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Summary

Although the MYC oncogene has been implicated in cancer, a systematic assessment of alterations
of MYC, related transcription factors and coregulatory proteins, forming the Proximal MYC
Network (PMN), across human cancers is lacking. Using computational approaches, we define
genomic and proteomic features associated with MYC and the PMN across the 33 cancers of The
Cancer Genome Atlas. Pan-cancer, 28% of all samples had at least one of the MYC paralogs
amplified. In contrast, the MYC antagonists MGA and MNT were the most frequently mutated or
deleted members, proposing a role as tumor suppressors. MY C alterations were mutually
exclusive with PIK3CA, PTEN, APC, or BRAF alterations, suggesting MYC is a distinct
oncogenic driver. Expression analysis revealed MY C-associated pathways in tumor subtypes, such
as immune response and growth factor signaling; chromatin, translation and DNA replication/
repair were conserved pan-cancer. This analysis reveals insights into MYC biology and is a
reference for biomarkers and therapeutics for cancers with alterations of MY C or the PMN.

eTOC

We present a computational study determining the frequency and extent of alterations of the MYC
network across the 33 human cancers of TCGA. This data, together with MYC positively
correlated pathways as well as mutually exclusive cancer genes, will be a resource for
understanding MY C-driven cancers and designing of therapeutics.
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Introduction

The MYC gene was initially discovered as an oncogene (v-MYC) acquired from the host
cell genome by a subgroup of avian leukemia viruses. Subsequently the cellular MYC gene
and its paralogs (MYCNand MYCL) were found to be subject to genetic alterations such as
amplification, chromosomal translocation, and viral integration in a broad spectrum of
cancers leading to tumorigenesis. In normal cells, expression of the endogenous MYC gene
is upregulated in response to diverse mitogenic and developmental signals. The MYC
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protein functions as a transcription factor that responds to and integrates these signals into
broad changes in gene expression supporting cell growth and proliferation.

Many of the genetic alterations that occur in tumors act to uncouple MYC expression from
its normal regulatory constraints, thereby resulting in high levels of MYC protein that are
less sensitive to normal cellular and extracellular signals (for reviews see (Dang and
Eisenman, 2014)). Such alterations include (i) point mutations in the MYC coding region
that appear to increase MY C protein stability and activity as secondary events to
translocations in lymphoma (Bahram et al., 2000; Hemann et al., 2005); (ii) mutation or rare
amplification of distal enhancers (Sur et al., 2012; Zhang et al., 2015; Zhang et al., 2016);
and (iii) activating mutations in signal transduction pathways (e.g. Wnt, Notch) that augment
MYC expression (Herranz et al., 2014; Muncan et al., 2006; Weng et al., 2006). Even
relatively small constitutive changes in MYC expression level (>2-fold relative to normal)
have been demonstrated to have biological consequences and influence tumorigenesis
(Bazarov et al., 2001; Hofmann et al., 2015; Murphy et al., 2008). Earlier studies showed
that multiple cancer types exhibit alterations at A/ YC family gene loci, usually associated
with increased MYC mRNA and/or protein levels (Nesbit et al., 1999; Vita and Henriksson,
2006). Experiments in a number of tumor lines and in animal models of cancer indicated
that in many cases MY C expression is required for tumor initiation, progression or
maintenance (for review see (Gabay et al., 2014; Vita and Henriksson, 2006)). Therefore, it
is reasonable to consider tumors with dysregulated MYC as “MY C-driven”, or “MYC-
addicted”, tumors. However, the earlier meta-analyses indicated that within a given tumor
type or sub-type the fraction of tumors with MYC family gene rearrangements
(amplification or translocations) can vary widely. For example based on different published
reports, MYC amplifications in breast cancer were found in 9-48% of cases and 7-78% in
osteosarcoma (see (Vita and Henriksson, 2006)). These and other variations are likely due to
different methodologies employed to detect rearrangements and to differences in sample
sizes. More recently, a report broadly analyzing the landscape of focal amplifications in
cancers found MYC amplification among the most frequent of all such events (Beroukhim et
al., 2010).

The functional consequences of MYC de-regulated expression and its influence on gene
expression programs and DNA replication or repair processes during normal and oncogenic
proliferation have been a subject of intense research (Dominguez-Sola and Gautier, 2014;
Sabo and Amati, 2014; Walz et al., 2014). MY C functions with its heterodimerization
partner MAX, through recognition of specific DNA elements (Blackwell et al., 1993;
Fernandez et al., 2003; Grandori et al., 1996; Guccione et al., 2006); and recruitment of
transcriptional co-regulatory molecules linked to histone acetylation (Bouchard et al., 2001;
Frank et al., 2001) to elevate expression of a broad but selective set of genes via the
activation of specific chromatin marks. Upon dysregulation and overexpression, MY C binds
to lower affinity sites in promoters and enhancers in a dose-dependent manner resulting in
ectopic regulation (activation or repression) of thousands of genes (between ~2000 and 4000
genes (de Pretis et al., 2017; Sabo et al., 2014). In addition, a role for MYC in the global
mRNA amplification observed during transition from quiescence to proliferation was
proposed by examining gene expression changes in a B-cell line, whose proliferative state
was strictly dependent on a conditional MYC allele (Lin et al., 2012; Nie et al., 2012).
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Recent evidence, however, indicates that this may be largely an indirect effect of MYC as
the amplification of the majority of mMRNAs does not correlate with binding of MYC at their
promoters (Kress et al., 2015).

While the effects of MY C as a transcription factor are often considered in isolation, it is
important to consider its function in the context of a network of related transcription factors
and interacting co-regulatory proteins that have the potential to influence MYC target gene
binding and expression. We refer to this network as the Proximal MYC Network (PMN) that
includes MAX, MGA, MXD1, MXD3, MXD4, MXI1, MNT, MLX, MLXIP, and MLXIPL.
All of these proteins have related basic helix-loop-helix zipper (bHLHZ) domains and can
be considered members of the MY C bHLHZ superfamily. The different components of the
network are connected through dimerization with MAX, MLX, or both. MAX, in addition to
dimerizing with MY C paralogs, also forms heterodimers with the MXD family, comprised
of MXI11, MNT and MGA (Ayer et al., 1993; Hurlin et al., 1997; Hurlin et al., 1995; Hurlin
etal., 1999; Meroni et al., 1997; Zervos et al., 1993) (Figure 1A). Although far less
characterized than MY C proteins, these factors can compete with MYC for binding to MAX
and for E-box sites in shared target genes. In contrast to the predominant transcriptional
activation function of MYC, the MXD, MXI1, MNT and MGA proteins repress transcription
through the recruitment of corepressor complexes (for reviews see (Conacci-Sorrell et al.,
2014; Link and Hurlin, 2015)). These opposing transcriptional activities, together with
functional assays showing that MXDs, MNT and MGA proteins can antagonize the
transforming activity of MYC in cell culture assays, raised the possibility that they function
as tumor suppressors. Supporting this hypothesis, recurrent deletions in MXDs, MNT and
MGA genes have been identified in some human tumors (Edelmann et al., 2017) and mouse
studies suggest that at least MNT and MXI1 can behave as tumor suppressors (Dezfouli et
al., 2006). By contrast, loss of MNT, like dysregulated MYC, is pro-apoptotic, can
exacerbate the apoptotic activity of MYC, and abrogate MY C-driven tumorigenesis (Link et
al., 2012). A model that emerges from these studies is that a balance between the abundance
and activity of MYC and MNT, and perhaps more generally between MYC, MXDs, MNT
and MGA, is needed to support oncogenesis (Diolaiti et al., 2015; Link and Hurlin, 2015).
Moreover, the MAX-like protein MLX forms dimers with MLXIP and MLXIPL
transcription factors (also known as MONDOA and CHREBP, respectively) which can either
support or antagonize MY C function depending on cell context (Wilde and Ayer, 2015).
Importantly, the nuclear localization and transcriptional activity of MLXIP and MLXIPL is
highly dependent on nutrient flux, potentially connecting the functions of MY C and other
PMN members to cellular metabolic state (Carroll et al., 2015; Diolaiti et al., 2015; Wilde
and Ayer, 2015). Finally, different PMN members recruit other transcription factors,
chromatin modifiers, and ubiquitin ligases that control their activity and abundance. Thus,
changes in the copy number, mutation, expression, and other alterations of PMN members
and their interacting proteins may influence oncogenesis by increasing MY C expression,
cooperating with or antagonizing MYC activity, and directly altering gene expression
patterns independent of MYC, or a combination of these mechanisms (Diolaiti et al., 2015;
Yang and Hurlin, 2017).

Here we performed a broad and unified analysis of genomic and expression data of the
TCGA dataset with <9000 samples covering 33 tumor types. We analyzed the frequency and
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extent of copy number changes and mutations of MYC paralogs at the pan-cancer level. This
was integrated with existing knowledge about MYC and the PMN to better understand the
different roles that alterations of MYC and the PMN play on a pan-cancer level and in
individual tumor types.

Pan-cancer analysis of Copy number alterations

MY C oncoproteins in solid tumors are mainly activated by copy gains, and it is well
established that even small changes in MYC levels can drive ectopic proliferation of somatic
cells and oncogenesis (Bazarov et al., 2001; Hofmann et al., 2015; Murphy et al., 2008).
Therefore, we performed an in-depth analysis of copy number alterations using purity and
ploidy corrected focal copy number data to provide the sensitivity necessary to detect low
level copy number gains expected to have a biological function. Focal copy humber events
are defined by affecting less than 50% of the chromosome arms. At the pan-cancer level,
MYC (c-MYC) is the most frequently amplified gene among the proximal network members
across all cancer types, occurring in 21% of samples (Figure 1A). MYCNand MYCL
exhibit 7% focal amplification at a pan-cancer level. Overall, 28% of the analyzed samples
in TCGA have at least one of the three MY C family members focally amplified (Figure 1B).
The most frequent focal deletions in the PMN, including shallow deletions (only 1 copy of
the gene lost), were seen in the transcriptional repressor and MY C antagonist, MNT (10%),
aligning with its proposed role as a tumor suppressor in the MY C network (Yang and Hurlin,
2017) (Figure 1A). Deletions of the closely related MXD3 (7%), and MXD4 (6%) genes, as
well as of MGA (8%) were also observed at the pan-cancer level. Shallow deletions of MAX
were found in 5% of all TCGA samples. Even though the association of MAX with MYC is
critical for its transforming potential in cell culture assays, recurrent shallow deletions of
MAX were observed in some cancers, particularly pheochromocytomas and gastrointestinal
stromal tumors (Burnichon et al., 2012; Comino-Méndez et al., 2011; Pantaleo et al., 2017;
Schaefer et al., 2017). These findings raise the possibility that the loss of MAX dimerization
with MXD, MNT and MGA, all transcriptional MY C antagonists, favors tumorigenesis for
some cell types. Also, for MLX; shallow deletions were observed in 5% of tumors (Figure
1A). MLX is an obligatory dimerization partner with the MONDO family (MLXIP or
MLXIPL), but can bind MNT and a subset of MXD proteins (Figure 1A). Similar to MAX,
shallow deletion of MLX could interfere with the repressor activity of MXD and MNT, as
well as alter MY C-induced metabolic reprogramming by disabling of MLXIP and MLXIPL
(O’Shea and Ayer, 2013).

The same analysis was performed considering broad deletions and amplifications using a
cutoff of +/- 0.5 ploidy for the relative copy number values (pan-cancer distribution shown
in Figure S1B). This cut-off enabled the detection of copy number gain or loss of a single
MYC allele present in 100% of cells in the sample. Unlike focal events, the broad copy
number alterations can involve whole chromosome arms. In this case, MYC amplification
frequency increases to 30% and the frequency of MNA/T deletions doubles (21%) (Figure
S1C). The latter may be due to MA/Tand 7P53being on the same distal arm of chromosome
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17. For the rest of the PMN, both broad and focal copy number events occur at similar
frequencies.

Distinct subgroups based on chromosome fraction and copy number

To learn more about the characteristics of focal copy number alterations, we plotted the
amplitude of copy gain or copy loss against the fraction of the chromosome affected (Figure
1C and 1D). Only samples with focal GISTIC +1 and -1 were considered. Even though
focal deletions were defined as less than 50% of the chromosome arm, this graphical
representation highlights that the majority of events affect about 20% of the chromosome
arm. Furthermore, distinct groups emerge based on amplitude and size. MY C amplifications
(Figure 1B), for instance, shows 3 distinct groups: low copy increase affecting everything
from small amplicons up to large (40% of the chromosome arm), an intermediate copy gain
group with mostly large events, and a small subset with high copy gains affecting a small
proportion of the chromosome. These patterns are similar to clinically significant drivers
such as EGFR, CCND1 and ERBBZwith the only difference of MYC having also larger
amplifications. MYCN only shows one group with low copy gain affecting a large
proportion of the chromosome arm (Figure 1B).

Deletions in the PMN are mostly shallow only affecting one copy of the gene, in contrast to
known tumor suppressors such as COKNZA and PTEN (Figure 1D). MNT, the most
frequently deleted member of the PMN, shows a wide distribution in the size of the
deletions.

Pan-cancer frequency of mutations in PMN

Mutations in MYC that may affect MY C protein stability and/or activity have been
described to occur in Burkitt’s Lymphoma and DLBCL (Adhikary et al., 2005; Salghetti et
al., 1999; Zhang et al., 2013). In this analysis, recurrent mutations altering two particular
amino acids (P74 and S161) were observed at a frequency of ~0.07% (Figure 1A and S1D).
P74 is within the MY C Box 1 phosphodegron (sequence conserved for all FBXW?7 degrons)
and is strongly predicted to inactivate the degron and lead to increased stability of MYC
(O’Neil et al., 2007). S161 is proximal to the 3" end of MYC Box Il, and since MYC Box Il
is the major binding site for MY C co-activator complexes, it is possible that phosphorylation
of S161 may influence transcriptional activity. The serine in this position is not conserved,
while the core of MYC Box Il is highly conserved in MY C paralogs.

In addition, MGA was mutated at 4% across all cancer types, with 30% of the 523 mutations
identified in MGA predicted to truncate the protein, thereby eliminating the bHLHZ domain
and interaction with MAX (Washkowitz et al., 2015) (Figure S1E). Such loss of function
mutations in MGA, an essential gene encoding a >3000 amino acid protein that contains
both T-box and bHLHZ DNA binding domains, were recently reported to occur in chronic
lymphocytic leukemia (De Paoli et al., 2013) and lung adenocarcinomas (Cancer Genome
Atlas Research, 2014a).

Cell Syst. Author manuscript; available in PMC 2019 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schaub et al. Page 7

Genetic alterations among of individual cancer types

In addition to comprehensive characterization of MYC and PMN alterations across all
TCGA samples, genetic alterations in individual cancer types were evaluated (for cancer
type specific abbreviations see Table S1). The data is presented as hierarchically clustered
heat maps highlighting tumor types with similar patterns. Focal amplifications involving
MYC (Figure 2A) occur most frequently in OV (64.8%), followed by ESCA (45.3%) and
LUSC (37.2%). These tumor types group together with UCS and BLCA for a clear subgroup
highlighted by frequent amplifications of all MY C paralogs. A second group with high

MY C amplification but lower percentages for MYCNand MYCL, includes STAD, LUAD,
BRCA and LIHC. The exception among the 33 cancer types are THYM, THCA, KICH,
LAML, KIRP and PCPG, which have infrequent amplifications of MY C paralogs and the
PMN (between 5 to 0.4%). The same group of tumor types has also very few deletions
among members of the PMN. In general, 23/33 cancer types have at least 10% of samples
with MYC focally amplified, whereas MYCL and MYCN are amplified less frequently than
MYC. Data for broad amplification are shown in Figure S3A, indicating that in UVM and
KIRP the majority of amplifications are not focal.

Among the PMN, MNT was the most focally deleted gene occurring in more than 20% of
LIHC, LUAD, SARC and UCS samples. However, other PMN members involved in E-Box
transcription repression, such as MGA and MX11, are also frequently deleted.

Because multiple members of the PMN act cooperatively or antagonistically, and show cross
regulation, the network can be considered as a single transcriptional module, we combined
focal deletions in suppressors (e.g. MN'T, MGA), focal amplification in drivers (e.g. MYC)
and mutations (e.g. MGA) of all PMN members. Based on this analysis, almost every cancer
type has at least one member of the PMN affected in at least 10% of the samples (Figure 2D)
and 24/33 tumor types exhibit alteration in at least 50% of the samples. The percentage of
alterations varies widely among tumor type with OV cancer showing almost 100% samples
with alterations in the MYC network, whereas THCA exhibits less than 5% of samples with
MY C/PMN alterations (Figure 2D).

Tumor type specific amplification size of MYC

The size of amplifications involving MY C varies among tumor types. We defined an
arbitrary threshold of 0.1 to separate the amplifications into two groups based on the
chromosome fraction affected. On a pan-cancer level, 75% percent of samples with MYC
focal amplification have events affecting more than a 0.1 fraction of the chromosome arm,
and for 25% the fraction of the chromosome is less than 0.1, similar to the range observed
for other drivers such as EGFR and ERBBZ2 (Figure 1B and 2E). Individual tumor types,
such as UCEC, STAD, ESCA, UCS and SARC have significantly more amplification events
which affect less than a 0.1 fraction of the chromosome arm. For LUSC, HNSC, LIHC,
LGG, UVM and SKCM on the other side, larger amplicons are more frequent (Figure 2F
and S3C). Among tumor subtypes, a significant difference was detected only in ESCA
(Figure S3D), where small amplification of MYC are more frequent in the chromosomal
instability (CIN) subtype.
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Pan-cancer analysis reveals mutual-exclusivity between MYC alterations and common
oncogenic drivers

The large number of samples in the TCGA (9125 samples) and the fact that MYCis
frequently altered across many tumor types prompted us to look for genes with alterations
which are either mutually exclusive or co-occurring with MYC. However, the analysis for
co-occurrence with all genetic alterations (copy number and mutations) typically returned
genes located within the same chromosome arm as MYC (Figure S3A). We therefore
focused on mutual exclusivity allowing for the discovery of alterations (copy number and
mutation) which occur more frequently than expected by chance without MYC. We used the
DISCOVER method (Canisius et al., 2016) to calculate the significance that alterations in a
given gene are less likely to co-occur with MYC. With a false discovery rate (FDR) of 1%,
370 genes were found to be mutually exclusive with MYC. Most strikingly, the top 4 most
significant genes were all known oncogenic drivers: PTEN, BRAF, APC and PIK3CA
(Figure 3A and 3B, Table S2). Additional known oncogenes identified had higher but still
significant g-values, such as KRAS, NRAS, IDHI and MTOR. On a pan-cancer level we did
not observe any mutual exclusivity between AMYC and other members of the PMN.

Oncogenic drivers could simply be inducing MYC expression and might therefore appear to
be mutually exclusive. We therefore compared MY C expression between gene of interest
altered, MYCaltered, both altered, or none of them (Figure 3C). In the case of PTEN and
BRAF, MYC expression levels were unchanged in the presence of alterations in these genes,
suggesting that MY C was not induced in these tumors. In the case of APCand PIK3CA
alterations, MYC expression was elevated suggesting that these alterations are sufficient to
activate MY C expression, without the need of gene amplification, consistent with previous
reports (llic et al., 2011; Muncan et al., 2006).

The same analysis was performed for individual tumor types (Table S2 and Figure 4A-C).
Only 3 out of the 33 tumor types had significant results: BRCA (33.4% MYC alterations),
UCEC (21.5% MYCalterations) and LGG (12.3% MYC alterations). In BRCA, PIK3CA
alterations are mutually exclusive with MYC alterations (Figure 4A, Table S10). UCEC had
10 significantly mutually exclusive genes, of which eight are shown. The list includes PTEN
and KRAS as common oncogenic drivers (Figure 4B and Table S10). In LGG cancers,
mutations of the CIC and FUBPI genes were mutually exclusive with MYC. FUBPL1 is
known to bind to regulatory sequences of MY Cand in the absence of this transcription
factor, endogenous expression of MYC is blocked (He et al., 2000), indicating the functional
dependence of MYC from FUBP1.

Elevated MYC expression across multiple cancer types

As described in the Introduction, genetic alterations alone are not sufficient to characterize
all MY C-driven tumors and we therefore proceeded to analyze MYC expression levels
across the 33 cancer types. Overall, MYC expression was significantly (Hedges’ g effect
size = 0.71) increased in the samples with somatic MY C alterations, but not in samples
where alteration only occurred in a PMN member (Hedges’ g effect size = 0.17, Figure 5A).
Similar observations were made for MYCNand MYCL (Figures 5B and C). The lack of
effect of PMN alterations on MY C expression is consistent with reports that PMN members,
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such as MNT and MGA (Hurlin et al., 1997; Hurlin et al., 1999) are antagonistic of MYC
transcriptional targets but not of the MYC gene itself.

MYC levels can also be altered through upstream signal transduction pathways, epigenetic
changes, and regulation of mMRNA and protein stability. MYC mRNA levels were elevated in
most tumor types, with highest levels detected in COAD, HNSC, ESCA, READ and UVM,
followed by OV, LUSC, MESO, SKCM and STAD (Figure 5D). Interestingly, cancers with
infrequent amplification of MY Calso had the lowest expression levels: KICH, PCPG and
THCA. In summary, cancers with the highest frequency of MYC copy number gains showed
elevated average expression at the mRNA level.

In addition, because MYC has been well established to be post-transcriptionally regulated by
multiple ubiquitin/proteasomal degradation pathways, we analyzed protein expression data
which were quantified using the reverse phase protein array (RPPA) platform. These data are
available for MYC, but not for MYCN or MYCL. MYC protein levels are the highest in OV
and KICH, which is in concordance with the high frequency of copy number increases of
MYCin OV cancer (Figure 5E). MYC-low mRNA expression and infrequent gene
amplification in KICH suggests that MY C is stabilized either by a post-translational
mechanism, or translation itself could be regulated in this cancer. Colorectal cancer was the
third highest cancer with MYC protein level, possibly explained by the activation of Wnt/p-
catenin signaling pathway occurring in the majority of colorectal cancer samples (Ciriello et
al., 2013). Brain tumors, LGG and GBM, had the lowest levels of MYC protein. It has been
shown in pediatric GBM that MYCN is mostly elevated (Huang and Weiss, 2013), but our
data shows elevated mRNA levels for both, MYCN and MYC. LGG, on the other side, have
higher MYCN mRNA levels compared to MYC. Lower MYC protein was also detected
using RPPA data in DLBC, with only a small subset (5-10%) exhibiting high MYC protein
expression. Generally, MYC mRNA correlates well with MYC protein levels in most tumor
types, with UVM, CHOL, ACC and KICH being notable exceptions (Figure 2F).

In contrast to MYC, MYCN mRNA expression was overall lower at the pan-cancer level,
with the most prominent increase detected in a small subset of cancer types, namely: LGG,
OV, PCPG, TGCT and GBM. This highlights a more disease/tissue specific expression
pattern for MYCN compared to MYC (Figure 5D). However, MYCN gene amplification
status across a variety of cancer types (Figure 1B) was not limited to these tissues, indicating
that MYCN alterations are widespread across different tissues.

Unique gene set enrichment patterns for MYC

To find gene sets which are associated with activation of the MY C pathway, MYC and
MYCN expression were utilized to identify sets of genes with both significant positive and
negative Spearman rank correlation coefficients in a pan-cancer level. The coefficients were
then used to generate a weighted genome-wide gene list to be used for gene set enrichment
analysis. For this analysis, Gene Ontology (GO) molecular function category comprising
901 gene sets was corrected for redundancy and reduced to 396 gene sets (using the
reduce_overlap function of the R GOplot package, see Tables S4 and S5). From the
positively correlated gene sets a commonly shared pan-cancer enriched gene set emerged,
with the exception of THCA, PCPG and TGCT. Heatmaps derived from the enrichment
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scores of the top 100 pathways are shown for MYCand MYCN (Figure 6A and B, Table
S6). Hierarchical clustering of cancer types and positively correlated pathways defines three
groups, mainly distinguished by both the strength of correlation with MYC expression as
well as the specific enrichment of certain gene sets (designated Group I, Il and Il in Figure
6A). Group | and I, together comprising 30 cancer types, showed the highest similarity with
enrichment of pathways that are in line with previous knowledge and are therefore referred
as “canonical” MYC gene-sets, such as transcription and RNA processing, chromatin
remodeling (Llscher and Vervoorts, 2012; Nakagawara et al., 1987), and translational
processes (Cowling and Cole, 2007), including gene sets corresponding to ribosomal
structural components and rRNA synthetic apparatus (Grandori et al., 2005; Grewal et al.,
2005), as well as DNA replication and repair (Dominguez-Sola and Gautier, 2014; Rohban
and Campaner, 2015). The canonical signature was the predominant feature of the 14 tumor
types of Group I, exhibiting MYC amplification in >20% of samples, indicating that these
expression changes are linked to de-regulated M YC expression from gene copy number
alterations (Figure 6A).

Interestingly, this broad and unbiased pan-cancer analysis also revealed a new aspect of

MY C-associated broad transcriptional changes in Group Il and Group I1l. These groups are
characterized by gene sets enriched for cytokines, immune response and extracellular matrix
components. In addition, Group Il and Group 111 shared enrichment for growth factor
signaling pathways, consistent with the notion that MY C can be induced in response to
several extracellular stimuli, thus linking activation of the MYC pathway to
microenvironment cues in a subset of cancers. For simplicity we will refer to the chemokine/
immune-response and signaling signature to as “non-canonical” MY C signature (see Figure
6A, highlighted in orange). Among the signaling/growth factor pathways were TGFb,
EGFR, insulin receptors, hormone receptors, and G-protein coupled receptors, indicating
that a diversity of signaling pathways may be able to activate MYC or vice versa, that MYC
could affect their expression. WNT signaling was found to be enriched across all three
groups, with the highest enrichment score in cancers of Group I11. The notion that elevated
MY C expression in certain cancers occurs irrespectively of gene amplification events is
exemplified by the activity of WNT in COAD and READ. These cancer types exhibit the
highest levels of MYC mRNA expression, yet not the highest percentage of MYC gene
amplification; also KIRP and KIRC, both exhibit elevated MYC mRNA expression (see
Figure 5D), despite low percentage of MY C amplification (2-3%). Altogether, these results
underline the importance of signaling pathways contributing to MYC elevated expression in
many cancers. Strikingly, Group I11 which consists of only three cancer types, TCGT,
THCA, and PCPG, exclusively exhibited high correlation with the “non-canonical MYC
signature”, comprising cytokine, immune response and signaling pathways but lacking
hallmarks of the “canonical” MY C signature. Interestingly, these three cancers exhibit low
MYC expression (Figure 5D) and low percentage of AMYC copy number alterations (see
Figure 2B).

Overall the definition of MY C-associated gene expression at the pan-cancer level confirmed
known hallmarks of MY C pathway activity across 30 of the 33 cancer types, while also
revealing novel associations for example with immune response and cytokine signaling for
future studies.
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Unique gene set enrichment patterns for MYCN

While MYCNwas less prominently amplified at the pan-cancer level than MYC (7% versus
21%), several cancer types such as UCS, TGCT, OV, LUSC, ESCA and BLCA had elevated
copy number changes (>10%), which was also reflected in higher MYCN expression levels.
To explore potential differences and/or similarities with respect to global gene expression
signatures between these two MY C paralogs, a genome-wide correlation with MYCN across
the 33 tumor types was also carried out. This analysis revealed common features with MYC
associated pathways as well as MY CN-specific gene sets (Figure 6B). Among the MYCN
associated signature, across all cancers with the exception of LAML, LGG and TGCT, was
the enrichment for cell-signaling and developmental pathways including WNT, NOTCH and
Ephrin receptors. Interestingly, gene sets enriched for WNT signaling appeared more
significantly in MYCN than MYC, and altogether developmental pathways were highly
represented in the MY CN associated gene expression signature. Similar to MYC, the
MYCN pan-cancer signature was enriched for epigenetic pathways linked to histone
acetylation and chromatin modifications. Metabolism linked genes were noted as MYCN-
associated across all cancer types, but only detected on a cancer-type basis for MYC.

Unsupervised clustering of the positively correlated gene set distinguished three major
groups (Figure 6B). Group Il and 111, were most similar with respect to cell-signaling and
also characterized by enrichment for neuronal function gene sets, including genes related to
glutamate receptor function, ligand gated ion channels, calcium ion transport, and
acetylcholine binding. This neuronal-like signature (Figure 6B, light orange) is another
distinguishing feature between MYCN and MYC paralogs. Group Ill, and to a lesser extent
Group 11, also contained the “non-canonical” MY C signature, including cytokine, immune
system and extracellular matrix genes. However, the cancer types exhibiting the non-
canonical signature did not overlap with MYC cancer types with such a signature, except for
all the kidney cancers: KIRP, KIRC, and KICH (Figure 6B).

Finally, Group 1, comprising of LAML, LGG, TGCT, READ, PAAD, BLCA, THCA, PCPG
and GBM, OV and COAD, correlated with MYC “canonical” signature with respect to DNA
replication/repair and chromatin. Interestingly this group contained cancer types with the
highest MYCN expression (see Figure 5D) such LGG, GBM and TGCT, and OV. This
observation is consistent with the high threshold level of MYCN reached in these cancers, to
potentially drive the “canonical” signature. In contrast, Group I, altogether lacked the
enrichment for cytokine/immune system as well as gene sets related to cell signaling (Figure
6B). In summary, while both MYC and MYCN enriched pathways commonly exhibited
hallmarks of the “canonical” MYC signature, MYCN was unique in its association with
genes related to neuronal function and developmental pathways.

A pan-cancer microRNA signature associated with MYC

MicroRNAs (miRNAS) are key regulators of gene expression and important players in the
pathogenesis of human cancers (Bartel, 2004; Ventura and Jacks, 2009). To gain insights
into the interaction between miRNAs and MY C in human cancers, we calculated the
Spearman rank correlation coefficients between 662 human miRNAs and MYC mRNA
levels across each of the 33 cancer types. This analysis revealed a subset of miRNAs whose
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expression correlates with MYC levels across multiple cancer types. Eighty-two miRNAs
showed an absolute Spearman Rho correlation greater than 0.35 in at least three of the 33
cancer types examined. Based on their correlation to MYC levels, these miRNAs can be
divided in three major groups (Figure 7).

The first include miRNAs whose expression positively correlates with MY C expression
across the vast majority of studies. This group is largely composed by members of the
miR-17~92 cluster and of its paralog, miR-107b~25. miR-17~92 is a polycistronic miRNA
locus encoding six distinct miRNAs (miR-17, miR-18a, miR-19a, miR-19b-1, miR-20a, and
miR-92a-1). Studies in mouse models of human cancers have demonstrated that this cluster,
also known as Oncomir-1, is a bona fide oncogene and a direct MYC transcriptional target
(He et al., 2005; O’Donnell et al., 2005). Furthermore, induction of miR-17~92 by MY C has
been reported to be crucial for tumor cell survival and for tumor progression in multiple
cancer types (Han et al., 2015; Li et al., 2014; Mu et al., 2009; Olive et al., 2009). miR-21,
another bona fide human oncogene (Medina et al., 2010), and miR-27a, also are also
generally positively correlating with MYC expression.

The second group consists of mMiRNAs whose expression is consistently negatively
correlated with MYC. Prominent examples are members of the miR-29, miR-30, miR-125a
and let-7 families of miRNAs. These miRNAs have been previously shown to be directly
repressed by MYC (Chang et al., 2007) and are suspected to act as potential tumor
suppressors. Other prominent miRNAS belonging to this second group are miR-200a and
miR-200b. These two related miRNAs have been extensively studied and linked due their
ability to modulate epithelial-mesenchymal transition (EMT) by forming a negative
feedback loop with the master transcription factors ZEB1 and ZEB2 (Burk et al., 2008;
Gregory et al., 2008; Korpal et al., 2008; Park et al., 2008). Consistent with this model,
downregulation of these two miRNAs has been shown to be sufficient to promote EMT
while their overexpression can prevent EMT and inhibit cancer cell migration (Korpal et al.,
2008).

Finally, a third and larger group of miRNAs was identified whose expression correlates with
MYCin only a more restricted subset of cancer types, or that show positive correlation in
some studies, but negative correlation in others. Several notable putative oncogenic and
tumor suppressive miRNAs belong this group. For example, expression of miR-221 and
miR-222, which have been proposed to promote cell proliferation and tumorigenesis at least
in part via p27-Kip repression (Kedde et al., 2010; Kim et al., 2009; Korpal et al., 2008; le
Sage et al., 2007), positively correlated with MYC levels in PCPG, BLCA, CESC and
TGCT, but negatively correlated in THYM, LGG and SKCM. A similar behavior is observed
for miR-150, miR-155, miR-223, and miR146b.

Overall, these data show that there is clear correlation between MYC expression and several
key oncogenic miRNA expression across multiple human cancers.
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Discussion

MY C was discovered nearly four decades ago and since that time has been the subject of
over 26,000 publications resulting in a substantial amount of information about the normal
and oncogenic functions of MYC. The involvement of MYC as an oncogenic driver was
described in a wide spectrum of tumor types as shown by early reports in leukemia (Dalla-
Favera et al., 1983; Nowell et al., 1983), B cell lymphomas (Hayward et al., 1981), lung
cancer (Little et al., 1983), and neuroblastoma (Schwab et al., 1983). Many of the analyses
of MYC alterations in different tumor types have been scattered among many publications
and meta-analyses. The TCGA permits for the first time a pan-cancer analysis of the MYC
network using a uniform dataset and brings the field a step closer to classify tumors with and
without MYC alterations. Gene amplifications of MY C paralogs occur in 28% of all cancer
samples analyzed herein, suggesting that MY C paralogs have an important function in
tumorigenesis with potential therapeutic implications for many of the 33 major cancer types
described by TCGA.

Because MYC and its proximal network are altered in multiple ways, characterization by
MY C copy number alone is insufficient to reveal the extent of MYC involvement in
tumorigenesis. Therefore, the present analysis also includes genetic alterations, mRNA and
protein expression analysis of MY C paralogs (MYC, MYCN and MYCL), and alterations of
genes comprising the Proximal MYC Network (PMN), a group of MY C-related
transcription factors that have been implicated in MYC pathway activity.

PMN network balance

MYCis the only member of the PMN which shows mainly amplifications, while MAX,
MNT and MGA have predominantly shallow deletions. All other members of the PMN
display a mixture of amplifications and deletions raising the possibility that cells have to
maintain a specific balance in the network. The partial loss of MAX, an essential
dimerization partner of MYC, seems to be counterintuitive, but loss of MAX dimerization
with MXD, MNT and MGA, all transcriptional MY C antagonists, may play a critical role in
tumorigenesis for some cell types by reducing negative control of the PMN (Diolaiti et al.,
2015; Nilsson et al., 2004; Yang and Hurlin, 2017). In addition, MYC activity can also be
enhanced by loss of MNT (Hurlin et al., 1997; Hurlin et al., 1999) which is focally deleted
in 10% of all samples, or by inactivation of MGA which occurs by focal deletions and by
truncating mutations (with 9% and 4% frequency, respectively, Figure 1 and S2). Since
mutual exclusivity between MYC amplification with deletions or inactivation of other
members of the PMN was not observed, the oncogenic activity of MYC is most likely
activated by a combination of alterations in different PMN members. In 80% of the samples
with MYC amplification, MYC s altered in conjunction with other PMN members. This
further highlights the possibility that activation or loss of any of the negative regulators may
balance MY C activity in complex patterns, potentially as a result of stochastic events
(Carroll et al., 2015; Link et al., 2012). Besides MYC, sole alterations in any of the
remaining PMN members are rarely observed (Figure S4B). However, a clear quantification
of the PMN balance is currently not possible and future studies are needed to provide
evidences on the roles of the different alterations in the PMN for cancer development.
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Low level copy number changes are a feature of MYC in solid tumors

Previous observations in hematopoietic cell lines and in neuroblastoma reported copy
number changes on the order of 10-100 for MY C or MYCN, however the present analysis
and work from others indicate that while the frequency of MY C amplification across solid
tumors is highly significant (TCGA paper in press), the fold copy number changes are small
(mainly between 0.5 and 2.5). For this reason, copy number data were corrected for ploidy
enabling a low threshold to identify single copy gains of MYCand PMN members. Even
using these inclusive criteria to call samples with copy number alterations, we potentially
underestimate the extent of their involvement as shown in the violin plots representing copy
number distribution (Figure S1B). In consideration of the potential heterogeneity and
infiltration of the tumor specimens by non-cancer stromal components, further analysis will
be required to verify copy number frequencies with lower threshold settings.

Analyzing both amplitude and size of copy number alterations of A/YC amplifications
unveils three distinct groups. We see statistically significant differences in MYC
amplification size between tumor types (Figure 2F), but overall each tumor type has samples
fitting into each of the three groups characterized by either low and intermediate amplitude
amplifications affecting a wide range of the chromosome arm, and high amplitude
amplifications affecting only a small subset of the chromosome arm. For deletions, we rarely
see loss of more than one copy suggesting that most of the PMN might be haploinsufficient.
This pattern has been observed in classical tumor suppressors as described for 7P53and
P27KIP1 (Fero et al., 1998; Payne and Kemp, 2005) and is shown in this dataset and a
recent publication (Vidotto et al., 2018) for PTEN, which exhibits a group with shallow
deletions (1 copy loss) and a wide range of the chromosome affected.

Mutually Exclusive Oncogenic Drivers and MYC Alterations

The frequent copy number changes of MY C across many tumor types and the large body of
experimental evidence defines MYC as a clear oncogenic driver. We used a genome wide
mutual exclusivity analysis with MYCto find genes which are less likely to co-occur with
MYC. Pan-cancer mutual exclusivity analysis resulted in a higher count of statistically
significant results when compared to tumor-type specific analysis. This was expected due to
smaller sample sizes in individual tumor-types resulting in loss of statistical power.
Strikingly, the top mutually exclusive genes (PTEN, BRAF, PIK3CA and APC) are all
known oncogenic drivers linked to cell signaling (Figure 3, Figure 4 and Table S10). This
observation could be linked to unique and a possibly stochastic accumulation of genetic
alterations in a given cancer which may be sufficient to drive tumor formation and therefore
appear mutually exclusive. PTEN, for example, is most frequently mutated in UCEC where
MYCis also altered at high frequency (21%, Figure 4B, Table S10) suggesting that either
pathway can be a driver of the same cancer type. Alternatively, mutual exclusivity between
MYC and other recurrently altered genes may be a reflection that mutations in these
oncogenes and tumor suppressors may not increase their fitness and potentially exhibit
synthetic lethality.

Cell Syst. Author manuscript; available in PMC 2019 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schaub et al.

Page 15

Pan-cancer “canonical” and “non-canonical” MYC specific gene set enrichment

Alteration of MYC expression leads to broad transcriptional changes through both direct and
indirect effects as observed in many experimental systems (as reviewed in (Kress et al.,
2015)). Here, in order to gain an overview at the pan-cancer level of pathways correlating
with MYC expression, we investigated both positively and negatively correlated genes. Gene
set enrichment analysis was significant only among positive correlated genes, which
revealed conserved pathways across 30 of the 33 tumor types. These pathways comprised
DNA replication and repair processes, including genes such as DNA helicases,
exonucleases, polymerases, and telomerase. Chromatin binding and remodeling processes
were prominent, including acetylation and methylation, as well as multiple components of
the basic transcription machinery. Altogether, we referred to these gene sets as “canonical”
pathways as previously observed in experimental systems upon manipulation of MYC levels
(Dominguez-Sola et al., 2007; Gomez-Roman et al., 2006; Grandori et al., 2005; Grandori et
al., 2003; Grewal et al., 2005; Hnisz et al., 2013; Johnston et al., 1999; Moser et al., 2012;
Robinson et al., 2009); for a review see (Ruggero, 2009). Finally, since transcriptional and
chromatin remodeling processes are at the core of MYC and PMN function, the enrichment
in these pathways reflects biological function of the MYC network, consistent with the
strongest correlation in Group | cancers harboring frequent MY C alterations and with high
expression (Figure 6A). Interestingly, MY C-synthetic lethal genes are enriched for similar
pathways to the “canonical” MYC signature (Cermelli et al., 2014).

The three cancer outliers were THCA, PCPG and TGCT, which also have the lowest level of
MY C copy number and expression changes. THCA, for instances, has a high frequency of
BRAF mutation (Cancer Genome Atlas Research, 2014b) which is mutually exclusive to
MY C based on our analysis. This is another indication, that these tumor types are largely not
driven by genetic alterations of MYC.

In addition, a previously unrecognized “non-canonical” signature emerged, detectable in
Group Il and 111, comprised of 11 tumor types (Figure 6A), indicating an association of

MY C expression with extracellular signaling, the immune system (growth factors and
cytokines) and extracellular matrix (Figure 6A). It is conceivable that upregulation of MYC
in these cancers might occur in response to alterations of signaling pathways, as documented
for WNT signaling in COAD. It is currently unclear how MY C expression could influence
the immune response in a subset of cancers, including KIRP and KICH, UCS, BLCA and
CHOL. How MY C may influence the tumor immune microenvironment is of great interest,
given the recent study showing that MYC is able to control PD-L1 and CD47 expression
(Casey et al., 2016). Prominent signaling pathways and immune response were also
observed in Group 11, with infrequent MYC copy number changes (THCA, PCPG and
TGCT). Finally, each cancer type had a unique ranking of top associated pathways,
indicating potential cancer-type specific features (Table S7 for Molecular Processes and
Table S8 for Biological Processes). Future in depth analysis of these cancer type specific
pathways has the potential to give insights about the biology and potential novel therapeutic
vulnerabilities of these tumor types.
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Pan-cancer MYCN alterations and associated pathways

To date, MYCN has been largely considered a driver of selected pediatric cancers, such as
neuroblastoma, where 25% of cases exhibit high levels of MYCN copy number gains with
clear prognostic significance (Nakagawara et al., 1987). The current analysis reveals that
MYCN alterations, albeit less frequent than MYC, are widespread across several cancer
types (Figure 2B), pointing to MYCN as a prominent oncogene in adult cancers. Indeed,
similarly to neuroblastoma, MYCN amplification reaches 20% in TCGA cancer samples
such as OV, UCS and LUSC. Detection of a MYCN associated gene expression signature
allowed for clustering of the 33 cancer types into three groups, according to MY CN-specific
enriched gene sets. Pathways unique to MYCN involved neuronal function and development
spanning the majority of cancer types. These MYCN specific hallmarks may enable
derivation of biomarkers to identify MYCN driven cancers that are caused by alterations
other than copy number changes (Figure 6B). Interestingly, among the gene expression
signatures shared with MY C were aspects of both the “canonical” and “non-canonical”
signatures (Figure 6B). Thus, at the pan-cancer level, MYC and MYCN appear distinct with
respect to tumor types (with the exception of OV where both are implicated at high
frequency) and with respect to differences in associated pathways, which could provide
surrogate biomarkers specific for MYC or MYCN. These results support and broaden at a
pan-cancer level previous studies demonstrating a distinction between MYC and MYCN
overexpression on determining specific cell lineages in genetic models of medulloblastoma
(Roussel and Robinson, 2013; Vo et al., 2016).

Conclusions

The data and analyses presented herein are the first comprehensive assessment of MYC
alterations across diverse tumor types. Over the years, a large body of evidence for the
importance of MYC in tumorigenesis has been developed and a multitude of biological
models created to uncover the complex mechanisms of MYC function. This study, by
integrating this information with the comprehensive TCGA dataset, provides a resource for
further understanding MY C-driven cancers, spurring new research areas and the basis for
novel biomarkers and therapeutic approaches.

STAR Methods

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact Carla Grandori (carlagrandori@curefirst.org)

METHODS DETAILS

We analyzed TCGA pan-cancer Atlas cohort defined by the whitelist commonly agreed
upon by TCGA AWG:s for all analyses. The cohort consisted of 9,125 samples of 33
different histopathologic cancer types representing most major classes of human adult
cancer.

Gene Expression—Gene expression data were available for 20502 genes and 9118
samples across 33 tumor types. (File: EB+
+AdjustPANCAN_IlluminaHiSeq_RNASeqV2.geneExp.tsv)
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Protein Expression by RPPA: TCGA-RPPA-pancan-clean-v2.ixt.

Copy Number Variation—The PanCanAtlas Aneuploidy group (Taylor et al. submitted)
produced tumor cancer cell ploidy, heterogeneity, and allelic copy number estimates by
running ABSOLUTE (Carter et al., 2012) on segmented Affymetrix SNP6.0 array copy
number data. To evaluate gene amplification and deletions, the allelic copy number estimates
were normalized using thresholded cancer cell ploidy to obtain new copy ratio estimates
adjusted for tumor purity and ploidy. The purity and ploidy values were also used to perform
ISAR correction (Zack et al. 2013) on segmented marker-generated copy ratios, which were
then used with GISTIC2.0 (Mermel et al. 2011) to compute relative linear copy number
values representing both broad arm-level events and focal events (less than 50% of the
chromosome arm), providing metrics to assess the focality of the somatic copy number
aberrations.

Overall, we had focal copy number data for 8884 tumor samples, and broad range copy
number data for 8785 tumor samples across 33 tumor types and 24203 genes. (Files:
GISTIC.focal_data_by genes.conf_95.tsv, ABSOLUTE.relative_gene_scores)

MiRNA Expression—We analysed miRNA expression data for 662 miRNAs and 10824
samples across 33 tumor types. (File:
pancanMiRs_EBadjOnProtocolPlatformWithoutRepsWithUnCorrectMiRs_08 04 16.csv)

Somatic Mutations—Only protein coding mutations were retained for downstream
analyses (Variant_Classification one of
Frame_Shift_Del,Frame_Shift_Ins,In_Frame_Del,In_Frame_Ins,Missense_Mutation,
Nonsense_Mutation, Nonstop_Mutation, Splice_Site, and Translation_Start_Site). Further
mutations calls were required to be made by two or more mutations callers
(NCALLERS>1). Overall, mutation calls were available for 19684 genes for 10133 tumor
samples. (File: MC3 Mutation Annotation File pancan.merged.v0.2.5.filtered.maf.gz)

GSEA—The Gene Set Enrichment Analysis tool was used to discover gene sets that were
enriched in gene lists ranked by correlation with MYC and MYCN expression individually.
The desktop version for this software is available for download at: http://
software.broadinstitute.org/gsea/index.jsp

DISCOVER—The DISCOVER method developed by Canisius et. al. was used to evaluate
mutual exclusivity between MYC and 24202 genes across 8884 tumor samples
encompassing 33 tumor-types. The same method was also used to evaluate mutual
exclusivity with MY C within individual tumor types. The method is documented on Github
at: https://github.com/NKI-CCB/DISCOVER

QUANTIFICATION AND STATISTICAL ANALYSIS

Gene Alterations—Broad and focal copy number variation data was corrected for tumor
ploidy and purity (Carter et al., 2012). For broad range copy number variation, a corrected
value >= 1.5 was considered amplification and a corrected value <= 0.5 was considered
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deletion. For focal copy humber variation, a corrected value > 0 was considered
amplification and a corrected value < 0 was considered deletion.

For mutual exclusivity analysis as well as for correlation analyses between alterations in
MY C network genes and expressions of various pathways, a gene was considered altered if
it had a focal copy number loss or gain or if it had a coding mutation as defined below in the
Data and Software Availability section.

Hedges’ g Effect size—For Figures 3C and 5A, Hedges’ g (Hedges 1981) effect sizes
were computed to quantify differences between pairs of groups defined by combined
alteration state of MYC with PTEN, BRAF, APC, or PIK3CA respectively. An effect size of
magnitude |g|<0.2 was considered “negligible”, 0.2<=|g|<0.5 was considered "small", 0.5<=]|
g|<0.8 was considered "medium", and |g|>=0.8 was considered "large".

Mutual Exclusivity with MYC—For each of the 24202 protein coding genes across the
whole genome, mutual exclusivity with respect to MYC was evaluated using the
DISCOVER method (Canisius, Martens, and Wessels 2016). This evaluation was done
across all 33 tumor types collectively, as well as for each tumor type individually. A false
discovery rate of 1% was used to indicate statistical significance.

MYC-associated gene expression signature and Gene Set Enrichment
Analysis—We computed pairwise Spearman correlation coefficients between each
individual MYC gene (c-MYC, MYCN and MYCL) expression and expressions of 20502
genes (whole genome). The ranked gene list based on decreasing order of Spearman
coefficients was used as input to GSEA (Subramanian et al. 2005; Mootha et al. 2003) to
evaluate enrichment of gene sets in the Gene Ontology Molecular Function category
(c5.mf.v5.2.symbols.gmt). Both the correlation analysis and the gene set enrichment
analysis were done separately for each of the 33 different tumor types. The output of GSEA
consists of a normalized enrichment score for each gene set for each tumor type. The
enrichment score is normalized for size of the gene set (number of genes in the gene set) and
for correlation between the gene sets and the ranked gene lists. Since gene sets inherently
have overlaps in terms of the genes they contain, we used the reauce overlap function in the
R GOplot package (Walter, Sdnchez-Cabo, and Ricote 2015) to retain only those gene sets in
the GSEA results that had less than 75% overlap with other gene sets. In other words, if 2
gene sets had more than 75% overlap, only one of them was retained in the result set for
downstream analyses and visualizations. The heatmaps in Figure 6 show the top 100 gene
sets with highest median normalized enrichment score (NES) across all the 33 tumor types.

DATA AND SOFTWARE AVAILABILITY

R code—Analysis scripts are publicly available at https://github.com/
CureFirstResearch/MYC

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
MY C paralogs are significantly amplified (28% of all samples).

MY C antagonists are mutated (MGA, 4% of samples) or deleted (MNT,10%
of samples).

MY C alterations are mutually exclusive with PIK3CA, PTEN, APC, or
BRAF alterations.

Expression analysis reveals pan-cancer and tumor specific MY C-associated
pathways.
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Figure 1.

Proximal MY C Network. (A) Percentage of samples across 33 tumor-types with focal range
copy number amplifications (leftmost box, red), focal range deletions (middle box, blue),
and coding mutations (rightmost box, green) per gene of the MY C network. (B) Oncoprint
for focal amplifications of MYC, MYCNand MYCL (C, D) Focal amplifications (C, red)
and focal deletions (D, blue) across genes in the proximal MYC network visualized by the
distribution of alteration size and amplitude. Oncogenes and tumor suppressors outside of
the MY C network (denoted by *) were included for reference.

Cell Syst. Author manuscript; available in PMC 2019 March 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Schaub et al. Page 32

(e Copy G - FociCony Low) i
[37 14 M3 w3 71 24 63 W 83 A7 EmER 0 83 SWD S8 &7 UH030 B8 RIS CATUAT U 21 W0 83 STAD
B7 27 08 7B 3§ 13 631 WM 67 41 (EEAN eE B8 LAD TE 4B TA 33 W8 23 &7 82 mA 18 13 4
s 2 B4 67 44 B3 124 B2 47 (301 B4 T4 BRCA LTS T S T - R e S T T R )
Lu 03 S8 15 &8 08 28 1 55 23 GBS 41 87 LW MA 23 88 29 MA I8 A8 e B 27 63 15 CESC
[C ss 25 sa 38 s8 28 7 41 48 33 ‘380 A2 78 wMSC M 1Y 38 34w B T7 13 08 68 28 READ
rom & 28 17 08 24 &8 43 34 M8 09 43 READ B8 B  B6 4B B 14 WA 14 83 7 38 84 iemc
i FTR ] I8 28 14 58 18 3| 28 IS CHOL 4 3 HIEAN 3 BONeR i3 r 0 a o7 K1 PAAD
AUE 13 a7 na w7 1 ar s4 4 2z (@A or FAAD s %) nE 27 a1 v a1 &1 [uec
L 12 25 12 = I wm T 1z 37 12 T3 OE1 B 14 (340 24 4 T3 MESO
88 62 TS WE S3 18 75 TS5 G4 108 155 64 58 SARC T3 &1 CMT 7TA M7 35 M6 8 W4 22 113 BT usC
19 13 o8 & 48 15 17 83 27T 32 M4 9 PRAD @ a3 'm W3 A7 13 4 WAl x| 13 (03 7 Esca
I oe 1B 44 1B 1A 15 12 38 21 13 (@2 3 33 COAD HI 27 AN 85 JEENN 33 M8 8 [} 2 WA 81 LAD
o2 23 458 81 a1 2 7 7 1 a7 BME TR 2 acu We oAty oA 4 B 22 84 ER me 7 om2 8 BAGk
a7 4% 24 1 12 13 A7 A8 13 T3 37 uEsO 23 ¥ o 19 48 41 @1 21 WA 09 UMC
- 24 o8 58 48 on 4 18 48 TI 24 313 GeM TH 45 w1 A1 W8 1 AF2 &3 GME) s1 &8 25 BLCA
|- os os os a2 1 04 02 1 3 o8 18 1 15 LGG M5 B M1 4 (ET8 WA W6 M8 71 02 B8 185 BAAC
14t ss 27T m1 s 21 s I e A 18 mE 4 54 BT 18 W25 18 UCE
r 33 1B 84 4B 44 I8 S8 82 1 18 (30 €8 &3  PwCan i 153 CMEL s &3 M W7 00 NI 17 110 WS OV
(f 44 or s1 o 4 a7 a1 a7 a8 2 W T4 a2 omc BE 28 900 B3 58 1A 58 LW4 8 cHOL
2T 27 38 33 44 B4 €1 w4 T3 8 WS 86 UCEC B3 92 18 13 A 28 &6 83 39 82 13
2 & a3 21 &3 14 42 1 21§ 49 88 M4 TooT 58 % 43 08 T 42 271 12 @5 53 17 PRAD
1 5] [ o8 [ oF THM &3 YA AN/ A1 F3 1B 21 .4 & 18 A5 A uGsC
| o4 02 64 02 [ THEA 43 21 38 1B (WS 12 28 41 T3 08 AT 08 COAD
(TR 18 wCH T T ST 72 o8 4 24 o8 &8 o8 cEu
J o8 w7 [res A5 OF M04 28 62 88 21 28 2B 0 W2 14 ToOT
23 13 s 43 04 G4 27 08 08 Kme TR T a2 7] 25 AT AT THM
08 23 28 1 o8 48 B 13 33 S8 13 PCPG 15 68 04 11 18 o4 15 ] 23 kR
% 13 8 13 13 1A @ErRnd 83 T4 13 1 A ar 51 34 [T LamL
03 83 o8 32 08 is 63 KRE 02 02 62 02 02 02 03 THCA
3N 83 B s s Tarlnr e W 2783 S |- ' I 18 4 KCH
54 38 W T4 oG2S W) LMAL TR &8 71 WE s u 4 13 33 1 es 13 73 A3 OTAC 0N & 14 100
15 B4 B4 93 43 MY 49 T8 S0 NBNEN v B2 Losc ] S8 1% 12 88 08 25 12 25 we o8 PoRO
I5 W1 B4 S0 23 W9 33 M4 40 38 139 AT mCA i 12 64 03 12 03 @8 o8 28 45 03 KRS
I 8T B WY WS XY OmAs a3 o EEEEINAD D3 1 TR (EIT i
% ¢ : 8 8 & § £ 3 x & £ & & = gk oo
E i 8§ §8 8§ ¢ I £ i g3
-
3 9 3 3 Fl g a
C Percentage of samples Calor Koy D
E— ]
. [
SRR B MYC Network Alterations
ov
ves
I 44 05 11 13 06 04 03 02 04 08 08 OF FaeCan Esca
oF 41 oy 13 13 o7 [ 07 OF ESCA o
an 04 11 04 04 o7 15 04 07 11 cEse Luap
d 81 11 0% 08 06 OV wnew
| &1 1 1 15 o3 oa @3 03 08 1 15 BLCA s
L 26 03 12 17 83 03 03 03 03 03 uMC
27 15 04 04 04 o4 OB WRF i
Loz 2 o2 13 22 @ 02 oz 02 o [T boniar
Al oz 28 [T TH T 02 o6 1 08 04 WeESC "
| a7 12 12 MESC b
L~ 13 18 KICH cEsc
n— o8 17 28 1r a1 s 17 READ saca
24 B3I 12 12 27 21 15 18 @8 08 21 18 1B COAD oo
L= o8 77 18 13 43 18 11 03 83 03 18 13 18 STAD ARAD
L4 w5 o8 1z 12 0z 02 o4 08 04 1 LMD coan
r [T T T o8 0B 0B 08 08 GBM ueso
13 13 07 13 PAAD rocr
13 02 02 o2 0z o4 0z 0z PRAD acc
3 13 04 SARC Pasn
as o8 THYM vese
08 0 FCPG
a1 or o1 ToCT e
02 02 THEA MRAD
v .
o8 o8 LAML e
— 02 18 02 04 04 03 02 02 02 03 o BRCA -
oW e pu o i PP e—
i5 23 04 03 03 83 03 od 83  wmRC e ——
LI 31 28 ACC B —
— 7] T ucs HICH s——
| 20 s o YN —
— 27 54 ] DLBC LA, e—
4k a2y I * AT T T SO T T O | T T S o ™CA —
L os ma 4 51 B8 22 o6 o8 o8 11 28 14 39 sEM ; » p »
& g 8 & = g B Porcentage of samples aftered
5 ¢ 5§ 8 R
i 3 § & 3 i 5
%‘n 18 proporton = 0.1 log10 Fisher Exact Test pvalue -log10 GISTIC peak gvalus.
= PasCan - . i .
€9 a0 onn o . Let
g}g— = #ouces . . i .
. & STAD - - |-
- * ESCA . . ‘.
8‘9 20 — - i . . .
e wsc . 3 ‘e
O R 18| =3 5 - S . . .
g = coan . . .
1.0 FhAD - - -
R T PR T mea - - -
1
00 01 02 03 04 05 PP e = e :
(N = 1863) cEsc . . .
*k o0 . - .
READ . - -
* ues - ] -
PRAD . . .
W - - .
& K s . . »
cE - -
2 us anc . s .
e e . . *
= = 30 30 % SARC . . .
m o cHoL . Ld I
Do s 25 Ace . . |
== wars . . ;
B0 i G THM . . H
o = L M . |
= toct . . 1
T s 15 C— - pora . . }
i w50 . . }
= 1w 1 THEA . . i
00 01 02 03 04 05 00 01 02 03 04 05 weH . . t
(N = 466) (N =1397) 00 03 84 08 08 10 0oz 4 8 W6 S %010 20 0 X0

Fraction of chromosome arm affected

Figure 2.
Tumor type specific alterations of PMN members. (A) Percentage of samples with focal

amplifications per gene per tumor-type. (B) Percentage of samples with focal deletions
respectively per gene per tumor-type. (C) Percentage of samples with protein coding
mutations per gene per tumor-type. (D) Percentage of samples showing any alterations in at
least one of the PMIN members per tumor-type. (E) Focal amplification of MYC visualized
by the distribution of alteration size and amplitude. An arbitrary threshold of 0.1 was used to
define two groups with either amplification larger than a 0.1 fraction of the chromosome
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arm, or less than 0.1. (F) Diagram of various metrics calculated for focal copy number
amplifications targeting MYC. Proportion > 0.1 (left) demonstrates the amount of samples
for a given tumor type with focal amplifications that span greater than a 0.1 fraction of the
chromosome arm. The Fisher’s Exact Test p-value metric (middle) resulted from Fisher’s
Exact Tests comparing the fractions of samples on either side of the 0.1 cutoff for each
tumor type to the rest of the tumor types, with the red line representing the equivalent of
p=0.05. The GISTIC peak g-value (right) is only available for tumor types in which GISTIC
identified significant regions of focal copy number amplification affecting MY<C, with the
red line representing the equivalent of q=1.00.
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Figure 3.
Pan-cancer mutual exclusivity with focal copy number events and mutations of MYC. (A)

Oncoprint of MYC with 4 most mutually exclusively altered genes PTEN, BRAF, APC, and
PIK3CA. (B) Table lists top 4 genes most mutually exclusive with respect to MYC. Columns
2-5 show counts of samples with no alterations in MYC or the gene, with just the gene
altered, with just MYC altered, and with both MY Cand the gene altered. Columns 6 and 7
show p-values and g-values as computed by the DISCOVER method. (C) Box plots compare
MY C expression between groups of samples defined by pairwise alteration status of PTEN,
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BRAF, APC, and PIK3CA respectively with MYC. Hedges’ g effect sizes are indicated for
each pair of boxplots. ‘NS’ indicates an effect size magnitude < 0.2(negligible), ‘*” indicates
an effect size magnitude <0.5(small), “**’ indicates an effect size magnitude <0.8(medium),
and “***’ indicates an effect size magnitude >=0.8(large).
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Figure 4.

Cancer type specific mutual exclusivity with MYC. (A) - (C) Oncoprints and tables listing
genes significantly mutually exclusive with MY C within BRCA, UCEC (top 8 genes are
shown), and LGG respectively. Columns 2-5 in the tables show counts of samples with no
alterations in MYC or the gene, with just the gene altered, with just MY Caltered, and with
both MY Cand the gene altered. Columns 6 and 7 show p-values and g-values as computed
by the DISCOVER method. A false discovery rate of <= 1% was used to indicate statistical
significance.
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gene other than MYC, MYCN, MYCL altered respectively, cohort with MYC, MYCN, or
MYCL amplified respectively, and cohort with no PMN genes altered. (D) Distribution of
MYCand MYCN gene expression per tumor type. (F) Distribution of MY C protein
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expression per tumor type. (E) Correlation between median MYC mRNA expression and
median MYC protein expression per tumor-type.
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Figure 6.
Pan-cancer gene set enrichment patterns. (A) Heatmap shows clustering of tumor-types

based on top 100 most positively correlated gene sets from GO Molecular Function category
for MYC (A) and MYCN (B). Each cell of the heatmap is colored by the Normalized
Enrichment Score of a gene set for a tumor-type. Gray cells indicate lack of enrichment.
Dots below tumor type denote high MYC amplification, while plus signs denote high mRNA
expression. Blue lines on the heat maps mark gene sets corresponding to the canonical MYC
signature, orange lines correspond to the non-canonical MY C signature, and yellow lines
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correspond to neuronal function, found in MYCN only. Tables contain main gene sets found
in each cluster category. One asterisk marks a WNT signaling gene set, and two asterisks
mark a metabolic gene set.
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Heatmap of correlation (Spearman Rho value) between miRNA and MY C expression across
the 33 cancer studies. Only miRNAs that showed an absolute correlation value equal or
greater than 0.35 in at least three studies were included (the complete list is provided as
Table S9). Red indicates positive correlation, blue negative correlation.
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