared to
mutations in the AKT-mTOR-PI3K pathway (P< 0.05, Fisher’s exact test).

Finally, we restricted our analysis to well-characterized mutations occurring in the database
of curated mutations (DoCM; docm.genome.wustl.edu) and in at least three tumor samples
within the cohort. For most of these mutations, we identified both clonal and subclonal
mutations in at least one cancer type (fig. S8). We identified tumor samples with subclonal
mutations in known sites with therapeutic relevance such as NRAS(Q61K, Q61R, Q61L),
BRAF (V600E), KRAS (G12C, G12D, G12V), PIK3CA (E542K, 545K, H1047R), and
IDH1 (R132H), as well as many subclonal loss-of-function mutations in tumor suppressor
genes such as PTEN (Fig. 5A and fig. S8). Identified subclonal driver mutations often
occurred in tumors where clonal mutations in established cancer genes were also present
[Fig. 5B; mean, 45% (15 to 67%)]. For example, in patient HNSC-CV-7177, a PIK3CA
(E545K) mutation in the highly conserved helical domain was estimated to be present in
only 36% of cancer cells, whereas a mutation in TP53in the same tumor was found to be
present in all cancer cells. Similarly, patient SKCM-ER-A2NE exhibited a clonal mutation
in NRAS(Q61K), whereas a PTEN mutation (Y178*) was present only in 13% of cells.

Together, these data highlight the need to understand the subclonal composition of tumors,
which may be fueled by the temporal nature of mutational processes, to guide the use of
targeted therapies. Moreover, these results demonstrate that known driver mutations do not
only play a role in tumor initiation but also likely influence tumor behavior after tumor
branching within distinct subclones.
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DISCUSSION

Precision medicine will ultimately require not only a catalog of cancer genes and mutational
processes but also an understanding of their spatial and temporal dynamics during a tumor’s
evolution. Notwithstanding co-operative subclonal interactions (34, 35), targeting clonally
dominant truncal somatic events may represent one therapeutic approach to optimize tumor
control (36). Therefore, defining whether driver mutations are found in all or only a subset
of cancer cells is likely to become increasingly relevant in cancer drug development.
Moreover, identification of rules dictating the temporal acquisition of somatic events and
mutational processes may inform the use of anticancer therapies and cancer detection
strategies.

Our results demonstrate the presence of considerable intratumor heterogeneity in driver
events, including known canonical hotspot mutations, such as IDH1 (R132H) and PIK3CA
(E545K). Strikingly, we find that almost every gene linked with a targeted therapy harbors
subclonal mutations in at least one tumor within the cohort. Moreover, we found that genes
involved in the PI3K-AKT-mTOR pathway harbor a higher proportion of subclonal
mutations compared to genes associated with cyclin-dependent kinases (CDKN1A,
CDKN1B, CDKN2B, RB1, CDKN2A, CDK®6, and CDKS5) or the RAS-MEK pathway. We
found further evidence for parallel evolution of subclones, with distinct somatic events
affecting the same gene or pathway appearing to occur in distinct tumor subclones,
suggesting constraints to tumor evolution that maybe therapeutically exploitable in the
future.

Our census of subclonal driver events has important implications for targeted therapy
strategies. Therapy targeting a mutation present in a fraction of tumor cells may only affect
that subclone, resulting in limited clinical benefit. Conceivably, targeted therapy applied to
cancer cells lacking the targeted mutation could have a paradoxical stimulatory effect,
resulting in increased growth of wild-type subclones (11). Our results therefore suggest the
need to stratify targeted therapy response according to the proportion of tumor cells in which
the driver is identified and, moreover, indicate that certain pathways may be more actionable
than others.

Nevertheless, despite extensive heterogeneity, we also demonstrate that mutations in
established driver genes have a tendency to be clonal compared to mutations in nondriver
genes, suggesting that these mutational events may often be required as early events in
tumorigenesis and might represent suitable candidates for cancer screening approaches (37).
The enrichment for clonal mutations in established driver genes is likely related to the fact
that current methods for detecting driver genes are underpowered to detect subclonal drivers
of tumor subclade expansions, present at low variant allele frequencies or spatially or
temporally separated within tumors. Consistent with this, by focusing on later mutations, we
demonstrate that it is possible to detect drivers that may be responsible for subclonal clade
expansions. These genes may play roles in tumor maintenance and progression. Indeed,
some of the cancer genes we identify, such as ATXN1 and CTNNAZ2, have been linked to
tumor metastasis and cell migration (28). Although follow-up studies will be required to
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validate the functional impact of these genes, our results suggest that the catalog of cancer
genes is far from complete.

Finally, on the basis of our results, we can also conclude that patterns for the temporal
acquisition of mutations can be deciphered. We found an age-related signature that
decreases over the course of a tumor’s life history in COAD, GBM, and HNSC, and a
similar trend is observed in BRCA (16, 38). By contrast, cancer-specific signatures
reflecting endogenous processes gone awry, such as APOBEC-mediated mutagenesis, were
found to increase later on in tumor evolution (20). These data suggest that a mutator
phenotype may be prevalent across cancers. We also found evidence linking APOBEC-
mediated mutagenesis with the acquisition of subclonal driver events, highlighting how this
mutational process can alter tumor evolutionary trajectories.

Our strategy for subclonal stratification has limitations. Given that we used single tumor
samples taken at one point in the disease course, we likely underestimated the true extent of
heterogeneity within tumors. As recently demonstrated in KIRC as well as in LUAD and
LUSC, mutations from single biopsies may give the illusion of clonality, that is, although a
mutation appears to be present in every cell from one tumor biopsy, it can be entirely absent
from other regions of the same tumor (19, 20). Moreover, our ability to identify subclonal
mutations was restricted by the sequencing depth and purity of samples. Comprehensive
longitudinal studies similar to TRACERYX, involving deep multiregion sequencing and the
analysis of copy number events, coupled with single-cell sequencing, will be needed to
obtain a more complete understanding of the prevalence of subclonal driver events over
space and time (39). Moreover, further studies will be required to gain a deeper
understanding of the impact of subclonal mutations on the efficacy of targeted therapies.

In conclusion, our study highlights the importance of viewing tumor development as a
dynamic evolutionary process (40). Despite our emerging understanding of the catalog of
cancer aberrations and mutational processes involved in tumor progression, we are only
beginning to decipher the rules that constrain the evolution of tumors and to identify the
later events that might guide or precipitate subclonal expansions (41,42). Ultimately, an
understanding of these rules and an appreciation of the subclonal nature of many actionable
driver events may be required to improve drug development strategies in cancer medicine.

MATERIALS AND METHODS
Study design

This was an observational study using publicly available mutation and copy humber data
from nine cancer types to explore the clonal status of driver mutations (including those
linked to targeted therapies), the dynamics of mutational processes over time, and whether
we could identify additional cancer genes through temporal and clonal dissection (Fig. 1).
All data were obtained from TCGA (see below), and we did not consider clinical outcome
endpoints.
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Mutation data

All mutation data were downloaded from Broad Institute MAF dashboard (https://
confluence.broadinsttitute.org/display/GDAC/MAF+Dashbhoard). Mutations were filtered to
ensure that each variant had at least five tumor reads and coverage of = 30. Only single
nucleotide variants were used for analysis.

Classification of known driver genes

Driver mutations were classified as those residing in genes representing the intersection of
genes identified by the recent Lawrence analysis (1) and those residing in the cancer gene
census (23). For a full list of driver genes, see table S1.

Copy number and loss-of-heterozygosity analysis

Affymetrix SNP 6.0 arrays for TCGA tumors from nine cancer types—BLCA, BRCA,
COAD, GBM, HNSC, KIRC, LUAD, LUSC, and SKCM—uwere obtained from TCGA
(https://tcga-data.nci.nih.gov/tcga). Allele-specific integer copy numbers, as well as ploidy
and purity estimates, were obtained using ASCAT (for further details, see Supplementary
Materials and Methods)

Estimating the cancer cell fraction and temporal dissection of mutations

Supplementary Materials and Methods provide details regarding estimation of the cancer
cell fraction and temporal dissection of mutations.

Assessing clonal enrichment of mutations in known cancer genes

To assess enrichment for clonal mutations in cancer genes versus other genes, we
implemented a two-sided Fisher’s exact test. To explore the significance of specific cancer
genes, we implemented a permutation test (for further details, see Supplementary Materials
and Methods).

Identification of cancer genes

To identify cancer genes, MutSigCV was applied separately to temporally and clonally
dissected mutations within each cancer cohort (for details, see Supplementary Materials and
Methods).

Classification of genes relevant for genomics-driven therapy

To identify genes relevant for genomics-driven therapy, we used version 2 of TARGET
(tumor alterations relevant for genomics-driver therapy) database (www.broadinstitute.org/
cancer/cga/target). We restricted our analysis to genes that are predicted to result in
sensitivity to specific therapies when somatically altered in cancers. The classification of
genes into related modules can be seen in table S4.

Identification of specific mutations with therapeutic relevance

The DoCM was used to identify mutations with clinical evidence (drug targets associated
with a mutation; diagnostic or prognostic markers associated with a mutation) or functional
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evidence (disease function described in cell lines; disease function described in animal
models). The database is available online at docm.genome.wustl.edu.

Identification and temporal dissection of mutational signatures

Mutational signature analysis was performed using the Wellcome Trust Sanger Institute’s
signatures framework (4) (for details, see Supplementary Materials and Methods).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Temporal dissection of mutations and mutational processes in TCGA samples. Integration of
copy number, purity estimates, and VAF of each somatic mutation permits calculation of the
cancer cell fraction, describing the fraction of cancer cells with an alteration. The mutation
copy number can also be estimated, allowing further timing of mutations in the case of a
genome-doubling or amplification event. These data can reveal the clonality of driver events
and shifts in mutational spectra and mutational signatures over time, as well as permitting
identification of driver genes using subclonal mutations. a.u., arbitrary unit.
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Clonal and subclonal mutations in nine cancer types. (A) The proportion of aggregated
driver mutations versus other mutations that are clonal/subclonal is indicated for each cancer
type. Red represents clonal mutations, and blue represents subclonal mutations. Notably,
there is a higher proportion of clonal driver mutations compared to other clonal mutations.
Significance from Fisher’s exact test is indicated. Exact P values are as follows: BLCA, P=
0.0292; BRCA, P=8.19x 1072}, COAD, P= 1.45x 10~% GBM, P=0.000791; HNSC, P=
2.58x 1078; KIRC, P= 0.619; LUAD, P=0.00311; LUSC, P= 1.89x 107°; SKCM, P=2.71 x
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1075. (B) The cancer cell fraction of mutations in driver genes within each cancer type is
depicted. Each symbol represents a somatic mutation in an individual tumor. On the basis of
the probability distributions of the cancer cell fraction, mutations were determined to be
either clonal (red circles, upper bound of confidence interval =1) or subclonal (blue circles,
upper band of confidence interval <1). Error bars represent the 95% confidence interval.
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Fig. 3.
Tfmporal dissection of mutational signatures. For each mutational signature identified in at
least one cancer type, the proportion of patients with either a higher fraction of early (red) or
late (blue) mutations corresponding to a signature is indicated. A sample is classified as
harboring a mutational signature if more than 100 mutations or more than 25%of mutations
in that sample correspond to the signature. The factors responsible for the mutational
processes are indicated in the right panel. The names of the signatures correspond to those
used by Alexandrov et al. (4).
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Clonal heterogeneity of mutations in genes linked to therapies. (A) Heatmap showing the
proportion of nonsilent mutations that are subclonal for each potentially actionable gene
across nine cancer types. For each mutation, the number of subclonal mutations identified is
indicated for each cancer type and the combined pan-cancer data set. Gray indicates the
absence of a mutation. (B) The clonality of actionable pathways is depicted for each cancer
type and the combined pan-cancer data set. Pathways are ordered according to subclonality

in the pan-cancer data set, with pathways that have a higher proportion of subclonal

mutations at the top of the heatmap. Genes related to CDKs (cyclin-dependent kinases) have
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very few subclonal mutations. RTK, receptor tyrosine kinases. For details of all the genes
within each pathway, see table S4.
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Fig. 5.

CI%naI and subclonal actionable mutations in known cancer genes. (A) The distribution of
nonsilent clonal and subclonal mutations in known cancer genes across the entire pan-cancer
cohort. Red lollipops indicate clonal mutations, whereas blue lollipops represent subclonal
mutations. Square lollipops indicate loss-of-function mutations (such as stop codon or
frameshift). Hotspot sites harbor both clonal and subclonal mutations. For hotspot sites that
harbor more than 20 mutations, the number of mutations is indicated inside the lollipop. (B)
In many cases, mutations in known cancer genes occur in tumors that also harbor clonal
driver mutations. Probability distributions over the cancer cell fraction for individual
mutations are shown for specific tumors.
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