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PURPOSE Genomic classification of melanoma has thus far focused on the mutational status of BRAF, NRAS,
and NFI. The clinical utility of this classification remains limited, and the landscape of alterations in other
oncogenic signaling pathways is underexplored.

METHODS Using primary samples from the InterMEL study, a retrospective cohort of cases with specimens collected
from an international consortium with participating institutions throughout the United States and Australia, with
oversampling of cases who ultimately died of melanoma, we examined mutual exclusivity and co-occurrence of
genomic alterations in 495 stage II/Ill primary melanomas across 11 cancer pathways. Somatic mutation and copy
number alterations were analyzed from next-generation sequencing using a clinical sequencing panel.

RESULTS Mutations in the RTK-RAS pathway were observed in 81% of cases. Other frequently occurring
pathways were TP53 (31%), Cell Cycle (30%), and PI3K (18%). These frequencies are generally lower than was
observed in The Cancer Genome Atlas, where the specimens analyzed were predominantly obtained from
metastases. Overall, 81% of the cases had at least one targetable mutation. The RTK-RAS pathway was the only
pathway that demonstrated strong and statistically significant mutual exclusivity. However, this strong mutual
exclusivity signal was evident only for the three common genes in the pathway (BRAF, NRAS, and NFI). Analysis
of co-occurrence of different pathways exhibited no positive significant trends. However, interestingly, a high
frequency of cases with none of these pathways represented was observed, 8.4% of cases versus 4.0% ex-
pected (P < .001). A higher frequency of RTK-RAS singletons (with no other pathway alteration) was observed
compared with The Cancer Genome Atlas. Clonality analyses suggest strongly that both the cell cycle and
RTK-RAS pathways represent early events in melanogenesis.

CONCLUSION Our results confirm the dominance of mutations in the RTK-RAS pathway. The presence of many
mutations in several well-known, actionable pathways suggests potential avenues for targeted therapy in these
early-stage cases.
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INTRODUCTION approved for adjuvant therapy for resected stage Il
disease.® Immune checkpoint inhibitors, given as mon-
otherapy or in combination, are now first-line treatments
for non-BRAF-mutant melanomas in the adjuvant
setting.’® However, challenges remain with current
systemic therapies. For patients receiving BRAF/MEK
inhibitors, most relapse after 6-9 months after developing
drug resistance.!'2 In addition, approximately 50% of
stage Ill patients treated with BRAF/MEK inhibitors
will relapse at 5 years.® Furthermore, 40%-60% of
patients with melanoma have de novo or acquired
resistance to immunotherapy leading to disease
progression.'** New targets and strategies to overcome
treatment resistance are needed. In tumors where no
effective targeted treatments are yet available, alternative
Targeted BRAF and MEK inhibitors have proven ef- targets are needed. Examining co-occurring pathway al-
ficacious for BRAF-mutant melanoma®® and are terations may provide insight into these directions.

The pattern and timing of relapse in patients with stage
/1l melanoma can be highly variable.?? The genetic
heterogeneity of the tumor may underlie this variability
in clinical behavior and treatment response. The
Cancer Genome Atlas (TCGA) defined four mutational
subtypes, defined by the presence of mutations in the
driver genes BRAF, NRAS, and NF1, with the term triple
wild type characterizing tumors without mutations in
any of these genes. These three genes belong to the
RTK-RAS-MAPK pathway (hereafter referred to as RTK-
RAS for brevity) and are almost always mutually ex-
clusive in melanomas.® Shoushtari et al* later refined
this classification into nine MAPK driver groups.
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CONTEXT

Key Objective

Knowledge of the genomic architecture of melanomas is largely derived from The Cancer Genome Atlas, a data set based
primarily on the profiling of metastases. We use the resources of the InterMEL study, the goal of which was to examine the
genomic architecture of early-stage primary melanoma samples, to investigate known cancer pathways, focusing specifically
on mutual exclusivity of genes, a phenomenon that provides strong evidence of the role of the genes in tumor development.

Knowledge Generated

The results confirm the dominance of the RTK-RAS pathway. Alterations in this pathway are substantially more frequent than the
other pathways and demonstrate strong mutual exclusivity. The results also show that 81% of these early-stage melanomas
possess at least one targetable mutation but that more cases than expected had no mutations in any of the pathways examined.

Relevance

The results provide a framework for examining the potential for targeted therapy in early-stage melanoma.

Here, we report the frequency and pattern of alteration of
11 oncogenic signaling pathways in the InterMEL cohort, a
large epidemiological series of stage II/1ll melanomas. Our
analysis is designed to provide insights into developing
approaches to guide surveillance and treatment decision
making in early-stage melanoma. We focus primarily on
mutual exclusivity, a well-known phenomenon among
genes functionally linked within a biological pathway.*®
Genes that are mutated in a mutually exclusive way
within a pathway are expected to affect the same down-
stream effectors. The aberration of one gene is sufficient to
functionally disrupt the pathway and thus eliminates the
selective pressure for alteration of the others. The primary
genes in the RTK/RAS pathway (BRAF, NRAS, and NFI)
have long been known to occur in a mutually exclusive way,
but there has been little attention to other pathways in the
context of melanogenesis.

METHODS
The InterMEL Cohort

The InterMEL collaboration was created with the primary
goal of investigating the genomic landscape of clinically
localized primary melanomas. The tumors were sampled
from various hospitals or treatment centers in the United
States and Australia on the basis of the availability of tumor
tissue in the pathology archives. Eligible tumors included
primary cutaneous melanomas diagnosed on or after
January 1, 1998, and before January 1, 2016, within stages
IIA-IIID, restaged according to the American Joint Com-
mittee on Cancer, 8th edition.! These dates were chosen to
restrict the sample to tumors that were not treated with
modern immunotherapies and thus represent the natural
history of the disease in the absence of systemic treatment.
The stages selected comprise tumors with a substantial
probability of ultimately leading to relapse and death from
melanoma. For this reason, cases with stage | melanomas
were excluded. Tumors thus were at least 1.05-mm thick
with sufficient tissue available to ensure the number of
slides necessary for nucleic acid extraction. The patient
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must not have received adjuvant immunotherapy or tar-
geted therapy before progression. Tumors from patients
who ultimately died within 5 years were oversampled in an
effort to seek an approximately equal number of cases who
died versus those who survived 5 years without a relapse. In
fact in the data presented herein, we have analyzed 219
tumors (44%) from patients who died within 5 years and
276 tumors from those who survived 5 years without a
relapse. Nucleic acid was extracted in the form of DNA and
RNA for three distinct omics panels: targeted panel DNA
sequencing to detect mutations, DNA methylation profiling,
and miRNA profiling. The current analyses are based on
the 495 tumors with complete annotation of somatic mu-
tation and copy number identified and analyzed to date. To
identify somatic mutations, we used the targeted panel
created at Memorial Sloan Kettering Cancer Center
(MSK-IMPACT).'® MSK-IMPACT is an US Food and Drug
Administration—approved  hybridization capture-based
next-generation sequencing panel capable of detecting
all protein-coding mutations, copy number alterations, and
selected promoter mutations and structural rearrange-
ments in 468 cancer-associated genes. Further details of
the InterMEL study are provided in the study by Luo et al.’”
As a benchmark to our primarily descriptive results in these
early-stage melanomas, we provide some comparative
results from TCGA, by far the most prominent source of
genomically studied tumors. However, TCGA is a very
different source of tissue in that 80% of TCGA tumors were
metastatic specimens while InterMEL involves entirely
primaries. The sex distributions of the two populations are
identical (62% female) although InterMEL cases were
somewhat older at diagnosis (mean age 64 v 57 years for
TCGA). To ensure meaningful benchmarking, we note that
pathway frequencies we report from TCGA are limited to
genes present in the MSK-IMPACT panel.

Definition of Pathway Alterations

We annotated somatic alterations in 10 oncogenic signaling
pathways: RTK-RAS, p53, Cell Cycle, PI-3-Kinase/Akt,
Hippo, Myc, Notch, Nrf2, TGF-p signaling, g-catenin/Wnt.*®
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We additionally included the homologous recombination
deficiency (HRD) pathway using the OncoKB*® annotation.
Pathway alteration status was classified by either an activating
event (including hotspot mutations or high-level focal ampli-
fications) or an inactivating event (including loss-of-function
mutations or homozygous deletions) in a pathway gene.
Predicted functional events on the basis of computational
approaches were also included.?® To determine the clonality
of each mutation, we estimated the cancer cell fraction on the
basis of the variant allele frequency, local copy number states,
and tumor purity as previously described.??? Clonality of
copy number alterations was estimated using the FACETS
algorithm.?! We emphasize that the genes evaluated in these
pathways are necessarily limited to those contained on the
468-gene MSK-IMPACT panel.

Mutual Exclusivity of Genes in a Pathway and
Co-Occurrence of Pathways

To assess the degree of mutual exclusivity of genes in a
pathway, we enumerate the number of cases where there is
a solitary pathway mutation (denoted singletons herewith)
and compare this with its expected value under the as-
sumption that mutations occur independently. Excess
mutual exclusivity implies that a single-pathway mutation
enhances tumor growth and thus limits the opportunity time
for additional pathway mutations to occur.'®

Let N be the total number of cases in the dataset, and let T
be the number of cases in the sample that are in the given
pathway, that is, cases which have a mutation in at least
one pathway gene, and let Og be the observed number of
singletons. Suppose that there are g genes in the path-
way. Let p;,i=1,...,8 be the set of probabilities of
mutations of the genes in the pathway, with empirical
estimates p, = %,/: 1,...,g determined from the em-
pirical relative frequencies of the genes, where {r;} de-
notes the set of frequencies of occurrence of mutations in
each gene. Then, the expected number of singletons is
Es= NkZil(p,/(l— p)), where k =T[%,(1- p;). Aformal
test for mutual exclusivity can be obtained using the z
score (Os— Es)/[Es(N — E5)/N1Y2).

To gauge the extent of mutual exclusivity, we have used the
measure Mm,e = (Os— Eg)/(T— Eg). This captures the
proportion of those cases expected to harbor more than one
pathway alteration that are actually singletons and thus
ranges from O (anticipated mutual exclusivity) to a maxi-
mum of 1. By calculating this term for different subsets of
selected genes in the pathway, we can evaluate the subset
that appears to exhibit mutual exclusivity most strongly.

For evaluating the relation of different pathways, we focused
on co-occurrence, on the premise that if joint deactivation of
specific pathways is important in melanogenesis there will be
selective pressure in favor of co-occurrence. In these ana-
lyses, we focused on pairs of pathways. Thus to test co-
occurrence of pathways i and j, we enumerated Oc, the
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number of cases represented by both pathways, comparing
this with its expected value E£¢ = Ng;qg;, where g; is the
proportion of cases in which mutations in pathway i oc-
curred. Again, a statistical test can be constructed using the
corresponding z score.

The pathway co-occurrence strategy was expanded to test
the significance of an observed exclusive negative group-
ing, representing cases that have no mutations in any
pathway. Here, the expected number of cases that are
exclusive negative is given by: NHJ-Vzl(l— g;), where vis the
number of pathways. To visualize the pattern of co-
occurrence, a hierarchical clustering was performed on
the pathway level data to sort tumors into subgroups on the
basis of the co-occurrent pattern.

RESULTS
Pathway Alteration Frequency in Early-Stage Melanoma

Overall, the RTK-RAS pathway is the most frequently al-
tered pathway, present in 81% of the InterMEL tumors
(Fig 1A). The average cancer cell fractions of the RTK-RAS
and Cell Cycle pathway alterations are close to 1 indicating
mostly clonal events in these tumors (Fig 1B), consistent
with the notion that RTK-RAS and Cell Cycle alterations are
early drivers in tumor evolution (Appendix Table Al).2

Comparisons of pathway frequencies with the benchmark
TCGA data highlight large differences between early-stage
primaries and metastatic specimens. The RTK-RAS
pathway alteration is lower in InterMEL compared with
TCGA (81% v 93%), primarily reflecting the lower fre-
quencies of oncogenic mutations in BRAF and NRAS
(Appendix Fig A1). The Cell Cycle pathway is altered in the
InterMEL tumors at 30%, a much lower frequency than the
59% in TCGA. The difference lies mainly in the lower
frequency of alterations in the CDKNZ2A gene (Appendix
Fig A2). The PI3K pathway is altered in InterMEL tumors at
18% versus 32% in TCGA, with the primary difference
attributable to PTEN (Appendix Fig A3). The less frequent
alterations in CDKNZ2A and PTEN genes in InterMEL are
consistent with the notion that these two genes are asso-
ciated with more advanced disease.?>?* Alteration fre-
quency of the pb53 pathway is similar between the two
cohorts (Appendix Fig A4).

Mutual Exclusivity of Genes in Pathways

Table 1 shows results on mutual exclusivity for each of the
pathways. The RTK-RAS pathway has a total of 273 ob-
served singletons which far exceeds the expected number
of 200, a highly significant result (P < .001, see Fig 2A).
The strong mutual exclusivity is similarly observed in TCGA
melanoma sample cohort, with 205 observed singletons
versus 139 expected (P < .001). However, none of the
other pathways showed statistical evidence of mutual ex-
clusivity (Appendix Table A2).

As described in Methods, the measure M, captures the
proportion of cases expected to harbor more than one
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pathway alteration that are actually singletons. In the RTK-RAS
pathway, the three most frequently mutated genes, BRAF,
NRAS, and NF1 together display 80% mutual exclusivity by
this measure (Fig 2B). However, the M, score shows a rapid
decreasing trend as additional genes are included.

Co-Occurrence of Different Pathways

The identification of co-occurrent pathways may further
generate insights on paths of carcinogenesis and potentially
inform more tailored and effective therapeutic strategies that
cotarget multiple pathway alterations in a tumor. Among the
453 cases with at least one pathway alteration, 33.1% of the
cases are singletons having exactly one pathway altered (the
majority of which are RTK-RAS singletons), 28.3% having
two pathways altered (most frequently RTK-RAS and Cell
Cycle), and 18.3% harbor three concurrent pathways
(Fig 3A). We used the OncoKB algorithm to stratify potentially
actionable genomic events into one of four levels on the basis
of published clinical or laboratory evidence that the alteration
confers increased sensitivity to standard or investigational
therapies.’® Overall, 82% of the cases have at least one
targetable alteration identified from the clinical sequencing
panel (Appendix Fig Ab).

Interestingly, a total of 8.4% (n = 42) of the cohort have no
mutations in any pathway. We refer to this as an exclusive
negative group. The size of this exclusive negative group sig-
nificantly exceeds its expectation (n =42 van expected value of
20, P < .001). In addition, Figure 3A shows that the pre-
ponderance of cases in which only a single pathway is rep-
resented involve the RTK-RAS pathway. Furthermore, these
single pathway cases are much less frequent in TCGA (Fig 3B).
In general, a higher fraction of tumors with multiple pathways
altered are observed in TCGA (Fig 3B, Appendix Fig A6).

A hierarchical clustering analysis was used to visualize the
co-occurrence pattern of the pathways (Fig 4A). All of the

4 © 2023 by American Society of Clinical Oncology

exclusive negative cases are sorted to the left, which
contains exclusively cases that are not in the RTK/RAS
pathway. Figure 4B shows statistical tests of pairwise pathway
co-occurrences. Although a few of the pairs are nominally
statistically significant for co-occurrence, none of the tests is
significant after adjusting for multiple testing. Note the co-
occurrence analysis of p53 and HRD pathways was not shown
since they contain overlapping genes (ATM and CHEK?)
which will introduce bias.

TABLE 1. Evaluation of Mutual Exclusivity and Co-Occurrence Within
Pathway in InterMEL Tumor Samples (n = 495)

Pathway t g Os Es Zye O Ec Zc
RTK/RAS 399 33 273 199.89 6.70 126 159.88 -3.26
Nrf2 10 2 10 99 o001 0 002 -0.13
PI3K 88 16 81 8059 005 7 7.03 -0.01
TGFB 16 5 15 1654 -0.39 1 023 162
p53 154 4 132 14865 -1.63 22 1351 234
Wnt 53 7 48 5294 -072 5 250 158
Myc 19 3 19 1880 005 O 010 -0.32
CellCycle 150 9 136 13442 0.16 14 1541 -0.36
Hippo 50 5 47 4888 -028 3 204 067
Notch 76 9 70 7254 -032 6 514 038
HRD 74 11 70 69.75 003 4 455 -0.26

NOTE. T denotes the total number of samples with at least one
pathway member alteration, and g denotes the number of genes in the
pathway with at least one alteration detected by MSK-IMPACT. Og and
Es denote the observed and expected singletons (tumors harbor
exactly one pathway gene alteration). Zy is the z score for
mutual exclusivity. Oc and Ec denote the observed and expected
co-occurrence (tumors harbor pathway alterations in two or more
genes). Zc is the z score for co-occurrence.

Abbreviation: HRD, homologous recombination deficiency.
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Survival Comparisons

Sampling of tumors for InterMEL was designed to provide
approximately equal numbers of cases who died of mel-
anoma within 5 years versus those who survived without
evidence of recurrence for at least 5 years (controls).

Comparison of cases versus controls thus sheds light onto
pathways that predict clinical outcome. Figure 5 displays

these survival comparisons for the individual pathways. Only
one of these comparisons is statistically significant (improved
survival for cases with mutations in the HRD pathway).
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However, this is one of numerous comparisons and rela-
tively few tumors had alterations in the HRD pathway, so
the result is far from conclusive. At the individual gene
level, we observed that PTEN is altered in 9.6% of cases
who died versus 4% of controls. CDKN2A alterations were
slightly but not significantly elevated in the cases who dies
(24% v 20%).

DISCUSSION

The influential TCGA studies have provided a rich resource
to define the mutational landscape of most types of cancer.
However, the examination of melanoma in TCGA focused
on largely metastatic specimens. This was done because of
the need for large quantities of DNA to accomplish the
multiomic investigations planned. The InterMEL study was
created with the specific goal of filling in the knowledge gap
regarding the genomic profiles of primary melanomas,
notably in those early stages without evidence of metas-
tases. This population, represented by stages Il/Ill, is one
for which the chances of recurrence are relatively high and
thus the option of adjuvant treatment is a viable one.

Our examination of the major pathways has generally
demonstrated that these are somewhat less frequently

AFFILIATIONS

!Department of Epidemiology and Biostatistics, Memorial Sloan
Kettering Cancer Center, New York, NY

2Department of Internal Medicine and the UNM Comprehensive Cancer
Center, Albuguerque, NM

3ImmunoOncology Branch, National Cancer Institute, Rockville, MD
“Department of Dermatology and Lineberger Comprehensive Cancer
Center, University of North Carolina, Chapel Hill, NC

JCO Precision Oncology

occurring in this population than in the more advanced
(and primarily metastatic) cases represented by TCGA, a
finding that is not surprising since tumors gradually acquire
mutations as they evolve. Our detailed analysis of mutual
exclusivity demonstrates very strong mutual exclusivity of
BRAF, NRAS, and NF1 mutations in the RTK-RAS pathway,
as has been observed in several other large-scale sequencing
studies including TCGA,>* but no convincing evidence of
such mutual exclusivity in the other pathways. A future study
with expanded cohort size may be needed to investigate more
conclusively rare genomic events within a pathway.

A different framework for inferring the pathogenicity of the
pathways is clonality. Our clonality analysis (Fig 1B)
demonstrates highly distinctive patterns, with some path-
ways clearly occurring early in the disease process (eg, Cell
Cycle and RTK/RAS), some occurring very late in the
process (Nrf2 and TGFB) and others spanning these two
extremes. One could speculate that the clonal alterations
are likely to be more amenable to targeted therapies, and
multiagent approaches may be viable in cases with > 1
actionable mutations observed with high levels of clonality.
Although for the majority of melanomas, resistance to
BRAF/MEK inhibition is through reactivation of the RTK/
RAS pathway,?® for some it is not.2® Prospectively identi-
fying alternative oncogenic pathways and pathway nodes of
intersection could provide novel targets and potential for
further personalizing therapeutic approaches.

An interesting observation is the unexpectedly high fre-
quency of cases with no representation of alterations in any
of these pathways. A possible, indeed likely explanation is
that our study did not address all of the pathways that are
truly relevant and that this elevated frequency of the ex-
clusively negative group is caused by the absence of data
from these missing pathways. Furthermore, the integration
of epigenome or transcriptome may provide information on
the molecular alterations that define these cases and in-
form therapeutic targets.

In summary, our study has provided a view of the pathway
alteration landscape in early-stage melanoma. The results
provide insights into the major cancer pathways repre-
sented in this disease and into features that support their
relevance as drivers of melanogenesis via analyses of
mutual exclusivity within pathways, co-occurrence of dis-
tinct pathways, and clonality.
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FIG A1. Oncoprint plot of the RTK-RAS pathway in the InterMEL cohort (n = 495) vin the TCGA (n =363) cohort. The TCGA analysis was restricted
to the MSK-IMPACT genes and using the same oncogenic mutation annotation. TCGA, The Cancer Genome Atlas.
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the MSK-IMPACT genes and using the same oncogenic mutation annotation. TCGA, The Cancer Genome Atlas.
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FIG A3. Oncoprint plot of the PI3K pathway in the InterMEL cohort (n = 495) vin the TCGA (n = 363) cohort. The TCGA analysis was restricted to the
MSK-IMPACT genes and using the same oncogenic mutation annotation. TCGA, The Cancer Genome Atlas.
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FIG A5. OncoKB annotation of targetable alterations in the InterMEL cases. FDA, US Food and Drug Administration.
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FIG A6. Co-occurrence patterns across the pathways in TCGA (n = 363). (A) Tumors are sorted by hierarchical clustering of the 11 pathway
alteration status. Mutation class denotes the oncogenic mutation status of BRAF, NF1, NRAS, and the triple wild type (yellow). (B) Pairwise
co-occurrence z score. TCGA, The Cancer Genome Atlas.
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TABLE A1. Comparing Alteration Frequency of the 11 Pathways in the
InterMEL Cohort (n = 495) v in the TCGA (n = 363) Cohort

TABLE A2. Evaluation of Mutual Exclusivity and Co-Occurrence Within
Pathway in TCGA Tumor Samples (n = 363)

Pathway InterMEL TCGA Pathway t g 0O Es Zve O¢ Ec Zc
RTK/RAS 0.81 0.93 RTK/RAS 339 32 205 13857 7.18 134 158.73 -2.62
p53 0.31 0.28 Nrf2 4 2 4 3.98 0.01 0 0.01 -0.10
Cell Cycle 0.30 0.59 PI3K 116 17 96 100.35 -051 20 1752 0.61
PI3K 0.18 0.32 TGFB 14 5 13 1453 -041 1 0.24 157
Notch 0.15 0.16 p53 102 4 97 8349 104 5 908 -1.37
HRD 0.15 0.08 Wnt 40 7 40 3685 055 O 156 -1.25
Wnt 0.11 0.11 Myc 32 4 32 3043 030 0 0.78 -0.88
Hippo 0.10 0.10 Cell Cycle 215 10 180 16445 1.64 33 4159 -142
Myc 0.04 0.09 Hippo 38 6 34 3837 -075 4 180 165
TGFB 0.03 0.04 Notch 57 10 53 5334 -005 4 424 -012
Nrf2 0.02 0.01 HRD 30 1 6 600 000 O 000 NaN

NOTE. The TCGA analysis was restricted to the MSK-IMPACT genes
and using the same oncogenic mutation annotation.

Abbreviations: HRD, homologous recombination deficiency; TCGA,
The Cancer Genome Atlas.
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NOTE. T denotes the total number of samples with at least one
pathway member alteration, and g denotes the number of genes in the
pathway with at least one alteration detected by MSK-IMPACT. Os and
Es denote the observed and expected singletons (tumors harbor
exactly one pathway gene alteration). Zyg is the z score for mutual
exclusivity. O¢ and E¢ denote the observed and expected
co-occurrence (tumors harbor pathway alterations in two or more
genes). Zc is the z score for co-occurrence.

Abbreviations: HRD, homologous recombination deficiency; TCGA,
The Cancer Genome Atlas.
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