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Abstract

How do you make a melanoma? Which mutations of the genome turn a normal
melanocyte residing at the base of the epidermis into a malignant cancer? And what
commonalities unite the myriad genetic paths to melanoma into broad requirements for
melanoma pathogenesis?
The research herein, into the pathogenesis of melanoma, has been enabled by two new
technologies. Next-generation sequencing first allowed an unbiased ascertainment of the
genetic changes in patient-derived human melanomas, leading to discovery of several
mutated melanoma genes. CRISPR/Cas9 genome editing then enabled a retracing
of the pathogenesis of melanoma through the introduction of precise mutations into
primary human melanocytes to create metastatic melanoma cells.
Chapter 1 reviews current knowledge of the somatic genetics of all types of melanocytic neoplasia, though the rest of this thesis focuses exclusively on melanoma of hairbearing skin. Chapter 2 presents an analysis of the whole-genome sequences of twentyfive melanomas, highlighting the mutated gene PREX2. Analysis of these whole-genome
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sequences led to the identification of highly recurrent mutations in the promoter sequence of TERT, and Chapter 3 focuses entirely on those mutations. Chapter 4 next
delves into the somatic coding mutations of melanoma by analysis of over one hundred
melanoma exome sequences, defining common mutation patterns. Finally, Chapter 5
introduces the use of genome editing of primary human melanocytes to establish causal
relationships between sets of genetic mutations and phenotypes of malignancy.
Through characterization of the melanoma genome and subsequent study of melanoma mutations in an experimental model, this thesis has endeavored to further understanding of human melanoma pathogenesis and to put forward answers to the basic
question, “How do you make a melanoma?”
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1

Molecular genetics of melanocytic
neoplasia

1.1 Abstract
The pathogenesis of melanoma depends on the occurrence of specific genetic changes
that drive the neoplastic process.† Much research has therefore focused on elucidating
these changes with twin goals of comprehending the genetic basis of how a melanocyte
becomes a melanoma and identifying vulnerabilities ripe for clinical intervention. One
of the defining features of the melanoma genome is an extraordinarily high prevalence
of C > T point mutations; in this regard, ultraviolet light represents the predominant
force shaping the melanocyte genome. Several subtypes of melanoma and melanocytic
neoplasms exist, each of which may harbor specific genetic changes. Recent genetic
and genomic studies have revealed an overarching framework for the mechanisms that
transform melanocytes into benign melanocytic neoplasms and eventually melanomas.
Thus, critical aspects of melanoma pathogenesis may be inferred from patterns of genetic
†

The material in this chapter is adapted from a book chapter published in November 2017
in the book Melanoma, edited by David E. Fisher and Boris C. Bastian, as “Molecular Genetics
of Melanocytic Neoplasia” by Eran Hodis and Levi A. Garraway 86 ( denotes corresponding
author).
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alteration recurrent across subtypes of melanoma and melanocytic neoplasms.

1.2 Introduction
Melanoma, like all cancers, is a genetic disease. Cancer-causing mutations subvert the
usual checks and balances governing the participation of a single melanocyte in the
multicellular human body. The result is unrelenting cellular proliferation.
No single mutation (considered in the broadest sense to mean any change to the
genome) suffices to transform a melanocyte into a melanoma. Furthermore, most of the
mutations acquired by melanocytes in their cellular lifetimes bear no neoplastic potential.
However, certain mutations can coax a melanocyte to grow into a benign neoplasm,
also known as a nevus, or mole. A nevus, visible or microscopic, may sometimes be
the first step on the evolutionary path to melanoma. While most nevi do not progress
to melanoma, the subsequent acquisition of other specific mutations can cause their
progression to an intermediate stage of neoplasia. From here, only a few additional
mutations may be needed to pass the threshold into a malignant melanocytic neoplasm,
the definition of a melanoma. Thereafter, additional mutations may amplify disease
progression or severity.
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1.3 Mutational processes
As a cellular evolutionary process, carcinogenesis depends on two main forces: variation
and selection. Mutation generates the genetic variation upon which selection may then
act. Mutations that confer a relative fitness advantage tend to increase in frequency
across the cellular population—such mutations have been defined as driver mutations 170 .
The predominant type of mutation affecting the melanocyte genome is a C > T
(predominantly TpC > TpT) substitution indirectly caused by exposure to the ultraviolet (UV) spectrum of light. However, various mutagenic processes additionally mold
the melanocyte genome, resulting in all manner of substitutions, small insertions and
deletions, and structural alterations.
Melanocytic neoplasms can be categorized in part by the primary mutagenic processes that have influenced their evolution. Some types of neoplasm primarily demonstrate mutations attributable to UV light mutagenesis, while other types are mostly
characterized by focal chromosomal amplifications and deletions or gene fusions.

1.3.1 Point mutations
Ultraviolet light photoproducts
Epidermal melanocytes reside on the basement membrane of the epidermis, at the
epidermal-dermal junction. Although the primary function of these melanocytes is
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to produce melanin to protect the genomes of neighboring keratinocytes from the UV
component of sunlight, the melanocytes themselves are vulnerable to the mutagenic
properties of UV light. Nonepidermal melanocytes tend to receive less UV light exposure, specifically those cells located in the dermis, within the eye, or in association with
internal organs.
UV light stimulates the creation of promutagenic DNA lesions. The energy from a
UV photon can covalently join two neighboring pyrimidine bases, resulting in either a
cyclobutane pyrimidine dimer or a (6-4) photoproduct. UVB light (280-320 nm) directly
generates such lesions, while UVA light (320-400 nm) does so indirectly, in a manner
dependent on melanin and reactive oxygen species 138,144 .
Most cellular polymerases are unable to use pyrimidine dimers as a template, and
standard replication or transcription comes to a halt at such lesions. Humans lack
the enzyme photolyase, and thus cannot directly reverse pyrimidine dimers. Instead,
nucleotide excision repair (NER) proteins are recruited to the lesion to remove and
replace the damaged DNA. NER enzymes make two nicks in the DNA strand containing
the lesion, one nick upstream and one downstream of the lesion. A single stranded
stretch of 24-32 nucleotides containing the lesion is so removed. Using the alternate
DNA strand as template, a polymerase fills in the missing 24-32 nucleotides and a
ligase seals the remaining nick. The result is perfect repair of the pyrimidine dimer with
no change to the DNA sequence. Elucidation of the molecular mechanism of this crucial
repair pathway earned Aziz Sancar one third of the 2015 Nobel Prize in Chemistry 158 .

5

Genetic defects in NER are the cause of xeroderma pigmentosum, a disease associated
with sensitivity to sunlight and increased risk of skin cancers, including melanoma.
Though NER can correctly repair pyrimidine dimers induced by UV light, such dimers
can and do indirectly cause mutagenesis.
If a pyrimidine dimer (affecting TpT, CpC, TpC, or CpT) escapes detection and
repair and the cell proceeds into S phase, a DNA polymerase capable of translesion synthesis must be recruited opposite the lesion. Specialized translesion polymerases tend
to synthesize the correct, matching bases opposite the photoproduct dimer, but they
err orders of magnitude more frequently than standard replication polymerases. This
elevates the odds of mutagenesis opposite a pyrimidine dimer. When the dimer is eventually repaired by NER through excision and DNA synthesis, the mistake introduced
by the translesion polymerase is propagated to the opposing strand.
However, the primary mechanism by which pyrimidine dimers lead to mutagenesis
appears to depend on cytosine deamination 171 . Cytosine bases in a pyrimidine dimer
experience an increased rate of deamination as compared to native cytosine bases. Deamination of cytosine yields uracil, and deamination of 5-methylcytosine yields thymine.
If now again the deaminated pyrimidine dimer escapes repair and the cell proceeds to
DNA replication, a translesion polymerase will pair an A opposite the deaminated C (U
or T) in the dimer, resulting in a mutation. When NER eventually repairs the pyrimidine dimer, the introduced mutation on the opposite strand will propagate to the strand
that originally sustained the UV light damage, forming the canonical C > T (most com-
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monly TpC > TpT) UV light-induced mutation. Canonical UV light-induced CpC >
TpT mutations can similarly result if the pyrimidine dimer comprises two cytosines and
both undergo deamination.
Excessive UV light exposure, especially early in life, is associated with a higher risk
of melanoma 151 . In addition, C > T substitutions are responsible for a number of
melanoma driver mutations, providing strong support for a role of UV light mutagenesis in melanocytic neoplasia. Accordingly, the most recurrent pair of mutations in
melanoma are C > T mutations in the promoter of the TERT gene, encoding telomerase reverse transcriptase 89,91 . Numerous additional C > T driver mutations in both
oncogenes (causing recurrent missense mutations) and tumor suppressors (causing nonsense or damaging missense or splice site mutations) can likely be ascribed to UV light
mutagenesis 87 .

Other forms of mutagenesis
While photoproducts of UV light dominate the mutagenic landscape of sun-exposed
melanocytic neoplasms, other mutagenic forces contribute as well 2 .
Reactive oxygen species (ROS) can be formed by UVA light or during oxidative cellular metabolism 68 . Biosynthesis of the red/yellow melanin pigment pheomelanin may
also generate ROS 132 . ROS cause oxidative DNA damage, especially at guanine bases.
Oxidation of guanine produces 7,8-dihydro-8-oxoguanine (8-oxoG). When unrepaired,
8-oxoG pairs with an adenine base during replication, ultimately leading to a G > T
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mutation upon eventual base excision repair of the oxidized base.

Point mutation probability across the genome
Melanomas are notorious for having a high prevalence of point mutations. In a comparison of 30 cancer types, melanoma had the highest median number of point mutations per
megabase pair (one million base pairs; Mbp) of genome sequence 2 . Large-scale sequencing studies of cutaneous melanoma have reported an average point mutation prevalence
of roughly 15 mutations per Mbp 174,87 , and this number varies with the measure of sun
exposure experienced by each tumor. The burden of point mutations becomes evident
in benign melanocytic neoplasia and steadily increases with evolution to malignancy 160 .
Roughly 70-80% of an average sun-exposed melanoma’s point mutations are C > T
substitutions, the canonical mutation induced by UV light 87,109 .
Early sequencing studies revealed that point mutations are not evenly distributed
across the melanoma genome 141 . While this phenomenon is appreciated in all cancer
genomes, it is accentuated in melanoma genomes by the malignancy’s exceptional point
mutation burden.
Genic regions tend to harbor a lower number of mutations per base pair as compared
to intergenic regions. And a negative correlation between gene expression level and
mutation prevalence was among the first observations made in the melanoma genome,
together with a predisposition for C > T and G > T mutations in the untranscribed
strand 141 . A reduced prevalence of mutations in the transcribed strand has been at-
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tributed to the protective effect of transcription-coupled repair.
Chromatin features have emerged as the strongest predictors of mutation prevalence
across the genome to date, capable of explaining 75% of the observed variation 142 .
Epigenetic modifications associated with an open chromatin conformation correlate with
lower mutation prevalence and the opposite is true for modifications linked to closed
chromatin conformations. Similarly, genomic regions accessible to DNaseI digestion
(generally interpreted as regions of open chromatin) tend to show a relative decrease in
mutation abundance.
Epigenetic modifications and regions of closed/open chromatin associate with different genomic loci in different tissue and cell types. Intriguingly, melanoma mutation
prevalence correlates most closely with the epigenetic modifications found in human
melanocytes, of all 106 tested cell types, including a melanoma cell line 142 . Beyond
suggesting a possible mechanistic link between chromatin state and probability of mutagenesis, these observations may imply that the majority of mutations in a melanoma
happen before neoplastic evolution leads to any significant epigenetic restructuring.
Variation in mutation prevalence across the genome has implications for driver mutation discovery. Inference of candidate driver mutations depends on identification of
genes or loci that have more mutations than would otherwise be expected by chance.
Thus, correct estimation of the mutation abundance expected by chance (that is, under neutral selection) is required, and this estimate should vary across the genome in
order to reflect reality. Specialized statistical methods have been developed for driver
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mutation discovery in melanoma 87 .

Point mutation burden associated with clinical benefit from immunotherapy
Melanoma’s increased prevalence of point mutations, due largely to DNA damage induced by UV radiation, may be clinically exploitable. Biologics that counteract the
immune checkpoint blockade, specifically CTLA4, PD-1, and PD-L1 antibodies, have
demonstrated clinical benefit, with a large percentage of patients responding to therapy.
Research into determinants of response and benefit in patients receiving immunotherapies has revealed an association between mutation burden and clinical benefit 182,92,163 ,
as well as between neoantigen load and clinical benefit 182 . Thus it seems that though
a high point mutation burden often underlies melanoma evolution, it may auger well in
the context of drug- induced immune system reactivation.

1.3.2 Structural alterations
While the canonical mutation profile associated with melanoma is the C > T UV light
induced signature, melanoma genomes also feature significant structural alterations such
as DNA copy number changes and rearrangements. Copy number changes are rare
in benign melanocytic neoplasms 11 and emerge during progression to malignancy 160 .
Structural alterations can generate key driver mutations, illustrated most obviously in
melanocytic neoplasms arising on non-sun-exposed areas of the body and Spitz tumors.
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Copy number alterations
The majority of cancer types display characteristic patterns of aneuploidy, and melanoma is no exception. Each subtype of melanoma demonstrates its own recurring pattern
of gain and loss of entire chromosomes, chromosome arms, and focal regions.
The result of extra or lost copies of DNA segments in melanoma is generally interpreted through a gene-centric lens: which genes are recurrently deleted (likely tumor
suppressors) or amplified (likely oncogenes)? Such an interpretation may be permissible
when one small tract of DNA, centered on one gene, is gained or lost in multiple tumors.
However, often times the altered region is large and encompasses many genes, or even
a chromosome arm or an entire chromosome. Attributing these larger alterations to a
single gene becomes more difficult, and it may be the case that the simultaneous loss
or gain of several genes is what provides a selective advantage.
The exact causes of genomic instability in melanoma and cancer in general are not
clear, but likely involve errors of replication and recombination 83 . Mitotic missegregation can cause gains and losses of entire chromosomes. Replication fork stalling, perhaps
due to DNA damage (including UV-induced pyrimidine dimers), can lead to template
switching and amplification or deletion of nearby genomic loci. Unequal crossing over,
perhaps mediated by low complexity regions, can similarly result in amplifications and
deletions. Telomere loss is known to cause a crisis characterized by rampant chromosomal instability. For example, in the absence of telomeres, exposed chromosome ends can
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fuse by nonhomologous end joining to form a dicentric chromosome that then undergoes
breakage-fusion-bridge cycles, leading to multiple fold-back inversions of one locus.

Copy-neutral rearrangements
Copy-neutral rearrangements are also commonplace in melanoma genomes. A copyneutral rearrangement represents the linear joining of two chromosomal regions that
were not previously contiguous, without duplication or deletion of the majority of the
involved sequences. When such rearrangement affects two genes, the end product can be
a chimeric gene fusion. In Spitz tumors, it is common to find driver gene fusions encoding
constitutively active protein products, caused by genomic rearrangements. Evidence of
localized, simultaneous, massive-scale rearrangement, termed chromothripsis, has been
also observed in some melanoma genomes 17 , although this phenomenon’s contribution
to neoplastic progression remains to be determined.

Structural alteration probability across the genome
In comparison to what is known about point mutations, much less is understood about
how the probability of structural alteration varies across the genome. A more accurate
model of the odds of a structural alteration forming by chance at a given locus in the
genome would improve statistical discovery of driver structural alterations and better
distinguish between fragile sites and true driver events.
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1.4 Somatic mutations
Melanocytic neoplasms, benign and malignant, can be classified according to site of
origin, driver mutation profile, age of common occurrence, degree of UV-light exposure,
and histopathology, among other features. A taxonomic framework of melanocytic
neoplasms has been formalized recently by Bastian 8 .
Melanocytic neoplasms are first divided into two groups based on whether the cell-oforigin is epithelial or nonepithelial in anatomic location. Within the epithelial melanocytic neoplasms, a division is then made between nonglabrous (hair-bearing), glabrous
(non-hair-bearing), and mucosal site-of-origin. The nonglabrous group is further divided
based on degree of sun exposure. Within the nonepithelial melanocytic neoplasms a division is made based on tissue-of-origin: skin, eye, or internal organ.

1.4.1 Neoplasms arising from epithelial melanocytes
Nonglabrous
Nonglabrous melanocytic neoplasms originate from melanocytes residing in hair-bearing
skin. Melanoma of this subtype is the most common of all melanomas and disproportionately affects Caucasians.

Lower-UV

The “Lower-UV” category encompasses melanocytic neoplasms on non-

glabrous skin that have suffered comparatively less UV-light mediated damage than
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their counterparts in the “Higher- UV” category. This distinction is a relative one;
exposure to UV radiation is a feature of both categories.

Cutaneous with low cumulative sun damage

Low cumulative-sun-damage

(low-CSD) cutaneous melanomas are the most common subtype of melanoma. Neoplasms of this subtype are so named to distinguish them from melanocytic neoplasms
that too arise in nonglabrous epidermis but show signs of extensive sun damage (highCSD). Low-CSD tumors tend to arise on body regions that suffer only intermittent
sun exposure, like the trunk, back, arms, and legs. These tumors lack local signs of
cumulative sun-induced damage (e.g., solar elastosis). Other associations with lowCSD melanocytic neoplasms include a younger age of incidence (<55 years old) and an
increased number of acquired nevi 112,193 . Melanomas of this low-CSD subtype often
(30-90% of the time) display a preexisting nevus component 21,162 .
The initiating mutation of a low-CSD melanocytic neoplasm overwhelmingly seems
to be a thymidine to adenine substitution yielding BRAF V600E 43 . BRAF is a kinase
in the mitogen-activated protein (MAP) kinase signaling pathway whose activity stimulates cellular proliferation. V600E mutation of BRAF yields a constitutively active
kinase that can function as a monomer, whereas wildtype BRAF requires homo- or heterodimerization with other RAF proteins for activity. On its own, V600E mutation of
BRAF is sufficient to produce an acquired nevus 143,160 .
Over 80% of acquired nevi, predominantly arising in the first two decades of life,
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harbor BRAF V600E as their sole driver mutation 143 . Other early acquired melanocytic
neoplasms instead harbor oncogenic mutations in NRAS usually affecting Q61 160 . More
rarely, mutations in other genes activate the MAPK signaling pathway in lieu of BRAF
and NRAS mutations: including NF1 loss and oncogenic mutation of HRAS or KRAS 87 .
Secondary activating mutations in MAP2K1 might serve to augment the effects of other
MAPK pathway activating mutations.
Progression from nevus to an intermediate evolutionary state appears to depend on
expression of TERT 160 . TERT encodes the catalytic protein subunit of telomerase,
a ribonucleoprotein polymerase responsible for telomere maintenance. Roughly 70%
of melanomas have either one of two C > T mutations in the TERT promoter that
are thought to induce TERT expression by forming an Ets family transcription factor
binding site 89,91 . TERT amplifications occur as well, but they are less frequent in this
subtype of melanoma.
Transition from this intermediate state to unequivocal melanoma most commonly
occurs in conjunction with biallelic loss of CDKN2A, through a combination of mutations and deletions 160 . CDKN2A codes for two protein products, p16 (INK4A) and
p14 (ARF). The p16 protein inhibits CDK4 and CDK6 which normally phosphorylate
the RB protein to mediate progression from G1 to S phase in the cell cycle. The p14
protein prevents MDM2 from degrading p53, a key regulator of apoptosis and a sensor
of DNA damage. Thus through loss of both p16 and p14, CDKN2A loss leads to dysregulation of pathways controlling the G1/S transition (RB pathway) and apoptosis (p53
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pathway). Rare loss-of-function mutations of RB1 or activating mutations of CDK4
(R24C) are likely capable of substituting for loss of p16. It has so far been more difficult to determine whether loss-of-function mutations in TP53 (10-20% of melanomas)
substitute for loss of p14.
Mutations in chromatin remodelers such as ARID2, ARID1A, and ARID1B have
been noted in the transition to invasive melanoma as well 160 , though their functional
role is less clear. Of these, only mutations in ARID2 (~10% prevalence, commonly lossof-function) have so far shown definitive statistical evidence of positive selection 174,87 .
Mutations in PPP6C, affecting 5-10% of melanomas and associating with BRAF and
NRAS mutations 87,109 , may too occur at this intermediate stage. The functional consequences of both recurrent (mainly R264C) and loss-of- function mutations in PPP6C
remain to be determined but may play a role in cell cycle progression.
Tertiary mutations become more common once the melanocytic neoplasm has become
an unequivocal melanoma. PTEN mutations and deletions of its locus on chromosome
10 are particularly frequent in low-CSD melanomas 177 . PTEN loss is seen in roughly
40% of low-CSD melanomas with BRAF V600E mutation, driving the Akt signaling
pathway. It is thought that PTEN loss does not tend to occur in melanomas with NRAS
mutations because oncogenic NRAS can already drive Akt signaling 178 . Mutations of
TP53 affect 10-20% of melanomas, and current evidence suggests they occur as tertiary
mutations 87,160 .
Many additional driver mutations contribute to the evolution of this subtype of melan-
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oma, likely as tertiary mutations with single digit percentage prevalence. These mutations include amplification of MITF; activating mutations of RAC1, IDH1, and EZH2;
recurrent 5′ UTR mutations in RPS27 ; and inactivating mutations in DDX3X, among
others 87,174,55,70,109 . Mutations with a sub-one-percent prevalence can also act as drivers,
although such rare events are difficult to statistically nominate as drivers with current
sequencing study sample sizes 174,87,109,108 .
UV light is the predominant mutational mechanism in low-CSD melanocytic neoplasms. A C > T signature of UV light mutagenesis peppers the genomes of these neoplasms, with roughly 5-6 mutations per Mb 126 . The point mutation burden increases
during progression from nevus to melanoma. At the melanoma stage, copy number alterations become apparent as well, with common amplifications affecting chromosomes
1q, 6p, 7, 8q, 17q, and 20q, and deletions of 6q, 8p, 9p, and 10 109 .

Spitz tumors

Spitz nevi, atypical Spitz tumors, and spitzoid melanomas comprise

a spectrum of melanocytic neoplasms that predominantly arise in children and young
adults. These neoplasms tend to show spindled or epithelioid cells and are usually intradermal. In the Spitz spectrum, atypical Spitz tumors represent borderline neoplasms
somewhere between a nevus and a melanoma.
Spitzoid neoplasms can be split into three groups based on mutually exclusive oncogenic driver mutations: (1) 60% harbor kinase fusions (reported to affect ROS1, NTRK1,
ALK, BRAF, RET, and MET) 194,198 , (2) 25% have BRAF V600E mutations on a back-
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ground of BAP1 loss 196 , and (3) 15% possess amplification and/or oncogenic mutation
of HRAS 10,194 .
The kinase fusions appear in 55% of Spitz nevi, 56% of atypical Spitz tumors, and
39% of spitzoid melanomas, suggesting such a fusion may act as an initiating oncogenic
event 194 . Biallelic CDKN2A loss may act as a progression event from Spitz nevus to
atypical Spitz tumors, and TERT promoter mutations (only observed in patients >10
years old) have been associated with aggressive spitzoid melanomas 114 .
Loss of BAP1 in cells of an acquired (non-Spitz) nevus harboring BRAF V600E
(or more rarely NRAS Q61R) can beget transition to an epithelioid morphology and
progression to an atypical Spitz tumor 197 . Mutations or isolated amplifications (11p)
of HRAS have only been seen in Spitz nevi, not in spitzoid melanoma to date 183 .

Higher-UV

Cutaneous with high cumulative sun-induced damage

Melanomas arising

on nonglabrous skin that shows signs of high cumulative sun-induced damage (highCSD) constitute a melanoma subtype distinct from nonglabrous melanomas that do
not show signs of cumulative sun damage (low-CSD, discussed in earlier section). Signs
of cumulative sun damage include solar elastosis and local occurrence of nonmelanoma
skin cancers or their precursors. High-CSD melanomas tend to arise on the face, neck,
and ears—anatomic sites of continuous sun exposure. Several lines of evidence support
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a distinction between high-CSD and low-CSD melanomas of nonglabrous skin origin.
Of most direct relevance to the topic of this chapter, specific driver mutations occur
at differing frequencies in high-CSD melanomas as compared to low-CSD melanomas.
BRAF V600E mutations, common in low-CSD melanomas, appear more rarely in
high-CSD melanomas 123 . Instead, MAPK pathway-activating mutations in low-CSD
melanoma take the form of loss-of-function mutations in NF1 (30% of cases), oncogenic mutations of KIT (10%), CCND1 amplifications (20%), and BRAF V600K mutations 39,38,74,109,130 .

In contrast with BRAF mutation frequency, the frequency of

NRAS mutations (20%) is comparable between low-CSD and high-CSD melanomas.
ARID2 and TP53 mutation frequencies are elevated in the high-CSD subtype 109 , perhaps due in part to the bounty of C > T substitutions that derive from chronic sun
exposure. To date, large-scale sequencing studies have analyzed low-CSD and highCSD melanomas as one group; however, their distinct mutational profiles suggest that
separate analyses may be more informative.
Not surprisingly, the mutational landscape of high-CSD melanomas shows a marked
increase in C > T substitutions compared to that of low-CSD melanomas, where C
> T mutations are already quite common. An average high-CSD melanoma displays
a point mutation rate of approximately 20 mutations per Mb of DNA 126 . Such an
elevated mutation burden is on the high end of all melanoma subtypes and is exceeded
only by the desmoplastic subtype, discussed in the following section. As immunotherapy
advances in clinical use, the high mutational load of high-CSD melanoma may hopefully
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render it particularly foreign to a reinvigorated immune system.
In further contrast with low-CSD melanomas, high-CSD melanomas are not associated with nevi 193 . This observation goes hand-in-hand with the BRAF V600E mutation, the primary genetic driver of acquired nevi, occurring less commonly in high-CSD
melanomas. Instead, high-CSD melanomas are associated with a lentiginous growth pattern where melanocytes are distributed as a single cell along the basement membrane
of the epidermis. Such a cellular distribution may be driven by the non-BRAF-V600E
MAPK pathway mutations common in high-CSD melanoma.
Age of incidence additionally underscores a distinction between low-CSD and highCSD melanomas. While the proportion of melanomas arising on the trunk of the body
(intermittently exposed to the sun) peaks around 55 years of age, the proportion of
melanomas arising on the chronically sun exposed face and ears peaks around 75 years 112 .
Incidence of melanomas on the face and ears continues to rise past 70 years of age,
while incidence of melanomas on the trunk has already plateaued by then. It remains
a paradox why melanocytes sustaining higher levels of mutagenic UV radiation should
develop more slowly into melanomas than their low-CSD counterparts.

Desmoplastic

Like high-CSD melanomas, desmoplastic melanomas arise later in

life on areas of high sun exposure, such as the face and the neck. The cells of this melanoma subtype are located primarily in the dermis. However, a high mutation prevalence
(62 mutations/Mb on average) with a C > T UV radiation signature intimates an epi-
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dermally located cell-of-origin 161 .
BRAF V600E and NRAS Q61 mutations are not seen in desmoplastic melanomas,
nor are KIT mutations. The most common mutations in desmoplastic melanoma are
TERT promoter mutations in 85% of tumors, NF1 mutations in 52-93%, and TP53
mutations in 48-60% 161,195 . There are also recurrent mutations, often homozygous, in
the promoter of NFKBIE in 14.5% of cases. Such mutations likely lead to increased
expression of the IKBE protein, an inhibitor of the NF-KB signaling cascade.
Many other genes are mutated in desmoplastic melanoma, but the exceptionally high
mutation prevalence makes identifying driver mutations a challenge, especially as few
tumors have been sequenced to date. Genes with a relatively high fraction of loss-offunction mutations, likely to serve as drivers, include CDKN2A, ARID2, CBL, FBXW7,
and RB1, among others mutated in 10-30% of cases. Several mutations seen recurrently
in other melanoma subtypes have also been observed at low levels in desmoplastic melanoma (around 3%), specifically MAP2K1 P124 mutations, PPP6C R264C, and RAC1
P29S 161 .
Copy number alterations occur less often in desmoplastic melanoma than in other
melanoma subtypes. Deletion of CDKN2A has been noted in 18% of examined tumors
and NF1 in 6.5% 161 .
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Glabrous
Glabrous, or non-hair-bearing, skin can be found covering the palms of the hands, soles
of the feet, and in the nail beds. Melanomas that arise in glabrous skin are termed
acral melanomas. Acral melanomas are not associated with acral nevi and tend to grow
around eccrine glands during early stages of in situ acral melanoma.
By virtue of both their location and a thick stratum corneum or nail plate, acral
melanocytes and their neoplastic outgrowths are not exposed to high levels of UV radiation. As a result, the genomes of acral melanomas do not tend to show a signature
of UV light-induced mutagenesis and on average carry only a modest burden of point
mutations of around 2-3 per Mbp 17,67,87,109 . Instead numerous amplifications and deletions, arising early in neoplastic progression and distinct in pattern from those of cutaneous melanomas, are more characteristic of the mutational landscape of this subtype
of melanoma 9,39 .
The most frequent amplifications increase the number of copies of CCND1, TERT,
CDK4, and KIT 39,38 . Amplifications of CCND1 and CDK4 occur in a mutually exclusive
pattern. Frequent deletions also overlap the CDKN2A gene locus, specifically in tumors
without CDK4 amplifications.
Mutations commonly affect KIT (13.5% of tumors), BRAF (16.2%), and NRAS
(11.4%). Any given acral melanoma tends to be mutant in only one of these three
genes, if any 39,38,184 . TERT promoter mutations (8.4%) have also been reported in
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acral melanoma.

Mucosal
Mucosal (nonocular mucosal)

Outside of the skin, melanocytes also inhabit the

epithelial mucosa that lines the respiratory, intestinal, and urogenital tracts. Neoplasia
of these mucosal melanocytes is most common in the anogenital mucosa and in the
sinonasal cavity and paranasal sinuses.
Mucosal melanomas tend to have a high frequency of focal amplifications and
deletions 39 and a low frequency of point mutations, in comparison with cutaneous
melanomas 66,87,109 . Mucosal melanocytes are generally inaccessible to the rays of the
sun; correspondingly, a signature of UV light-induced C > T mutations is not a feature
of mucosal melanoma.
Focal amplifications and mutations (often activating) affect KIT in 30-40% of mucosal
melanomas 14,38 . BRAF or NRAS mutations are only seen in 3-11% and 5% of tumors,
respectively 39,38 .
Focal amplifications of CDK4 and deletions of CDKN2A are common and occur in a
mutually exclusive fashion 39 . Focal deletions and mutations also frequently affect the
tumor suppressor gene PTEN 39,66 .

Conjunctival (ocular mucosal)

The conjunctiva of the eye is a mucosal epithe-

lium and contains resident melanocytes. Conjunctival melanoma can develop de novo,
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from conjunctival nevi, or from primary acquired melanosis. Generally, melanocytes
in the bulbar conjunctiva receive sun exposure, and malignant neoplasms of these cells
have a high point mutation burden (~30/Mb) with a C > T mutational signature of UV
light 153 .
BRAF mutations have been identified in 50% of conjunctival nevi and 29-40% of conjunctival melanomas with mutations being more frequent on lesions involving the bulbar
conjunctiva, but 0% of primary acquired melanosis 76,80 , suggesting multiple possible
neoplastic trajectories. NRAS mutations are reported to occur in 18% of conjunctival
melanomas, in the absence of BRAF mutations, and copy number gains including the
KIT locus affect 17% of these tumors.
TERT promoter mutations exist in 8% of primary acquired melanosis and 41% of
conjunctival melanomas, but 0% of conjunctival nevi 106 .
The copy number alterations observed in conjunctival melanomas parallel those seen
in cutaneous rather than uveal melanomas. Loss of the PTEN 10q23 locus is common
in the context of BRAF mutation 80 .
Conjunctival melanocytic neoplasms, in particular those arising from the bulbar, sunexposed conjunctiva, seem to be more similar in terms of driver mutation patterns to
cutaneous melanocytic neoplasms (specifically the low-CSD subtype) than to mucosal
melanocytic neoplasms. Melanomas arising from the tarsal conjunctiva that arise from
primary acquired melanosis may be more closely related to mucosal melanomas, but
additional studies are needed to catalog their genetic alterations.
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Congenital
Congenital nevi are melanocytic nevi that arise in utero. Clinically, this definition is not
held strict, and nevi acquired shortly after birth are also sometimes called congenital
nevi. Congenital nevi are commonly bigger in diameter than acquired nevi, can cover
large swathes of the body, and may be associated with multiple satellite congenital nevi.
Over 80% of congenital nevi harbor Q61 activating mutations in NRAS 13 as the sole
detectable mutation. Because these mutations happen in utero, UV light necessarily
cannot play a role.
Less commonly, BRAF gene fusions have been reported in congenital nevi with wildtype NRAS 49 . Whether V600E mutations in BRAF exist in congenital nevi is a more
contentious question 26 , and reports of such may be confounded by the difficulty in
ascertaining whether the nevi in question indeed arose in utero.
Although congenital nevi do not appear to arise in association with an epithelium,
their driver mutation spectrum strongly suggests they be grouped with other epitheliumassociated melanocytic neoplasms. The high prevalence of NRAS mutations and corresponding lack of GNAQ or GNA11 mutations (see next section for discussion of these
mutations) suggest a melanocyte cell-of-origin fated for epithelial residence.
Within congenital nevi, benign proliferative nodules can develop, which tend not to
progress to malignancy, and even regress. Whole chromosome aneuploidy is common in
these nodules, most frequently loss of chromosome 7 in 30% of tumors examined 12 .
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Melanomas may develop within congenital nevi, an especially common event in large
or giant congenital nevi. The driving mutations of this neoplastic progression await
discovery.

1.4.2 Neoplasms arising from nonepithelial melanocytes
Skin
Blue nevi are benign neoplasms of nonepithelial melanocytes. The melanocytes of these
neoplasms primarily populate the dermis.
Acquired blue nevi overwhelmingly display mutation of Q209 in either GNAQ or
GNA11, in roughly 65-80% and 7% of cases, respectively 145,146 . R183 mutations are
significantly less common.
Congenital blue nevi include nevi of Ota, nevi of Ito, and Mongolian spots. Mongolian
spots affect the lower back. Nevi of Ota involve the trigeminal nerve, periorbital skin,
and the conjunctiva of the eye. Nevi of Ota are a risk factor for uveal melanoma; around
20% have a GNAQ or GNA11 mutation. The same mutations are also seen in nevi of
Ito, which involve the cervical nerve and shoulder 179 .
Like acquired nevi, blue nevi rarely become malignant, but there is some evidence that
loss-of-function mutations of BAP1 may be a driver of blue nevus-like melanoma 40,200 .
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Eye
Melanocytes also inhabit the uveal tract of the eye: the choroid, ciliary body, and iris.
Melanocytic neoplasia in the uveal tract produces uveal nevi and melanomas. Uveal
melanoma accounts for 5% of all melanomas and is the most common primary cancer
of the eye.
Uveal melanoma risk has not been definitively associated with UV light exposure by
epidemiological studies. Additionally, sequencing studies did not reveal a preponderance
of C > T mutations, the canonical mutation induced by UV light 98 . Instead, uveal
melanoma is characterized by low point mutation prevalence (average of 10.6 nonsilent
coding mutations 98 ) and recurrent chromosomal copy number alterations.
A missense mutation in either GNA11 or GNAQ, encoding homologous G-protein α
sub-units, appears to be the common initiating event in uveal melanocytic neoplasia.
Over 80% of uveal melanomas have a mutation of Q209 (more common) or R183 in
either GNA11 or GNAQ 145,146 . Both mutations interfere with GTPase activity (Q209
completely abolishes it, R183 only partially) of the Gαq proteins, leading to constitutive
activity. GNA11 and GNAQ appear to signal through the protein kinase C pathway, the
MAP kinase pathway, and the Hippo pathway, promoting melanocyte proliferation 58,201 .
In cases without GNA11 or GNAQ mutations, D630Y mutations in the downstream
effector PLCB4 have been noted (4% of cases) 98 as well as L129Q mutations in the
upstream receptor CYSLTR2 (3%) 133 . Both mutations are likely oncogenic.
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Chromosomal copy number alterations are frequent in uveal melanoma, most often
manifesting as monosomy 3, trisomy 8, deletions in chromosome 1, and alterations in
chromosome 6 27,90 .
Whereas the presence of a GNA11 or GNAQ mutation is a ubiquitous, early feature
of uveal melanomas, monosomy 3 is a later event that splits the malignancy into two
groups of roughly equal prevalence. Monosomy 3 is strongly associated with metastasis, primarily to the liver. The target of monosomy 3 appears to be BAP1 (BRCA1associated protein 1), since over 80% of the 50-60% of uveal melanomas with monosomy
3 also have deleterious mutations in BAP1 81 . BAP1 encodes a nuclear deubiquitinase,
possibly involved in chromatin remodeling.
Uveal melanomas disomic in chromosome 3 rarely metastasize and tend to be wildtype
in BAP1. In place of BAP1 mutations, mutually exclusive mutations in either SF3B1
(splicing factor 3b subunit 1) or EIF1AX (eukaryotic translation initiation factor 1A,
X-linked) are common 82,127 . SF3B1 missense mutations in codon 625 occur in roughly
20% of disomy 3 uveal melanomas, while EIF1AX N-terminal missense mutations occur
in about 45%, together accounting for approximately 65% of disomy 3 uveal melanomas.

Internal organs
Melanocytoma of the central nervous system

Autochthonous melanocytes

reside in the leptomeninges of the central nervous system (CNS). Neoplasia of these
nonepithelial melanocytes gives rise to blue nevi called melanocytomas of the CNS.
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Malignancy at this site of origin is termed a primary melanoma of the CNS, and an
intermediate grade of melanocytoma is also recognized.
Melanocytomas of the CNS almost universally possess an activating mutation in Q209
of either GNAQ or GNA11 111,134 . Gains of chromosome 6p and losses of 3 or 3q have
also been observed in 33% and 17%, respectively, of tumors examined 105 .

1.5 Commonalities
The catalog of the driver mutations of each subtype of melanocytic neoplasia reveals the
unique inner workings of each subtype (Table 1). But the catalog may also be studied
in toto to detect patterns across subtypes, illuminating the basic genetic requirements
for the development of melanoma.
There appear to be at least three main requirements for a melanocyte to transform
into a melanoma. The first is activation of either the MAPK or the Gαq signaling
pathway. The second requirement is disruption of the p16/cyclin/ CDK/Rb pathway.
The third is activation of telomerase.
The first two requirements have been recognized for some time. The existence of the
third was made unimpeachable by the recent discovery of recurrent mutations in the
promoter of TERT in roughly 70% of nonglabrous melanomas 89,91 .
Should additional requirements exist, the continuing expansion of the catalog of driver
mutations in melanocytic neoplasia will undoubtedly aid in their deciphering.
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1.5.1 Activation of MAPK or Gαq signaling
In epithelial melanomas and melanocytic neoplasms, activating mutations in the MAPK
signaling pathway are nearly ubiquitous. Lending further credence to the importance of
MAPK pathway activation is the observation that there tends to be only one mutated
gene in the pathway per tumor. In each subtype, the MAPK pathway mutations are
early events that usually suffice to form a nevus.
The classic subtype for making these observations is melanoma on nonglabrous skin,
where sequencing studies have noted that mutations in KIT, BRAF, NRAS, NF1,
MAP2K1, HRAS, and KRAS account for roughly 90% of tumors 174,87 . However, these
observations generalize across subtypes: every single subtype of epithelial melanocytic
neoplasm harbors driver mutations in the MAPK pathway in a mutually exclusive pattern. Spitzoid melanocytic neoplasms harbor BRAF fusions, amplifications or mutations in HRAS, or receptor tyrosine kinase fusions of relevance to the MAPK pathway.
Desmoplastic melanomas do not have BRAF or NRAS mutations but instead commonly
mutate or lose NF1. Glabrous and acral melanomas are often driven by mutations and
amplifications of KIT, but also have driver mutations in BRAF and NRAS some of the
time. Conjunctival melanomas display mutually exclusive mutations in BRAF, NRAS,
and KIT. And finally, congenital nevi are driven by oncogenic NRAS mutations, while
acquired nevi are mostly driven by BRAF mutations. Future sequencing studies are
likely to reveal the existence of yet unappreciated MAPK pathway mutations that con-
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tribute to melanocytic neoplasia.
The clinical successes of small molecule inhibitors of BRAF and MEK in BRAF
V600E melanomas underscore the importance of the MAPK signaling pathway in epithelial melanomas 174,25,62 . Not only is the pathway important in melanoma formation
but also in tumor maintenance. Resistance to RAF and MEK inhibitors can come in
the form of mutation-based reactivation of the MAPK pathway, further betraying the
dependence of melanomas on MAPK pathway activity 3,188 .
In nonepithelial melanomas, activating mutations in the Gαq pathway take the place
of mutations in the MAPK pathway. This distinction may reflect a difference in developmental origin between melanocytes residing in epithelia versus those located in
nonepithelial tissues, or it may represent a difference in tissue environment. The former seems more likely given the diversity of tissue environments inhabited by both
non-epithelial and epithelial melanocytes.
Gαq pathway mutations are nearly ubiquitous in nonepithelial melanomas and
melanocytic neoplasms, and only one such mutation tends to exist in each tumor. Again,
these mutations are early, initiating events, apparently sufficient for nevus formation.
Blue nevi, melanocytomas, uveal nevi, and uveal melanomas are driven by mutation of
either GNAQ or GNA11 in more than 80% of cases. In uveal melanomas without GNAQ
or GNA11 mutations, mutations in PLCB4 or CYSLTR2 often occur instead. Here too
it seems reasonable that future studies will reveal novel Gαq pathway mutations in
tumors without recognized mutations in the pathway.
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If initial success in targeting the MAPK pathway in cutaneous melanoma serves as any
example, attempts to target the Gαq pathway in uveal melanoma deserve prioritization.

1.5.2 Disruption of the p16/Cyclin/CDK/Rb pathway
One of the earliest hints as to the importance of the Rb pathway in melanoma came
with the discovery that CDKN2A mutations contribute frequently to both hereditary
and sporadic melanomas 93,100 . While questions soon arose as to whether the p16 or the
p14 protein product of the CDKN2A locus was the main culprit, subsequent sequencing studies credentialed the p16/cyclin/CDK/Rb pathway as more often mutated in
melanoma, in comparison with the (still important) p14/MDM2/p53 pathway.
Mutations in the p16/cyclin/CDK/Rb pathway affect roughly 70% of nonglabrous
skin melanomas 174 . Only one of the various components of this pathway appears to be
altered in any given tumor. Most commonly, p16 is lost through deletions or loss-offunction mutations in CDKN2A. In cases where wildtype p16 is present, RB1 may be
lost, CDK4 may harbor an activating R24C mutation, or CCND1 may be amplified.
Glabrous skin melanomas show frequent amplifications of CCND1 or CDK4 in a mutually exclusive pattern. With the same sort of pattern, mucosal melanomas harbor
focal amplifications of CDK4 or deletions of CDKN2A. Biallelic CDKN2A loss is seen
in atypical Spitz tumors. And, roughly 70% of desmoplastic melanomas harbor mutations in the Rb pathway, including frequent mutations of either CDKN2A or RB1 and
amplifications of CDK4 and CCND1.
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The high frequency (around 70% in certain subtypes of melanoma) at which one
and only one gene member of the p16/cyclin/CDK/RB pathway undergoes mutation in
melanoma suggests that derangement of this pathway is compulsory, or nearly so, for
melanoma formation.
In melanomas arising in nonepithelial tissues (blue, uveal, internal organ), mutations
in the p16/cyclin/CDK/Rb pathway are generally not observed. If a parallel requirement exists in nonepithelial melanoma, loss of BAP1 appears an attractive candidate
for further investigation given its common loss in blue and uveal melanocytic neoplasms
that have progressed beyond the nevus state.
The requirement for p16/cyclin/CDK/Rb pathway dysregulation, at least in epithelial
melanomas, offers another target for future therapies. Reversing loss of the p16 tumor
suppressor is not currently possible, but inhibition of downstream kinases CDK4/6
appears a reasonable strategy. As CDK4/6 inhibitors begin to show promise in clinical
trials in other cancers, it will be worth considering simultaneous targeting of both the
MAPK pathway and the p16/cyclin/CDK/Rb pathway in melanoma. Co-targeting two
required and nearly orthogonal pathways should reduce the odds of acquired resistance
to therapy.

1.5.3 Telomerase activity
Over 90% of melanomas have detectable telomerase activity 73 . Telomerase is a ribonucleoprotein enzyme responsible for replicating the protective repeat sequences found at
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the end of chromosomes, known as telomeres. Without telomerase, telomeres shorten
with each round of cell division, eventually exposing chromosomal ends, which then
fuse by nonhomologous end joining leading to di- and multicentric chromosomes and
genomic instability. Telomere attrition thus provides a limit on the total number of cell
cycles a cell may undergo in the absence of telomerase activity (“the Hayflick limit”).
Somatic cells apart from stem cells do not express TERT, the catalytic protein subunit
of telomerase, so as a result telomerase remains inactive in these cells. Cancers, on the
other hand, must find a way to activate telomerase in order to maintain their telomeres
in pursuit of replicative immortality. Telomerase activation often comes by way of turning on expression of TERT; the remaining subunit of telomerase, encoded by TERC, is
usually already expressed in somatic cells.
The majority of melanomas appear to initiate expression of TERT through mutating
the TERT promoter. Recurrent mutations affecting either one of two base pairs in the
TERT promoter are found in approximately 70% of nonglabrous melanomas, 85% of
desmoplastic melanomas, and 41% of conjunctival melanomas, as noted earlier in this
chapter. Both promoter mutations are expected to activate expression from the TERT
locus through creation of an Ets family transcription factor binding site proximal to
the start site of transcription. TERT amplifications are also found in melanoma, and
glabrous melanomas display focal TERT amplifications, as well as occasional TERT
promoter mutations.
Melanomas of the extra-epithelial lineage generally do not harbor TERT promoter
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mutations or TERT amplifications, yet have active telomerase 84 . The common mechanisms by which telomerase is activated in these melanomas remain to be elucidated.
As nearly all melanomas seem to require telomerase activity, at least at some point
in pathogenesis, efforts to investigate telomerase as a therapeutic target in melanoma
should be revived. Telomerase inhibition offers the benefit of targeting a melanoma
requirement that is independent from either the requirement for MAPK (or Gαq) signaling or the requirement for dysregulation of the p16/cyclin/CDK/Rb pathway, and
so may present a third orthogonal vulnerability for concurrent targeting.

1.6 Conclusion
Based on knowledge of genetic alterations common across subtypes of melanoma, at
least three requirements for melanoma pathogenesis may be deduced. The first is activation of either the MAPK or the Gαq signaling pathway, the second is disruption
of the p16/cyclin/CDK/Rb pathway, and the third is telomerase activity. The latter
two requirements do not yet seem to translate directly to melanomas arising in nonepithelial tissues and may benefit from future redefinition as more is learned about such
melanomas. In addition, each subtype of melanoma and melanocytic neoplasia demonstrates its own recurrent cast of mutated genes, some of which may be shared with
just one or two other subtypes. UV radiation often fuels the dominant mutagenic process; however, genomic instability too molds the melanoma genome. The genetics of
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melanocytic neoplasia defines the evolutionary paths to melanoma genesis and progression and provides the ultimate lens through which the disease must be viewed if it is to
be understood.
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Melanoma genome sequencing reveals
PREX2 mutations

2.1 Abstract
Melanoma is notable for its metastatic propensity, lethality in the advanced setting and
association with ultraviolet exposure early in life 28 .† To obtain a comprehensive genomic
view of melanoma in humans, we sequenced the genomes of 25 metastatic melanomas
and matched germline DNA. A wide range of point mutation rates was observed: lowest in melanomas whose primaries arose on non-ultraviolet-exposed hairless skin of the
extremities (3 and 14 per megabase (Mb) of genome), intermediate in those originating from hair-bearing skin of the trunk (5-55 per Mb), and highest in a patient with a
documented history of chronic sun exposure (111 per Mb). Analysis of whole-genome sequence data identified PREX2 (phosphatidylinositol-3,4,5-trisphosphate-dependent Rac
exchange factor 2)—a PTEN-interacting protein and negative regulator of PTEN in
breast cancer 59 –as a significantly mutated gene with a mutation frequency of approx†

The material in this chapter and Appendix A is adapted from a manuscript published in
May 2012 in Nature as “Melanoma genome sequencing reveals frequent PREX2 mutations” by
Michael F. Berger*, Eran Hodis*, Timothy P. Heffernan*, and Yonathan L. Deribe* et al. 17 (*
denotes equal contribution).
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imately 14% in an independent extension cohort of 107 human melanomas. PREX2
mutations are biologically relevant, as ectopic expression of mutant PREX2 accelerated
tumor formation of immortalized human melanocytes in vivo. Thus, whole-genome
sequencing of human melanoma tumors revealed genomic evidence of ultraviolet pathogenesis and discovered a new recurrently mutated gene in melanoma.

2.2 Results
To gain a comprehensive view of the genomic landscape in human melanoma tumors,
we sequenced the genomes of 25 metastatic melanomas and peripheral blood obtained
from the same patients (Supplementary Table A.1). Two tumors (ME015 and ME032)
were metastases from cutaneous melanomas arising on glabrous (that is, hairless) skin
of the extremities, representing the acral subtype. The other tumors were primarily
metastases from melanomas originating on hair-bearing skin of the trunk (the most
common clinical subtype). Further, ME009 represented a metastasis from a primary
melanoma of a patient with a clinical history of chronic ultraviolet exposure.
We obtained 59-fold mean haploid genome coverage for tumor DNA and 32-fold for
normal DNA (Supplementary Table A.2). On average, 78,775 somatic base substitutions
per tumor were identified, consistent with prior reports 19,24 (Supplementary Table A.3).
This corresponded to an average mutation rate of 30 per Mb. However, the mutation
rate varied by nearly two orders of magnitude across the 25 tumors (Figure 2.1). The
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acral melanomas showed mutation rates comparable to other solid tumor types (3 and
14 mutations per Mb) 78,101 , whereas melanomas from the trunk harbored substantially
more mutations, in agreement with previous studies 19,141,191 . In particular, sample
ME009 exhibited a striking rate of 111 somatic mutations per Mb, consistent with a
history of chronic sun exposure.
In tumors with elevated mutation rates, most nucleotide substitutions were C→T or
G→A transitions consistent with ultraviolet irradiation 53 . The variations in mutation
rate correlated with differences in the ultraviolet mutational signature. For example,
93% of substitutions in ME009 but only 36% in acral melanoma ME015 were C→T transitions (Figure 2.1); these tumors contained the highest and lowest base mutation rates,
respectively (111 and 3 mutations per Mb). Interestingly, the acral tumor ME032 also
showed a discernible enrichment of ultraviolet-associated mutations (Figure 2.1). Thus,
genome sequencing readily confirmed the contribution of sun exposure in melanoma
etiology.
In agreement with prior studies 141,53 , we detected an overall enrichment for dipyrimidines at C→T transitions. Analysis of intragenic C→T mutations yielded a significant
bias against such mutations on the transcribed strand for most melanomas, consistent with transcription-coupled repair (Supplementary Figure A.1) 19,141,141 . Most commonly, C→T mutations occurred at the 3′ base of a pyrimidine dinucleotide (CpC or
TpC; Supplementary Figure A.2). In contrast, the C→T mutations in sample ME009
(with hypermutation and chronic sun exposure history) more often occurred at the
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Figure 2.1: Elevated mutation rates and spectra indicative of ultraviolet radiation damage. Top bar plot shows somatic mutation rate of 25 sequenced melanoma genomes, in decreasing
order. Middle matrix indicates BRAF and NRAS somatic mutation status, with left-adjacent bar
plot indicating total number of mutations in each oncogene as well as percent frequency. Bottom
plot displays each tumor’s somatic mutation spectrum as a percentage of all mutations (right axis).
Tumor sample names are indicated at the bottom of the figure, with acral melanomas in red.

5′ base of a pyrimidine dinucleotide. As expected, the acral tumor ME015 exhibited
mutation patterns observed in non-ultraviolet-associated tumor types 155 , such as an
increased mutation rate at CpG dinucleotides relative to their overall genome-wide frequency (Supplementary Figure A.2). These different mutational signatures suggest a
complex mechanism of ultraviolet mutagenesis across the clinical spectrum of melanoma,
probably reflecting distinct histories of environmental exposures and cutaneous biology.
We detected 9,653 missense, nonsense or splice site mutations in 5,712 genes (out of
a total of 14,680 coding mutations; Supplementary Table A.4 and Supplementary Table A.5), with an estimated specificity of 95% (see Section 2.4). A mutation of BRAF,
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BRAFV600E , was present in 16 of 25 tumors (64%), including the acral melanoma ME015.
NRAS was mutated in 9 of 25 tumors (36%) in a mutually exclusive fashion with BRAF,
with the exception of one non-canonical substitution (NRAST50I ) in the hypermutated
sample ME009. We also identified 6 insertions and 34 deletions in protein coding exons
(Supplementary Table A.6), including a 21-base-pair (bp) in-frame deletion involving
exon 11 of the KIT oncogene in the acral tumor ME032 (Supplementary Figure A.3).
KIT mutations occur in 15% of acral and mucosal melanomas 38 , and melanoma patients with activating KIT mutations in exon 11 have demonstrated marked responses
to imatinib treatment 85 .
We identified an average of 97 structural rearrangements per melanoma genome
(range: 6-420) (Supplementary Table A.7). In addition to displaying a wide range of
rearrangement frequencies, the proportion of intrachromosomal and interchromosomal
rearrangements varied widely across genomes. ME029, which harbored the largest number of rearrangements (420), contained only 8 interchromosomal events (Figure 2.2a).
In contrast, ME020 and ME035 contained 95 and 90 interchromosomal rearrangements,
respectively (Figure 2.2a). In both cases, the vast majority of interchromosomal rearrangements were restricted to two chromosomes. This pattern is reminiscent of chromothripsis 168 , a process involving catastrophic chromosome breakage that has been
observed in several tumor types 148,103 .
106 genes harbored chromosomal rearrangements in two or more samples (Supplementary Table A.8). Many recurrently rearranged loci contain large genes or reside at
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Figure 2.2: Hubs of rearrangement breakpoints affect known and putative oncogenes. (a)
Circos plots representing four melanoma genomes with notable structural alterations. Interchromosomal and intrachromosomal rearrangements are shown in purple and green, respectively. (b)
Location of breakpoints associated with ETV1 in melanoma ME032. (c) Location of breakpoints
associated with PREX2 in melanoma ME032. The red arrow indicates a premature stop codon
(E824*). All rearrangements in ETV1 and textitPREX2 were validated by high-throughput PCR
and deep sequencing. (d) Confirmation of high-level amplification and rearrangement of PREX2
in ME032 by dual-color break-apart FISH. The assignment of red and green FISH probes to the
PREX2 gene region is delineated as bars. Lack of co-localization of red and green probes is indicative of break-apart.
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known or suspected fragile sites 22 ; examples include FHIT (six tumors), MACROD2
(five tumors) and CSMD1 (four tumors). On the other hand, several known cancer genes
were also recurrently rearranged, including the PTEN tumour suppressor (four tumors)
and MAGI2 (three tumors), which encodes a protein known to bind and stabilize PTEN.
MAGI2 was also found disrupted in recent whole-genome studies of prostate cancer 18
and a melanoma cell line 141 . Rearrangements involving the 5′ untranslated region of the
ataxin 2-binding protein 1 gene (A2BP1) were observed in 4 tumors. A2BP1 encodes an
RNA binding protein whose genetic disruption has been linked to spinocerebellar ataxia
and other neurodegenerative diseases. A2BP1 undergoes complex splicing regulation in
the central nervous system and other tissues 135 ; in melanoma, these rearrangements may
disrupt a known A2BP1 splice isoform or enable a de novo splicing product. Together,
these results suggest that chromosomal rearrangements may contribute importantly to
melanoma genesis or progression.
An acral melanoma (ME032) harbored the second-largest number of total rearrangements (314; Figure 2.2a). We employed high-throughput PCR followed by massively
parallel sequencing to successfully validate 177 of 182 events tested in this sample,
confirming its high rate of rearrangement. The elevated frequency of genomic rearrangements in acral melanomas has been reported previously 39 . In comparison, ME032
exhibited one of the lowest base-pair mutation rates of the melanomas examined (22nd
out of 25 samples), suggesting that different tumors might preferentially enact alternative mechanisms of genomic alteration to drive tumorigenesis.
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As noted above, many rearrangements in ME032 involved multiple breakpoints within
a narrow genomic interval. One such event disrupted the ETV1 locus. We previously
demonstrated an oncogenic role for ETV1 in melanoma, whose dysregulated expression was associated with upregulation of microphthalmia-associated transcription factor
(MITF) 96 , the master melanocyte transcriptional regulator and a melanoma lineage
survival oncogene 70 . We validated six distinct rearrangements (four interchromosomal
translocations) in ME032 involving breakpoints within ETV1 introns (Figure 2.2b).
These events join regions of ETV1 to distal loci on chromosomes 8, 9, 11 and 15. In support of their possible functional relevance, these rearrangements were associated with
high-level ETV1 amplification in this tumor.
A second complex rearrangement involved the PREX2 locus. PREX2 encodes a
phosphatidylinositol 3,4,5-trisphosphate RAC exchange factor recently shown to interact with the PTEN tumour suppressor and modulate its function 59 . We validated nine
somatic rearrangements in the vicinity of PREX2 (six interchromosomal translocations),
including five with intronic breakpoints (Figure 2.2c, Supplementary Figure A.4). One
event joined specific intronic regions of PREX2 and ETV1. Like ETV1, PREX2 is
highly amplified in this tumor, as verified by FISH (fluorescence in situ hybridization)
analysis (Figure 2.2d, Supplementary Figure A.5). The presence of these complex structural rearrangements in addition to amplification may indicate multiple mechanisms of
PREX2 dysregulation in melanoma. More generally, these findings raised the possibility that sites of complex rearrangement might denote genes of functional importance in
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melanoma.
Next, we calculated the mutational significance of each gene based on the number of
mutations detected, gene length and background mutation rates (Table 2.1, Supplementary Table A.9) (see Section 2.4). Eleven genes were found to be significantly mutated
across the 25 samples (Q < 0.01, where Q is the false discovery rate adjusted P -value).
As expected, the two most significant genes were BRAF and NRAS, mutated in 16
and 9 samples, respectively. Interestingly, PREX2 scored as one of the top significant
genes (Table 2.1). Furthermore, four samples harbored nonsense truncation mutations
in PREX2, more than any of the other genes identified as statistically significant in this
analysis. PREX2 mutations have occasionally been reported in colon, lung and pancreatic cancer 65 , albeit at low frequencies. Here, we detected 13 non-synonymous point
mutations in PREX2—including 4 nonsense mutations—and 1 synonymous mutation,
with 11 of 25 melanomas harboring at least 1 non-synonymous mutation. The mutations
were distributed throughout the entire length of PREX2 (Figure 2.3a, green circles), and
13 of 14 mutations were non-synonymous, suggestive of positive selection. An analysis
of the mutant allele frequencies and estimated tumor purities indicates that at least two
mutations are homozygous. One melanoma, ME018, harbors three missense mutations,
two of which (I534M and G1581R) appear to co-occur on a single allele based on their
observed mutation frequencies. Notably, a PREX2 nonsense mutation was detected
in ME032, in addition to the rearrangements and amplification of this locus present
in this tumor (Figure 2.2c). This PREX2 mutation was truncating (E824*), removing

46

Rank Gene

Covered Samples
bases
with nonsilent
mutations

Non-silent
mutations

Nonsense
mutations

Silent mutations

P value

Q value

1
2
3
4
5
6
7
8
9
10
11

56,520
14,160
77,038
127,041
18,902
7,132
21,545
21,978
53,004
100,212
46,400

12
9
42
13
6
4
7
5
6
9
12

0
0
0
4
0
0
0
0
0
0
0

0
0
17
1
1
1
1
1
0
1
4

< 10−15
4×10−15
2×10−11
2 × 10−8
6 × 10−7
7 × 10−7
8 × 10−7
9 × 10−7
2 × 10−6
3 × 10−6
5 × 10−6

< 10−11
4×10−11
2 × 10−7
8 × 10−5
2 × 10−3
2 × 10−3
2 × 10−3
2 × 10−3
3 × 10−3
6 × 10−3
9 × 10−3

BRAF*
NRAS
MUC4
PREX2
GOLGA6L6
VCX3B
POTEH
OR2T33
C1orf127
PRG4
MST1

12
9
19
11
5
4
5
5
6
8
8

Table 2.1: Significantly mutated genes in 25 melanoma tumors. *BRAFV600E mutations were
detected in four additional samples by exon capture on manual review of Illumina sequencing data
(shown in Figure 2.1).

the carboxy-terminal region with homology to an inositol phosphatase domain. Based
on the allele frequency of this mutation, we infer that it occurs on the non-amplified
allele. Taken together, whole-genome sequencing of this 25-sample discovery cohort
identified PREX2 as a candidate melanoma gene whose amplifications, rearrangements
or mutations appeared to undergo positive selection in human melanoma genesis.
To determine the prevalence of PREX2 mutations in melanoma, we performed bidirectional capillary sequencing in an extension cohort of 107 tumor/normal pairs, comprising 45 tumots and 62 short-term cultures collected from multiple institutions and
geographic regions (Supplementary Table A.10). We identified 23 somatic base pair
mutations and one frame-shift insertion in PREX2 in this cohort (Figure 2.3a; Supplementary Table A.11), 15 of which represented non-synonymous changes. We therefore
inferred a 14% frequency of non-synonymous PREX2 mutations in this melanoma co-

47

Figure 2.3: Mutant PREX2 expression promotes melanoma genesis. (a) Non-synonymous
sequence mutations detected from Illumina sequencing of 25 melanomas (green) or from capillary sequencing of a validation cohort of 107 additional melanomas (purple). Mutations are dispersed throughout all annotated structural domains of PREX2. (DH, DBL homology domain; PH,
plekstrin homology domain). The C-terminal half of PREX2 exhibits sequence homology to an
inositol phosphatase domain. Engineered PREX2 mutants are labelled with red arrowheads. (b)
Kaplan-Meier curve showing tumour-free survival of NUDE mice (n = 10) injected with PMELNRAS* cells expressing GFP, wild-type (left plot), truncated (middle plot) and mutated (right
plot) PREX2 subcutaneously.

hort.
Discrepant non-synonymous:synonymous ratios were observed between the tumor
samples and short-term cultures in the extension cohort. In line with results from the
discovery cohort, 100% of PREX2 mutations detected across 45 tumor samples were nonsynonymous in nature (n = 4), consistent with positive selection. In contrast, only 55%
of the sequence mutations found in the 64 short-term cultures were non-synonymous
(a ratio of 11:9). Conceivably, these findings may indicate that subsets of melanoma
cells capable of robust growth in vitro may have experienced reduced selective pressure
for PREX2 mutations. Alternatively (or in addition), the PREX2 locus may exhibit
an enhanced “local” mutation rate, a by-product of which is the production of variants
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that undergo positive selection in vivo.
To demonstrate the functional relevance of PREX2 mutations in melanoma tumorigenesis, we ectopically expressed six representative mutations (three truncation variants
and three non-synonymous point mutations predicted to carry functional impact 150 ) in
TERT-immortalized human melanocytes engineered to express NRAS(G12D) (PMELNRAS*) 96 . These melanocytic lines were transplanted into immuno- deficient mice
alongside control melanocytes expressing either wild-type PREX2 or GFP (green fluorescent protein). Overexpression of all three truncated variants as well as a point mutant
(G844D) of PREX2 significantly accelerated in vivo tumorigenesis when compared to
GFP control or wild-type PREX2-expressing melanocytes (Figure 2.3b, Supplementary
Figure A.6). These results therefore affirmed the aforementioned genomic data suggesting that PREX2 mutations may undergo positive selection in vivo. Although the
spectrum of PREX2 mutations in human melanoma (Figure 2.3a) is reminiscent of
inactivating mutations, our findings suggest that PREX2 somatic mutations generate
truncated or variant proteins that gain oncogenic activity in melanoma cells.

2.3 Discussion
In summary, following recent efforts to characterize whole genomes from several hematologic and solid tumors, we provide the first (to our knowledge) high-resolution view of
the genomic landscape across a spectrum of metastatic melanoma tumors. The analysis
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reveals global genomic evidence for the role of ultraviolet mutagenesis in melanoma,
and identifies several recurrently mutated and rearranged genes not previously implicated in this malignancy. In particular, we discovered that PREX2 mutations are both
recurrent and functionally consequential in melanoma biology. Although its precise
mechanism(s) of action remains to be elucidated in melanoma, PREX2 appears to acquire oncogenic activity through mutations that perturb or inactivate one or more of its
cellular functions. This pattern of mutations may exemplify a category of cancer genes
that is distinct from “classic” oncogenes (often characterized by highly recurrent gainof-function mutations) and tumor suppressors (inactivated by simple loss-of-function
alterations). Instead, (over)expression of certain cancer genes with distributed mutation patterns may promote tumorigenicity either through dominant negative effects or
more subtle dysregulation of normal protein functions.
Cancer genomics has enabled the discovery and rational application of the first truly
effective targeted therapy for metastatic melanoma: BRAF mutations predict sensitivity to selective RAF inhibitors 60,63,25 . However, the emergence of acquired resistance
is rapid and often driven by other genomic events 164 . Our genomic exploration of the
melanoma genomes revealed a large number of complex alterations that probably affect many other genes in addition to PREX2. Understanding how this spectrum of
genomic aberrations contributes to melanoma genesis and progression should provide
new insights into tumour biology, therapeutic resistance and development of treatment
regimens aimed at durable control of this malignancy.
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2.4 Methods
The complete genomes of 25 metastatic melanomas and patient-matched germline samples were sequenced to approximately 30× and 30× haploid coverage, respectively, on
an Illumina GAIIx sequencer (5 cases), and approximately 65× and 32× haploid coverage, respectively, on an Illumina HiSeq 2000 sequencer (20 cases) as paired-end 101nucleotide reads. Read pairs were aligned to the reference human genome (hg19) using
BWA 117 . Somatic alterations (single base substitutions, small insertions and deletions,
and structural rearrangements) were identified according to their presence in the tumor
genome and absence from the corresponding normal genome. A subset of rearrangements was validated by PCR and an independent sequencing technology in order to assess the specificity of the detection algorithm. Fluorescence in situ hybridization (FISH)
was performed to confirm the high level amplification and rearrangement of PREX2. Significantly mutated genes were identified by comparing the observed mutations to the
background mutation rates calculated for different sequence context categories per tumor sample. 40 exons of PREX2 were sequenced by PCR and bidirectional capillary
sequencing in a validation panel of 107 additional melanoma tumors and short term
cultures; mutations were confirmed as somatic by sequencing matched normal DNA.
For gain of function studies, PREX2 mutation constructs were engineered and introduced to PMEL cell lines by lentiviral transduction. To assess the oncogenic roles of
PREX2 mutants, PMEL-NRAS* cells were injected subcutaneously into NUDE mice,
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and tumour growth was measured over time. A complete description of the materials
and methods is provided in Appendix A.1.
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3
Highly recurrent TERT promoter
mutations in melanoma

3.1 Abstract
Sequencing studies have identified many recurrent coding mutations in human cancer
genes; however, highly recurrent mutations involving regulatory regions have rarely
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been observed.† Here we describe two independent mutations within the TERT core
promoter that collectively occur in 71% (50 of 70) of melanomas and generate de novo
consensus ETS binding motifs. Reporter assays showed that these mutations increase
transcriptional activity from the TERT promoter by 2-4-fold. Examination of cancer cell
lines derived from diverse tumor types revealed the same mutations in 16% (24 of 150)
of cases, with preliminary evidence of elevated frequency in bladder and hepatocellular
cancer cells. Thus, somatic mutations in regulatory regions of the genome may represent
an important tumorigenic mechanism.

3.2 Introduction
Systematic cancer genome characterization efforts have advanced the discovery of many
mutated genes that dysregulate a wide spectrum of cellular processes to enable carcinogenesis and tumor progression. Most somatic cancer gene mutations identified thus far
reside within protein coding regions or at splice junctions. In contrast, recurrent somatic point mutations that involve non-coding regions of the genome have rarely been
described in cancer. To determine whether highly recurrent tumor genomic mutations
might also occur outside of protein coding regions, we systematically queried non-coding
somatic mutations using published whole genome sequencing data.
†

The material in this chapter and Appendix B adapted from the accepted version of a
manuscript published in February 2013 in Science as “Highly recurrent TERT promoter mutations in human melanoma” by Franklin W. Huang*, Eran Hodis*, et al. 91 (* denotes equal
contribution).
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3.3 Results
Analysis of whole genome sequencing data from malignant melanoma tumors 17 (see
Appendix B.1) revealed two somatic telomerase reverse transcriptase (TERT) gene promoter mutations in 17 of 19 (89%) cases examined. The average sequence coverage at
the TERT promoter locus in these samples was 30-fold in normal and 60-fold in tumor
(Supplementary Figure B.1a). Each of these promoter mutations resulted in a cytidine to
thymidine transition at a dipyrimidine motif indicative of ultraviolet (UV) light-induced
damage (chr5: 1,295,228 C>T and 1,295,250 C>T; hereafter termed C228T and C250T,
respectively), and both mutations localized to within 100bp of the TERT transcriptional
start site (mean allelic fraction: 0.32, range: 0.07-0.55; Supplementary Table B.1). We
validated these mutations by Sanger sequencing of tumor/normal pairs from both the
discovery set (Figure 3.1a; Supplementary Figure B.1b and Supplementary Figure B.1c)
and an extension set of 51 additional melanoma samples. Within this extension set, 33
tumors (65%) harbored one of the mutations. Moreover, the mutations were mutually
exclusive in both the discovery and extension cohorts (p = 5.4 × 10− 7, Fisher’s onesided exact test). Two tumors with a C228T transition also contained an adjacent C>T
transition (at position chr5: 1,295,229), indicative of a dinucleotide CC>TT transition.
Together, these TERT promoter mutations were observed in 50 of 70 (71%; 95% confidence interval: 59-82%, Clopper-Pearson method) melanomas examined (Figure 3.1b
and Supplementary Table B.1).
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Figure 3.1: Identification of TERT promoter mutations in melanoma and cancer cell lines.
(a) Sequence chromatograms of matched tumor and normal DNA representing somatic mutations
chr 5: 1,295,228 C>T (C228T) and chr 5: 1,295,250 C>T (C250T) in the TERT promoter locus.
(b) Pie chart of C228T and C250T somatic mutation status in 70 surveyed melanoma tumors and
short-term cultures. Sum of percentages is greater than 100% due to rounding. (c) Luciferase reporter assays for transcriptional activity from the TERT core promoter (-200 to +73) with either
the C228T or C250T mutation compared to wild-type promoter in A375, RPMI-7951, UACC-62,
T24 or HepG2 cell lines. The results depicted are the average of at least 3 independent experiments. Values are mean ± s.d. * p < 0.05. (d) Bar plot of 150 cancer cell lines of the Cancer Cell
Line Encyclopedia 6 depicting TERT promoter mutation status. Individual bars represent the total number of cell lines of a given tumor type interrogated for C228T and C250T mutations, with
mutation status indicated by colors defined in the legend.

Intriguingly, both C228T and C250T generated an identical 11 base pair nucleotide
stretch (5′ -CCCCTTCCGGG-3′ ) containing a consensus ETS binding site (GGAA, reverse complement) within the TERT promoter region. Since ETS transcription factors
may become activated through dysregulation of mitogen-activated protein kinase (MAP
kinase) signaling, we hypothesized that these promoter mutations might augment gene
expression. To test this hypothesis, we utilized a reporter assay system in which the

56

relevant portion of the mutant or wild-type TERT core promoter was cloned upstream
of the firefly luciferase gene (see Appendix B.1). Here, we tested both a core promoter
fragment (-132 to +5 relative to the TSS) and the full core promoter (-200 to +73). In
comparison to the wild-type TERT promoter, both mutations conferred approximately
2-4 fold increased transcriptional activity in five distinct cell line contexts (Figure 3.1c
and Supplementary Figure B.1d). Thus, each mutation was capable of augmenting
transcriptional activity from the TERT promoter.
Next, we sought to determine if similar TERT promoter mutations might also occur
in other cancers. To assess this possibility, we examined sequencing data from this locus
generated using 150 cell lines from the Cancer Cell Line Encyclopedia (CCLE) 6 . Overall,
24 CCLE lines (16%) contained either C228T or C250T (mean allelic fraction: 0.61,
range: 0.17-1.00; Supplementary Table B.1). An increased frequency in melanoma was
again noted (5 of 6 lines tested), with additional evidence suggesting possible heightened
prevalence (>25%; p < 0.05, one-tailed binomial test) in bladder (3 of 3 lines) and
hepatocellular cancer cell lines (4 of 6 lines; Figure 3.1d).
Several lines of evidence support the hypothesis that these promoter mutations may
function as driver events that contribute importantly to oncogenesis through TERT
dysregulation, and undergo positive selection, at least in human melanoma. First, the
TERT promoter mutations showed a combined frequency that exceeded those of BRAF
and NRAS mutations, which activate known melanoma driver oncogenes 87,109 . In an
analysis restricted to somatic mutations present at an allelic fraction of 0.2 or greater (to
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reduce artifacts of mutation calling 17 ), the four most recurrent melanoma nucleotide substitutions included BRAF (chr7: 140,453,136 A>T [V600E]), NRAS (chr1: 115,256,529
T>C [Q61R]), and the TERT core promoter mutations C228T and C250T. Second,
while highly recurrent, C228T and C250T occurred in a wholly mutually exclusive fashion. This suggests the possibility that the mutations might be functionally redundant.
Third, the absence of other recurrent somatic mutations in the 3Kb upstream of the
TERT transcription start site in the queried melanomas 17 coupled with the absence of
the described TERT promoter mutations in 24 lung adenocarcinomas with comparablyhigh somatic mutation rates 94 reduces the possibility that these recurrent TERT promoter mutations are due solely to an increased background mutation rate at this locus.

3.4 Discussion
Although the role of telomerase in tumorigenesis is well established, details regarding
its dysregulation in cancer cells remain incompletely understood, particularly in melanoma 16 . The TERT promoter mutations identified herein may link telomerase gene regulation and tumorigenic activation in this malignancy. The high prevalence of C228T
and C250T suggests that these TERT promoter mutations may comprise early genetic
events in the genesis of melanoma and other cancer types. Although TERT expression
alone is not sufficient to bypass oncogene-induced senescence, genomic TERT activation may potentiate mechanisms by which melanocytes achieve immortalization in the
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setting of oncogenic mutations 131 . These results may therefore suggest that renewed
efforts to develop clinically effective telomerase inhibitors are warranted.
At the same time, promoter mutations likely represent only one potential mechanism
of TERT reactivation in a subset of human cancers. Indeed, recurrent chromosomal
copy gains spanning the TERT locus have been described previously for several cancers,
including melanoma 204,140 . In our sample set, TERT copy gains are not mutually
exclusive with the TERT promoter mutations (not shown).
Highly recurrent and functionally consequential somatic mutations within a cancer
gene promoter region have not previously been described. Similarly, the de novo mutational generation of transcription factor binding motifs in tumor genomes was heretofore
unknown, although an ETS transcription factor binding motif was previously associated
with a single nucleotide polymorphism insertion at the MMP1 locus 156 . Together, these
findings raise the possibility that recurrent somatic mutations involving regulatory regions in addition to coding sequences may represent important driver events in cancer.
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4
A landscape of driver mutations in
melanoma

4.1 Abstract
Despite recent insights into melanoma genetics, systematic surveys for driver mutations
are challenged by an abundance of passenger mutations caused by carcinogenic UV light
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exposure.† We developed a permutation-based framework to address this challenge, employing mutation data from intronic sequences to control for passenger mutational load
on a per gene basis. Analysis of large-scale melanoma exome data by this approach
discovered six novel melanoma genes (PPP6C, RAC1, SNX31, TACC1, STK19, and
ARID2), three of which—RAC1, PPP6C, and STK19—harbored recurrent and potentially targetable mutations. Integration with chromosomal copy number data contextualized the landscape of driver mutations, providing oncogenic insights in BRAF- and
NRAS-driven melanoma as well as those without known NRAS/BRAF mutations. The
landscape also clarified a mutational basis for RB and p53 pathway deregulation in this
malignancy. Finally, the spectrum of driver mutations provided unequivocal genomic
evidence for a direct mutagenic role of UV light in melanoma pathogenesis.

4.2 Introduction
In recent years, much has been learned about the molecular basis of melanoma genesis, progression, and response to therapy. BRAF V600 mutations (present in 50% of
melanomas) predict clinical efficacy of RAF inhibitors such as vemurafenib; activating
KIT aberrations may predict response to tyrosine kinase inhibitors such as imatinib,
nilotinib, or dasatinib, and some NRAS mutant tumors may exhibit sensitivity to MEK
inhibition 61 . Other melanoma gene mutations that offer therapeutic insights include
†
The material in this chapter and Appendix C is adapted from a manuscript published
in July 2012 in Cell as “A Landscape of Driver Mutations in Melanoma” by Eran Hodis*,
Ian R. Watson*, et al. 87 (* denotes equal contribution).
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CDNK2A deletions, MITF amplification/alteration resulting in dysregulation of “druggable” antiapoptotic proteins, and PTEN disruption leading to PI3 kinase/AKT activation 29 . The continuing discovery of recurrently mutated melanoma genes 17,137,165,191
and the lack of identified driver mutations in the subtype without NRAS or BRAF
mutation suggest that genetic understanding of this malignancy remains incomplete.
Although the potential of comprehensive genome sequencing for melanoma gene discovery is recognized, there is also increasing appreciation for the confounding impact
of high mutational load due to UV mutagenesis. In particular, cutaneous melanomas
exhibit markedly elevated base mutation rates compared to nearly all other solid tumors 17,141 , which is almost entirely attributable to increased abundance of the cytidine
to thymidine (C > T) transitions characteristic of a UV-light-induced mutational signature. Highly elevated somatic mutation rates that vary across genomic loci may limit
the ability of statistical approaches that assume uniformity of the basal mutation rate to
distinguish genes harboring “driver” mutations (i.e., mutations that confer or at some
point conferred a fitness advantage to the tumor cell) from those with “passenger” mutations (i.e., mutations that never conferred a fitness advantage). Although methods
to account for this mutation rate heterogeneity are an active area of research 24,79,122 ,
rigorous approaches to address this challenge in melanoma have been lacking.
A related question pertains to the tumorigenic effects of UV-induced DNA damage at
the nucleotide level. Epidemiological and experimental data have established a causal
role for intense UV exposure during development (e.g., blistering sunburns early in
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life) in melanoma genesis 68 . Several model systems have also linked UV-dependent tumorigenic effects to modulation of signaling pathways (e.g., enhanced gamma interferon
secretion 202 and activation of c-Jun N-terminal kinase (JNK) signaling pathway 48 ), thus
supporting a nonmutagenic role in melanoma. Conversely, evidence for a direct UV mutagenic effect in melanoma pathogenesis has been more equivocal. For example, the
recurrent base mutations that produce oncogenic NRAS and BRAF mutations are not
C > T transitions indicative of UV mutagenesis. Definitive resolution of this question
requires demonstration of driver mutations that are directly attributable to UV-induced
damage in melanoma.
To analyze whole-exome sequencing data from 121 melanoma tumor/normal pairs,
we have employed a statistical approach that infers positive selection at each gene locus based on exon/intron mutational distributions, as well as the predicted functional
impact of each mutation. This approach enabled both discovery of several new cancer
genes with functionally consequential (and plausibly actionable) mutations and identification of numerous driver mutations directly attributable to UV mutagenesis. In the
aggregate, these results offer a comprehensive view of the landscape of driver coding
mutations in human melanoma.

63

4.3 Results
4.3.1 Identification of melanoma coding mutations by whole-exome
sequencing
Solution-phase hybrid capture and whole-exome sequencing were performed on paired
tumor and normal genomic DNA obtained from 135 patients with melanoma (Supplementary Table C.1 and Supplementary Table C.2). 103-fold mean target coverage was
achieved, with 87% of bases covered at least 14-fold in the tumor and 8-fold in the
normal—the threshold which offers 80% power to detect mutations with an allelic fraction of 0.3 23 . A set of 121 tumor/normal pairs (15 primary tumors, 30 metastatic
samples, and 76 short-term cultures derived from metastatic tumor tissue [Supplementary Table C.1]) were qualified for analysis. Altogether, this sample collection comprised
95 melanomas of cutaneous, 5 of acral, 2 of mucosal, 1 of uveal, and 18 of unknown primary origin. Somatic copy-number aberration profiles identified expected melanoma alterations 39,121 , including gains of MITF, TERT, and CCND1 and deletions of CDKN2A
and PTEN, among others (Supplementary Figure C.1a and Supplementary Table C.3).
Across all samples, 86,813 coding mutations were detected at a 2:1 ratio of nonsynonymous to synonymous events, which is consistent with a high passenger mutation
load (Supplementary Table C.4). The median sample mutation rate was 14.4 coding
mutations per megabase (lower-upper quartile range: 8.0-24.9). As expected, this rate
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was higher than that reported for any other tumor type, including lung cancer 115,139,173 ,
and a signature of UV mutagenesis predominated (median YC > YT mutations: 82.2%;
lower-upper quartile range: 73.4%-86.5%). Accordingly, 13,905 genes harbored a nonsilent mutation in at least one tumor, 9,782 genes were thus mutated in two or more
tumors, 515 genes were mutated in >10% of tumors, and 78 genes were mutated in >20%
of tumors (Supplementary Figure C.1b). In genes mutated in >10% and >20% of samples, 85.5% and 85.2% of nonsilent coding mutations resulted from YC > YT transitions,
respectively, suggesting that many high-frequency melanoma gene mutations may derive
from UV-associated passenger events.
We next sought to identify genes showing statistical evidence for positive selection for
nonsilent mutations, which is a challenging task in the context of melanoma’s high and
heterogeneous basal mutation rate. To illustrate the problem introduced by regional
heterogeneity in basal mutation rates, we defined significantly mutated genes by using a
standard analytical approach that assumes a uniform basal mutation rate across the exome (controlling for trinucleotide context), as published previously 51,71,101,169,173 . This
analysis produced a long list of genes (n = 544) with nonsilent mutation frequencies
exceeding the exomic average, thus considered “significantly” mutated (Supplementary
Figure C.1c). Many of these genes showed high silent mutation rates (correlation of
significance rank with silent mutation rate: R = 0.29, p < 2.2 × 10−16 , Pearson’s;
Supplementary Figure C.1d), suggesting locally elevated basal mutation rates. Furthermore, numerous genes were found to have minimal expression levels in melanoma based
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on cross-cohort analysis of published RNA sequencing (RNA-seq) data (correlation of
significance rank with expression level: R = 0.08 and p = 4.4 × 10−16 ) 19 , which is
consistent with published studies showing that genes with lower expression levels tend
to harbor increased somatic mutation rates 24,141 . We also observed an anticorrelation
between gene expression and mutation rate in our data (R = 0.10 and p = 4.4 × 10−16 ).
Together, these results highlighted the challenge of detecting positive selection in the
setting of variable basal mutation rates. Such loci may accumulate frequent somatic
mutations unrelated to positive selection but were nonetheless deemed significant by
statistical approaches that assume uniform basal mutation rates. Conversely, genes
present in loci with low basal mutation rates may accumulate few mutations. Here, evidence of positive selection will only become apparent after accounting for this reduced
mutation rate. The high mutational burden linked to UV exposure further exacerbates
this problem in melanoma by making heterogeneity in locus-specific mutation rates even
more pronounced.

4.3.2 Systematic inference of positive selection at putative
melanoma gene loci
To more accurately ascertain positive selection in melanoma genomes, we leveraged
sequence data from flanking intronic regions and other untranslated (UTR) DNA segments that are captured alongside exonic targets during hybrid selection to define the
local base mutation rate. We reasoned that any DNA sequence situated immediately
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adjacent to an exon is likely subjected to similar mutagenic and repair processes as the
exonic sequence. Indeed, gene-specific intronic and exonic mutation rates correlated in
our data set across several orders of magnitude (R = 0.35 and p < 2.2 × 10−16 ; Supplementary Figure C.1e). However, unlike nonsilent mutations in their exonic counterparts,
mutations in intronic and UTR sequences are more likely to exist under neutral selective pressure. Thus, mutation data obtained from these flanking regions should offer a
means by which locus-specific mutation rates might be inferred.
A gene that contains a high frequency of nonsilent exonic mutations and a low frequency of synonymous or intronic/UTR mutations exhibits presumptive evidence of
positive selection during tumor evolution. Such a mutational pattern may signify the
presence of bona fide driver mutations in melanoma. On the other hand, a gene with
a high frequency of both nonsilent exonic mutations and synonymous, intronic, and/or
UTR mutations is less likely to contain mutations that experienced positive selection
during tumorigenesis (Figure 4.1a). Based on these principles, a null model of the distribution of all mutations across the gene (exon, intron, and UTR) may be generated
by random permutation of the locations of all observed mutations (Figure 4.1b). This
null model is computed per sample, as the locus basal mutation rate may vary across
samples. A permutation test may then be performed to assess the statistical significance
of any set-wide observation in the gene compared to the null model generated from all
individual sample null models.
Employing this framework, we assessed the statistical significance of the set-wide
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Figure 4.1: Detection of positive selection for nonsilent mutations. (a) Gene A locus displaying a greater rate of nonsilent mutation compared to silent and intronic mutation rate (left)
indicative of positive selection for nonsilent mutations and gene B locus displaying approximately
equivalent rates of nonsilent mutation and silent/intronic mutation (right) indicative of a nonsilent mutation rate that matches the basal locus mutation rate. (b) Schema of permutation-based
framework for identifying genes harboring positively selected nonsilent mutations. (c) Q-Q plot of
functional mutation burden test (λ = 1.02) and synonymous mutation burden test across all genes
with at least one mutation in the set of 121 sequenced samples. Dashed line indicates q ≤ 0.2
for the functional mutation burden test. Gray-shaded area represents 95% confidence interval for
expected p values.

“functional mutation burden”: the number of samples harboring a nonsilent mutation
of predicted functional consequence 1 . Eleven genes were found to harbor a statistically
significant functional mutation burden (q ≤ 0.2) 15 (Figure 4.1c and Supplementary Figure C.1f and Supplementary Table C.5). These included six well-known cancer genes
(BRAF, NRAS, PTEN, TP53, p16INK4a [transcript of the CDKN2A gene locus], and
MAP2K1) and five new candidates (PPP6C, RAC1, SNX31, TACC1, and STK19).
Manual review and mass spectrometric genotyping of observed mutations at these loci
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confirmed high nonsynonymous:synonymous muta- tion ratios and low rates of silent
mutations (Figure 4.1c and Supplementary Table C.5 and Supplementary Table C.6).
Contrary to the output from the initial significance analysis (described above), an overall
bias toward lowly expressed genes was no longer evident (R = 0.04 and p = 6.2 × 10−6 ).
As a control, we performed an analogous assessment of the “synonymous mutation burden,” and no genes were identified as statistically significant by this analysis (Figure 4.1c
and Supplementary Table C.7). Thus, the incorporation of exonic and nonexonic mutational data identified multiple loci that showed evidence of positive selection and hence
may contain genes that harbor driver mutations.

4.3.3 Novel melanoma genes are linked to known cancer-relevant
pathways
The five novel candidate genes harboring putative somatic driver mutations (PPP6C,
RAC1, SNX31, TACC1, and STK19) had not previously been recognized as significantly
mutated in melanoma. PPP6C encodes for the catalytic subunit of the heterotrimeric
PP6 protein phosphatase complex 167 . Reports have implicated PPP6C as a tumor
suppressor due to its role in regulation of cell cycle and mitosis. PP6 negatively regulates
levels of the melanoma oncoprotein CCND1 during G1 phase of the cell cycle 166 and
is the major T-loop phosphatase for the mitotic kinase, Aurora A (AurA), which is
amplified in a number of human cancers 116,203 . In the discovery set of 121 tumor/normal
pairs, 11 melanomas (9%) harbored nonsynonymous PPP6C mutations, 10 of which
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were predicted to be homozygous events based on high mutant allele frequencies. 60%
of these PPP6C mutations clustered within a 12 amino acid region flanking an arginine
at codon 264 (four R264C mutations, two S270L mutations, and one P259S mutation;
Figure 4.2a). When mapped onto the structure of the PP2A catalytic subunit (~60%
sequence homology to PPP6C; Figure 4.2a and Supplementary Figure C.2a), the PPP6C
mutations localized to highly conserved regions. In particular, R264 participates in
multiple salt bridge interactions at the interface between the catalytic and regulatory
subunits 30 . The PPP6C R264C mutation was found at a frequency of 3% in an extension
set of 63 melanoma samples (Supplementary Table C.8). Homozygous hot spot (defined
as same amino acid change in >3% of samples in the discovery set of 121 samples)
mutations in R264 and nearby residues may result in altered interactions between the
PPP6C catalytic subunit and its regulatory partners. The clustered mutation pattern
and relative paucity of nonsense mutations or frameshift indels are characteristic of
gain-of-function mutations, suggesting that dysregulation of this protein phosphatase’s
function may contribute to melanoma biology.
Mutations in STK19 (a predicted kinase with unknown function) exhibited a hot spot
pattern in melanoma. Six nonsynonymous STK19 mutations were detected in five tumors (4%) in the discovery set (Figure 4.2b), four of which were located at D89 (D89N)
with an immediately adjacent additional mutation (P90L). D89N mutation showed a
consistent frequency (5%) in a melanoma extension set of 59 tumors (Supplementary Table C.8). The pattern and significance of its somatic hot spot point mutations are strong
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Figure 4.2: Significantly mutated genes PPP6C, STK19, SNX31, and TACC1. (a-d)
Schematic diagram of domains and mutations of PPP6C, STK19, SNX31 and TACC1. Structure
of the PPP6C homologous protein PP2A (PDB: 2IAE) with mapped PPP6C somatic mutations
(all mutated residues are conserved between the two proteins except for PPP6C S270, which maps
to PP2AC A274) (a, bottom). Salt bridge interactions represented by dashed lines in zoom image.
PPP motifs, protein phosphatase; Ub-like, ubiquitin-related fold; PTB-like, phosphotyrosine binding (PTB); PX, Phox homology; FERM-like domain, Band 4.1 (F), Ezrin (E), Radixin (R), and
Moesin (M); SPAZ, Ser-Pro Azu-1 motif; TACC, transforming acidic coiled coil.

genomic evidence in support of STK19 as a cancer gene.
In contrast, TACC1 and SNX31 exhibited a distributed pattern of mutational events.
SNX31 encodes the poorly characterized protein sorting nexin 31. Mutations tended to
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occur within the protein and lipid interaction band4.1/ezrin/radixin/moesin (FERM)like domain of SNX31 (Figure 4.2c), with one mutation in the domain occurring in
two separate melanoma cases and over 60% of nonsilent mutations occurring in a 48
residue window in this 440 residue protein. SNX31 has been reported to bind active
guanosine triphosphate (GTP)-loaded H-Ras, but not inactive guanosine diphosphate
(GDP)-loaded H-Ras, likely through its FERM-like domain 72 , which suggests a potential
role for SNX31 as a Ras effector protein.
TACC1, encoding transforming acidic coiled-coil protein 1, has been reported to
stimulate the Ras and PI3K pathways and to promote transformation in mice upon
overexpression 37 . TACC1 is mutated in eight melanomas (7%) in the discovery set,
with mutations occurring predominately near the C terminus of the protein, in or near
the conserved TACC domain (Figure 4.2d). TACC1 is known to interact with AurA 35,46 ,
which is notable in the context of PPP6C’s function as an AurA phosphatase 203 .
Finally, 5% of discovery set melanomas harbored nonsilent mutations in RAC1, a
RAS-related member of the Rho subfamily of GTPases. RAC1 functions as a molecular switch, cycling between active GTP-bound and inactive GDP-bound states through
large conformation changes near the nucleotide-binding site, localized to the switch I
and II regions. Its best-characterized function is regulation of cytoskeleton rearrangement, and thus it plays important roles in cellular adhesion, migration, and invasion 95 .
Overexpression has been reported in a number of malignancies 102 . RAC1 mutations
in our melanomas exhibited a hot spot pattern, with all six mutations effecting the
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same nucleotide change (Figure 4.3a). This c.85C > T transition, resulting in a P29S
amino acid change, is the most frequent hot spot mutation after those in BRAF and
NRAS (Supplementary Table C.9). Including verification data from two independent
extension sets (n = 59 and n = 175), the prevalence of RAC1 P29S hot spot mutation
in melanoma was validated to be 3.9% (14/355 patients; Supplementary Table C.8 and
Supplementary Table C.10). In addition, mutations in homologous residues in RAC2
(P29L) and RHOT1 (P30L) were also found (Figure 4.3b), highlighting the importance
of the P29 residue as a possible codon targeted by hot spot mutations in Rho family
GTPases. We also observed a known RAS family-activating mutation (G12D) 125 in a
gene encoding for another Rho family GTPase member, CDC42 (Figure 4.3b). Together,
these mutational data implicate the Rho family members as melanoma oncogenes.

4.3.4 RAC1 P29S mutation Is a gain-of-function oncogenic event
To explore possible consequences of the RAC1 P29S mutation, we conducted homology
modeling based on crystal structures of the 97% amino-acid-sequence-identical RAC3
in GDP-bound and GTP/PAK1-bound conformations (Supplementary Figure C.3a and
Supplementary Figure C.3b). In the GDP-bound state, P29 is found in a hydrophobic
pocket in switch I, and S29 is predicted to be energetically less favorable due to its
lack of shape complementarity, reduced hydrophobicity, and unfavorable proximity of
the serine hydroxyl oxygen to adjacent hydrophobic residues (Figure 4.4a, bottom left
and right). In the GTP-bound state, the packing of the switch 1 loop is less compact
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Figure 4.3: RAC1 hot spot mutation affecting Switch I implicates Rho family of GTPases
in melanoma. (a) Schematic diagram (left) and image of RAC1 crystallographic model (right)
(PDB: 1MH1) with P29 shown. (b) Distribution of P29-homologous or known-activating mutations in Rho family members RAC1, RAC2, RHOT1, and CDC42.

(Figure 4.4b, top left and right). The energetic advantage of having the wild-type P29
rather than the mutant S29 is therefore lost. Conversely, S29 is predicted to engage
in hydrogen bonds with the polar side and main chains of E31, which would stabilize
the GTP-bound form (Figure 4.4b, bottom left and right). Furthermore, the P29S
mutant is predicted to gain more entropy upon transitioning from the GDP- to the
GTP-bound form than wild-type because, in the GDP-bound state, switch 1 is tethered
to the protein core, whereas in the GTP-bound state, switch 1 flexibility is restricted
by P29 (Supplementary Figure C.3c). These observations suggest that P29S mutation
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likely destabilizes RAC1’s inactive GDP-bound state and favors its active GTP-bound
state.
Because active, GTP-loaded RAC1 is known to interact with the p21-binding domain
(PBD) of p21-activated protein kinase 1 (PAK1) to regulate downstream events relevant
for tumorigenesis, PAK1 PBD pull-down assays can be employed to measure GTPbound RAC1. In HEK293FT cells, PAK1 PBD pull-down revealed a significantly higher
fraction of RAC1(P29S) in the GTP-loaded active state when compared to wild-type
(Figure 4.4c, compare lanes 2 and 3). As expected, a constitutively active RAC1(Q61L)
mutant was found in a robust GTP-loaded fraction (Figure 4.4c, compare lane 2 to 4
and 5). In the presence of exogenous GDP, RAC1(P29S) demonstrated an attenuated
shift to the inactive, GDP-bound form, which was in accordance with the structural
prediction (Figure 4.4d, compare lanes 1 and 2 to 4 and 5). Importantly, the increase in
GTP-loaded RAC1(P29S) was also evident in immortalized human melanocytes stably
expressing oncogenic NRAS or BRAF (Figure 4.4e and Figure 4.4f). Together, the
biochemical and structural results support the conclusion that the RAC1 P29S mutation
is activating, rendering RAC1 preferentially in an active, GTP-bound state.

4.3.5 Predicted loss-of-function melanoma gene mutations
Mutations in putative tumor suppressor genes that result in protein truncation may
carry a higher likelihood of conferring a fitness advantage to the tumor cell compared
to the effect of missense mutations in the same genes. As the permutation-based frame-
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Figure 4.4: RAC1 P29S is activating. (a) Homology model (based on PDB entry 2G0N) zoom
images onto P29 (top) and P29S (bottom) in the GDP-bound form are shown. (b) Homology
model (based on PDB entry 2QME) zoom images onto P29 (top) and P29S (bottom) in the GTPbound form are shown. Relevant amino acids are highlighted in both sphere (left) and cartoon representation (right). (c) GFP-tagged RAC1 GTP-bound status assayed by PBD of PAK1 pull-downs
in HEK293FT cells (T17N, dominant negative; Q61L, constitutively active). (d) In presence of exogenous GDP or GTPγ S (NT, no treatment; GTPγ S, nonhydrolysable GTP analog). (e and f) Following transfection of immortalized melanocytes (pMEL) stably expressing mutant forms of NRAS
(e) or BRAF (f).
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work described above modeled basal mutation rates without regard to functional consequence of mutations, we next employed it to detect genes with a higher “loss-of-function
(LoF) mutation burden” than was expected by chance. LoF mutations were defined as
nonsense, splice-site, and frameshift events. Both p16INK4a and ARID2 showed statistically significant LoF burden (q ≤ 0.2; Supplementary Table C.11), with p16INK4a
LoF mutations in 14 discovery samples (12%) and ARID2 LoF mutations in 9 samples
(7%).
All nonsense mutations in ARID2, which encoded a component of the SWI/SNF
chromatin-remodeling complex, were predicted to yield truncated variants lacking the
C2H2 Zn-finger motifs required for DNA binding (5% of samples) (Figure 4.5a), which is
reminiscent of the inactivating ARID2 mutations found in hepatitis-C-virus-associated
hepatocellular carcinomas 120 . Although ARID2 has not been previously identified as significantly mutated in melanoma, singleton mutations—all nonsense events—have been
reported in three studies 137,165,191 . A targeted search for LoF mutations in other components of the SWI/SNF complex identified three nonsense mutations in ARID1B (a gene
that also had a significant LoF burden, though it did not pass correction for multiple
hypothesis testing in our discovery set), three in ARID1A, and one in SMARCA4 (Figure 4.5b). Thus, 13% (16/121) of the discovery samples harbored a LoF mutation in a
component of the SWI/SNF complex, suggesting a role for dysregulation of chromatin
remodeling in melanomagenesis.
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Figure 4.5: Loss-of-function mutations in ARID2. (a) Schematic diagram of domains and mutations in ARID2. (b) Loss-of-function (nonsense, frameshift indel, and splice-site) mutations in
ARID2, ARID1B, ARID1A, and SMARCA4 across sequenced samples.

4.3.6 A landscape of driver mutations in melanoma
The identification of known and novel drivers in this study provided a global view of
melanoma gene mutations. By cross-referencing all observed mutations to recurrently
mutated base pairs (n ≥ 20) reported in the COSMIC database 64 , we augmented this
view with rare driver events whose low frequency precluded statistical identification.
This identified driver mutations in CTNNB1, PIK3CA, p14ARF (alternative transcript
of the CDKN2A gene locus), EZH2, IDH1, GNA11, KIT, HRAS, and WT1 (Figure 4.6a
and Supplementary Table C.12). To provide a fuller context to the landscape, focal amplifications or deletions of signature melanoma genes, such as amplifications in CCND1,
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KIT, CDK4, and TERT and deletions in CDKN2A and PTEN, were delineated in the
same set of samples.
Integrating these mutational and copy number data, we mapped the spectrum of
driver genes in Figure 4.6a. As expected, 83% (100/121) of melanoma samples harbored
either a hot spot or a COSMIC-recurrent mutation (referred to hereafter as “highly
recurrent” mutations) in NRAS (n = 27) or BRAF (n = 73) in a mutually exclusive
fashion (p = 3 × 10−14 , Fisher’s exact test). The two cases with co-occurring BRAF
and NRAS mutations harbored either a non-V600 BRAF mutation, together with an
oncogenic NRAS mutation, or an NRAS mutation not known to be oncogenic, together
with an activating BRAF mutation. Nearly 44% (32/73) of melanomas with highly
recurrent mutations in BRAF harbored a PTEN mutation or focal deletion; conversely,
PTEN was altered in only 4% (1/27) of melanomas with highly recurrent mutations in
NRAS (p = 4.9 × 10−5 ) (Supplementary Figure C.4a). Significance of these mutational
patterns was confirmed by a pairwise search across all genes in Figure 4.6a (q ≤ 0.2;
Supplementary Table C.13).
The melanoma discovery set included 21 tumors without highly recurrent mutations
in either BRAF or NRAS (“BRAF/ NRAS wild-type” samples) (Figure 4.6b). A search
for genes mutated in at least 25% of these samples and ranked among the top 50 genes by
functional mutation burden identified NF1. A significant enrichment of NF1 mutations
was observed in this subset; putative loss-of-function NF1 mutations occurred in 5 of 21
of these tumors (25%) compared to 2 of the remaining 100 samples (2%) (p = 5.8×10−3 )
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Figure 4.6: Landscape of driver mutations in melanoma. (a) Per-sample mutation rate (top).
Color-coded matrix of individual mutations and copy number alterations (middle). In cases in
which multiple mutations per gene were found in a sample, only one mutation is shown, with preference given to LoF (nonsense/splice/frameshift) mutations and then hot spot/COSMIC-recurrent
mutations. Final row indicates primary origin of melanoma. Mutation spectra of all samples (bottom). (b) Distribution of selected mutations and copy number amplifications in BRAF, NRAS,
NF1, HRAS, RAF1, MAP2K1, KIT, GNA11, CCND1, and CDK4 are shown across all samples.
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(Figure 4.6b). Given the role of NF1 as a negative regulator of RAS signaling 185 , these
results suggest that NF1 inactivation may confer aberrant mitogen-activated protein
kinase (MAPK) pathway activation in these BRAF/NRAS wild-type samples. In addition, an activating HRAS G13I mutation, an activating CRAF E478K mutation 57 , and
two MAP2K1 mutations were observed in BRAF/NRAS wild-type samples that were
also NF1 wild-type (Figure 4.6b). Of the 13 remaining BRAF/NRAS wild-type samples,
1 harbored an activating KIT V559A mutation, 6 (1 of which was acral and 1 of which
was mucosal) showed focal amplification of KIT, CCND1, and/or CDK4, and 1 (a uveal
melanoma) possessed an activating GNA11 Q209L mutation. Altogether, known melanoma driver events spanned 81% (17/21) of cases that lacked highly recurrent NRAS
or BRAF mutations (Figure 4.6b), providing a unified view of driver mutations in this
subtype of melanomas.
CDKN2A is a well-known melanoma tumor suppressor gene that encodes for two tumor suppressor proteins through alternative splicing: (1) p16INK4a, a cyclin-dependent
kinase inhibitor that activates retinoblastoma (RB) through negative regulation of
CDK4, and (2) p14ARF, which activates p53 through inhibition of its major negative
regulator, MDM2 29 . The p16INK4a transcript was mutated in greater than 20% of our
discovery set, with 14 out of 25 mutations being putative LoF events. Coupled with
one splice-site and two nonsense mutations in RB1, as well as three R24 activating mutations in CDK4, we estimated that the cell cycle checkpoint was deregulated directly
through somatic mutations of its core components in at least 24% (29/121) of samples.
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Most of the melanoma cases harboring TP53 mutation (19% in the discovery set) were
without concurrent mutation in p14ARF or p16INK4a (Supplementary Figure C.4b).
Taken together, these data support the consensus view that genetic pressure to mutate
TP53 directly in melanoma is reduced due to frequent deletion of the CDKN2A locus,
and these data also show that TP53 mutation is prevalent in a subset of melanoma
without p14ARF mutation.
Finally, LoF mutations in members of the SWI/SNF complex, together with
COSMIC-recurrent mutations in EZH2 and IDH1, were found in 17% (20/121) of
melanomas, providing genomic evidence that chromatin-modifying proteins and epigenetic regulators contribute to melanoma genesis or progression.

4.3.7 The role of UV mutagenesis in the advent of melanoma
driver gene mutations
Next, we systematically addressed the direct effect of misrepair of UV-induced DNA
damage as a cause of melanoma driver mutations, namely C > T (by UVB) or G > T
(by UVA). Specifically, we assessed the distribution of mutations attributable to UVinduced DNA damage among the driver mutations. Out of the 262 driver mutations
in 21 genes defined by our analysis, 46% were caused by C > T (37%) or G > T (9%)
mutations characteristic of UVB/UVA-induced mutations. This percentage increased
to 67% (103/150) when driver mutations in BRAF or NRAS were excluded.
TP53 possessed the greatest number of total putative UV-induced mutations among
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mutated melanoma genes identified in this study (Figure 4.7a), challenging the dogma
that often cites its wild-type status as characteristic of human melanomas 29,61 . Presumed UV-induced LoF mutations in known melanoma tumor suppressors (PTEN,
p14ARF, and p16INK4a) were also evident. Newly discovered significantly mutated
genes ARID2, PPP6C, SNX31, and TACC1 each had a high fraction of mutations
attributed to C > T transitions, suggesting a possible role in UVB-induced melanomagenesis.
The majority of known activating mutations in the MAPK pathway, which include
BRAF (c.1799T > A encoding V600E) (n = 63), NRAS (c.182A > T, Q61L and c.182A
> G, Q61R) (n = 16), KIT (c.1676T > C, V559A) (n = 1), and GNA11 (c.626A > T,
Q209L) (n = 1), do not appear attributable to direct UV-induced damage (Figure 4.7a).
There are possible exceptions in mutations in BRAF, in which all dinucleotide mutations
include a C > T transition, including V600E (c.1799-1800TG > AA) (n = 1), V600K
(c.1798-1799GT > AA) (n = 7), V600R (c.1798-1799GT > AG) (n = 1), and L597S
(c.1789-1790CT > TC) (n = 1), that could be attributed to UVB-induced mutagenesis.
There are also mutations in RAS, including NRAS Q61K (c.181C > A and c.180-181AC
> CA) (n = 9), Q61R (c.181-182CA > AG) (n = 1), G12D (c.35G > A) (n = 1), and
HRAS G13I (c.37-38GG > AT) (n = 1), which may result from UVA- and UVB-induced
damage.
Four genes, RAC1, STK19, FBXW7, and IDH1, all possessed a relative percentage
of C > T mutations that was above the exome-wide per-sample median (~83%). No-
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Figure 4.7: Signature of UV mutagenesis across driver mutations. (a and b) Total number
(a) and percentage (b) of driver mutations caused by UVB single nucleotide variant (SNV) (C >
T), UVA SNV (G > T), UVB in half of dinucleotide variant (DNV) (NC > NT; CN > TN), and
UVA in half of DNV (NG > NT; GN > TN) are indicated. Dotted line indicates exome-wide sample median percentage UVB SNV (C > T).

tably, the hot spot mutations PPP6C R264C, STK19 D89N, and RAC1 P29S are each
mediated solely by presumptive UVB damage (Figure 4.7b). Given evidence that P29S
renders RAC1 preferentially in GTP-bound form, leading to downstream activation of
PAK signaling (Figure 4.4), our data revealed the first example of a hot-spot-activating
mutation in a melanoma gene attributable to direct UVB-mediated damage, providing
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definitive evidence for UV mutagenesis in melanoma pathogenesis.

4.4 Discussion
We described here a permutation-based framework (available for download at
http://www.broadinstitute.org/software/invex/) that leverages intron and UTR sequences in a gene locus to control for gene-specific basal mutation rates, which is a
conceptual advance that represents a natural but important evolution of prior works.
Pioneering studies have led to increasing appreciation of the confounding effects of variable regional basal mutation rates, motivating refinements such as gene-specific basal
mutation rate calculations based on synonymous mutations, binning genes based on
expression levels to correct for correlation between expression and mutation rate, and
within-gene permutation tests to assess positional clustering and evolutionary conservation of mutated residues 24,51,79,101,122 . We expect that future research will account for
within-gene variation in the basal mutation rate and, with enough data, per-base basal
mutation rates can eventually be inferred. Local rate-altering events will also need to
be considered; for example, somatic rearrangements have recently been reported to elevate the local mutation rate 136 . Our results should motivate refinement of the standard
exon-capture bait set to expressly target a portion of intron/UTR segments for use in
basal mutation rate modeling. With whole-genome sequence data, which fully covers
introns and UTRs, our approach can be more robust and can offer increased statistical
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power.
Although we have assessed the significance of a gene’s functional mutation burden
by using PolyPhen-2 1 in this study (as well as LoF mutation burden), other mutation
scoring algorithms 36 may too prove useful. Increased cohort sizes (which will emerge
in the fullness of time through The Cancer Genome Atlas [TCGA] and other largescale efforts) will give sufficient power to evaluate the significance of the more naive
“nonsilent mutation burden,” which does not depend on functional prediction scores.
More broadly, this methodology of modeling locus-specific basal mutation rates in combination with optional functional weighting can improve the identification of driver
mutations in nonexonic genomic regions predicted to experience positive selection, such
as conserved regulatory domains.
Although mutation prevalence of the novel melanoma genes identified herein is relatively low, their importance extends beyond melanoma, as underscored by cross-tumor
relevance and protein family recurrence. For example, RAC1 P29S mutation has been
reported in a head and neck tumor 169 and in a breast tumor 64 ; furthermore, homologous
P29 mutations in other Rho family members were observed in melanoma (Figure 4.3).
The appearance of singleton known activating mutations in our cohort, such as those
seen in HRAS, GNA11, and KIT, predicts that larger sequencing studies will uncover
additional melanoma genes, reaffirming the importance of systematic resequencing in
statistically powered sets of human cancers.
Finally, although sun exposure has been shown to be a leading risk factor for melan-
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oma 68 , it has been perplexing that the most prevalent UVB-radiation-induced genetic
change—the transition of a cytosine to a thymidine, accounting for >70% of nucleotide
substitutions—has not been shown to be the molecular basis for known oncogenic mutations in melanoma, including BRAF V600E and NRAS Q61L/R. The identification
of statistically significant hot spot mutations in RAC1, STK19, and PPP6C resulting from C > T transitions offers missing genomic evidence linking UVB mutagenesis
mechanistically to this malignancy.

4.5 Methods
4.5.1 Clinical samples
All melanoma samples analyzed in this study were collected and sequenced under Institution-Review-Board-approved protocols (MIT/COUHES 110700457).

The

DNeasy Tissue Kit or the QIAmp DNA Mini Kit (QIAGEN, Valencia, CA) was used to
extract genomic DNA from tissues. The Puregene DNA Purification Kit (Gentra Systems, Minneapolis, MN) was used to extract genomic DNA from short-term cultures.
All DNA samples were subjected to quality assessment.
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4.5.2 DNA library preparation, whole-genome sequencing, and assembly
Exome capture and library construction were performed as in Gnirke et al. 75 and
were adapted for production-scale exome capture.

Libraries were sequenced on Il-

lumina HiSeq 2000 machines, generating 2 × 76 bp paired-end reads.

Sequenc-

ing data obtained from the Illumina pipeline were processed by the Picard pipeline
(http://picard.sourceforge.net/).

4.5.3 High-density SNP arrays
DNA samples were hybridized to Affymetrix SNP Array 6.0 genome-wide human SNP
microarrays (Affymetrix, Santa Clara, CA), and chromosomal copy number segments
were determined as described previously 172 . A gene was identified as focally amplified/deleted if a segment above absolute value 0.6 of length ≤ 5 Mb intersected the
gene. Significantly recurrent amplifications and deletions were identified by using GISTIC 20 .

4.5.4 Exome quality assessment
Samples with nonaberrant copy number profiles and normal samples with aberrant copy
number profiles were removed from analysis. Each lane from a tumor/normal pair was
cross-checked to have the same SNP fingerprint as each other lane from that pair; non-
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matching lanes were removed from analysis. Cross-contamination was estimated by
using ContEst 33 (Supplementary Table C.1b). Samples with greater than 10% contamination were excluded from further consideration.

4.5.5 Identification of somatic substitutions and indels
Somatic

base-pair

(https://
and

somatic

substitutions

were

identified

by

using

MuTect

confluence.broadinstitute.org/display/CGATools/MuTect),
small

indels

were

identified

by

using

Indelocator

(https://confluence.broadinstitute.org/display/CGATools/Indelocator), as in previous
reports 169 . Identified somatic mutations were annotated for effect of the mutation on
the protein product by using Oncotator, a comprehensive parsing script for mutation
annotation

(https://confluence.broadinstitute.org/display/CGATools/Oncotator).

Each of the above algorithms or scripts was executed within the Broad Firehose
infrastructure (https://confluence.broadinstitute.org/display/ CGATools/Firehose).

4.5.6 Mutational significance assuming uniform background mutation rate
An initial attempt at mutational significance analysis assuming a uniform background
mutation rate was performed by using the per-sample version of MutSig described in
the supplement of Getz et al. 71 .
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4.5.7 Statistical determination of positive selection for nonsilent
mutations
For each gene with at least one observed somatic mutation, the observed mutation
burden score was calculated (see below for three such score definitions). Mutations
were permuted randomly across the gene’s covered base pairs, respecting trinucleotide
context, and the mutation burden score of the randomized instance was calculated. Up
to 108 random instances were generated and scored. The fraction of mutation burden
scores for random instances that was equal to or greater than the observed burden
defined the p value.
(1) Functional mutation burden: mutations were weighted with their Poly-Phen-2
p value 1 . Frameshift indels, nonsense and splice-site mutations, and mutations at a
nucleotide mutated ≥5 times in COSMIC 64 were given a weight of 1. The mutation
with the largest weight was identified in each sample, and the sum of these largest
weights was defined as the functional mutation burden. (2) Synonymous mutation
burden: the number of samples with ≥1 synonymous mutation. (3) LoF mutation
burden: the number of samples with ≥1 nonsense mutation, frame-shift indel, or splicesite mutation. (To increase statistical power, we assessed excess LoF mutation burden
above 2.)
The source code for this method, termed InVEx (for “Introns versus Exons”), is
available at http://www.broadinstitute.org/software/invex/.
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4.5.8 Mutation validation and extension
Mass spectrometric genotyping (Sequenom) on melanoma samples and accompanying
normal tissue was performed as previously described 169,175 . MassEXTEND primers
were designed by using MassARRAY Assay Design Software from Sequenom, Inc. to
generate allele-specific products.

4.5.9 Homology modeling and structural analysis
The structural analysis compared wild-type and P29S mutants of both GDP-bound
apo-RAC1 and GTP-bound RAC1 in complex with the PAK1 Cdc42/Rac interactive
binding (CRIB) domain. Crystallographic models for RAC1 exist for the GTP-bound
state (1MH1) and for a particular Zn-bound trimeric version of GDP-RAC1 (2P2L).
However, a GTP and PAK1 CRIB-bound crystal structure exists for RAC3 (2QME,
97% identical to RAC1 for all residues included in the crystal structure; Supplementary
Figure C.3). GDP-RAC3 has also been crystallized (2G0N). RAC1 and RAC3 structures
are highly similar and superimpose with a root-mean-square distance (rmsd) of 1.1 Å and
0.9 Å for GDP- and GTP-bound forms, respectively. To nonetheless avoid any influence
of local structural distortions due to the Zn-bound trimeric conformation of the GDPRAC1 structure, a homology model of RAC1 was built based on GDP-RAC3, and this
model was compared with a homology model of GTP-RAC1 bound to PAK1 CRIB.
Homology models were built by using SWISS-MODEL 4 .
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4.5.10 Cell culture
Human primary melanocytes (pMEL/hTERT/CDK4(R24C)/p53DD) expressing either
BRAF(V600E) (pMEL-BRAF) or NRAS(G12D) (pMEL-NRAS) have been previously
described 70,159 . HEK293FT cells were obtained from Life Technologies (Grand Island,
NY). All cells were maintained in Dulbecco’s modified Eagle’s medium (Cellgro, Manassas, VA) in 10% heat-inactivated fetal bovine serum (FBS) at 37◦ C in a humidified
5% CO2 atmosphere.

4.5.11 Plasmids
pcDNA3-EGFP-RAC1 (wild-type, T17N, and Q61L) were obtained from Addgene
(plasmids 13719, 13720, and 13721) courtesy of Klaus Hahn 110 .

pcDNA3-EGFP-

RAC1(P29S) was generated by using Quik-Change Lightning Site-Directed Mutagenesis
(Stratagene, Santa Clara, CA) according to the manufacturer’s instruction.

4.5.12 RAC1 activation assay
Equal amounts of pcDNA3-EGFP-RAC1 plasmids were transiently transfected with
Lipofectamine 2000 reagent (Invitrogen), and 48 hr posttransfection RAC1 activation assay was performed according to the manufacturer’s protocol (Cell Biolabs, Inc.). Briefly,
cells growing in monolayers were lysed in 10 cm tissue culture plates, cell lysates were
cleared by centrifugation, and protein concentrations were determined by DC Protein
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Assay (BioRad). Lysates were diluted to equal concentrations, and RAC1 pull- down
assays were performed with equal amounts of protein by using GST fusion proteins containing the PBD of PAK1 coupled to glutathione agarose beads for 1 hr. Pull-downs in
the presence of exogenous GDP/GTPγ S were performed according to manufacturer’s
instructions, followed by Western analysis.
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5
Genome edited, human models of
melanoma pathogenesis

5.1 Abstract
Establishing causal relationships between the many combinations of genetic alterations
apparent in human cancers and the specific phenotypes of malignancy remains a chal-
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lenge.† The most genetically precise experimental models for this task are largely nonhuman. Here, we used genome editing to generate human models of melanoma pathogenesis starting from differentiated, primary human melanocytes. Though melanomas
harbor tens of thousands of mutations, the sequential mutation of three genes at their endogenous loci—CDKN2A, BRAF, and TERT—was sufficient to initiate an early melanoma histopathological phenotype, but no primary tumor growth, following injection into
the dermis of immunodeficient mice. The character of disease progression depended on
the identity of the fourth mutated gene: whereas TP53 loss led to no discernable growth,
PTEN loss triggered slow, amelanotic primary tumor growth, and APC loss caused
slightly faster growth of darkly pigmented primary tumors that frequently metastasized
to visceral organs. Progression to aggressive disease required at least five genetic events:
combined mutation of PTEN and APC as the fourth and fifth events in the setting of
the first three mutant genes produced a rapidly growing, darkly pigmented, metastatic
disease that caused weight loss. Our study shows that precise mutations affecting five
pathways commonly altered in human melanomas—RB (CDKN2A), MAPK (BRAF),
telomerase (TERT), PI3K/AKT (PTEN ), and Wnt (APC)—cooperate in the genesis of
aggressive disease and demonstrates the potential for genome editing of primary human
cells to precisely model the stepwise pathogenesis and cellular behavior of many genetic
tumor subtypes.
†

The material in this chapter and Appendix D is adapted from a manuscript in preparation
by Eran Hodis, John Y. H. Kwon, Labib Zakka, Ayal Hendel, Orit Rozenblatt-Rosen, Martin C. Mihm Jr., Levi A. Garraway, and Aviv Regev.
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5.2 Introduction
Each human cancer has as its root cause a combination of genetic alterations. In aggregate, human cancers harbor seemingly innumerable combinations of genetic alterations
in patterns that likely accord with tissue-specific requirements for malignant transformation 69,187 . While it is generally possible to identify alterations that have undergone
positive selection over the lifetime of a tumor, and while it is often also possible to
categorize altered genes as oncogenes or tumor suppressor genes, what still remains exceedingly challenging is picking out the particular set of genetic alterations responsible
for an observed malignant phenotype. Addressing this challenge would be considerably
easier were it simple to model multiple, precise genetic alterations in healthy human
cells, yet such a technical feat has long been unthinkable. However, recent advances in
genome editing offer an opportunity to approach this problem with a new toolbox that
enables the sequential introduction of mutations in endogenous gene loci in a human
cellular context 97,34,124,54,128,50 .
The lethal skin cancer melanoma provides an illustrative case in point. Melanoma
genome sequencing, mostly of advanced cancers, has revealed a complicated genetic
landscape of somatic alterations. With tens of thousands of mutations per genome and
abundant copy number changes, melanoma ranks among the most mutated of all cancer
types, largely due to sunlight-induced DNA damage 17,2 . Dozens of genes are recognized
as pathogenically mutated in melanoma, making it difficult to describe disease initi-
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ation or progression in terms of a restricted set of genetic events 87,109,174 . Mutation
patterns observed across hundreds of individual human melanoma specimens strongly
hint at three core genetic requirements: [1] activation of the mitogen-activated protein
kinase (MAPK) pathway (~ 90% of melanomas have a mutation in one, and often only
one, of BRAF, NRAS, NF1, KIT, MAP2K1, RAF1, HRAS, or KRAS), [2] activation
of telomerase (~70% of melanomas have one of two specific nucleotide substitutions
in the promoter of TERT, and a recent study reported that an additional ~15% of
melanomas have rearrangements in the TERT promoter), and [3] disruption of the
p16/cyclinD/CDK4/RB pathway (~70% of melanomas have a lesion in one, and generally only one, of CDKN2A, RB1, CDK4, or CCND1) 8,87,109,160,174,89,91,189 . However,
whether genetic alteration of these three functional pathways alone suffices to generate
human melanoma remains an open question. Furthermore, the contributions of an expansive palette of additional mutations, for example those in PTEN, TP53, or APC, to
the phenotypes of genesis or progression of human melanoma remain to be understood.
Which mutations suffice for malignant transformation of a melanocyte? The earliest diagnosed melanomas tend to be small lesions invading the dermis whose cellular
morphology and expression of specific proteins, absent in benign lesions, enable ascertainment of malignancy. Which combinations of mutations enable the growth of the
initial lesion into a large primary melanoma? Which yield accelerated growth? Which
promote metastasis? And which mutations cause systemic manifestations of disease,
such as weight loss?
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Experimental modeling has produced conflicting conclusions regarding the phenotypes conferred by specific sets of melanoma genetic alterations. On the one hand, elegant genetically engineered murine models have demonstrated that Braf V600E paired
with biallelic inactivation of Pten suffices to generate aggressive, metastatic murine
melanoma, which can be exacerbated by an activating mutation in Ctnnb1 42,41 . And,
pairing Braf V600E with a dominant negative, gain-of-function mutation of Trp53 was
similarly shown to initiate murine melanoma 186 . Yet on the other hand, when primary
human melanocytes were made to ectopically overexpress BRAF V600E and dominant
negative TP53 in addition to TERT and constitutively active CDK4 (substituting for
CDKN2A loss), only benign neoplasia resulted 31 . Additional overexpression of the catalytic subunit of PI3K (substituting for PTEN loss) in this human model produced a
malignant, but non-metastatic, transformation, for which BRAF V600E overexpression
was inconsequential and could be withheld. Distinct model liabilities may underlie the
conflicting conclusions: the human overexpression model lacks endogenous control of
expression while the genetically engineered murine models do not mirror the molecular
biology of a human cell.
Genome editing of human cells sidesteps these liabilities. Its potential for modeling human cancer has been demonstrated by generation of colorectal cancer models
starting from human intestinal stem cells 54,128 . These pioneering initial approaches
are however limited: (1) only specific mutations can be introduced, since selection in
these approaches relies on functional equivalence between the introduced mutation and
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a growth factor or chemical compound that is removed from or added to the media
and (2) many cancers do not arise from stem cells, which are already immortal and can
be cultured indefinitely. Genome editing in differentiated primary human cells is more
challenging than in stem cells due to a limited lifespan in culture and a frequent inability to grow single cells into clones. Here, we used genome editing to build a stepwise
series of melanoma models starting from primary human melanocytes. To introduce
each mutation, we delivered genome-editing reagents in vitro and then cultured the
cells until the mutant allele(s) reached near-fixation due to relative fitness advantage,
avoiding chemical selection or single cell cloning (Figure 5.1a). For each subsequent
mutation, we repeated the process. We then phenotypically characterized each mutant
state by observing histologic, immunophenotypic, and growth characteristics following
intradermal injection in immunodeficient mice (Figure 5.1b).

5.3 Results
We first engineered mutations into CDKN2A, BRAF, and TERT. Lesions in these
three genes happen early in melanoma pathogenesis and are exceptionally common,
co-occurring events that have been hypothesized to suffice for malignant transformation 174,160 . After electroporation of Cas9 ribonucleoprotein complex (RNP) targeting
CDKN2A exon 2, the only exon shared by both p16 and p14 protein products, small
insertions and deletions (“indels”) in the gene underwent natural positive selection dur-
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Figure 5.1: Schematic illustration of experimental strategy. (a) Experimental approach used
to sequentially introduce melanoma mutations into the genomes of primary human melanocytes
using CRISPR/Cas9 technology. (b) Layout of experimental introduction of melanoma mutations
with stepwise order indicated by arrows. Number of mutant genes at each step and typical timing
of the mutation in human melanoma are indicated.

ing cell culture from a 55-66% allele frequency at day three to nearly 100% by day 48
(Figure 5.2a). Into these CDKN2A knockout (“C”) melanocytes, we then introduced the
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BRAF V600E mutation by co-delivering Cas9 RNP targeting BRAF exon 15 together
with a homologous DNA donor encoding the V600E mutation. We resorted to recombinant adeno-associated virus (rAAV) to deliver the DNA donor in order to increase the
low editing efficiency over plasmid or single-stranded oligodeoxynucleotide donors (not
shown) 50 . Over roughly 150 days in culture, the BRAF V600E allele increased from a
frequency of 6% at day 3 to nearly 100% at day 155 (Figure 5.2b). Finally, into these
CDKN2A knockout, BRAF V600E mutant (“CB”) melanocytes, we introduced the 124C>T (“C228T”) TERT promoter mutation by co-delivery of Cas9 RNP targeting
TERT exon 1 together with a homologous DNA donor encoding TERT -124C>T. The
-124C>T TERT promoter mutation allele jumped from a stable allele frequency of 3-5%
over the first 30 days in culture to roughly 50% by day 75, and stayed at roughly 50%
for more than 300 days of continuous culture (Figure 5.2c). Engineering the TERT promoter mutation was the most technically difficult of these three mutations, and required
testing 41 different Cas9 guide sequences to identify a potent reagent for making double
stranded breaks near the TERT promoter locus (not shown), possibly due to the locus”s
high G:C content or closed chromatin state 104 . These genetic results demonstrated we
had produced CDKN2A knockout, BRAF V600E mutant, -124C>T TERT promoter
mutant (“CBT”) melanocytes
CBT melanocytes were immortal. Control CB cells that did not receive the TERT
-124C>T mutation exhibited morphological signs of senescence (“fried egg” appearance)
and a significant decrease in division rate by day 100 (Figure 5.2c, and not shown). In
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Figure 5.2: Sequential genome editing of CDKN2A, BRAF V600E, and C228T (124C>T) TERT promoter mutations confers immortality and malignancy to primary human melanocytes. (a-c) Mutations in CDKN2A (‘C’), BRAF (‘B’), and TERT (‘T’) were sequentially edited into the genomes of primary human melanocytes (‘WT’). Allele frequencies of the
edited loci were monitored over time after the introduction of each mutation, in order to obtain a
homogenous genotype. (d) Western blot showing loss of full length p16 and increase in phosphorylated RB after knockout of CDKN2A. (e) Western blot showing expression levels of BRAF V600E
and other members of the MAPK pathway following introduction of the BRAF V600E mutation.
(f) RT-qPCR results demonstrating TERT mRNA expression following introduction of the TERT
C228T (-124C>T) promoter mutation. (g) Representative haemotoxylin and eosin (H&E) and
immunohistochemical images of CBT tumors demonstrating clinically malignant features after intradermal injection into NSG mice and harvesting at 151 days. Insets at bottom-right are two-fold
magnification.
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contrast, CBT cells proliferated normally in continuous culture for more than 1.5 years.
Thus, the combination of CDKN2A knockout, BRAF V600E mutation, and -124C>T
TERT promoter mutation confers replicative immortality upon human melanocytes.
Because the mutant TERT allele stayed at an allele frequency of roughly 50%—
unlike the BRAF and CDKN2A alleles, which selected to 100%—we queried the TERT
genotype of single cells within the CBT population, expecting to observe a heterozygous
population. Instead, all single CBT cells we obtained as clones by sparse plating (n = 8)
had an approximately 100% mutant TERT allele frequency, indicative of homozygosity
and in conflict with the observed 50% allele frequency in the aggregate CBT population.
Taken together with the observation that TERT wildtype CB cells were incapable of
limitless cellular division, the most parsimonious explanation is that the majority of the
aggregate CBT population was indeed heterozygous in the TERT mutant allele, with a
small subpopulation of clonogenic, homozygous cells.
We confirmed that each sequentially introduced mutation leading to the generation
of CBT melanocytes had the expected functional effect. C melanocytes showed loss
of full-length p16 and increased levels of phosphorylated RB (Figure 5.2d), indicating
inactivation of the RB pathway. We could not detect p14 protein or RNA in either wildtype or C melanocytes (not shown). CB melanocytes showed expression of the BRAF
V600E mutant kinase and increased phosphorylation of its substrates MEK1/2, indicating increased MAPK pathway activity (Figure 5.2e). However, we detected no increased
phosphorylation of ERK1/2, the substrates of MEK1/2 (Figure 5.2e), suggesting that
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the increase in MAPK pathway activity is rather minor. Finally, CBT melanocytes
showed detectable TERT mRNA, whereas CB cells showed none (Figure 5.2f), indicating that the -124C>T TERT promoter mutation is sufficient to activate telomerase in
this cellular context. These results confirmed that the engineered mutations had resulted
in dysregulation of the RB pathway, the MAPK pathway, and telomerase expression in
primary human melanocytes.
There are two highly recurrent mutations in the TERT promoter in human melanoma
that occur in a mutually exclusive pattern 91,89 , and our CBT cells harbored one of them:
-124C>T. Therefore we tested whether the other TERT promoter mutation, -146C>T
(“C250T”), could substitute for -124C>T in triggering TERT mRNA expression and
conferring replicative immortality to CB cells. After genome editing of CB melanocytes,
the -146C>T TERT promoter mutation rose in allele frequency from 5% at day 36 to
stabilize at roughly 50% by day 75 (Supplementary Figure D.1a). We detected TERT
mRNA in these CBT-146 melanocytes, but at lower levels than in CBT melanocytes
(Supplementary Figure D.1b), in line with prior observations made in patient-derived
melanomas 174 . Nevertheless, CBT-146 melanocytes were continuously grown in culture
for over 270 days (not shown), while CB cells that had received a control DNA donor
sequence senesced well beforehand. These results confirm that either of the two recurrent
TERT promoter mutations is sufficient to activate TERT expression and immortalize
CB melanocytes.
CBT melanocytes were malignant. We injected CBT cells into the dermis of immun-
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odeficient mice to assay for malignant transformation. Over 67-69 days, no primary
tumor growth was detectable (Figure 5.3h [n = 4], Figure 5.3m [n = 8]); however, upon
tissue harvest, small nodules could be seen at the injection sites. Histologic and immunophenotypic evaluation of these nodules confirmed the presence of melanoma cells
(Figure 5.2g, 5 of 6 tumors): three most closely resembled metastatic melanoma, one resembled a melanoma arising in a nevus (a mole), one showed a few large malignant cells
in the context of a congenital nevus, and one showed a dermal nevus with senescence.
Over a longer time course of 150 days, a small tumor (up to 14 mm3 ) did occasionally become apparent at the injection site prior to tissue harvest (7 of 12 injections,
Figure 5.3m [n = 8] and not shown [n = 4]). These tumors most closely resembled
metastatic melanoma by dermatopathologic evaluation (Figure 5.2g, 3 of 3 examined).
Thus, in contrast to previously reported observations in an ectopic expression human
cell model 31 but in line with observations in human melanoma 160 , melanocytes with
common melanoma mutations in the endogenous loci of CDKN2A, BRAF, and TERT
displayed phenotypic characteristics of early melanoma.
We next engineered single knockouts of PTEN (“P”), TP53 (“3”), and APC (“A”)
in CBT melanocytes to explore if a fourth mutation in a tumor suppressor gene could
elicit disease progression. PTEN is deleted or mutated in ~20% of melanomas, TP53
is mutated in ~10-15% of melanomas, and APC shows loss-of-function mutations in
only ~1-2% of melanomas but ~30% of melanomas activate the Wnt pathway likely
by diverse and individually infrequent mechanisms 176,87,152,199,157,174 . BRAF V600E
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Figure 5.3: Loss of either PTEN or APC, not TP53, advances melanoma progression..
(a,f,k) Mutation of either PTEN, TP53, or APC, respectively, in CBT melanocytes and monitoring of mutant allele frequency over time. (b,g,l) Demonstration of relevant pathway activation following gene mutation. (c,h,m) Plot of primary tumor growth following intradermal injection of
mutant cells into immunodeficient mice. (d,i,n) Representative image of mouse backs and flanks
at harvest, following intradermal injection of mutant cells. (e,j.o) Representative images of H&E
stained tissue sections of primary tumors. Insets are two-fold magnifications.

melanomas tend to harbor PTEN alterations (~40% of them), but otherwise no comutation pattern among PTEN, TP53, and APC (or Wnt pathway activation) has
emerged in human melanoma 87,174 . In each case, indels in the fourth gene underwent
positive selection in culture, reaching a near 100% mutant allele frequency by no more
than 70 days (Figure 5.3a, f, k). We confirmed that each knockout had the expected
effect on the relevant functional pathway by observing increased phosphorylation of
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AKT (PI3K/AKT pathway), loss of p21 (p53 pathway), and increased AXIN2 mRNA
(Wnt pathway) in CBTP, CBT3, and CBTA cells, respectively (Figure 5.3b, g, l).
A fourth genetic alteration caused a large variation in disease progression that depended on the identity of the affected gene. CBTP melanocytes formed slowly growing,
amelanotic tumors in mice (Figure 5.3c, d) that formed a small number of lung metastases by day 151 (Fig 4K, L). CBT3 cells did not produce visible tumors over a period
of roughly 60 days, although by day 69, a few injection sites (3 of 16) began to show
small tumors (up to 14 mm3 , Figure 5.3h, i). Finally, CBTA cells initially formed
darkly pigmented, macular (flat) lesions that advanced to slowly growing, darkly pigmented tumors, with a faster growth rate compared to CBTP tumors (Figure 5.3m, n,
Figure 5.3c). CBTA cells readily metastasized to the lung and liver (awaiting data, but
gross metastases were visible Figure 5.4k, l), two common sites of melanoma metastasis,
and other visceral organs by day 111. In all examined cases, histologic and immunophenotypic features most resembled those of metastatic melanoma (4 of 4, CBTP; 4 of
4, CBT3; awaiting CBTA data). These results contradict observations in genetically
engineered mouse models where a Braf V600E, Pten -/- genotype caused rapidly lethal,
pigmented tumor growth, and Braf V600E, Ctnnb1-STA (stable, constitutively active
Wnt signaling, perhaps similar to APC loss) caused slowly growing, pigmented tumors
that did not metastasize to distant organs 41,42 . Our findings suggest that loss of APC
causes more potent progression of human melanoma than loss of either of the more
commonly mutated genes PTEN or TP53, in the setting of mutant CDKN2A, BRAF,
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and TERT.
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Figure 5.4: Knockout of APC in CBTP melanocytes leads to aggressive diease. (a,f) Mutation of either TP53 or APC, respectively, in CBTP melanocytes and monitoring of mutant allele
frequency over time. (b,g) Demonstration of relevant pathway activation following gene mutation.
(c,h) Plot of primary tumor growth following intradermal injection of mutant cells into immunodeficient mice. Asterisk indicates the death of one mouse due to tumor ulceration. (d,i) Representative image of mouse backs and flanks at harvest, following intradermal injection of mutant cells.
(e,j) Representative images of H&E stained tissue sections of primary tumors. Insets are two-fold
magnifications. (k) Tallies of number of observed metastatic lesions on histopathological examination of lung sections harvested from mice injected with the indicated mutant cells. (l) Tallies
of number of observed metastatic lesions on histopathological examination of liver sections harvested from mice injected with the indicated mutant cells. (n) Aggregate data from several mouse
xenograft studies showing percentage change in mouse weight relative to baseline weight over time,
minus primary tumor weight (estimated as 1 g / cm3 ). Asterisk on CBTPA curve indicates the
death of one mouse due to tumor ulceration.

Introducing yet a fifth mutation finally led to truly aggressive disease. We engineered
single knockouts of TP53 (“3”), and APC (“A”) into CBTP melanocytes, electing to
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proceed with CBTP melanocytes because of the high prevalence of PTEN alterations
in melanoma (~20%) 174 . Indels in TP53 rose over time in culture to an allele frequency
of close to 100% (Figure 5.4a), and indels in APC stayed at a stable allele fraction of
roughly 75-85% (Figure 5.4f). We confirmed expected downstream pathway activation
in CBTP3 and CBTPA cells by loss of p21 protein and increase in AXIN2 mRNA levels,
respectively (Figure 5.4b, g).
CBTPA melanocytes demonstrated aggressive growth characteristics while CBTP3
melanocytes showed only a modest increase in tumor growth rate. Tumors formed
by CBTP3 melanocytes only grew larger than those formed by CBTP control tumors
starting around day 50 (Figure 5.4c, d). On the other hand, by day 36, mice that
had received CBTPA melanocytes already required euthanization due to primary tumor burden (Figure 5.4h, i). Of note, the APC indel allele fraction in these tumors
reached ~100% (6 of 6 examined tumors). CBTPA tumors were all darkly pigmented
(Figure 5.4i) while CBTP3 tumors were largely amelanotic (Figure 5.4c) except for
occasional darkly pigmented internal sectors (not shown). Both genotypes resembled
melanoma by histologic and immunophenotypic features (awaiting data for CBTPA; 4
of 4, CBTP3) and CBTPA tumors showed increased staining for the melanocyte lineagespecific transcription factor MITF, whose expression is known to be regulated by the
Wnt pathway (Supplementary Figure D.2).
Along with rapid primary tumor growth, CBTPA melanocytes manifested further
characteristics of aggressive disease. CBTPA melanocytes readily metastasized to vis-
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ceral organs, with numerous metastases visible in the lungs and liver by day 36 (Figure 5.4k, l). Moreover, CBTPA melanocytes caused rapid-onset weight loss, apparent
almost immediately after xenograft injection (Figure 5.4m). Together with our earlier
observations of frequent metastasis in the CBTA model, our findings point to loss of
APC as an important cause of metastatic disease in this genetic context, likely due
to Wnt pathway activation and consistent with recent observations in patients with
metastatic melanoma 157 . Furthermore, our results suggest that the CBTPA combination of mutations in human melanocytes suffices to cause an aggressive, metastatic
malignancy with systemic manifestations of disease.

5.4 Discussion
Our work answers several of the questions we set out to address. We have shown
that malignant transformation of differentiated primary human melanocytes can be
caused by precise mutations in the endogenous loci of CDKN2A, BRAF, and TERT,
which satisfies the putative genetic requirements for melanoma formation—activation
of the RB pathway, the MAPK pathway, and telomerase activity. Slow growth of a
large primary tumor can then be triggered by further mutation of either PTEN or
APC as the fourth mutation. APC knockout causes both distant metastasis and dark
pigmentation, and its further combination with PTEN knockout as the fourth and fifth
mutations produces aggressive disease with rapid tumor growth, distant metastasis, and
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rapid-onset weight loss. Pathogenesis of certain aggressive human melanomas may thus
depend on as few as five altered pathways: RB (CDKN2A), MAPK (BRAF), telomerase
(TERT), PI3K/AKT (PTEN ), and Wnt (APC), despite the highly deranged nature of
most human melanoma genomes.
Estimation of how many melanomas demonstrate dysregulation of at least these five
pathways is a challenge given current data, but under the assumption that nearly all
melanomas might in some form or another dysregulate the RB, MAPK and telomerase
pathways, that roughly 40% of melanomas have activated the PI3K/AKT pathway
(~20% through PTEN loss and ~20% through activating mutations in NRAS) and that
roughly 30% have Wnt activation (determined by nuclear localization of β-catenin), then
as many as 12% of human melanomas might fall in this category 174,152 .
Regardless of the incidence of melanomas driven by these five pathways, our work
establishes a model where a minimal set of mutations is known to cause an aggressive
melanoma phenotype, and, therefore, permits a search for additional such sets of mutations. For example, could NRAS substitute for both BRAF and PTEN in this model?
Could a non-Wnt pathway gene be found to substitute for APC? And, does it matter
if the order in which the mutations are introduced is changed? Beyond permitting the
exploration of additional sets and sequences of mutations, our genome engineered human models of melanoma establish a cellular resource that can be leveraged in many
directions, including for comparative molecular studies, genetic vulnerability screening,
investigation of the influence of genotype on tumor microenvironment, and searching
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for mutation-specific interactions with the immune system in humanized mice.
Genome editing enables efforts to engineer a cancer from healthy cells. Our work
demonstrates that it is possible to do so starting from differentiated, primary human
cells. Such genome edited human models advance knowledge of the genetic basis of
human malignancy by ascribing causation of malignant phenotypes to defined sets of
genetic alterations and allowing for their further study in isogenic human models of
disease.

5.5 Methods
5.5.1 Cell culture
Primary human melanocytes were purchased from Thermo Fisher and maintained in
M254 media (Thermo Fisher, Cat. 5254500) supplemented with human melanocyte
growth supplement (Thermo Fisher, Cat. S0025). Cells were cultured at 37◦ C, 5%
CO2 , and 5% O2 .

5.5.2 Genome editing
Cas9 protein, tracrRNA, and crRNAs (“guides”) were purchased and prepared according
to manufacturer’s instructions (IDT). To generate RNP complexes, 3-6 ug Cas9 and 45
pmol previously annealed crRNA:trRNA were incubated together for 10 minutes at 25◦ C
before delivery by electroporation. For targeting CDKN2A, two crRNAs were mixed at
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a molar ratio of 1:1 (22.5 pmol crRNA #1 : 22.5 pmol crRNA #2) and incubated with
3 ug Cas9.
Electroporation was performed using the Lonza Nucleofector 4D System (Program:
EO-208) and P3 Primary Cell Nucleofector Kit (Lonza), according to manufacturer’s
instructions. After electroporation, cells were incubated with 80 uL of warm media
for 10 minutes at 37◦ C to enhance recovery and were directly transferred into a tissue
culture plate. When introduction of DNA donor template was required, cells were
transduced with rAAV (MOI = ~100-10000 genome copies per cell) immediately upon
plating. Cells were incubated at 30◦ C for 48 hours to improve genome editing efficiency.

5.5.3 Generation of recombinant adeno-associated virus for DNA
donor delivery
A 1.8 kb DNA donor template homologous to the BRAF exon 15 locus was designed,
centered on amino acid 600, with left and right homology arms of roughly 900 bp each.
This template harbored the V600E (T>A) mutation and a S607S (TCC>AGT) silent
mutation to prevent targeting by Cas9.
A 1.8 kb DNA donor template homologous to the TERT promoter and exon 1 locus
was designed, roughly centered on the TERT transcription start site, with left and right
homology arms of approximately 900 bp each. Three variants of this DNA donor were
designed, all harboring a C7C (C>T) silent mutation in exon 1 to prevent targeting
by Cas9: (1) harboring the -124C>T TERT promoter mutation, (2) harboring the
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-146C>T TERT promoter mutation, and (3) wildtype in the TERT promoter sequence.
All DNA donor templates were synthesized (GeneWiz) and cloned into a standard
recombinant adeno-associated virus (rAAV) transfer plasmid backbone, between the
inverted terminal repeats (ITRs). rAAV2/6.2 was produced, purified, and titered either
through previously published methods 147 or by external supplier (Massachusetts Eye
and Ear Institute Viral Vector Core).

5.5.4 Targeted amplicon sequencing
DNA was extracted using QuickExtract DNA Extraction Solution following recommended guidelines (Epicentre). Target genomic loci were amplified using gene-specific
primers that included universal handles for later attachment of barcoded Illumina adaptors using an additional round of PCR. An additional first round of PCR using primers
outside the DNA donor was included when necessary to discriminate between genomic
DNA and transduced homologous DNA donor templates. All PCR products were run
on an agarose gel, extracted using the MinElute Gel Extraction Kit (Qiagen), quantified by Qubit (Thermo Fisher), and pooled for sequencing on the Illumina MiSeq
System. Sequencing data was demultiplexed by barcode, aligned to the expected amplicon sequence using the Needleman-Wunsch algorithm (“needle”, EBI), and reads were
individually assessed for harboring either indels, precise desired mutations (if relevant),
or wildtype sequence.
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5.5.5 RT-qPCR
Total RNA extraction from cultured cells and reverse transcription were performed using
the RNeasy Plus Mini Kit (Qiagen) and SuperScript VILO Master Mix Kit (Thermo
Fisher) according to manufacturer’s instructions. TaqMan qPCR probes were purchased
from Thermo Fisher to assess expression levels of TERT (HS00972650_m1), AXIN2
(HS00610344_m1), GAPDH (HS99999905_m1), and ACTB (HS03023943_g1).
Relative expression changes for AXIN2 were determined using the δδCt method. Absolute quantification of TERT and ACTB mRNA transcripts was performed by comparison to standard curves generated using pLX304-hTERT and pDONR223-ACTB
plasmids. Each experimental sample and standard was run in triplicate using the TaqMan Fast Advanced Mastermix (Thermo Fisher) on the QuantStudio 6 Flex Real-Time
PCR System (Thermo Fisher) following manufacturer’s guidelines.

5.5.6 Immunoblotting
Protein extraction and immunoblotting were performed as described previously 192 .
Cells were lysed using RIPA Lysis and Extraction Buffer supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher).
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5.5.7 Mouse xenograft studies
All mouse procedures were performed under the guidelines and approval of the Massachusetts Institute of Technology Committee for Animal Care (MIT CAC) under protocol 0036-01-15. Four to six week old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
(NSG) mice were purchased from the Jackson Laboratory and housed under specificpathogen free conditions at the Broad Institute of MIT and Harvard’s Viviarum. Each
mouse received two intradermal injections (1 × 106 cells resuspended in 50 uL of media
per injection), one in each flank. All control and experimental groups were performed in
replicates of n = 4−8. Body weight and tumor size were assessed twice per week. Tumor
volumes were calculated using the ellipsoid volume formula (W idth2 × Length)/2).

5.5.8 Histopathology and immunohistochemistry
After euthanizing the mice, solid tumors and visceral organs were collected and fixed
with 10% formalin (Patterson Veterinary) for 24 hours. Samples were subsequently
transferred into 70% ethanol and submitted to the Hope Babette Tang (1983) Histology
Facility at the Koch Institute of MIT for for paraffin embedding, H&E staining, and
IHC and were subjected to blinded dermatopathological review. Metastatic lesions in
lung and liver sections were counted manually.
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Supplementary information for Chapter 2

A.1

Supplementary methods

A.1.1 Sample attributes, DNA preparation, and quality control
Description of the clinical cohort
All of the melanoma samples were collected under an IRB approved protocol, and informed consent was obtained from all subjects. The 25 melanoma samples that were
subjected to Illumina sequencing came from metastatic tissue surgically excised and
histopathologically reviewed at the Medical University of Vienna, as described previously 99,70 . Associated clinical information for these samples is provided in Supplementary Table A.1. The validation and extension panel that was subjected to capillary sequencing of PREX2 consisted of an additional 45 metastatic melanomas from the same
Vienna cohort as well as 62 patient-derived melanoma short term cultures obtained at
the German Cancer Research Center (Deutsches Krebsforschungszentrum, DKFZ), as
described previously 180 . Associated clinical information for these samples is provided
in Supplementary Table A.10. All normal DNA was obtained from patient matched
blood samples. Genomic DNA from tissues was extracted using DNeasy Tissue Kit
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(Qiagen, Valencia, CA). Genomic DNA from short term cultures was extracted using
the Puregene DNA purification kit (Gentra Systems, Minneapolis, MN).

Quality assessment of DNA and tumor
All DNA samples (tumor and germline) were evaluated for several quality criteria prior
to Illumina sequencing. DNA concentration was measured using PicoGreen® dsDNA
Quantitation Reagent (Invitrogen, Carlsbad, CA). Samples less than 60 ng/µl were concentrated by ethanol precipitation and re-suspension, as required for Illumina library
construction. Structural integrity of DNA was monitored by gel electrophoresis, and
degraded samples were removed from consideration. To ensure that each tumor and
germline DNA pair was derived from a single individual, the identities all DNA samples were confirmed by mass spectrometric fingerprint genotyping of 24 common SNPs
(Sequenom, San Diego, CA).
The 25 DNA pairs subjected to whole genome shotgun (WGS) sequencing were selected according to quantitative estimates of tumor purity and ploidy as inferred from
SNP microarrays. Tumor DNA was hybridized to genome-wide human SNP microarrays (Affymetrix SNP Array 6.0) and analyzed as described previously 172 . We fit the
observed allele-specific copy number levels to a model dependent on the tumor purity
and average ploidy using a novel algorithm, ABSOLUTE 23 . We then calculated the
“allelic index” for each tumor, indicative of the fraction of sequence reads expected to
harbor the non-reference allele for a somatic mutation existing at a single copy per
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nucleus; we required an allelic index >0.1 for WGS. All melanomas subjected to WGS
sequencing exhibited a purity of >20%, as indicated in Supplementary Table A.1.
DNA sample pairs submitted for capillary sequencing of PREX2 were prepared by
whole genome amplification (WGA) of the native material and were also confirmed by
fingerprint genotyping as described above.

A.1.2 Sequence data generation and processing
We sequenced the complete genomes of 25 melanoma tumor/normal pairs according to
the manufacturer’s protocols (Illumina, San Diego, CA) and as described previously 18,24 .
A summary is provided below.

Whole genome shotgun (WGS) and exon capture library construction
For whole genome shotgun (WGS) libraries, 3 µg of native DNA from each tumor and
germline sample was sheared using the Covaris E210 instrument (Covaris, Woburn,
MA) to a range of 100-700 base pairs. The resulting DNA fragments were end-repaired,
phosphorylated, and adenylated at the 3’ ends. Standard paired end adaptors were
ligated to both ends, and fragments were purified by gel electrophoresis (4% agarose, 85
volts, 3 hours) and size selected by gel excision of two bands (500-520 bp and 520-540 bp).
Purified fragments were enriched by PCR amplification (10 cycles). This produced two
WGS libraries for each sample, with inserts averaging 380 bp and 400 bp, respectively.

120

Qiagen Min-Elute columns were used for DNA purification and clean-up after each step.

Illumina sequencing
Sequence libraries were quantified by qPCR to determine the concentration of fragments with properly ligated adapter, and libraries were normalized to 2 nM. For ME009,
ME012, ME015, ME032 and ME045, cluster amplification was performed according to
Illumina’s protocols using v2 chemistry and v2 flowcells. We performed paired-end sequencing on the Illumina Genome Analyzer II using v3 sequencing-by-synthesis kits and
the Illumina v1.3.4 analysis pipeline. For the remaining 20 sequenced genomes, cluster
amplification was performed according to Illumina’s protocols using v3 chemistry and
v3 flowcells. We performed paired-end sequencing on the Illumina HiSeq 2000 using v3
sequencing-by-synthesis kits and the HCS 1.1.37.8 and HCS 1.4.5 analysis pipelines.
WGS libraries were sequenced as 2

101 bp pairs, resulting in an average haploid

coverage of 58x for each tumor genome and 32x for each germline genome. Tumors
ME009, ME012, ME015, ME032, and ME045 were sequenced to an average of 30x
haploid coverage, while the other 20 cases were sequenced to an average of 65x haploid
coverage.

Data processing pipeline (Picard)
Pre-processing, alignment, and post-filtering of Illumina sequence data was performed using the “Picard” pipeline developed by the Broad Institute Sequencing
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Platform.

Individual tools in the Picard pipeline are available for download at

http://picard.sourceforge.net/.
The

output

of

Picard

is

a

single

BAM

file 119

(http://samtools.sourceforge.net/SAM1.pdf) storing sequences, base quality scores,
and the corresponding alignment information for all read pairs from a given sample.
Read pairs were aligned to the human genome (hg19) using BWA. Base quality scores
initially reported by the Illumina pipeline were recalibrated based on the read-cycle,
the lane, the flow cell tile, the base in question, and the preceding base.

(The

original quality scores are kept in the BAM file in the OQ tag for each read.) This
recalibration method was developed in collaboration with the Broad Institute’s Medical
and Population Genetics group as part of the Genome Analysis Tool Kit 129 (GATK;
http://www.broadinstitute.org/gatk).

Data from separate lanes and libraries are

aggregated to a single sample-level BAM file, with lane and library identifiers captured
in the read group tag and the BAM header. Artifactual molecular duplicates are
identified based on the mapping position of read pairs and flagged to indicate artifacts
of PCR amplification. BAM files may be loaded directly and viewed in the Integrative
Genomics Viewer 154 (http://www.broadinstitute.org/igv).

A.1.3 Identification of somatic mutations
The Cancer Genome Analysis group at the Broad Institute has developed the “Firehose” pipeline to process the “flood” of tumor and normal sequence data emerging from
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massively parallel sequencing projects in cancer. This analysis includes (but is not limited to) data quality assessment, identification of somatic point mutations and indels,
discovery of somatic structural rearrangements and breakpoints, and identification of
genes significantly mutated across many tumors. These analyses are described below.
Firehose manages the collection of analysis tools, their respective input and output files,
and the overall workflow (Voet D. et al., unpublished). Firehose uses GenePattern 149
as its execution engine, ensuring control of parameters and versions and that the analysis results are reproducible. The following analyses were performed, as also described
elsewhere 18,24 .

Quality control and identity checks
Quality control checks were performed on the sequence data from each Illumina flow
cell lane to (1) confirm sample identity and (2) prevent mix-ups between the tumor and
normal samples for the same individual.
To confirm that the sequence data matched their corresponding patient, base calls
were compared to independent genotypes obtained from either Affymetrix SNP 6.0 microarrays 107 or the genetic fingerprint at 24 common SNPs described above (Sequenom).
For samples where SNP array experiments had been performed (including 24/25 WGS
tumor/normal pairs), homozygous non-reference genotypes were compared to the observed bases at the corresponding genomic positions for each separate lane. Illumina
lanes with <95% concordance were removed from the BAM files and excluded from
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the analysis. If no SNP array experiment was performed, as was the case for certain
exon capture samples, baits targeting the 24-SNP footprint were spiked into the hybrid selection reaction, and concordance between the Illumina and Sequenom data was
established for these positions.
To identify possible mix-ups between the tumor and normal samples for the same patient, we determined the copy number profile of each lane using the depth of coverage in
genomic windows. For sample pairs where SNP array experiments had been performed,
we compared the tumor’s microarray-based copy number profile to the sequence-derived
copy number profile for each Illumina lane of tumor and normal DNA. Tumor lanes that
did not match the expected profile, and normal lanes that deviated from the expected
flat profile, were excluded. For all other sample pairs, we confirmed that each tumor lane
harbored a greater number of copy number alterations than its corresponding normal
lane.
For WGS samples, we performed an additional quality check based on the observed
insert size distributions. Each sequencing library has a characteristic insert size distribution with a precisely defined mean and standard deviation. Illumina lanes whose
insert size distribution did not match the corresponding distributions for the other lanes
harboring the same sequencing library were excluded.
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Local realignment around indels
Due to the presence of somatic and germline indels with respect to the reference genome
(hg19), we performed a multiple sequence alignment for each set of reads in the vicinity
of a putative indel site along the genome. Putative indel sites were denoted based
on the presence of gaps and/or consecutive mismatches in individual reads.

This

“cleaning” process removed spurious mismatches at the ends of reads due to incorrect ungapped alignments, and it ensured that all reads mapping to the same locus
harbored the same read structure. This analysis was performed for each tumor and
normal BAM file using the local realignment module of the Genome Analysis Tool Kit
(http://www.broadinstitute.org/gatk).

Identification of base pair substitutions
Following local realignment, somatic base pair substitutions were identified using a
novel algorithm developed by the Cancer Genome Analysis group of the Broad Institute, called muTect 32 . First, reads with low quality scores and/or many mismatches
are eliminated in a pre-filtering step. Second, candidate somatic mutations are identified based on a confidence score indicating the presence of the variant in the tumor
and absence in the normal sample. Third, candidate mutations are subject to a set of
empirical filters, including a strand filter that requires that the orientations of reads
harboring the variant allele and the orientations of all reads mapping to the locus ex-
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hibit similar distributions. Finally, mutations are annotated according to their genomic
region (e.g., exon, intron, promoter, intergenic region), amino acid change, and protein
change. All predicted somatic base pair substitutions from WGS sequencing are listed
iSupplementary Table A.3 and Supplementary Table A.4.
muTect utilizes a Bayesian statistical framework to compare the probabilities of generating the observed sequence data given underlying reference or non-reference genotypes 32 . Two LOD scores (log odds) are calculated for each sample pair at a given
position: one expressing the likelihood that the tumor is non-reference and the other
expressing the likelihood that the normal is reference. (Each LOD score is calculated
based on the local sequence coverage, observed allele counts, and base quality scores for
the reads mapping to that genomic position.) The tumor LOD score and normal LOD
score are compared to separate cutoffs reflecting the prior probabilities of false positives
in the tumor (variants called somatic that are actually germline) and false negatives in
the normal.
Given the high mutation rates observed in these melanomas, it is impractical to
validate all candidate mutations. However, we can infer a specificity of 95% for mutation calling based on independent validation results presented in several published and
unpublished studies that utilized the same mutation calling strategy. Overall, 11,023
candidates have been tested at the Broad Institute, 10,434 of which have been validated 18,24,190,169,7,173 .
We reviewed rejected muTect calls at base pairs coding for BRAF V600 and NRAS
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Q61, given the known recurrent mutations at these loci. Four tumor samples (ME007,
ME029, ME037 and ME041) for which our algorithm did not detect BRAF codon 600
mutations nonetheless showed sufficient evidence for the mutant alleles in the tumor
sample by manual inspection (these had been rejected due to insufficient coverage in
the normal sample). The presence of somatic mutations resulting in BRAF V600E in
ME007, ME029, ME037 and ME041 was also confirmed independently by whole exome
sequencing (data not shown).

Identifying significantly mutated genes
Global mutation rates for the 25 melanomas subjected to WGS sequencing were calculated for “covered” base pairs (i.e., at least 14 reads overlapped the position in the tumor
and at least 8 reads overlapped the position in the normal). Genes with observed somatic mutation rates greater than expected by chance represent candidate driver genes
in melanoma.
Significantly mutated genes were identified using the MutSig algorithm 113 based
partly on methods published elsewhere 172,51 . The mutations observed in each gene were
divided into categories of different mutation contexts: (1) C>T in context 5′ [T]C[N]3′ ,
(2) C>T in context 5′ [A/C/G]C[N]3′ , (3) A>G in context 5′ [N]A[N]3′ , (4) any transversion and (5) any indel, nonsense or splice site mutation. For each gene, we calculated
the probability of obtaining the observed set of nonsilent mutations (or a more extreme
one) given the background mutation rates calculated per-tumor and given the observed
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number of synonymous mutations per-gene (as a measure of gene-specific background
mutation rates), based on the algorithm as described previously 71 . P -values were converted to Q-values according to the Benjamini-Hochberg procedure for controlling False
Discovery Rate (FDR). Significantly mutated genes (Q < 0.01) are displayed in Table 2.1.

Identification of short insertions and deletions
Following local realignment around putative indel sites (see above), candidate indels
were predicted from the tumor BAM file based on the fraction of reads mapping to
the locus that support the insertion or deletion. Candidates were discarded if the supporting reads exhibited low base quality scores and/or exceeded a threshold number of
mismatches. Somatic and germline events were distinguished based on the presence of
supporting reads in the normal BAM file. A version of this algorithm has been adopted
into the Genome Analysis Tool Kit 129 (http://www.broadinstitute.org/gatk). In other
projects, our method has exhibited a high and variable false positive rate (up to 40%)
based on independent validation experiments (Sequenom). While consistent with other
groups, this is not nearly as accurate as our method for detecting single base substitutions. However, visual inspection of candidate indels using the Integrative Genomics
Viewer 154 (http://www.broadinstitute.org/igv) has been a highly successful means to
eliminate the vast majority of false positive calls. Therefore, we manually reviewed
all indels predicted within protein coding exons, and we report our high confidence
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candidates in Supplementary Table A.6.

Identification of chromosomal rearrangements
Candidate chromosomal rearrangements were identified from the observation of multiple discordant read pairs using dRanger 52 . Discordant read pairs are defined as those
that map to different chromosomes or on the same chromosome in different genomic
positions (>600 bp apart, depending on the average insert size in the sequenced DNA
library) or in improper orientations (i.e., on opposite strands out of order or on the
same strand). Based on the mapping positions and orientations of the supporting read
pairs, events were annotated as interchromosomal, long range intrachromosomal (>1
megabase apart), inversions, deletions, or tandem duplications. Candidate rearrangements supported by clusters of discordant read pairs were removed if there were also any
supporting read pairs in the corresponding matched normal and/or in a panel of additional normal genomes sequenced at the Broad Institute. A quality score from 0 to 1 was
calculated for each candidate rearrangement based on: (1) the fraction of nearby reads
with a mapping quality of zero; (2) the number and diversity of other discordant pairs
near these breakpoints; (3) the standard deviation of the mapping positions of the supporting read pairs. Each candidate rearrangement was assigned an overall score equal
to the number of supporting read pairs multiplied by this quality score. Events with
an overall score greater than or equal to 4.0 were considered high confidence and are reported in Supplementary Table A.7. The CIRCOS program was used to visualize intra-
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and interchromosomal rearrangements in Figure 2.2a (http://mkweb.bcgsc.ca/circos).
Breakpoints were further categorized as intronic, exonic, or intergenic according to
RefSeq gene annotations. Events with 2 intragenic breakpoints were annotated as to
whether they were consistent with a gene fusion and whether it would be in-frame or
out-of-frame.
Approximate locations of rearrangement breakpoints were determined based on the
boundaries of the reads in discordant read pairs at each locus. When possible, breakpoints were mapped precisely to base pair resolution using BreakPointer 52 . Individual
reads spanning the fusion point were identified from read pairs where one read mapped
wholly on one side of the breakpoint and the mate pair was partly mapped or failed to
align anywhere. These partly mapped and unmapped reads were subjected to a modified
Smith-Waterman local alignment with the ability to jump between the two reference
sequences. This procedure enabled the identification of the most probable fusion point.
Using BreakPointer, we mapped the precise breakpoints for 73% of events.
We observed a dense clustering of rearrangement breakpoints near ETV1 and PREX2
in acral melanoma ME032 (Figure 2.2b,c). We manually reviewed the sequence data at
these loci and detected additional candidate rearrangements that did not meet our criteria for high-confidence events in dRanger. Candidates that were validated by multiplex
PCR and 454 sequencing (discussed below) are depicted in Figure 2.2b and 2.2c.

130

A.1.4 Experimental validation of structural alterations
PCR and massively parallel sequencing of structural rearrangements
As discussed elsewhere 18 , rearrangements predicted by dRanger were validated
in a process involving PCR followed by massively parallel sequencing.

PCR

primers spanning each chimeric fusion junction were designed using Primer 3
(http://frodo.wi.mit.edu/primer3) to produce amplicons approximately 300-350 bp long.
PCRs were performed on whole genome amplified DNA from both tumor and normal
specimens. PCR products were pooled at normalized concentrations following quantitation by a NanoDrop spectrophotometer (Thermo Scientific). (For normal DNA
products, we used the same volumes as calculated for the corresponding tumor DNA
products.) Matching tumor and normal products were placed in separate pools. Sequencing libraries were prepared from each pool and sequenced in separate regions of
a 454 Genome Sequencer FLX System (454 Life Sciences, Branford, CT). A rearrangement was judged to be somatic if the predicted chimeric product was detectable in tumor
DNA and not normal DNA. Out of 371 predicted rearrangements tested, we confirmed
319 as somatic (86%). However, we estimate that the overall sensitivity of the PCR validation assay is only 85-90%. (In 24/209 cases where we designed two different primer
pairs, only one successfully amplified the chimeric product.) Thus, the true accuracy of
dRanger predictions is close to 100%.
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Fluorescence in situ (FISH) for PREX2 amplification
The detection of PREX2 rearrangements in archival formalin-fixed paraffin embedded
sections (4-5 µm), as shown in Figure 2.2d, was performed by using a break-apart probe
set that spans the entire PREX2 gene locus. The probe set consists from DNA of
the following BAC clones: RP11-252K16, RP11-953G20, RP11-78H16, and RP11-463I8
labeled red (SpectrumOrange), RP11-984M8, RP11-66P19, and RP11-728C12 labeled
green (SpectrumGreen) by nick-translation (Abbott Molecular). An interphase FISH
analysis was performed as described previously18 with a few modifications. Briefly,
tissue sections were baked in a dry oven at 65°C for 30 minutes and subsequently deparaffinized. The sections were further processed through successive treatments in order
to reduce auto-fluorescence: 70% alcohol/ammomia for 20 minutes followed by sodium
borohydride for 40 minutes. Slides were then washed, tissue was treated with proteinase
K, and DNA was denatured 80°C for 10 minutes. Pre-hybridization was performed at
37°C in 50% formamide / 2X SSC for 15 minutes followed by hybridization with 1 µg
probe for 18 hours at 37°C in a humidified chamber in the dark. Posthybridization
washes were conducted at 42°C on a shaker in the dark as follow: 50% formamide / 2X
SSC for 20 minutes, and 2X SSC and 0.5X SSC for 15 minutes each. After a brief wash
with PBS, slides were counterstained with DAPI and mounted with Antifade (Abbott
Molecular). Image data were acquired using an E8000 microscope (Nikon) and analyzed
with FISHView software (Applied Spectral Imaging).
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To verify the PREX2 amplification as shown in Supplementary Figure A.5, FISH
was performed using a probe that spans the entire PREX2 gene locus, consisting of
the following BAC clones: RP11-252K16, RP11-953G20, RP11-78H16, and RP11-463I8.
The probe was directly labeled by Cy3 (Abbott Molecular) and co-hybridized with a
chromosome 8 centromere probe (CEP 8, Abbott Molecular).

A.1.5 Capillary sequencing of PREX2 in an extension cohort
40 exons of PREX2 were sequenced by PCR and bidirectional capillary sequencing
(Beckman Coulter Genomics) in 131 melanomas: 24 melanomas that were subjected to
Illumina sequencing, and 107 additional melanomas from 2 cohorts (described above).
Whole genome amplified DNA product was used as input to sequencing reactions. SNPs
with respect to the reference human genome were identified by two methods: PolyPhred
(http://droog.mbt.washington.edu/poly_doc50.html) and Sequencher. Known SNPs
present in the dbSNP database were filtered out. Putative insertion/deletion (indel)
mutations were also identified using PolyPhred. We only considered variants that were
called in reads in both directions. (High quality reads in both directions were available
for 89% of amplicons.) Raw sequence traces were manually inspected for all novel
candidate SNPs and indels. Matched normal DNA was sequenced for all candidates
passing manual review to determine whether variants were somatic or germline in origin.
To estimate the sensitivity of the bidirectional capillary sequencing assay and analysis,
we considered the 14 somatic mutations previously detected by Illumina sequencing of
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native DNA. Only 9/14 mutations were detected by at least 1 of the 2 calling algorithms.
The other 5 were clearly visible from manual inspection of the sequence traces but were
missed by both methods. (Incidentally, these 5 mutations exhibited among the lowest
allele frequencies: 14%, 14%, 21%, 22%, and 26%, underscoring the limited sensitivity
of Sanger sequencing for low purity or heterogeneous tumors.) We identified 15 novel
non-silent somatic PREX2 mutations (14 single base substitutions and 1 frameshift
insertion) in 15/107 additional samples (14%).
There are several reasons why a mutation frequency of 14% may be an underestimate:
(1) only 9/14 mutations detected in the discovery samples by Illumina sequencing were
called in the matched Sanger data (despite clear evidence for the remaining 5 from
manual inspection of the sequence traces); (2) only a fraction of amplicons harbored the
required 2 bidirectional Sanger reads for sequence analysis; (3) the extension samples
exhibited lower tumor purity than the discovery samples (as evident in the relative peak
heights in the Sanger sequence traces), making them more prone to false negatives. This
may partly explain the discrepancy in the PREX2 mutation frequencies we observed in
the discovery set and extension set.
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A.1.6 Functional studies of PREX2
Cell culture
Human primary melanocytes (pMEL/hTERT/CDK4(R24C)/p53(DD)) expressing either NRAS(G12D) were cultured, as previously described 70 , in Ham’s F10 medium
(Cellgro) containing 10% heat inactivated fetal bovine serum (FBS) and 1% Penicillin/Streptomycin. 293T cells were grown in DMEM (Cellgro) containing 10% FBS.
All cell lines were propagated at 37°C in a humidified atmosphere of 5% CO2 and
routinely tested for mycoplasma contamination.

Plasmids and lentiviral transduction
PREX2 cDNA, generously provided by R. Parsons, was subcloned into pLenti6.3-V5DEST via Gateway recombination cloning (Invitrogen). PREX2 mutations were generated using the Quickchange Site-Directed Mutagenesis Kit (Stratagene) according to
the manufacturer’s instructions. Lentiviral stocks were prepared by co-transfecting 293T
cells with PREX2 expression constructs and standard virus packaging systems. Viral
supernatants were collected 48 and 72 hours post-transfection and subsequently used to
generate stable pMEL-NRAS* cell lines.
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Western immunoblotting
For immunoblotting, cells were lysed in NP-40 buffer (20 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 2 mM EDTA, 1% NP40) containing 1 mM PMSF, 1x Protease Inhibitor Cocktail
(Roche) and 1x Phosphatase inhibitor (Calbiochem), separated on NuPAGE 4-12% BisTris gels (Invitrogen), and blotted onto PVDF (Millipore). The following antibodies
were used following the manufacturer’s recommendations: AKT (1:1000; Cell Signaling),
phospho-AKT (Ser473; 1:1000; Cell Signaling), PTEN (1:1000; Cell Signaling), and V5
(1:5000; Invitrogen).

Xenograft studies
All animal studies were approved by Harvard Medical School Internal Animal Care and
Use Committee (IACUC). pMEL-NRAS* cells expressing GFP, WT, or mutant PREX2
were mixed 1:1 with Matrigel (BD Bioscience) and subcutaneously implanted (1 × 106
cells) in female NCR-NUDE mice (Taconic). Animals were monitored thrice weekly
until tumors were visible. Tumor volume was determined weekly by measuring in two
directions with vernier calipers and formulated as tumor volume = (length × width2 ) /
2. Animals were sacrificed when tumor volume approached 1.5 cm3 . Two-tailed t-test
calculations were performed using Prism 5 (Graphpad).
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A.1.7 Determination of global gene expression profiles
Gene

expression

melanomas

microarray

subjected

to

man Gene 1.0 ST arrays.

experiments

Ilumina

WGS

were

performed

sequencing

using

for

5

of

the

Affymetrix

Hu-

Experiments were analyzed using Bioconductor

(http://www.bioconductor.org/packages/devel/bioc/html/affy.html) and normalized
using the RMA (robust multi-array) normalization procedure. For each sample, genes
were ranked by expression level and binned into quintiles. Intronic and exonic C>T
mutations were grouped by quintile and assigned to the transcribed or non-transcribed
DNA strand of the associated gene according to RefSeq annotations (Supplementary
Fig. S1). Normalized gene expression values are listed in Supplementary Table S11.

137

A.2

Supplementary figures

Figure A.1: C>T strand bias in transcribed genes. All exonic and intronic C>T mutations
identified from WGS sequencing were annotated as to whether they were observed on the transcribed or non-transcribed DNA strand. Genes were binned for each melanoma according to their
expression levels determined by Affymetrix Human Gene 1.0 ST microarrays. Acral melanomas of
glabrous skin are labeled in blue, and cutaneous melanomas of non-glabrous skin are labeled in red.
For most cutaneous melanomas (exemplified by ME012 and ME045), there is a depletion of C>T
mutations on the transcribed strand that is dependent on the gene expression level, supportive of
transcription-coupled repair for UV-induced C>T transitions. Here, 74% of mutations occurred on
the non-transcribed strand compared to 26% on the transcribed strand (P < 10− 30). No such
bias was detected in the acral melanomas or the hypermutated sample ME009. Further, the overall
mutation rate for ME009 was equivalent in transcribed and intergenic regions, whereas ME012 and
ME045 exhibited an overall depletion of mutations in introns and exons (data not shown). Conceivably, the TCR mechanism itself may be deficient in some contexts, consistent with the presence of non-synonymous mutations in 3 genes in the TCR pathway in ME009 (ERCC4, LIG3, and
PARP1). Alternatively, the mutation rates may be too low to permit detection of this bias (acral
tumors), or they may supercede the repair capacity (ME009). In support of the latter, we observed
that the overall mutation rate in transcribed regions was significantly lower than in intergenic regions for ME009 when C>T transitions were excluded (data not shown).
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Figure A.2: C>T mutation frequency and sequence context for representative cutaneous
and acral genomes. Samples exhibit distinct patterns, as described in the text. The genomewide sequence context of all cytosines is shown at the top. Logos were created using enoLOGOS
(http://biodev.hgen.pitt.edu/enologos/).
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Figure A.3: In-frame somatic deletion and point mutation in KIT. Melanoma ME032 harbors a 21 bp deletion, which is evident in the sequence reads from the tumor genome but not the
matched normal genome. Sequence data are visualized using the Integrative Genomics Viewer 154 :
http://www.broadinstitute.org/igv.
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Figure A.4: Interchromosomal translocation disrupting PREX2 in melanoma ME032. A rearrangement joining chromosomes 8 and 11 is implicated by the presence of discordant read pairs
in the tumor genome but not the normal genome (brown and purple bars), indicative of an intragenic breakpoint in PREX2 and an intergenic breakpoint 2 kb downstream of C11orf30. This particular rearrangement is accompanied by chromosomal amplifications, as evidenced by the change
in coverage apparent in the coverage track (top).

Figure A.5: Amplification of PREX2 in melanoma ME032. (a) Normal stroma compartment
FISH stained by dual-color break-apart PREX2 probe, as in Figure 2.2d. (b) Tumor compartment
FISH, co-hybridized using a probe spanning entire the PREX2 gene locus (red) and the chromosome 8 centromere probe (CEP 8, Abbott Molecular, green), as described in Appendix A.1.
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Figure A.6: Ectopic expression of mutant PREX2 is tumorigenic in primary immortalized
melanocytes. (a) pMEL-NRAS* expressing GFP (control), wild type (WT), truncated, or mutated PREX2 were grown in media containing 10% serum and lysates prepared and immunoblotted with the indicated antibodies. (b) Table showing tumor free survival of NUDE mice (n=10)
injected with pMEL-NRAS* cells expressing GFP, WT, truncated, and mutated PREX2 subcutaneously. (c) Representative histological section of one PREX2-dependent xenograft (stained with
hematoxylin and eosin).
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A.3

Supplementary tables

Tables A.1-12 can be downloaded as an Excel file from
https://media.nature.com/original/nature-assets/nature/journal/v485/n7399/extref/nature11071-s2.xls

Table A.1: Clinical characteristics of 25 melanomas with complete genomes sequenced.

Table A.2: Overview of genomic data obtained for 25 melanomas.

Table A.3: All somatic base pair mutations in 25 melanoma genomes.

Table A.4: Somatic base pair mutations in protein coding regions.

Table A.5: Breakdown of somatic mutations by genomic region.

Table A.6: Small indels in protein coding regions.

Table A.7: Somatic structural rearrangements in 25 melanoma genomes.

Table A.8: Genes harboring rearrangements in multiple tumors.
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.

Table A.9: Significance analysis of mutated genes.

Table A.10: Clinical characteristics of 107 melanomas screened for PREX2 mutations.

Table A.11: All PREX2 mutations detected by Illumina or capillary sequencing.

Table A.12: Gene expression microarray data for 5 melanomas.
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Supplementary information for Chapter 3

B.1

Supplementary methods

B.1.1 Clinical samples
All melanoma samples analyzed in this study were collected and sequenced under
Institution-Review-Board-approved protocols
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B.1.2 Identification and validation of TERT promoter mutations.
Whole-genome sequencing data corresponding to 25 melanoma tumor-normal pairs 17
were interrogated for somatic mutations highly recurrent at the nucleotide level. 6 of 25
discovery pairs did not have adequate locus coverage, reducing the discovery set to 19
pairs. Polymerase chain reaction (PCR) was performed on genomic DNA followed by
direct sequencing on amplified PCR products using an ABI 3730 DNA Sequence Analyzer on a subset of these tumor-normal pairs to verify the individual TERT promoter
mutations as well as on an additional 51 pairs for further confirmation. Additionally
the mutations were subcloned directly from tumor DNA using the TOPO (Invitrogen) cloning kit according to manufacturer’s instructions followed by Sanger sequencing
(Supplementary Figure B.1b). Oligonucleotide primers were synthesized according to
the hg19 genomic reference sequence of TERT (genome.ucsc.edu). Primer sequences
are available upon request. The 70 tested melanomas represented 28 metastatic tumor
samples, 11 primary tumor samples, and 31 tumor-derived cultures. Massively parallel
sequencing was performed on cell lines as described previously 17 and the TERT promoter was interrogated for recurrent mutations at coordinates chr 5: 1,295,228 and chr
5: 1,295,250 using MuTect 32 . Chromatograms were viewed and screenshots taken with
the Geneious software program (www.geneious.com). p-values and confidence intervals
were calculated using standard packages in R (www.r-project.org).
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B.1.3 Plasmids
Using normal germline DNA, a portion of the TERT core promoter (-132 to +5) or
the full core promoter (-200 to +73) were cloned into the multiple cloning site of pGL3Basic (Promega) upstream of the firefly luciferase gene with primers flanked with Mlu1
or Xho1 sites to create pGL3-TERT132wt, a wild-type TERT-luc promoter construct.
Using this strategy, the C228T mutation was also cloned directly from tumor DNA
into pGL3-Basic. Site-directed mutagenesis using QuikChange Lightning (Agilent) was
performed on the wild-type promoter construct to produce the promoter mutations.
Constructs were verified by Sanger sequencing. All primer sequences are available upon
request.

B.1.4 Reporter assays
A375 melanoma cells, RPMI 7951 melanoma cells, UACC-62 melanoma cells, T24 bladder cancer cells, and HepG2 hepatocellular carcinoma cells were seeded at a density of
3 × 105 cells in a 6-well format. T24 cells were cultured in McCoy’s 5A Medium (Life
Technologies), HepG2 cells were cultured in Dulbecco’s Modified Eagle Medium (Life
Technologies), A375 cells were cultured in Minimal Essential Medium (Life Technologies), RPMI cells and UACC-62 cells were cultured in RPMI media, all containing 10%
fetal bovine serum. Cells were transfected the following day using Fugene 6 (Promega)
with 2.25µg of the TERT-luc promoter construct and 0.25µg of pRL-TK (Promega), a
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control Renilla luciferase vector 88,5 . 48 hours later cells were lysed and luciferase activity was assayed with the Dual Luciferase Reporter (Promega) assay in a 96-well format
according to manufacturer instructions. Experiments were performed in triplicate wells.
Relative luciferase activity was calculated as the ratio of firefly to Renilla luciferase
activity, to control for transfection efficiency. Control is the relative luciferase activity
of cells transfected with promoterless reporter alone (pGL3-Basic).
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Supplementary figures
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Figure B.1: Identification of TERT promoter mutations in melanoma. (a) Representative
screenshot of TERT promoter mutations chr 5: 1,295,228 C>T (C228T) and chr 5: 1,295,250
C>T (C250T) from Integrative Genomics Viewer. Average depth of coverage in the 19 melanoma
tumor-normal pairs with whole genome sequence coverage at the relevant loci was 58× in the tumor and 30× in the normal at chr 5: 1,295,228 and 61× in the tumor and 30× in the normal at
chr 5: 1,295,250, with minimum base quality score of 30 and minimum read mapping quality of
60. (b) Additional sequence chromatograms of matched tumor and normal DNA representing somatic mutations C228T and C250T in the TERT promoter locus. (c) Subcloning of TERT core
promoter mutations C228T and C250T. Sequence chromatograms depict the reverse complement
G>A transition. (d) Luciferase reporter assays for transcriptional activity from a portion of the
TERT core promoter (-132 to +5) with either the C228T or C250T mutation compared to wildtype promoter in A375, T24 or HepG2 cell lines. The results depicted are the average of at least 3
independent experiments. Values are mean ± s.d. * p < 0.01.
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B.3

Supplementary tables

Table B.1: Recurrent TERT promoter mutation status of melanomas and CCLE cell lines.
Melanoma samples and cell lines are listed with indicated TERT promoter mutation. Two samples
had a dinucleotide mutation CC>TT causing C228T and C229T, were counted as C228T samples,
and also generated a consensus ETS motif.

Number

Sample

Sample ID

Set

Mutation

Allelic

Mutation

Status in

Fraction

Status in

Tumor

of Muta-

Normal

tion

in

Tumor

1

Melanoma

JWCI-10

C228T

N/A

WT

2

Melanoma

JWCI-16

C250T

N/A

WT

3

Melanoma

JWCI-30

C228T

N/A

WT

4

Melanoma

JWCI-9

C228T

N/A

WT

5

Melanoma

KNUD

WT

N/A

WT

6

Melanoma

Ma-Mel-11

WT

N/A

WT

7

Melanoma

Ma-Mel-110

C250T

N/A

WT

8

Melanoma

Ma-Mel-112

WT

N/A

WT

9

Melanoma

ME001

C228T

0.26

WT

10

Melanoma

ME002

C250T

0.49

WT

11

Melanoma

ME007

WT

N/A

WT

12

Melanoma

ME008

WT

N/A

WT

13

Melanoma

ME010

C228T

N/A

WT

Table B.1 (Continued)
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Number

Sample

Sample ID

Set

Mutation

Allelic

Mutation

Status in

Fraction

Status in

Tumor

of Muta-

Normal

tion

in

Tumor

14

Melanoma

ME011

C250T

0.25

WT

15

Melanoma

ME012

C250T

N/A

WT

16

Melanoma

ME013

WT

N/A

WT

17

Melanoma

ME016

C250T

0.07

WT

18

Melanoma

ME018

C250T

0.29

WT

19

Melanoma

ME020

C228T

0.29

WT

20

Melanoma

ME021

C250T

0.30

WT

21

Melanoma

ME024

C228T

0.55

WT

22

Melanoma

ME026

WT

N/A

WT

23

Melanoma

ME029

C250T

0.50

WT

24

Melanoma

ME030

C250T

0.22

WT

25

Melanoma

ME035

C250T

0.25

WT

26

Melanoma

ME036

WT

N/A

WT

27

Melanoma

ME037

C250T

0.17

WT

28

Melanoma

ME039

WT

N/A

WT

29

Melanoma

ME040

WT

N/A

WT

30

Melanoma

ME041

C228T

0.53

WT

31

Melanoma

ME043

C250T

0.26

WT

Table B.1 (Continued)
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Number

Sample

Sample ID

Set

Mutation

Allelic

Mutation

Status in

Fraction

Status in

Tumor

of Muta-

Normal

tion

in

Tumor

32

Melanoma

ME044

C250T

0.46

WT

33

Melanoma

ME045

WT

N/A

WT

34

Melanoma

ME048

WT

N/A

WT

35

Melanoma

ME049

C250T

0.20

WT

36

Melanoma

ME100L

C228T

0.33

WT

37

Melanoma

MEL-13456

C228T

N/A

WT

38

Melanoma

MEL-13473

C250T

N/A

WT

39

Melanoma

MEL-13524

WT

N/A

WT

40

Melanoma

MEL-13531

WT

N/A

WT

41

Melanoma

MEL-13537

C250T

N/A

WT

42

Melanoma

MEL-13549

WT

N/A

WT

43

Melanoma

MEL-13560

WT

N/A

WT

44

Melanoma

MEL-13561

C228T

N/A

WT

45

Melanoma

MEL-13567

C250T

N/A

WT

46

Melanoma

MEL-13591

C250T

N/A

WT

47

Melanoma

MEL-13600

WT

N/A

WT

48

Melanoma

MEL-JWCI-WGS-12

C228T

N/A

WT

49

Melanoma

MEL-JWCI-WGS-13

C228T

N/A

WT

Table B.1 (Continued)
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Number

Sample

Sample ID

Set

Mutation

Allelic

Mutation

Status in

Fraction

Status in

Tumor

of Muta-

Normal

tion

in

Tumor

50

Melanoma

MEL-JWCI-WGS-15

C228T

N/A

WT

51

Melanoma

MEL-JWCI-WGS-18

C228T

N/A

WT

52

Melanoma

MEL-JWCI-WGS-2

C228T

N/A

WT

53

Melanoma

MEL-JWCI-WGS-20

WT

N/A

WT

54

Melanoma

MEL-JWCI-WGS-21

C228T

N/A

WT

55

Melanoma

MEL-JWCI-WGS-22

C228T

N/A

WT

56

Melanoma

MEL-JWCI-WGS-23

C228T

N/A

WT

57

Melanoma

MEL-JWCI-WGS-31

C228T

N/A

WT

and

C229T

58

Melanoma

MEL-JWCI-WGS-33

C228T

N/A

WT

59

Melanoma

MEL-JWCI-WGS-34

C228T

N/A

WT

60

Melanoma

MEL-JWCI-WGS-37

WT

N/A

WT

61

Melanoma

MEL-JWCI-WGS-4

C228T

N/A

WT

62

Melanoma

MEL-JWCI-WGS-42

WT

N/A

WT

63

Melanoma

MEL-JWCI-WGS-43

C228T

N/A

WT
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Number

Sample

Sample ID

Set

Mutation

Allelic

Mutation

Status in

Fraction

Status in

Tumor

of Muta-

Normal

tion

in

Tumor

64

Melanoma

MEL-JWCI-WGS-5

C228T

N/A

WT

and

C229T

65

Melanoma

MEL-JWCI-WGS-6

C228T

N/A

WT

66

Melanoma

MEL-JWCI-WGS-7

C250T

N/A

WT

67

Melanoma

MEL-Ma-Mel-37a

C250T

N/A

WT

68

Melanoma

MEL-Ma-Mel-62

C250T

N/A

WT

69

Melanoma

MEL-Ma-Mel-65

C250T

N/A

WT

70

Melanoma

MEL-Ma-Mel-91

C228T

N/A

WT

1

CCLE

22RV1_PROSTATE

WT

N/A

N/A

2

CCLE

2313287_STOMACH

WT

N/A

N/A

3

CCLE

5637_URINARY_TRACT

C228T

0.83

N/A

4

CCLE

786O_KIDNEY

C228T

0.72

N/A

5

CCLE

A2780_OVARY

WT

N/A

N/A

6

CCLE

A375_SKIN

C250T

0.52

N/A

7

CCLE

A549_LUNG

WT

N/A

N/A

8

CCLE

AGS_STOMACH

WT

N/A

N/A

9

CCLE

C2BBE1_LARGE_INTESTINE

WT

N/A

N/A
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Number

Sample

Sample ID

Set

Mutation

Allelic

Mutation

Status in

Fraction

Status in

Tumor

of Muta-

Normal

tion

in

Tumor

10

CCLE

CAKI1_KIDNEY

WT

N/A

N/A

11

CCLE

CAL27_UPPER_AERODIGESTIVE_TRACT

C228T

0.65

N/A

12

CCLE

CALU1_LUNG

C228T

0.82

N/A

13

CCLE

CHP212_AUTONOMIC_GANGLIA

WT

N/A

N/A

14

CCLE

COLO668_LUNG

WT

N/A

N/A

15

CCLE

CORL24_LUNG

WT

N/A

N/A

16

CCLE

CORL279_LUNG

WT

N/A

N/A

17

CCLE

CORL311_LUNG

WT

N/A

N/A

18

CCLE

CORL88_LUNG

WT

N/A

N/A

19

CCLE

DAOY_CENTRAL_NERVOUS_SYSTEM

C228T

0.57

N/A

20

CCLE

DB_HAEMATOPOIETIC_AND_LYMPHOID_TISSUE

WT

N/A

N/A

21

CCLE

DMS114_LUNG

WT

N/A

N/A

22

CCLE

DMS153_LUNG

WT

N/A

N/A

23

CCLE

DMS273_LUNG

WT

N/A

N/A

24

CCLE

DMS454_LUNG

WT

N/A

N/A

25

CCLE

DMS53_LUNG

WT

N/A

N/A

26

CCLE

DMS79_LUNG

WT

N/A

N/A

27

CCLE

DU145_PROSTATE

WT

N/A

N/A
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28

CCLE

EFO27_OVARY

WT

N/A

N/A

29

CCLE

ESS1_ENDOMETRIUM

WT

N/A

N/A

30

CCLE

FADU_UPPER_AERODIGESTIVE_TRACT

WT

N/A

N/A

31

CCLE

FU97_STOMACH

WT

N/A

N/A

32

CCLE

G361_SKIN

WT

N/A

N/A

33

CCLE

G401_SOFT_TISSUE

WT

N/A

N/A

34

CCLE

GCIY_STOMACH

WT

N/A

N/A

35

CCLE

HARA_LUNG

WT

N/A

N/A

36

CCLE

HCC15_LUNG

WT

N/A

N/A

37

CCLE

HCC33_LUNG

WT

N/A

N/A

38

CCLE

HCC44_LUNG

C228T

0.63

N/A

39

CCLE

HCT116_LARGE_INTESTINE

WT

N/A

N/A

40

CCLE

HCT15_LARGE_INTESTINE

WT

N/A

N/A

41

CCLE

HEL9217_HAEMATOPOIETIC_AND_LYMPHOID_TISSUE

WT

N/A

N/A

42

CCLE

HEPG2_LIVER

C228T

0.39

N/A

43

CCLE

HGC27_STOMACH

WT

N/A

N/A

44

CCLE

HS746T_STOMACH

WT

N/A

N/A

45

CCLE

HSC3_UPPER_AERODIGESTIVE_TRACT

C228T

0.61

N/A
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46

CCLE

HT29_LARGE_INTESTINE

WT

N/A

N/A

47

CCLE

IGR39_SKIN

C228T

0.46

N/A

48

CCLE

IM95_STOMACH

WT

N/A

N/A

49

CCLE

JHOS2_OVARY

WT

N/A

N/A

50

CCLE

KATOIII_STOMACH

WT

N/A

N/A

51

CCLE

KE39_STOMACH

WT

N/A

N/A

52

CCLE

KMS11_HAEMATOPOIETIC_AND_LYMPHOID_TISSUE

WT

N/A

N/A

53

CCLE

KNS62_LUNG

WT

N/A

N/A

54

CCLE

KYSE180_OESOPHAGUS

WT

N/A

N/A

55

CCLE

KYSE30_OESOPHAGUS

WT

N/A

N/A

56

CCLE

KYSE410_OESOPHAGUS

C250T

0.45

N/A

57

CCLE

KYSE450_OESOPHAGUS

WT

N/A

N/A

58

CCLE

LOXIMVI_SKIN

C228T

0.88

N/A

59

CCLE

MFE296_ENDOMETRIUM

WT

N/A

N/A

60

CCLE

MKN45_STOMACH

WT

N/A

N/A

61

CCLE

MKN74_STOMACH

WT

N/A

N/A

62

CCLE

MKN7_STOMACH

WT

N/A

N/A

63

CCLE

MM1S_HAEMATOPOIETIC_AND_LYMPHOID_TISSUE

WT

N/A

N/A
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64

CCLE

MSTO211H_PLEURA

WT

N/A

N/A

65

CCLE

NCIH1048_LUNG

WT

N/A

N/A

66

CCLE

NCIH1092_LUNG

WT

N/A

N/A

67

CCLE

NCIH1105_LUNG

WT

N/A

N/A

68

CCLE

NCIH1184_LUNG

WT

N/A

N/A

69

CCLE

NCIH1299_LUNG

WT

N/A

N/A

70

CCLE

NCIH1339_LUNG

WT

N/A

N/A

71

CCLE

NCIH1341_LUNG

WT

N/A

N/A

72

CCLE

NCIH1436_LUNG

WT

N/A

N/A

73

CCLE

NCIH1437_LUNG

WT

N/A

N/A

74

CCLE

NCIH146_LUNG

WT

N/A

N/A

75

CCLE

NCIH1618_LUNG

WT

N/A

N/A

76

CCLE

NCIH1650_LUNG

WT

N/A

N/A

77

CCLE

NCIH1651_LUNG

WT

N/A

N/A

78

CCLE

NCIH1666_LUNG

WT

N/A

N/A

79

CCLE

NCIH1694_LUNG

WT

N/A

N/A

80

CCLE

NCIH1836_LUNG

WT

N/A

N/A

81

CCLE

NCIH1876_LUNG

WT

N/A

N/A
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82

CCLE

NCIH1930_LUNG

WT

N/A

N/A

83

CCLE

NCIH1963_LUNG

WT

N/A

N/A

84

CCLE

NCIH196_LUNG

WT

N/A

N/A

85

CCLE

NCIH2029_LUNG

WT

N/A

N/A

86

CCLE

NCIH2052_PLEURA

C228T

0.59

N/A

87

CCLE

NCIH2066_LUNG

WT

N/A

N/A

88

CCLE

NCIH2081_LUNG

WT

N/A

N/A

89

CCLE

NCIH209_LUNG

WT

N/A

N/A

90

CCLE

NCIH211_LUNG

WT

N/A

N/A

91

CCLE

NCIH2122_LUNG

WT

N/A

N/A

92

CCLE

NCIH2170_LUNG

WT

N/A

N/A

93

CCLE

NCIH2171_LUNG

WT

N/A

N/A

94

CCLE

NCIH2196_LUNG

WT

N/A

N/A

95

CCLE

NCIH2227_LUNG

WT

N/A

N/A

96

CCLE

NCIH2286_LUNG

WT

N/A

N/A

97

CCLE

NCIH446_LUNG

WT

N/A

N/A

98

CCLE

NCIH510_LUNG

WT

N/A

N/A

99

CCLE

NCIH522_LUNG

WT

N/A

N/A
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100

CCLE

NCIH524_LUNG

WT

N/A

N/A

101

CCLE

NCIH526_LUNG

WT

N/A

N/A

102

CCLE

NCIH650_LUNG

WT

N/A

N/A

103

CCLE

NCIH661_LUNG

WT

N/A

N/A

104

CCLE

NCIH69_LUNG

WT

N/A

N/A

105

CCLE

NCIH747_LARGE_INTESTINE

WT

N/A

N/A

106

CCLE

NCIH82_LUNG

WT

N/A

N/A

107

CCLE

NCIH841_LUNG

WT

N/A

N/A

108

CCLE

NCIH889_LUNG

WT

N/A

N/A

109

CCLE

NCIN87_STOMACH

WT

N/A

N/A

110

CCLE

NUGC3_STOMACH

WT

N/A

N/A

111

CCLE

NUGC4_STOMACH

WT

N/A

N/A

112

CCLE

OCUM1_STOMACH

WT

N/A

N/A

113

CCLE

ONS76_CENTRAL_NERVOUS_SYSTEM

C228T

0.61

N/A

114

CCLE

OPM2_HAEMATOPOIETIC_AND_LYMPHOID_TISSUE

WT

N/A

N/A

115

CCLE

OVSAHO_OVARY

WT

N/A

N/A

116

CCLE

PC14_LUNG

WT

N/A

N/A

117

CCLE

PC3_PROSTATE

WT

N/A

N/A
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118

CCLE

PLCPRF5_LIVER

WT

N/A

N/A

119

CCLE

RERFGC1B_STOMACH

WT

N/A

N/A

120

CCLE

RERFLCMS_LUNG

WT

N/A

N/A

121

CCLE

RKN_SOFT_TISSUE

WT

N/A

N/A

122

CCLE

RKO_LARGE_INTESTINE

WT

N/A

N/A

123

CCLE

RT112_URINARY_TRACT

C228T

0.56

N/A

124

CCLE

SBC5_LUNG

WT

N/A

N/A

125

CCLE

SCC25_UPPER_AERODIGESTIVE_TRACT

WT

N/A

N/A

126

CCLE

SCC4_UPPER_AERODIGESTIVE_TRACT

WT

N/A

N/A

127

CCLE

SCLC21H_LUNG

WT

N/A

N/A

128

CCLE

SH10TC_STOMACH

C228T

1.00

N/A

129

CCLE

SHP77_LUNG

WT

N/A

N/A

130

CCLE

SKHEP1_LIVER

WT

N/A

N/A

131

CCLE

SKLMS1_SOFT_TISSUE

WT

N/A

N/A

132

CCLE

SKMEL30_SKIN

C228T

0.57

N/A

133

CCLE

SKMES1_LUNG

WT

N/A

N/A

134

CCLE

SKOV3_OVARY

WT

N/A

N/A

135

CCLE

SNGM_ENDOMETRIUM

WT

N/A

N/A

Table B.1 (Continued)

161

Number

Sample

Sample ID

Set

Mutation

Allelic

Mutation

Status in

Fraction

Status in

Tumor

of Muta-

Normal

tion

in

Tumor

136

CCLE

SNU16_STOMACH

WT

N/A

N/A

137

CCLE

SNU1_STOMACH

WT

N/A

N/A

138

CCLE

SNU387_LIVER

C228T

0.28

N/A

139

CCLE

SNU423_LIVER

C228T

0.63

N/A

140

CCLE

SNU475_LIVER

C228T

0.63

N/A

141

CCLE

SW1271_LUNG

WT

N/A

N/A

142

CCLE

SW480_LARGE_INTESTINE

WT

N/A

N/A

143

CCLE

SW579_THYROID

C228T

0.17

N/A

144

CCLE

SW900_LUNG

WT

N/A

N/A

145

CCLE

T24_URINARY_TRACT

C228T

0.73

N/A

146

CCLE

TE11_OESOPHAGUS

WT

N/A

N/A

147

CCLE

TE5_OESOPHAGUS

WT

N/A

N/A

148

CCLE

U2OS_BONE

WT

N/A

N/A

149

CCLE

U87MG_CENTRAL_NERVOUS_SYSTEM

C228T

0.83

N/A

150

CCLE

UACC257_SKIN

C250T

0.47

N/A
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Supplementary information for Chapter 4

C.1
C.1.1

Supplementary methods
Sample attributes, DNA preparation, and quality control

Clinical cohort
All melanoma samples analyzed in this study were collected under Institution Review
Board approved protocols. Of the 121 samples to undergo whole exome sequencing in
the discovery set: 28 were obtained from surgically excised metastatic tissues that were
histopathologically reviewed at the Medical University of Vienna (Vienna, Austria), as
described previously 17,99 , 15 were from primary tumor tissue obtained from the BioServe
commercial repository (Beltsville, MD), 2 were from metastatic tissue surgically excised
and histopathologically reviewed at Massachusetts General Hospital (Boston, MA), 35
were from short-term cultures derived from metastatic tissue surgically excised and
histopathologically reviewed at the John Wayne Cancer Institute (Santa Monica, CA),
and 41 came from short-term cultures derived from metastatic tissue surgically excised
and histopathologically reviewed at the German Cancer Research Center (Deutsches
Krebsforschungszentrum, DKFZ), as described previously 180 . Each short-term culture
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was established at the institution from which it was obtained. Clinical annotation of
these samples was provided at source and is cataloged in Supplementary Table C.1. The
first extension melanoma collection consisted of 66 clinical specimens obtained predominantly from the above locations (Supplementary Table C.10). The second extension
melanoma cohort consisted of 206 clinical specimens obtained from the Melanoma Informatics, Tissues Resource and Pathological Core, and the CNS Tissue Bank at The
University of Texas MD Anderson Cancer Center as previously described 45,44 . Patientmatched blood samples were used as normal DNA in all cases except for the 15 Bioserve
samples, for which adjacent normal tissue was used. The DNeasy Tissue Kit or the QIAmp DNA Mini kit (QIAGEN, Valencia, CA) was used to extract genomic DNA from
tissues. The Puregene DNA purification kit (Gentra Systems, Minneapolis, MN) was
used to extract genomic DNA from short-term cultures.

Quality assessment of DNA and tumor
Prior to Illumina sequencing, all DNA samples were subjected to several quality assessments. DNA concentration was measured by PicoGreen dsDNA Quantitation Reagent
(Invitrogen, Carlsbad, CA), and evidence of DNA degradation was assessed by gel electrophoresis. Degraded samples were not pursued further, and samples with a DNA concentration of lower than 60ng/mL were further concentrated by ethanol precipitation
and resuspension, as required for Illumina library construction. Tumor/normal sample
pairings were confirmed by comparison of 24 common SNPs using mass spectrometric
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fingerprint genotyping (Sequenom, San Diego, CA).
All tumor and most normal DNA samples were hybridized to Affymetrix SNP Array
6.0 genome-wide human SNP microarrays (Affymetrix, Santa Clara, CA) as described
previously 172 . Tumor sample purity and ploidy were estimated by fitting the observed
allele-specific copy number levels to a model dependent on the tumor purity and average
ploidy using ABSOLUTE 23 . All samples selected for whole exome sequencing had a
purity of >20%.

C.1.2

Sequence data generation and processing

Exome capture and library construction
Exome capture and library construction was performed as in Gnirke

et al. 75

, adapted

for production-scale exome capture. Briefly, RNA baits (Agilent catalog G3353A) were
generated based on NCBI CCDS and RefSeq genes, representing 188,260 exons from
~18,500 genes, representing about 1% of the genome (32.7 Mb) and 93% of known,
non-repetitive protein-coding genes. Sample genomic DNA was sheared and ligated to
Illumina sequencing adapters and 8 bp barcode adapters were also ligated. Sample DNA
was then selected for lengths between 200 to 350 bp and hybridized with an excess of
the RNA “bait” in solution. Pull down by magnetic beads coated with streptavidin,
followed by elution, enriched for the targeted exon sequences.
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Illumina sequencing
Properly adaptor-ligated fragments in the above target-enriched libraries were quantified using a SYBR Green qPCR protocol with probes complementary to the adaptor
sequence. Pooled multiplex or non-multiplexed libraries were sequenced on a HiSeq 2000
(Illumina, San Diego, CA). Libraries were normalized to 2nM and then denatured by
0.1N NaOH. In the case of multiplexed samples, each library was distributed into multiple batches, with each batch composed of 96 independently barcoded libraries, as in 169 .
Cluster amplification of denatured templates was performed according to Illumina’s
protocols using v2 and v3 chemistry and flowcells. As a quality control checkpoint
following cluster amplification and to ensure optimal cluster densities on the flowcells,
SYBR Green was added to all lanes.
Paired-end sequencing was analyzed using the latest Illumina analysis pipeline at
the time (ranging from v1.80 to v1.9.3). In both non-multiplexed and multiplexed
cases, 2×76 bp paired-end reads were generated, resulting in a mean target haploid
coverage of approximately 103 fold. Standard quality control metrics (including error
rates, % passing filter reads, and total Gb produced) were used to characterize process
performance prior to downstream analysis. The Illumina pipeline generated BAM files
containing reads as well as quality metrics.
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Processing of Illumina sequencing data
Sequencing data obtained from the Illumina pipeline were processed by Picard,
a pipeline for preprocessing, alignment and post-filtering of sequence data developed by the Broad Institute Sequencing Platform (available for download at
http://picard.sourceforge.net/, principal author: T. Fennell). Several of the tools used
in the pipeline were developed jointly by the Broad Sequencing Platform, Broad Medical
and Population Genetics Program and Broad Cancer Program, and in particular those
tools valuable for treatment of germline events are described in 47 . Briefly, the Picard
pipeline, described in more detail in The Cancer Genome Atlas Research Network’s
analysis of ovarian cancer 173 as well as in Chapman

et al. 24

, was used to recalibrate base

qualities, align reads to the human genome (hg19/NCBI Human Reference Genome
GRCh37) using BWA 118 (http://bio-bwa.sourceforge.net/), aggregate data from different lanes and libraries, mark duplicate reads and finally output the result as a single
BAM file (http://samtools.sourceforge.net/SAM1.pdf) for each sample.
BAM files produced by the Picard pipeline are available for download in dbGaP under
accession number phs000452.v1.p1.
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C.1.3

Cancer genome characterization

Infrastructure
The pipelines described in this section were executed within the Firehose data- and
pipeline-handling environment developed by the Broad Cancer Genome Analysis Group
(principal author: D. Voet). Firehose was used to manage runs of the various pipelines
on the data, to track the progress of the data and results through each subsequent
pipeline and to enable reproducibility by logging pipeline versions and input parameters.
GenePattern 149 was used as a job-execution engine, called through Firehose.

Quality assessment
Sequenced tumor samples were confirmed to have aberrant copy number profiles by
estimating copy number across genomic windows using depth of coverage as a proxy.
This analysis was performed per-lane, and the lanes were confirmed to have matching
aberrant copy number profiles. Individual lanes not matching the consensus aberrant
copy number profiles were excluded from downstream analysis and removed from the
BAM files. Samples where all tumor lanes displayed diploid copy number profiles or
where all normal lanes displayed aberrant copy number profiles were excluded from
further analysis.
To confirm that sequencing data from multiple lanes representing a tumor/normal
pair indeed matched the same individual, a SNP genotype fingerprint was constructed
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for each lane from a pair and crosschecked against all other lanes. The SNPs included
in the genotype fingerprint were chosen based on allele frequency and non-fixation in
the population. Outlier lanes were excluded from further analysis and removed from
the BAM files.
For sample pairs for which the normal DNA was hybridized to a SNP microarray,
cross-contamination was estimated using the Genome Analysis Tool Kit (GATK) 47 module ContEst 33 . Briefly, ContEst quantifies contamination in next-generation sequencing
data by identifying homozygous non-reference SNPs in microarray data and assessing
the likelihood of observing alternate alleles at these genomic locations in the sequencing
data. Samples with greater than 10% estimated contamination in either the tumor or
the normal sequence data were excluded from further consideration. Estimated contamination percentages are listed in Supplementary Table C.1b, when available.

Local realignment around indels
For more accurate alignment of reads near somatic and normal indels relative to the
reference human genome (hg19), joint local realignment was performed near candidate
indels using the GATK local realignment module 47 . Each tumor/ normal pair was
realigned jointly in this manner. Candidate indels were identified based on gaps and/or
consecutive mismatches in individual reads. As described elsewhere 24,169,173 , performing
this local realignment prior to variant calling improves somatic indel detection, removes
artifactual mismatches at 3′ read ends due to incorrect gapped alignments and ensures
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that all reads mapping to the same locus harbor the same read structure.

Identification of somatic base-pair substitutions
Somatic base pair substitutions were identified using the MuTect algorithm
(https://confluence.broadinstitute.org/display/CGATools/MuTect).

As described in

previous studies 169,173 , the algorithm first disregarded reads with low quality scores
and/or multiple mismatches. For candidate somatic base pair substitutions, the probabilities of generating the observed data given underlying reference or non-reference
genotypes in both the tumor and the normal were compared in order to assess the evidence for the variant in the tumor and for the absence of the variant in the normal. In
each case a log odds (LOD) score was calculated based on the local depth of coverage,
observed reference and non-reference allele counts, base quality scores and mapping
quality scores. Thresholds were applied on these LOD scores aiming to minimize the
false positive rate while controlling the false negative rate. Passing candidates were
then passed through a set of empirical filters to eliminate artifacts caused by Illumina
sequencing, short read alignment and hybrid capture. These filters included (1) removing variant calls where the strand distribution of the reads sup- porting the variant call
was significantly different from the general read strand distribution at that genomic
locus; (2) removing variants calls supported solely by the 3′ or 5′ ends of reads; and
(3) removing variants observed in sequence data of other normal samples processed in
a similar manner. Previous reports using MuTect have shown the algorithm to be over
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95% accurate in identifying mutations 169 .

Identification of somatic small indels
Candidate indels were first called in the tumor BAM files using count thresholds on
coverage and on indel-supporting reads 24,169,173 . Calls supported by reads with a high
average number of additional mismatches and calls made in genomic loci covered by
reads with a high average mismatch rate and low base quality were filtered out. Potential
normal events were disqualified based on evidence for the indel in the normal sequence
data. A version of this algorithm is part of the GATK 47 .

Annotation of identified somatic mutations
Each somatic base pair substitution and small indel was annotated using information
aggregated from publicly available databases. Mutations in intergenic regions were
marked as such and mutations in genes were annotated with the name of the gene, as
well as the region of the gene affected (e.g., “Intron,” “3′ UTR”), and the effect of the
mutation on the protein product, if any (e.g., “Missense,” “Nonsense,” “Silent” with
amino acid changes reported as appropriate). The set of reference transcripts used
were derived from transcripts from the UCSC Genome Browser UCSC Genes track as
provided in the TCGA General Annotation Files (TCGA-GAF) hg19 June 2011 bundle
(https://tcga-data.nci.nih.gov/docs/GAF/). Mutations were also annotated with data
from UniProt release 2011_09 181 .
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All called and annotated somatic mutations are listed in Supplementary Table C.4.

C.1.4

Interpretive analysis

Mutation validation and extension
Mass spectrometric genotyping (Sequenom) on melanoma samples and accompanying
normal tissue was performed as previously described 169,175 . MassEXTEND primers were
designed using MassARRAY Assay Design Software from Sequenom, Inc. to generate
allele-specific products. Validation for 310 candidate mutations and extension genotyping was obtained using this approach (Supplementary Table C.6, Supplementary Table C.8, and Supplementary Table C.10). The tested candidate mutations represented
mutations at an allelic fraction of 0.2 or above (the detection limit of the genotyping assay) in exons, introns or UTRs of several genes identified as significantly mutated as well
as a few genes frequently mutated, but not significant in our analyses. The genotyping
data confirmed 100% of tested somatic mutations identified by Illumina sequencing.

Mutational significance analysis assuming uniform background mutation rate
An initial attempt at mutational significance analysis assuming a uniform background
mutation rate was performed using the per-sample version of MutSig described in the
supplement of Getz et al. 71 . Briefly, the 64 tri-nucleotide contexts were first collapsed into
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4 categories based on prevalence of mutations in each context and similarity of contexts
(e.g., AAA > ACA, AAT > ACT, AAG > ACG and AAC > ACC could be collapsed
to the category AA* > AC* if their mutation rates were similar, and so on until 4
categories are obtained). Per-sample mutation rates in each of these 4 categories and
a 5th category representing indels and nonsense mutations were empirically derived. A
score was then calculated for each gene as the sum of the negative logs of the binomial
probabilities of seeing the observed number of mutations of each category in the gene,
based on the number of covered bases in the gene that matched that category. The
binomial distributions for each category were then convoluted to derive a background
mutation rate model, uniform across the exome, from which the probability of seeing
the observed score or greater in the gene was derived.

Statistical detection of positive selection for nonsilent mutations
The following procedure was repeated for each transcript for each gene in which there
was at least one somatic mutation observed (i.e., within its covered exon, intron or UTR
sequences, across the entire set of 121 samples), and the most significant transcript was
retained for each gene. First, the observed mutation burden score was calculated (see
below for three alternative definitions employed for the mutation burden score). Second,
the observed mutations were permuted randomly across the gene (covered exon, intron
or UTR sequences), generating a random instance of the gene and the locations of its
mutations. Mutations were permuted in each sample separately, and each mutation was
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permuted to a nucleotide of the same tri-nucleotide context (e.g., a C > T mutation
3′ of a G and 5′ of an A could only be permuted to another C 3′ of a G and 5′ of
an A). Anywhere from

104

to

108

random instances were thus generated, and for each

random instance, a mutation burden score was calculated as before. A p-value for the
observed mutation burden score was derived by determining the fraction of mutation
burden scores for random instances that were equal to or greater than the observed
burden. Enough random instances were generated so as to observe at least 10 random
instances with mutation burden scores equal to or greater than the observed mutation
burden score, up to a maximum of

108

random instances.

Mutation burden scores were calculated in one of three ways. (1) Functional mutation
burden: Each mutation was first weighted using the PolyPhen-2 p-value 1 which ranges
from 0 to 1. Mutations for which PolyPhen-2 annotation did not exist were weighted
with the mean PolyPhen-2 p-value for mutations in the gene. Nonsense and splice
site mutations as well as frameshift indels were given a weight of 1. Mutations at a
nucleotide previously reported to be mutated at least 5 times based on COSMIC 64
were given a weight of 1. The mutation with the largest weight was identified in each
sample. The sum of the weights from these identified mutations (one per-sample) was
defined as the functional mutation burden in the transcript. (2) Synonymous mutation
burden: the number of samples with at least one synonymous mutation in the transcript.
(3) Loss-of-function (LoF) mutation burden: the number of samples with at least one
nonsense mutation, frameshift indel, or splice site mutation in the transcript. (To
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provide additional statistical power, rather than assessing LoF mutation burden, we
assessed transcripts for excess LoF mutation burden above 2, allowing restriction of
hypothesis testing to only genes with a transcript having a LoF mutation burden of at
least 2).
All transcripts in the TCGA-GAF at least as long as the shortest transcript for the
gene in SwissProt were considered. Annotation of effect of randomly permuted mutations on the protein product was performed as described in Experimental Procedures
for identified somatic mutations.
The source code for this method, termed InVEx (for “Introns versus Exons”), is
available at http://www.broadinstitute.org/ software/invex/.

Homology modeling and structural analysis
PPP6C mutations were mapped onto PP2A (PDB entry 2IAE) using the ClustalW 77
alignment presented in Supplementary Figure C.2a.
Ramachandran plots and rmsd values were established using Coot 56 . PyMOL was
used for structure visualization, and analysis of side chain rotamer clashes.
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Figure C.1: Identification of melanoma coding mutations and copy number alterations
by whole-exome sequencing and SNP arrays for 121 melanomas. (a) Genomic positions
of amplified regions (left) and deleted regions (right) are displayed on the y axis for both panels.
Values for the normalized amplification or deletions signals (top) and significance by q value (bottom) are displayed on x axis for both panels. The green line represents the significance cutoff at
q = 0.25. Previously implicated melanoma oncogenes and tumor suppressors are indicated. (b) Bar
graph of percentage of melanomas harboring a nonsilent somatic mutation in a given gene colorcoded by size. Genes are indicated for those found in over 20% of samples. (c) Q-Q plot of initial
mutational significance analysis employed, which assumed a uniform background mutation rate.
Genome-wide significance dashed gray line indicates q = 0.1 FDR cutoff. Best-fit line is shown in
dashed-red (λ = 1.48) and y = x in black. Grey shaded area indicates 95% confidence interval
for expected p-values. (d) Gene silent somatic coding mutation rate versus gene significance rank
obtained from initial mutational significance analysis employed, which assumed a uniform background mutation rate. Pearson correlation is displayed in top right corner. Silent somatic coding
mutation rates are plotted as a rolling mean of 500 genes. Best-fit line in dashed red. (e) Mean
(across samples) intronic mutation rate in each gene versus mean exonic mutation rate (-log10).
Color represents number of genes at each pixel, indicated by the legend. Dashed red line is best-fit
line and black line is y = x. Pearson correlation coefficient for all genes is R = 0.35. Only genes
whose mean intronic and exonic mutation rates are above zero are plotted. (f) Volcano plot showing -log10 of functional mutation burden p-value versus effect size defined as log2(observed burden
/ expected burden). Each gene is represented by a circle whose size is drawn with respect to the
number of samples harboring non-silent mutation in that gene (the more patients mutated in the
gene, the larger the circle). Genome wide significance cutoff (q = 0.2) is indicated with dashed
line.
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Figure C.1 (Continued)
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Figure C.2: Schematic representation and structure of significantly mutated genes. (a)
Color-coded sequence alignment of PP2A and PPP6C. (b) Domains and crystallographic model of
MAP2K1 with mapped non-silent somatic mutations.
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Figure C.3: The RAC1(P29S) mutation is a gain-of-function event. (a) Color-coded sequence alignment between RAC1 and RAC3. (b) Dihedral backbone angles associated with position 29 are favorable for both serines and prolines. (Left) GDP-bound form of RAC1. (Right)
GTP-bound form of RAC1. (Top) crystallograhphic models for RAC1. P29 and GDP or GTP are
highlighted as stick models. The green sphere corresponds to a magnesium ion. (Bottom) Ramachandran plots of backbone phi/psi angles. Most favored (pink) and favored (yellow) regions
for serine are indicated. Position 29 (green) is indicated by a black arrow. (c) Superimposition of
GDP and GTP-bound RAC3 crystal structures, color-ramped according to their B-factor (from
blue: low mobility, to red, high mobility). In the GDP-bound state, the switch 1 loop is folded
back onto the protein core, and appears to be less mobile than in its GTP-bound state, as judged
from the crystallographic B-factors of this region. Proline residues show a unique closure of their
side chain into a five-member pyrrolidine ring. The resulting restriction of the dihedral ϕ angle to
about −60◦ imposes more severe limits on the number of conformations that prolines can adapt,
as compared to other amino acids. P29 therefore restricts the movement of the switch 1 loop in
the GTP-bound state (Figure S2) more than predicted for S29. The P29S mutant is therefore predicted to gain more entropy upon going from the GDP to the GTP-bound form than the wild-type.
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Figure C.3 (Continued)
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Figure C.4: Landscape of driver mutations in melanoma. (a) Distribution of non-silent mutations in BRAF, NRAS, PTEN, and deletions in PTEN across all melanoma samples. (b) Distribution of non-silent mutations in TP53 and CDKN2A separated into those affecting the p16INK4a
and p14ARF transcripts across all melanoma samples.
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C.3

Supplementary tables

Tables C.1-13 can be downloaded as an Excel file from
http://www.cell.com/cms/attachment/2007963950/2030723550/mmc1.xlsx

.

Table C.1: (a) Clinical characteristics of 121 melanomas with whole exomes sequenced.
(b) Sample Attributes of 121 melanomas with whole exomes sequenced.

Table C.2: Summary of genomic data obtained for 121 melanomas.

Table C.3: (a) Segmented copy number data for 121 samples. (b) Significant amplifications found by GISTIC2. (c) Significant deletions found by GISTIC2.

Table C.4: (a) All called somatic substitutions and small indels in 121 melanomas. (b)
Manually reviewed coding small indels in 121 melanomas.

Table C.5: Significance of functional mutation burden in each gene.

Table C.6: Results of mass spectrometric validation of 310 of the called somatic mutations in set of 121 melanomas.

Table C.7: Significance of synonymous mutation burden in each gene.

Table C.8: Genotyping results of first extension set.

183

Table C.9: Recurrent somatic mutations.

Table C.10: Genotyping results of 206 melanomas in second extension set.

Table C.11: Significance of loss-of-function mutation burden (in excess of 2) in each
gene.

Table C.12: Somatic mutations at base pairs highly mutated in other cancers.

Table C.13: Analysis of co-occurrence and mutual exclusive mutational patterns in Figure 4.6a.
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Figure D.1: TERT C250T (-146C>T) promoter mutation undergoes positive selection in
CB melanocytes and causes TERT mRNA expression. (a) Percentage of reads harboring the
TERT C250T (-146C>T) promoter mutation over a period of several months following genome
editing of CB melanocytes. (b) Number of TERT and ACTB (Actin) mRNA copies per 5 ng total
RNA in the specified cell populations as determined by RT-qPCR.
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Figure D.2: Increased MITF in CBTPA tumors as compared to CBTP tumors. Representative histopathological images of tumor sections prepared from either CBTP (left) or CBTPA (right)
tumors following immunohistochemistry staining for MITF (red).
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