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Abstract   
 

Cancerous cells may contain a vast array of dysregulated or altered genes that 

contribute to tumorigenesis, but there are often a few prominent oncogenic drivers that 

are very commonly found in a variety of cancers. The MYC gene family, composed of c-

MYC, n-MYC, and l-MYC, is a group of basic helix-loop-helix leucine-zipper (bHLHZ) 

transcription factors that regulate expression of 15% of the human genome. MYC 

oncogenes drive the transcription of a variety of genes involved in the cell cycle, 

apoptosis, and cell growth. When constitutively expressed, they have been implicated in 

the genesis and progression of a variety of cancer types by contributing to unchecked cell 

proliferation. However, little research has been done on systemic, pan-cancer patterns and 

effects that MYC oncogenes may have on tumorigenesis. Using data from the Cancer 

Genome Atlas, I analyzed upregulated gene sets across 33 different tumor types 

associated with increased activity of c-MYC or its paralog n-MYC, in order to find pan-

cancer patterns of gene expression and better understand the mechanisms of MYC-driven 

cancer. I confirmed the presence of a “canonical” functional profile previously 

documented in the literature, consisting of upregulated biological processes such as DNA 

replication and repair, RNA transcription, RNA processing, chromatin regulation, and 

protein translation. However, I also found a novel “non-canonical” functional profile 

correlated with a diverse set of cell signaling pathways, immune system function, and the 

extracellular matrix, which may be involved in the maintenance of a tumor 

microenvironment. These findings may be important for identifying potential therapeutic 

drug targets, as well as further elucidating the causes and mechanisms of MYC-driven 

cancer.



Introduction   
 

 While many consider cancer to be one clearly identifiable malady, cancer actually 

comprises a myriad of diseases with discrete symptoms, progression, and therapeutic 

potential. However, these diseases are ultimately linked by common causes, such as 

uncontrolled cell growth and proliferation, evasion of programmed cell death, and the 

creation of a tumor microenvironment to help cancer elude immune system responses and 

create conditions conducive to constant growth. These unregulated cells can cause 

growths in the body that interfere with normal physiological function and can break off 

and continue to grow elsewhere in the body – a phenomenon called metastasis (Campbell 

et al., 2017).  

Cancers can often sustain cellular signaling that provokes cell proliferation under 

abnormal circumstances. Healthy cells have a carefully regulated cell cycle that is 

controlled externally by growth factors and internally by cyclin-dependent kinases. On 

the other hand, cancerous cells may be able to produce their own growth factors, become 

hypersensitive to external growth stimuli, or constitutively express downstream 

components of signaling pathways that indicate the cell to progress through the cell cycle 

under conditions where it would not normally do so (Hanahan and Weinberg, 2011). This 

allows cancer cells to constantly multiply without regulatory influences to slow them 

down. 

Many cancers can also evade apoptosis through mutations in the extrinsic or 

intrinsic apoptotic cellular pathways, causing damaged cells that would otherwise die to 

continue to proliferate and grow. In addition, normal cells can only replicate a certain 

amount of times before they reach senescence and stop proliferating, but cancerous cells 
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may reach replicative immortality by promoting the activity of the enzyme telomerase, 

which transcribes repeated DNA sequences onto the ends of chromosomes. These 

sequences allow them to be replicated many more times than normal (Campbell et al., 

2017).  

Cancers may also release factors and molecules into the environment surrounding 

the tumor in order to create conditions that allow their continued proliferation. This 

“tumor microenvironment” may include such functions as inducing angiogenesis, which 

is the production of blood vessels to provide nutrients to the tumor and eliminate cellular 

wastes. It can also influence the cancers evasion of the immune system, which would 

normally prevent the growth of damaged or inflamed cells. Vital components of the 

tumor microenvironment include a variety of immune cells, inflammatory cells, and 

components of the extracellular matrix such as glycoproteins, collagen, fibronectin, and 

laminin (Wang et al., 2017).  

Ultimately, however, cancer is a genetic disease. It begins with the abnormal 

activation of certain key cellular regulators that cause integral cellular processes, such as 

progression through the cell cycle or the repair of damaged DNA, to malfunction. Proto-

oncogenes are genes that are involved in the normal regulation of the cell cycle. When 

they become abnormally activated or deregulated they become oncogenes, which cause 

unregulated cell proliferation (Campbell et al., 2017).  

Another key class of genes that can cause cancer are tumor suppressor genes, 

which normally subdue cancerous phenotypes by suppressing cell growth, repairing DNA 

damage, or forcing cells to undergo programmed cell death. When these genes become 

deleteriously mutated or constitutively inactivated, these functions that would normally 
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suppress cancerous growth are lost, which allows uncontrolled cell proliferation 

(Campbell et al., 2017).  

Cells with unstable genomes or karyotypic abnormalities, which are characteristic 

of cancers that have lost apoptotic function or DNA repair pathways, may be allowed to 

replicate in circumstances in which they normally would not, potentially causing even 

more mutations that contribute to cancer (Hanahan and Weinberg, 2011; Bishop and 

Felsher, 1999). This collateral genomic damage, sometimes referred to as “passenger” 

mutations, can also make it difficult to distinguish the “driving” mutations that are 

primarily contributing to the cell’s malignancy. Aggressive cancers often contain 

hundreds of abnormal genes, both oncogenes and tumor suppressors as well as passenger 

mutations, that create unique cancerous phenotypes. The continual acquisition of 

carcinogenic features and mutations in key regulatory genes allows cells to progress into 

more malignant states over time. 

While a myriad of oncogenes and tumor suppressors may contribute to cancer, 

there are often prominent oncogenic drivers that are very commonly found in a variety of 

cancers. The MYC family of oncogenes, which is composed of c-MYC, n-MYC, and l-

MYC, is a highly prominent family of basic helix-loop-helix leucine-zipper (bHLHZ) 

transcription factors that heterodimerize with their obligate dimerization partner, Max. 

They are implicated in the tumorigenesis of almost every type of human cancer (Grandori 

and Eisenman, 1997; Gabay et al., 2014). Under normal circumstances, the MYC proto-

oncogenes regulate cell-cycle progression and cell differentiation. However, when they 

become activated, they can provoke cellular immortality, block cell differentiation, and 

allow cells to bypass cell cycle checkpoints to cause unregulated cell proliferation. 
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Because they are normally crucial regulators of the human genome, malfunctioning MYC 

proteins may have an enormous effect on the regulation of the variety of biological 

processes their target genes control. MYC oncogenes may act as gene activators or 

repressors depending on context, and while they are known to regulate almost 15% of the 

human genome, their target genes are largely unknown. The MYC oncogenes have been 

referred to as the “enigmatic family” because while their ubiquitous presence in cancer 

has been well-documented, their precise contributions to tumorigenesis are still very 

unclear (Birnie and Ryan, 1996; McMahon and van Dang, 2010).  

As proto-oncogenes, the MYC genes respond to extracellular mitogenic stimuli as 

well as the Wnt, Shh, and EGF signaling pathways (Grandori and Eisenman, 1997). 

Conversely, the MYC oncogenes may be stimulated through a wide variety of processes. 

c-MYC was first characterized as the precursor for the avian retroviral oncogene v-MYC 

and therefore was understood early on to be activated by retroviral transduction in avian 

systems. However, it may also be constitutively activated in human cancers through MYC 

gene amplification, chromosomal translocation, constitutive activation of upstream signal 

transduction pathways, and sensitivity to external mitogenic signals. Mutations or 

amplifications have also been documented in distal enhancers of MYC genes (Grandori et 

al., 2018; Birnie and Ryan, 1996). Direct mutations of MYC genes are relatively rare, and 

it is much more common to find a non-mutated gene that is being overexpressed at 

abnormally high levels, so their normal effect on genome regulation is highly amplified 

(Eilers and von Eyss, 2011).  

While c-MYC is the most well-understood and characterized of the MYC 

oncogenes, n-MYC has also been implicated in the initiation and progression of a variety 
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of cancers. It has been found to be amplified in about one-third of cases of neuroblastoma 

and is also commonly overexpressed in small cell lung cancer, medullary thyroid 

carcinoma, retinoblastoma, alveolar rhabdomyosarcoma, and breast cancer (Prochownik 

et al., 1999). Other studies have shown that normal n-MYC function is essential for 

neurogenesis and proper neural cell differentiation and organization in the developing 

brain, and its disruption can lead to widespread nuclear condensation and histone 

modifications (Eisenman et al., 2002, Cheng et al., 2006).  

While studies show that the MYC paralogs contribute to cancer in different ways 

by regulating distinct cellular processes (McMahon and van Dang, 2010), all of the MYC 

proteins bind to the same E-box element in the promoters of target genes, and are known 

to regulate chromatin, upregulate the production of protein synthetic machinery, initiate 

protein translation, change cellular metabolism patterns, and control the replication of the 

genome in preparation for mitosis (Ruggero, 2009; Cheng et al., 2006). It is believed that 

differences in target genes between c-MYC and n-MYC may be due to different binding 

affinities to DNA sequences flanking the E-box element, or the required presence of 

tissue-specific co-activating proteins (Grandori and Eisenman, 1997).  

Many studies in molecular oncology have confirmed that cancers will often 

remain highly dependent on the carcinogenic pathways that initially drove tumorigenesis, 

which creates opportunities for genetically targeted therapies that disrupt these key 

abnormal functions (Hanahan and Weinberg, 2011). Disrupted or overexpressed MYC 

oncogenes are crucial carcinogenic drivers, and previous studies have shown that 

knocking out MYC function in tumors causes tumor regression, while excesses of MYC 

oncogenes can increase the tumorigenicity of cells by almost fifty-fold (Eilers and von 
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Eyss, 2011; Bishop and Felsher, 1999). Therefore, despite the wide variety of potentially 

carcinogenic genes, MYC has been proven to be a central genetic driver of cancer and 

targeting the biological functions that it disrupts may be a key therapeutic strategy for 

treating MYC-driven cancers.  

Though the MYC oncogenes’ importance in driving tumorigenesis has been well 

established, their precise functions and regulatory targets remain unknown. One of the 

major objectives of current research is to elucidate the target genes of the MYC 

transcription factors to understand exactly how MYC proteins contribute to cancerous 

phenotypes. For decades, researchers have found that MYC does not randomly target the 

cellular transcriptome, but instead specifically regulates critical cellular and biochemical 

pathways (McMahon and van Dang, 2010). The expression profiles of MYC-driven 

cancers are important because they reflect phenotypic differences between cancers that 

would ultimately drive differences in treatment, as it has been established that targeting 

the biological pathways on which cancers primarily rely is an effective form of 

genetically targeted therapy. However, it has been difficult to unite discrete research on 

specific cancer types with broad, unifying patterns of gene expression and regulation. 

New techniques in genomics, such as whole-transcriptome sequencing and enrichment 

analyses provide new, ample opportunities to find such broad, genome-wide patterns.  

There has never been a broad meta-analysis of MYC’s effect on gene expression 

across a variety of cancer types, despite the clear need for a unifying model of MYC’s 

function in cancer. This study is the first pan-cancer analysis of the MYC oncogenes 

effect on gene expression, and how this expression may contribute to the aggressive and 

potentially lethal cell proliferation that characterizes MYC-driven cancers.   
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Materials and Methods  

 

The Cancer Genome Atlas Database  

 The Cancer Genome Atlas (TCGA) is a publicly available database made in 

collaboration between the National Cancer Institute and the National Human Genome 

Research Institute (NHGRI). It is comprised of genomic data from over 11,000 patient 

biospecimens with 33 types of cancer (for a full list of the cancer types and 

corresponding TCGA abbreviations, see Table 1). The data used in this study included 

high-throughput RNA-sequencing to show transcriptome-wide mRNA expression. 

Furthermore, when analyzing these 33 cancer types by broad physiologic type 

(endocrine, breast, thoracic, etc.), the official TCGA classifications were used. Access to 

the data used for this study was kindly provided by Carla Grandori of Cure First in 

Seattle, Washington and Varsha Dhankani of the Institute for Systems Biology in Seattle, 

Washington.  

 

Heatmap generation 

 The c-MYC and n-MYC heatmaps were created by Varsha Dhankani, a 

biostatistician for the Institute for Systems Biology in Seattle, Washington. Using the 

TCGA dataset, cancer biospecimens from 33 cancer types with abnormal c-MYC and n-

MYC function were selected for further study. Analysis of gene expression with c-MYC 

and n-MYC was carried out using mRNA expression sequencing of the human genome, 

totaling around 20,000 genes.  
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First, a Spearman correlation test was carried out between c-MYC or n-MYC 

expression and 20,502 genes’ expression to see if the expression of any genes was 

unusually positively or negatively correlated with c-MYC or n-MYC. Spearman tests 

measure the statistical dependence of two variables, which in this case is mRNA 

expression of a particular gene and c-MYC or n-MYC expression. While some studies 

have shown that c-MYC and n-MYC can act as both activators or repressors of gene 

transcription based on biological context (Grandori and Eisenman, 1997), there were no 

statistically significant negative Spearman coefficients resulting from this analysis. 

Therefore, this study focused only on genes that were positively correlated with c-MYC 

and n-MYC.  

Cancer Type TCGA Abbreviation TCGA Cancer Type 

Acute myeloid leukemia LAML Hematologic 

Adrenocortical carcinoma ACC Endocrine 

Bladder urothelial carcinoma BLCA Urologic 

Brain lower grade glioma LGG CNS 

Breast invasive carcinoma BRCA Breast 

Cervical squamous cell carcinoma and endocervical adenocarcinoma CESC Gynecologic 

Cholangiocarcinoma CHOL Gastrointestinal 

Colon adenocarcinoma COAD Gastrointestinal 

Esophageal carcinoma ESCA Gastrointestinal 

Glioblastoma multiforme GBM CNS 

Head and neck squamous cell carcinoma HNSC Head and neck 

Kidney chromophobe KICH Urologic 

Kidney renal clear cell carcinoma KIRC Urologic 

Kidney renal papillary cell carcinoma KIRP Urologic  

Liver hepatocellular carcinoma LIHC Gastrointestinal 

Lung adenocarcinoma  LUAD Thoracic 

Lung squamous cell carcinoma LUSC Thoracic 

Lymphoid neoplasm diffuse large B-cell lymphoma DLBC Hematologic 

Mesothelioma  MESO Thoracic 

Ovarian serous cystadenocarcinoma OV Gynecologic 

Pancreatic adenocarcinoma PAAD Gastrointestinal 

Pheochromocytoma and paraganglioma PCPG Endocrine 

Prostate adenocarcinoma PRAD Urologic 

Rectum adenocarcinoma  READ Urologic  

Sarcoma SARC Soft tissue 

Skin cutaneous melanoma SKCM Skin 

Stomach adenocarcinoma STAD Gastrointestinal 

Testicular germ cell tumors TGCT Urologic 

Thymoma THYM Hematologic  

Thyroid Carcinoma THCA Head and neck 

Uterine carcinosarcoma  UCS Gynecologic 

Uterine corpus endometrial carcinoma UCEC Gynecologic 

Uveal melanoma UVM Head and neck 

Table 1. Full list of cancer types and corresponding cancer classification. 
Full list of cancer types used in study, with TCGA abbreviations used in the heatmap, and 

cancer classification.  
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The Spearman coefficients that resulted from those tests were used to create a 

weighted gene list for both c-MYC and n-MYC in order to narrow down the potential 

number of genes to analyze. The genes with the highest Spearman coefficients were 

ranked at the top of each list, meaning that they were the most significantly upregulated 

in the presence of increased c-MYC or n-MYC expression. The list, totaling 901 genes, 

was then reduced for redundancy using the reduce_overlap function of the R GOplot 

program, which resulted in a weighted list of 396 genes that were highly positively 

correlated with c-MYC and n-MYC (Walter et al., 2015).  

Gene Set Enrichment Analysis (GSEA) is a statistical method used to compare the 

representation of a large set of genes between two phenotypes; in this case, healthy or 

cancerous (Subramanian et al., 2005). It was used to identify particular genes that are 

unusually enriched or depleted in the cancerous phenotype. The weighted gene lists 

generated from the Spearman tests and gene sets from Gene Ontology Molecular 

Function were used as inputs for GSEA, which resulted in 33 enrichment scores per gene 

that corresponded to each of the 33 TCGA cancer types. The enrichment score 

represented the amount to which each gene is over-represented or under-represented in 

the set in comparison to the healthy phenotype. A strongly under-represented gene would 

have a highly negative enrichment score, while a strongly over-represented gene would 

have a highly positive enrichment score. Each enrichment score was also associated with 

a statistical q-value, which is a p-value that has been adjusted for a false discovery rate, 

or the proportion of false positives one can expect to get from a test. The q-value was 

used to evaluate the statistical significance of each enrichment score, as not every score 

was inherently statistically significant.  
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Finally, 100 genes with the highest median enrichment scores were used to create 

heatmaps for c-MYC and n-MYC using the heatmap function of the R GOplot program. 

The data used to create the heatmaps represented the genes that, on average, were the 

most significantly upregulated in the presence of increased c-MYC and n-MYC 

expression, though this level of upregulation could vary considerably depending on the 

type of cancer. The data in the heatmaps were then clustered based on similarities in 

enrichment scores by cancer type and gene to be used for further analysis (see Figure 1 

for a workflow of this process). 

 

Heatmap data analysis and annotation 

The functions of each of the top 100 gene sets that were enriched with c-MYC or 

n-MYC expression were manually analyzed to discover whether there were functional 

similarities between genes with comparable upregulation scores – that is, whether 

specific biological functions were being abnormally upregulated in the presence of c-

MYC or n-MYC. The genes were first manually categorized into protein classes or 

specific cellular pathways in which they are involved, such as ‘nucleases’, ‘Wnt signaling 

pathway’, ‘transmembrane receptors’, and so on. When the function of a given gene was 

unknown, the Gene Ontology database was accessed to ascertain in which category the 

gene should be placed. The database contains information which classifies gene function 

based on their molecular function, cellular location, and associated biological processes. 

These narrow classifications were put together based on the genes involvement in similar 

cellular processes to create eight broad biological categories: DNA replication and repair, 

chromatin regulation, transcription and RNA processing, translation, extracellular matrix, 
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cell signaling, immune system, and neural function (which was exclusive to n-MYC). 

Based on existing literature on c-MYC and n-MYC function as well as patterns of 

upregulation in the heatmap data, these biological categories were further sorted into 

broad “functional profiles” that are specific to each MYC paralog and cancer type 

(McMahon and van Dang, 2011). Genes that act in cellular functions previously 

associated with c-MYC and n-MYC in the scientific literature were defined as the 

“canonical functional profile”. The canonical functional profile was comprised of the 

DNA replication and repair, chromatin regulation, transcription and RNA processing, and 

TCGA dataset 

Genes positively correlated with increased c-MYC and n-MYC expression 

Gene set enrichment analysis 

Heatmaps of top 100 enriched genes for c-MYC and n-MYC 

Sort genes into groups based on biological function and processes 

Identify cancer functional profiles based on biological processes 

Figure 1. Methodology of analyzing TCGA dataset to evaluate gene expression.   
This process was carried out separately for the c-MYC and n-MYC paralogs. The Cancer Genome Atlas 

(TCGA) dataset is comprised of biospecimens with 33 different types of cancer. RNA-sequencing of the 

human transcriptome was used for a correlation analysis with c-MYC and n-MYC expression. After correlation 

analysis, the genes with the highest correlation with c-MYC and n-MYC underwent gene set enrichment 

analysis to discover which of these genes were unusually enriched or depleted in a cancerous phenotype as 

compared to a normal, healthy phenotype. These enrichment scores were used to create heatmaps of the top 

100 enriched genes for both c-MYC and n-MYC, and these heatmaps were manually analyzed and categorized 

to find distinct functional profiles.  
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translation categories. The “non-canonical functional profile” was comprised of genes 

that function in the extracellular matrix, cell signaling pathways, and the immune system. 

The “neural function functional profile” was unique to n-MYC (see Figure 2 for example 

gene functions in each category and profile, and Appendix A and B for full lists).  

Different physiological classes of cancer types were further analyzed to show if 

distinct physiological classes expressed one of the functional profiles in particular. The 

resulting data from this analysis was only used if there was a sample size of at least 20 

statistically significant genes per cancer class.  

 Therefore, using the data from the top 100 upregulated genes, each gene was 

associated with a biological pathway and a specific functional profile. The q-values 

associated with each gene were used in order to look for patterns of significant gene 

upregulation (q-value <0.01) within these two different categorizations (functional 

groupings within the heatmap and physiological cancer classification) to help further 

elucidate patterns of gene expression that govern MYC-driven cancer. 
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Figure 2. Examples of gene functions associated with biological categories present in the 

functional profiles of both c-MYC and n-MYC.  
The boxes on the left are specific example gene functions from the top 100 enriched genes associated 

with both c-MYC and n-MYC. For a comprehensive list of the top 100 enriched gene functions, see 

Appendix A and B. These gene functions were grouped into biological function categories, 

represented by the middle boxes. These biological function categories were then grouped into broad 

functional profiles for both c-MYC and n-MYC based on previous literature and upregulation patterns 

found in the heatmaps. The neural functional profile is found exclusively in n-MYC. The blue boxes 

correspond to the canonical functional profile, the orange boxes correspond to the non-canonical 

functional profile, and the yellow boxes correspond to the neural functional profile. 
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Results 

  

Heatmap functional profiles and cancer groups 

 The gene set enrichment analysis of genes significantly upregulated with c-MYC 

and n-MYC overexpression yielded heatmaps of the top 100 enriched genes, clustered by 

enrichment score similarity. When annotating the genes in the heatmap with their 

biochemical function, it became clear that some prominently upregulated clusters of 

genes were almost entirely devoted to particular biological processes (see Figure 3 and 

6), and that this functional upregulation was specific to types of cancer. This was 

noteworthy because the algorithm that clusters the heatmap does not take cancer type or 

gene function into account, only similarities in enrichment scores. Therefore, MYC-

driven cancers were upregulating entire cellular processes at particular levels, not 

randomly targeting the genome or broadly upregulating various genes at a uniform level. 

Because of this apparent specificity with regard to function, I looked further at the 

specific cancer types that were upregulating functionally related genes at similar levels to 

see whether there were pan-cancer patterns of gene expression.  

 Upon further examination, it became clear that particular biological processes 

were being overexpressed in tandem with other biological processes in clear, functionally 

distinct patterns. These patterns were thus called “functional profiles”. One of the clear 

functional profiles was comprised of genes involved in DNA replication and repair, 

transcription and RNA processing, chromatin regulation, and protein translation. 

Interestingly, these are all biological processes that c-MYC and n-MYC have been known 

to upregulate in cancer (Gabay et al., 2014). Because of the bulk of scientific literature 
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that has linked these processes to the MYC oncogenes, this profile was named the 

“canonical functional profile”. This profile was found in almost all cancers to some 

extent, but some overexpressed it at much higher levels than others. 

However, in cancers associated with increased c-MYC activity, there was also 

another distinct functional profile comprised of genes that were involved in cell signaling 

pathways, the immune system, and the extracellular matrix (Figure 3). These processes 

have not previously been associated with MYC oncogene expression. Because of this, this 

profile was called the “non-canonical functional profile” and may potentially highlight a 

new set of target genes for the MYC oncogenes. 

While increased c-MYC activity was correlated with only the canonical and non-

canonical functional profiles, n-MYC also upregulated a separate set of genes related to 

the function of the nervous system, such as ion channels and neurotransmitter receptors 

(Figure 7). This genetic pattern was named the “neural functional profile”.  

  The 33 TCGA cancer types were subdivided for both c-MYC and n-MYC based 

on which functional profile dominated their upregulation and heatmap expression 

patterns, which resulted in three distinct groups of cancers with similar functional gene 

expression (for a complete list of cancer types in each group, see Table 2, for a visual 

representation of groups, see Figures 3 and 7). These groups consistently overexpressed 

each of the functional profiles at unique levels that differ significantly between each 

group.   
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c-MYC heatmap groups 

c-MYC Group I cancers were characterized by strong overexpression of the 

canonical functional profile and almost no overexpression of the non-canonical profile 

(see Table 2 and Figure 3 for a full list of the cancer types in Group I).  Group I cancers 

have 91.47% of their significantly enriched genes associated with the canonical 

  

Translation 

Extracellular Matrix 

Immune System 

Chromatin 

Cell Signaling 

Transcription and 

RNA Processing  

DNA Replication 

and Repair 

Group I                           Group II                            Group III 

Figure 3. c-MYC top 100 most highly enriched genes.  
Heatmap of median normalized enrichment values for c-MYC for 33 cancer types, labeled with 

gene set function on right-hand side. Bars next to heat map color-coded by functional profile; blue 

symbolizes the canonical profile, and orange symbolizes the non-canonical profile.  
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functional profile, and only 8.52% of significantly enriched genes corresponding to the 

non-canonical functional profile. This clearly delineates an overall gene expression 

program dominated by DNA replication and repair, transcription and RNA processing, 

chromatin, and translation-related functions (Figure 4).  When further examining the 

quantity of significantly upregulated genes (q < 0.01) that correspond to each biological 

process, translation-related genes dominate in abundance (27.49%), followed by 

transcription and RNA processing (27.11%), DNA replication and repair (21.57%), and 

chromatin regulation (18.07%). Cell signaling, immune system, and extracellular matrix 

 

 

 

Cancer Type TCGA Abbreviation c-MYC Group n-MYC Group 

Acute myeloid leukemia LAML Group III Group I  

Adrenocortical carcinoma ACC Group III Group III 

Bladder urothelial carcinoma BLCA Group III Group I  

Brain lower grade glioma LGG Group I Group I  

Breast invasive carcinoma BRCA Group III Group III 

Cervical squamous cell carcinoma and endocervical adenocarcinoma CESC Group I Group II  

Cholangiocarcinoma CHOL Group III Group II 

Colon adenocarcinoma COAD Group III Group I  

Esophageal carcinoma ESCA Group I Group II 

Glioblastoma multiforme GBM Group III Group I  

Head and neck squamous cell carcinoma HNSC Group I Group III 

Kidney chromophobe KICH Group III Group III 

Kidney renal clear cell carcinoma KIRC Group III Group II 

Kidney renal papillary cell carcinoma KIRP Group III Group II 

Liver hepatocellular carcinoma LIHC Group I Group II 

Lung adenocarcinoma  LUAD Group I Group II 

Lung squamous cell carcinoma LUSC Group I Group III 

Lymphoid neoplasm diffuse large B-cell lymphoma DLBC Group I Group III 

Mesothelioma  MESO Group III Group II 

Ovarian serous cystadenocarcinoma OV Group III Group I  

Pancreatic adenocarcinoma PAAD Group I Group I  

Pheochromocytoma and paraganglioma PCPG Group II  Group I  

Prostate adenocarcinoma PRAD Group I Group III 

Rectum adenocarcinoma  READ Group III Group I  

Sarcoma SARC Group III Group II 

Skin cutaneous melanoma SKCM Group I Group III 

Stomach adenocarcinoma STAD Group I Group II 

Testicular germ cell tumors TGCT Group II Group I  

Thymoma THYM Group I Group II 

Thyroid Carcinoma THCA Group II  Group I  

Uterine carcinosarcoma  UCS Group III Group II  

Uterine corpus endometrial carcinoma UCEC Group I Group II 

Uveal melanoma UVM Group III Group III 

Table 2. Full list of cancer types and corresponding heatmap functional groups. 
Full list of cancer types used in study, the TCGA abbreviation used on heatmap, and which 

functional group they belong to from the heatmaps of c-MYC and n-MYC. Overlap in groups 

between c-MYC and n-MYC is coincidental and not significant.  
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processes, which make up the non-canonical functional profile, have many fewer 

significantly upregulated genes in comparison (3.20%, 2.62%, and 0.00%, respectively).  

In contrast, c-MYC Group II cancers are characterized by strong overexpression of 

the non-canonical functional profile and scant overexpression of the canonical functional 

profile. Group II cancers have 96.87% of their significantly enriched genes corresponding 

to the non-canonical functional profile and only 3.12% of significant genes corresponding 

to the functional profile (see Table 2 or Figure 3 for a full list of cancer types in Group 

II). Therefore, these cancers overwhelmingly and specifically express genes related to the 

 

 

 

 

extracellular matrix, immune system, and cell signaling pathways (Figure 4).  

When the profiles are broken down, Group II cancers overexpress genes associated with 

the immune system (39.13%), as well as cell signaling pathways (30.43%), and the 
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Figure 4. Proportions of significantly enriched genes (q-value < 0.01) corresponding to each 

functional profile by groups for c-MYC.  
Group I, II, and III are subgroupings of the 33 TCGA cancer types based on heatmap clustering. The 

canonical functional profile is comprised of upregulated biological processes that have been previously 

discussed in the literature, while the non-canonical functional profile is comprised of potentially novel 

c-MYC target genes.  
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extracellular matrix (28.98%). The only pathway that had any statistically significant 

upregulation from the canonical functional profile was transcription and RNA processing 

(1.44%).  

c-MYC Group III cancers had strong overexpression of both canonical and non-

canonical functional profiles. Group III cancers had 67.78% of their genes corresponding 

to the canonical profile and 32.21% corresponding to the non-canonical profile, showing 

an overall more balanced expression profile (Figure 4). When c-MYC Group III cancers 

are analyzed according to its constitutive biological pathways in each functional profile, 

the same pattern is apparent. Of the canonical functional profile, translation was the most 

overexpressed (19.02% of statistically significant enriched genes), closely followed by 

transcription and RNA processing (18.47%), DNA replication and repair (17.93%), and 

chromatin regulation (10.86%). The non-canonical functional profile had the largest 

percentage of its significant genes correspond to cell signaling pathways (7.06%) and the 

extracellular matrix (6.52%), leaving only 2.19% of the genes to the immune system.  

 

c-MYC physiological cancer classification results 

 While the gene enrichment data can be analyzed based on similarities in gene 

upregulation in the heatmap only, I also wanted to explore further whether the 

upregulation of specific functional profiles was related to specific physiological types of 

cancer. Therefore, I also analyzed the gene expression data based on the TCGA cancer 

classification system. The 33 cancer types included in this study were categorized into 

endocrine, breast, urologic, gynecologic, gastrointestinal, central nervous system, 

hematologic, head and neck, thoracic, soft tissue, and skin cancer classes (for a full list of 
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cancers included in each class, see Table 1). Soft tissue cancer and breast cancer did not 

have a sufficient sample size (n=20) of significantly upregulated gene sets for reliable 

results (n=5 and n=7, respectively), so only the other nine classes of cancer were used for 

analysis.  

The significantly upregulated genes of endocrine cancer, which includes 

adrenocortical carcinoma, pheochromocytoma and paraganglioma, all exhibited the non-

canonical functional profile. The highest proportion of the statistically significant genes 

belonged to the immune system biological pathway (50%), then cell signaling (34.37%), 

and then extracellular matrix (21.87%) (Figure 5a). Therefore, this class of cancer shows 

a pattern of significantly upregulated genes related to the immune system, the 

extracellular matrix, and cell signaling pathways. There was no overexpression of the 

canonical functional profile. 

 Urologic cancers, comprised of bladder urothelial carcinoma, kidney 

chromophobe, kidney renal clear cell carcinoma, kidney renal papillary cell carcinoma, 

prostate adenocarcinoma, rectum adenocarcinoma, and testicular germ cell tumors, 

expressed both functional profiles instead of exclusively one or the other. Both the 

canonical and non-canonical functional profiles were well-represented, as the canonical 

functional profile comprised 60% of the significantly upregulated genes and the non-

canonical functional profile comprised 40% of the genes. Specifically, 20% of the genes 

that were upregulated were involved in the immune system, and another 20% of the 

significantly upregulated genes were involved in chromatin regulation (Figure 5b). 

Consequently, this class of cancer is not well characterized by one functional profile in 

particular.  
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Gynecologic cancer, comprised of cervical squamous cell carcinoma, 

endocervical adenocarcinoma, ovarian serous cystadenocarcinoma, uterine 

carcinosarcoma, and uterine corpus endometrial carcinoma, largely expressed the 

canonical functional profile (89.3% of significant gene sets). Translation comprised over 

a third of the genes (36%), and transcription and RNA processing comprised about a 
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quarter (25.5%). Chromatin regulation covered 17% of the genes, and DNA replication 

and repair only about 10.6%. The non-canonical functional profile only encompassed 

10.7% of the significant genes, comprised of 6.38% cell signaling pathways and 4.25% of 

the immune system. The extracellular matrix was not represented at all (Figure 5c). Thus, 

gynecologic cancer is dominated by overexpression of translation, transcription and RNA 

processing, chromatin regulation, and DNA replication and repair processes.  

 Gastrointestinal cancer, comprised of cholangiocarcinoma, colon 

adenocarcinoma, esophageal carcinoma, liver hepatocellular carcinoma, pancreatic 

adenocarcinoma, and stomach adenocarcinoma, likewise overexpressed the canonical 

functional profile. Translation and transcription and RNA processing both comprised 

about a quarter of the genes each (26.7% and 24.1%, respectively), closely followed by 

Figure 5. Proportion of significant genes that 

belong to each biological function for different 

cancer classifications for c-MYC. 
The 33 TCGA cancer types were grouped into 

physiological cancer classes and analyzed to see if 

there were patterns of significant upregulation of 

particular biological functions. Blue bars represent a 

canonical biological function, and orange bars 

represent a non-canonical biological function.  

G) H) 

I) 
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DNA replication and repair (22.4%), and chromatin regulation (11.2%). In comparison, 

the non-canonical functional profile included only 15.5% of the total significant genes in 

gastrointestinal cancer. 10.3% of the genes corresponded to the immune system, and only 

4.3% to cell signaling pathways. The extracellular matrix comprised by far the least of 

the gene sets (0.08%) (Figure 5d). Therefore, gastrointestinal cancer is characterized by 

upregulation of the canonical functional profile, and minor expression of genes involving 

the immune system and cell signaling pathways.  

 Hematologic cancer, which included acute myeloid leukemia and lymphoid 

neoplasm diffuse large B-cell lymphoma, had 98.6% of significant genes in the canonical 

functional profile. Chromatin regulation was the most prominent biological pathway 

(27.63%), and transcription and RNA processing and translation were also conspicuous 

(21.05% and 19.73%, respectively). DNA replication and repair had a smaller percentage 

of the significant genes (4.34%). Cell signaling was the only biological pathway in the 

non-canonical functional profile that was expressed in hematologic cancer (1.33%), and 

the immune system and extracellular matrix categories were not significantly expressed 

at all (Figure 5e). Consequently, hematologic cancer significantly overexpresses genes 

related to chromatin regulation, transcription and RNA processing, and translation.  

 Central nervous system cancer, which included lower grade glioma and 

glioblastoma multiforme, was dominated by the canonical functional profile as well 

(92.8%). Transcription and RNA processing was the most prominent biological pathway 

inside this profile (28.57%), as well as DNA replication and repair (26.19%), translation 

(21.42%), and to a lesser extent, chromatin regulation (16.67%). The non-canonical 

functional profile was expressed in the extracellular matrix biological pathway (4.76%) 
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and the immune system (2.38%), while cell signaling pathways were not significantly 

expressed at all (Figure 5f). Therefore, CNS cancer is well characterized by the canonical 

functional profile.  

 Head and neck cancers, including head and neck squamous cell carcinoma, 

thyroid carcinoma, and uveal melanoma, expressed a balance of the canonical and non-

canonical functional profile (57.14% and 42.85%, respectively). The most expressed 

biological category was transcription and RNA processing (21.42%) from the canonical 

profile, followed by the immune system pathway (18.57%) from the non-canonical 

profile. The rest of the gene sets were relatively well distributed between the remaining 

biological pathways, with no percentages below 10% (Figure 5g).  

 Thoracic cancers, which is comprised of lung adenocarcinoma, lung squamous 

cell carcinoma, and mesothelioma, also highly expressed the canonical functional profile 

(87.32%) over the non-canonical functional profile (12.67%). Translation and 

transcription and RNA processing encompassed 26.76% of the significantly upregulated 

genes each, and DNA replication and repair covered around a fifth of the genes (21.12%). 

Chromatin regulation was the least significant biological pathway from the canonical 

profile at 12.67% of significant genes. The non-canonical functional profile incorporated 

both the immune system (8.45%) and cell signaling pathways (4.22%), and the 

extracellular matrix was not significantly overexpressed at all (Figure 5h).  

 Skin cancer, which included only skin cutaneous melanoma, also overwhelmingly 

expressed the canonical functional profile (95% of significant gene sets). Translation-

related genes encompassed almost a full third of the genes (30%), transcription and RNA 

processing a quarter (25%), and both DNA replication and repair and chromatin 
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regulation had a fifth of the genes each (20%). Cell signaling pathways were the only 

non-canonical pathways expressed (5%) (Figure 5i). However, these results may be 

inconclusive because the skin cancer class only includes one type of cancer.  

 In conclusion, only in the endocrine cancers was the non-canonical functional 

profile most prevalent. The majority of cancer classes, including gynecologic, 

gastrointestinal, central nervous system, hematologic, thoracic, and skin most often 

exhibited the canonical functional profile. Two cancer classes, head and neck cancer and 

urologic cancer, displayed high overexpression of both functional profiles.  

 

n-MYC heatmap results 

 It has been previously suggested that c-MYC and n-MYC have different target 

genes that are based on preferential DNA binding sites or tissue-specific co-activators 

(Grandori and Eisenman, 1997). Therefore, I was interested in exploring the extent of the 

distinction between these two MYC oncogenes, and whether there are any similarities in 

the genes that they regulate.  

Functional analysis of genes that were closely positively correlated with increased 

n-MYC expression revealed common overall features with c-MYC-associated pathways, 

as well as n-MYC-specific functional profiles. Similar to c-MYC, clearly defined clusters 

of gene upregulation in the heatmap corresponded to particular biological functions, 

which could be functionally subcategorized into three large groups of cancer types 

exhibiting similar expression profiles. However, the resulting groups are not comprised 

of the same cancer types as c-MYC (for a full list of cancer types in each n-MYC heatmap 

group, see Table 2 and Figure 6).  
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             Cancers of n-MYC Group I highly overexpressed the canonical functional profile 

in particular (see Table 2 and Figure 6 for a full list of cancer types included in n-MYC 

Group I). Group I is dominated by the canonical functional profile (97.22% of 

significantly enriched gene sets), while the non-canonical functional profile represents 

7.4% of the genes, and the neural functional profile encompasses 2.77% of genes (Figure 

7). Therefore, cancers in Group I overwhelmingly express genes that are associated with 

DNA replication and repair, chromatin regulation, and translation, and express genes 

related to neural and non-canonical function to a lesser extent. 
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Figure 6. n-MYC top 100 most highly enriched genes.  
Heat map of median normalized enrichment values for n-MYC for 33 cancer types, 

labeled with gene set function on right-hand side. Bars next to heat map color-coded by 

expression signature; blue symbolizes canonical signature, orange symbolizes non-

canonical signature, and yellow symbolizes neural signature.  
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Looking specifically at the proportions of genes associated with each biological 

process in Group I cancers, DNA replication and repair comprises the most significantly 

upregulated genes (50%), followed by chromatin (30.55%), and translation (16.66%). 

There is no significant overexpression of genes of the immune system, extracellular 

matrix, or cell signaling pathways at all.    

Group II cancers, conversely, are comprised mostly of the non-canonical profile 

(84.61% of significantly enriched genes), with only 11.5% of the genes belonging to the 

canonical profile and 3.84% to the neural profile (Figure 7). More specifically, the 

extracellular matrix and cell signaling pathways each comprise 42.3% of the significantly  
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Figure 7. Proportions of significantly enriched gene sets (q-value < 0.01) corresponding to each 

functional profile by groups for n-MYC.  
Group I, II, and III are subgroupings of the 33 TCGA cancer types based on heatmap clustering. The 

canonical functional profile is comprised of upregulated biological functions that have been 

previously discussed in the literature, while the non-canonical functional profile is comprised of novel 

n-MYC target genes. The neural functional profile is unique to n-MYC.  



 

 28 

upregulated genes, while the immune system is not represented in the non-canonical 

functional profile at all. In the canonical functional profile, transcription and RNA 

processing encompasses 7.69% of upregulated genes and chromatin regulation 

encompasses 3.84%, while translation and DNA replication and repair are not 

represented at all. 

n-MYC Group III cancers, while still dominated by the non-canonical profile 

(87.91%), had much fewer genes exhibiting the non-canonical profile (2.19%) and the 

largest number of genes exhibiting the neural profile of the three groups (9.89%) (Figure 

7). When broken down, Group III is dominated by genes associated with the immune 

system in particular (45.05%), which is clearly juxtaposed from the complete lack of 

upregulated immune system genes in Group I and II. Group III is also largely comprised 

of genes from cell signaling pathways (27.47%) and the extracellular matrix (15.38%). 

While genes associated with translation and chromatin were not significantly upregulated 

at all, 1.09% of genes were associated with transcription and RNA processing as well as 

DNA replication and repair.  

 

n-MYC cancer classification results 

 The same cancer classification analysis was done for n-MYC as it was for c-MYC 

(for a full list of cancer types in each class, see Table 1). As n-MYC had less significant 

upregulation overall when compared to c-MYC, there were far fewer cancer classes with a 

sufficient sample size (n=20) to analyze. Endocrine cancer (n=0), gynecologic cancer 

(n=4), breast cancer (n=3), gastrointestinal cancer (n=5), hematologic cancer (n=4), and 
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thoracic cancer (n=19), skin cancer (n=17), and soft tissue cancer (n=2) all had an 

insufficient sample size.  

Urologic cancer, which includes bladder urothelial carcinoma, kidney 

chromophobe, kidney renal clear cell carcinoma, kidney renal papillary cell carcinoma, 

prostate adenocarcinoma, rectum adenocarcinoma, and testicular germ cell tumors, was 

dominated by the non-canonical functional profile (66.67%). This was due to the high 

 

 

 

 

 

 

 

 

 

 

 

expression of gene sets having to do with the extracellular matrix (25%), the immune 

system (23.33%), and cell signaling pathways (18.33%). In comparison, the canonical 

functional profile encompassed only 30% of the significantly expressed gene sets, with 

15% corresponding to DNA replication and repair, 6.67% to translation, and only 5% to 

chromatin regulation. The neuron functional profile had only 3.33% of the significant 

gene sets (Figure 8a).  
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CNS Cancer Biological Pathways Figure 8. Proportion of significant genes that 

belong to each biological function for different 

cancer classifications for n-MYC. 
The 33 TCGA cancer types were grouped into 

physiological cancer classes and analyzed to see if 

there were patterns of significant upregulation of 

particular biological functions. Blue bars represent a 

canonical biological function, orange bars represent a 

non-canonical biological function, and yellow bars 

represent a neural biological function. 
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 Head and neck cancer, comprised of head and neck squamous cell carcinoma, 

thyroid carcinoma, and uveal melanoma, also had a very dominant non-canonical 

functional profile, with 91.3% of the significantly upregulated genes. The immune system 

was the central biological category, encompassing 56.52% of all genes. Cell signaling 

pathways (30.43%) were also significant. The extracellular matrix was expressed in only 

4.34% of genes, and the neuron functional profile included 8.69% of significantly 

expressed genes. There were no significant genes corresponding to the canonical 

functional profile at all (Figure 8b).  

 Central nervous system cancers, including low grade glioma and glioblastoma 

multiforme, was conversely controlled by a canonical functional profile (95.45% of 

significant gene sets), with little involvement with the neural functional profile (4.54%), 

and none at all from the non-canonical functional profile. DNA replication and repair 

encompassed 50% of the significantly expressed genes, chromatin regulation 36.36%, 

and translation 9.09% (Figure 8c).  

 In conclusion, despite the lack of sufficient sample size in many of the cancer 

classes, we see a larger presence of the non-canonical functional profile in n-MYC than 

the neural or canonical functional profiles.  

 

Overlap between c-MYC and n-MYC 

Because c-MYC and n-MYC are in the same family of genes, there are likely 

mechanistic similarities between the two oncogenes. However, literature has also 

suggested that these genes do not have an entirely redundant function (Prochownik et al., 

1999). Therefore, I was interested in further understanding the extent of the overlap 
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between the potential target genes and patterns of gene upregulation between c-MYC and 

n-MYC.  

The cancers dominated by each functional profile between the paralogs c-MYC 

and n-MYC were not all the same. There were no overlaps in specific cancer types that 

were dominated by the non-canonical functional profile. However, glioblastoma 

 

 

Cancer Type 
TCGA 

Abbreviation 

Dominant Functional 

Profile in c-MYC 

Dominant Functional 

Profile in n-MYC 

Acute myeloid leukemia ACC Canonical  Non-Canonical 

Adrenocortical carcinoma BRCA Canonical Non-Canonical 

Bladder urothelial carcinoma BLCA Canonical Canonical 

Brain lower grade glioma CESC Canonical Non-Canonical 

Breast invasive carcinoma CHOL Canonical Non-Canonical 

Cervical squamous cell carcinoma and endocervical adenocarcinoma COAD Canonical Canonical 

Cholangiocarcinoma DLBC Canonical Non-Canonical 

Colon adenocarcinoma ESCA Canonical Non-Canonical 

Esophageal carcinoma GBM Canonical Canonical 

Glioblastoma multiforme HNSC Canonical Non-Canonical 

Head and neck squamous cell carcinoma KICH Canonical Non-Canonical 

Kidney chromophobe KIRC Canonical Non-Canonical 

Kidney renal clear cell carcinoma KIRP Canonical Non-Canonical 

Kidney renal papillary cell carcinoma LAML Canonical Canonical 

Liver hepatocellular carcinoma LIHC Canonical Non-Canonical 

Lung adenocarcinoma  LGG Canonical Canonical 

Lung squamous cell carcinoma LUAD Canonical Non-Canonical 

Lymphoid neoplasm diffuse large B-cell lymphoma LUSC Canonical Non-Canonical 

Mesothelioma  MESO Canonical Non-Canonical 

Ovarian serous cystadenocarcinoma OV Canonical Canonical 

Pancreatic adenocarcinoma PAAD Canonical Canonical 

Pheochromocytoma and paraganglioma PCPG Non-Canonical  Canonical 

Prostate adenocarcinoma PRAD Canonical Non-Canonical 

Rectum adenocarcinoma  READ Canonical Canonical 

Sarcoma SARC Canonical Non-Canonical 

Skin cutaneous melanoma SKCM Canonical Non-Canonical 

Stomach adenocarcinoma STAD Canonical Non-Canonical 

Testicular germ cell tumors TGCT Non-Canonical Canonical 

Thymoma THYM Canonical Non-Canonical 

Thyroid Carcinoma THCA Non-Canonical Canonical 

Uterine carcinosarcoma  UCS Canonical Non-Canonical 

Uterine corpus endometrial carcinoma UCEC Canonical Non-Canonical 

Uveal melanoma UVM Canonical Non-Canonical 

  

multiforme, acute myeloid leukemia, lower grade glioma, rectum adenocarcinoma, 

pancreatic adenocarcinoma, bladder urothelial carcinoma, ovarian serous 

cystadenocarcinoma, and colon adenocarcinoma were dominated by the canonical 

functional profile in both c-MYC and n-MYC, as shown in Table 3. Because the neural 

functional profile is found only in n-MYC, there is no comparable data for c-MYC.   

Table 3. Functional profile overlap for c-MYC and n-MYC. 
Full list of cancer type, TCGA abbreviation used on heatmap, and the dominant functional profile for each 

cancer type for both c-MYC data and n-MYC data. If there is overlap between the dominant functional 

profile, it is shaded in grey.  
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However, when comparing the data from the cancer classification analysis, there 

is a more distinct pattern of expression and a greater degree of similarity between c-MYC 

and n-MYC (see Figures 5 and 8). Central nervous system cancers (low grade glioma and 

glioblastoma multiforme), as stated above, are overwhelmingly dominated by the 

canonical functional profile with both c-MYC and n-MYC, even though n-MYC expresses 

the non-canonical functional profile more broadly in general. Head and neck cancer and 

urologic cancer both show a pattern of comparatively increased expression of non-

canonical genes. In c-MYC, these cancer classes were the only two that displayed strong 

expression of both the canonical and non-canonical profiles, as opposed to the general 

trend in c-MYC of strong expression of canonical genes. In n-MYC, they were both 

dominated by non-canonical profiles.  
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Discussion   

  

The Cancer Genome Atlas dataset provides one of the first opportunities to study 

cancers with deregulated c-MYC and n-MYC in a broad, pan-cancer context in order to 

further understand what characterizes a ‘MYC-driven cancer’. While the vast quantity of 

the data in the TCGA dataset can and should be mined further, the expression data 

analyzed in this study brings the field closer to understanding the potential target genes 

and biological processes that c-MYC and n-MYC regulate.  Understanding the etiology of 

MYC-driven cancer would aid clinicians and researchers in diagnosing the specifics of 

patient’s cancers as well as finding effective therapeutic treatments. 

The data in the heatmaps presented in this study show that there is a high degree 

of specificity and functional relatedness to differentially upregulated genes. This presence 

of functionally linked genes that are upregulated at similar levels pan-cancer confirms 

previous literature that MYC oncogenes do not regulate random parts of the genome, but 

instead control highly specific biochemical pathways in cancerous cells (McMahon and 

Van Dang, 2011). Because MYC oncogenes are primary oncogenic drivers, these 

upregulated pathways are likely highly integral to the survival of MYC-driven cancers.  

The presence of more than one functional profile overexpressed in different types 

of cancers at distinct levels would suggest that MYC-driven cancers are more diverse than 

previously believed. Therefore, it may not be enough to only distinguish cancers as 

having altered MYC oncogenes or not – it may also be necessary to confirm which 

biological processes are upregulated specifically to understand the cellular phenotype of a 

particular cancer.  
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Many of the biological functions strongly represented in the MYC-induced genes 

have been previously linked to the MYC oncogenes, and this study supports that body of 

data (Grandori and Eisenman, 1997; McMahon and van Dang, 2010; Murnseer et al., 

2003; Ruggero, 2009; Cheng et al., 2006). These include genes related to translation, 

including ribosome synthesis, rRNA transcription, and initiation and elongation factors; 

DNA replication and repair, including DNA polymerases, helicases, telomerases, and 

nucleases; chromatin regulation, including methyltransferases, acetyltransferases, histone 

kinases, and transcription and RNA processing, including mRNA binding proteins, UTR 

binding proteins, RNA polymerases, and basal transcription machinery. The upregulation 

of these biological processes aids the cancer cell internally by allowing continual growth 

and replication.  

There has been only scant prior scientific knowledge about c-MYC and n-MYC’s 

connection to the tumor and immune microenvironment surrounding the cancerous cell 

(Gabay et al., 2014). The strong expression of many genes related to growth factors, 

chemokines, cytokines, immunoglobulins, collagen and glycoprotein formation, signaling 

molecules, and transmembrane receptors in the non-canonical functional profile of this 

study have not been previously referenced in the scientific body of knowledge and may 

indicate an entirely new set of potential c-MYC and n-MYC target genes.  

While it seems counter-intuitive for cancers to promote the production of immune 

cells that may have anti-tumor effects, research may indicate that chemokines and 

cytokines may actually help induce angiogenesis that would nourish the cancer and 

induce the production of growth factors that would help stimulate the cell to grow and 

proliferate (Chow and Luster, 2014). This may also help explain why cell signaling 
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pathway components such as growth factor receptors and G-protein coupled receptors 

that bind mitogenic stimuli are upregulated in tandem with the immune system and 

extracellular matrix genes. The tumor microenvironment has increasingly been 

understood as integral to tumor function, involving an immensely complex network of 

signaling between cancer cells that are driven by proteins and molecules of the 

extracellular matrix and the immune system (Wang et al, 2017).  

 

c-MYC heatmap data analysis 

The presence of different functional profiles may allow clinicians or researchers 

to distinguish phenotypically distinct MYC-driven cancers from one another. It is 

interesting to note that MYC oncogenes do not always have the same effect on different 

types of cancer, and further work may be needed to understand exactly what unites 

otherwise disparate cancer types together into such clearly defined groups with similar 

gene expression patterns.  

Group I cancers of the c-MYC heatmap showed strong expression of the canonical 

functional profile and very scant expression of the non-canonical functional profile. The 

strong canonical gene overexpression seen in these cancers may be driven by the method 

of c-MYC constitutive activation. A companion paper to this study by Grandori et al. 

(2018) also used the TCGA dataset and found that Group I cancers have elevated gene 

copy numbers of c-MYC in over 20% of samples. This may suggest that the expression of 

the canonical profile is a consequence of abnormally strong MYC amplification in the 

genome. Conversely, this may also suggest that expression of non-canonical biological 

pathways is separate from high gene amplification, and the expression of non-canonical 



 

 36 

genes is activated through means other than genomic aberrations. While this would 

require further research to ascertain its validity, this may suggest that clinical therapeutics 

could be chosen based on straightforward tests on the overexpression levels of just a few 

genes, instead of a full transcriptome analysis for every patient’s cancer.   

Group II of the c-MYC heatmap showed almost non-existent overexpression of 

canonical genes and very high expression of the non-canonical functional profile. These 

cancers were also found to have the lowest copy number alteration of the 33 TCGA 

cancer types, which would support the hypothesis that the canonical functional profile 

dominates only when c-MYC is strongly amplified in the genome (Grandori et al., 2018). 

However, this raises the question of what would cause the expression of non-canonical 

genes. 

Because the non-canonical functional profile is largely comprised of genes related 

to the external microenvironment around the cancerous cell, such as the extracellular 

matrix and the immune system, as well as the variety of receptors found in cell signaling 

pathways, it is possible that the expression of this profile is driven by extracellular 

stimuli, such as growth factors or mitogenic signaling. Growth factors have been known 

to contribute to the characteristic sustained proliferative signaling of a variety of cancers, 

and it has been previously documented that cancers can become hypersensitive to these 

stimuli by upregulating growth factor receptor proteins such as the ones that are strongly 

expressed in the cell signaling pathways of the non-canonical functional profile (Hanahan 

and Weinberg, 2011). It has also previously been recorded that c-MYC can become 

activated by mitogenic stimuli, which often bind to GPCR receptors such as the ones that 

have been upregulated in the TCGA dataset (Grandori and Eisenman, 1997). This may 
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support the idea that non-canonically-driven cancers are hypersensitive to external 

signaling for MYC activation instead of gene amplification. However, only three cancer 

types are included in Group II, which may suggest that mitogenic stimuli and growth 

factors are not as powerful of activators of c-MYC as internal genetic changes such as 

increased gene copy number. The diverse number of signaling pathways included in the 

non-canonical functional profile may indicate that c-MYC can be activated by a variety of 

signaling pathways, or conversely, that activated c-MYC upregulates a large variety of 

cell signaling pathways. 

Group III cancers of the c-MYC heatmap display expression of both functional 

profiles, unlike c-MYC Group I or II. This may suggest that these cancers are not entirely 

dependent on one biochemical pathway to sustain its cancerous phenotype as much as 

Group I or II cancers may be. It may also indicate that there are multiple forms of these 

cancers with distinct molecular causes, potentially with different amounts of MYC gene 

amplification.  

Grandori et al. (2018) noted that Group III cancers also have intermediate c-MYC 

copy number changes, which would be consistent with the notion that an increased 

number of c-MYC genes in the genome would drive canonical gene expression. Because 

Group III cancers express more canonical genes than non-canonical genes, this may also 

suggest that non-canonical gene expression can be easily overridden by canonical gene 

expression.  

 

c-MYC cancer classification analysis    
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When the 33 TCGA cancer types were classified into physiological cancer 

classes, clear distinctions could be made between the expression programs of each class, 

with the majority of the classes able to be distinguished by one functional profile over the 

other. This would suggest that different types of c-MYC-driven cancer could potentially 

be clinically subclassified by c-MYC genetic characteristics, or that these distinctions can 

be exploited for therapeutic benefit. These distinctions in patterns of gene expression 

would also be consistent with previous literature noting that c-MYC gene regulation 

differs between cell types (Prochownik et al., 1999). 

Endocrine cancers were the only class that strongly expressed the non-canonical 

functional profile and excluded the canonical functional profile entirely. This may 

suggest that deregulated c-MYC in endocrine cancers are driven by extracellular stimuli 

instead of internal genetic changes. The strong expression of immune system and 

extracellular matrix genes may also underscore the importance of the tumor 

microenvironment in endocrine cancers.  

Urologic cancers and head and neck cancers both displayed strong overexpression 

from both canonical and non-canonical profiles. Similar to Group III, this would suggest 

that these types of cancer employ a large range of cellular activity to promote 

malignancy. Alternatively, this may suggest that these cancers can have multiple 

phenotypes. 

 The remaining classes of cancer, which include gynecologic cancer, 

gastrointestinal cancer, central nervous system cancer, hematologic cancer, thoracic 

cancer, and skin cancer, all display more dominant expression of the canonical profile, 

although the specific upregulation of particular canonical biological pathways varies. In 
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all of these classes of cancer, translation and transcription and RNA processing seem to 

be particularly important. This data would correlate well with previous knowledge of c-

MYC as a strong activator of target genes involving these pathways (Gabay et al., 2014). 

 

n-MYC heatmap data analysis and annotation 

The presence in n-MYC-driven cancers of a unique functional profile devoted to 

neural function, which includes ligand-gated ion channels, glutamate receptors, 

acetylcholine receptors, catecholamine receptors, and calcium ion channels has potential 

importance for understanding the function of cancers with altered n-MYC. This profile 

may help explain n-MYC’s significant role in neurogenesis and neuronal cell 

differentiation, as well as its developmental function in brain tissue organization 

(Eisenman et al., 2002). This distinct category of genes may also have potential utility as 

clinical biomarkers, as deregulated n-MYC expression is a strong factor in poor clinical 

prognosis in neuroblastoma (Yagyu et al., 2016)  

In general, n-MYC-driven cancers displays fewer significantly upregulated genes 

than c-MYC-driven cancers, although distinct profiles of gene expression within Groups 

I, II, and III remain clear. The companion TCGA study by Grandori et al. (2018) shows 

that n-MYC is significantly less amplified on a pan-cancer level than c-MYC. This data 

may fit the hypothesis that the non-canonical functional profile is predominant in cancers 

without high MYC oncogene amplification, as the pan-cancer expression of n-MYC is 

prevalently linked to the non-canonical functional profile.  

n-MYC has largely been associated as a strong oncogenic driver in pediatric 

cancers such as neuroblastoma and retinoblastoma, but the widespread expression of n-
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MYC pan-cancer may suggest that it has a prominent role in adult cancer progression as 

well (Yagyu et al., 2016). The Grandori et al. study shows that the amplification of n-

MYC was found in as many as 20% of TCGA samples in ovarian serous 

cystadenocarcinoma, uterine carcinosarcomas, and lung squamous cell carcinomas, 

indicating that n-MYC may have a potentially important role in these cancers (Grandori et 

al., 2018).  

Group I cancers in the n-MYC heatmap data were dominated by the canonical 

functional profile, with minor expression of the neural profile and no expression at all of 

the non-canonical functional profile. This would indicate that in these cancers, n-MYC 

contributes to the cancerous phenotype primarily through rampant cell growth instead of 

through manipulation of the tumor microenvironment. Group I cancers are also correlated 

with high n-MYC gene copy alteration and mRNA expression, which further fits the 

hypothesis that the canonical expression is driven by internal genomic changes (Grandori 

et al., 2018).  

Group II of the n-MYC heatmap data is strongly characterized by high expression 

of genes associated with the extracellular matrix and a diverse set of cell signaling 

pathways; interestingly, it completely lacks significant upregulation of the other 

component of the non-canonical functional profile observed with c-MYC, the immune 

system. It also displays negligible upregulation of the canonical functional profile and the 

neural profile. The high dependence on cell signaling pathway components, including 

EGFR receptors, GPCR receptors, hormone receptors, Wnt signaling, and TGF 

signaling also provides ample opportunity for effective therapeutic drug targeting as well 

(Grandori and Eisenman, 1997).  
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Group III of the n-MYC heatmap displayed almost non-existent expression of 

canonically-associated genes but high expression of the non-canonical profile, the 

immune system in particular. Therefore, n-MYC primarily contributes to the cancerous 

phenotype in these cancers by influencing the tumor microenvironment potentially 

through suppressing the immune system response and activating angiogenesis. These 

cancers are also characterized by the highest expression of the neural profile of the three 

n-MYC groups. This is interesting, because Group III contains many cancer types that are 

unrelated to the nervous system, and therefore would have no use for neural genes.  

 

n-MYC cancer classification analysis 

Urologic cancers were characterized by wide expression of the canonical, non-

canonical, and neural functional profiles, while central nervous systems were controlled 

chiefly by canonical expression and head and neck cancers were dominated by non-

canonical expression. These diverse expression programs highlight the heterogeneous and 

varied nature of MYC oncogene-driven cancer, and also the potentially vast number of 

target genes of the MYC oncogenes.  

It is interesting to note that the central nervous system cancers had among the 

lowest expression of the neural functional profile, especially with the strong evidence that 

n-MYC is highly influential in other brain tumors such as neuroblastoma (Eisenman et al., 

2002). This may suggest that n-MYC’s oncogenic function does not primarily rely on 

disrupting genes related to neural function, but instead through the upregulation of 

canonical genes or higher expression in brain tissues. Because cancer in general is 

characterized by a loss of cell differentiation, it may make sense that genes related to a 
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specific differentiated function would not be as important (Hanahan and Weinberg, 

2011).  

Though there was a lack of sufficient sample sizes of significantly upregulated 

genes in many of the other cancers, it is worth noting that those classes all 

overwhelmingly expressed genes related to the non-canonical functional profile. If strong 

MYC activation is characterized by canonical expression, it may make sense that weaker 

activation would result in less significant upregulation of non-canonical genes instead.  

 

Overlap between c-MYC and n-MYC 

The TCGA dataset shows that while c-MYC and n-MYC may have similar 

mechanisms of action, bind to similar elements in DNA, and control similar biological 

functions, they did so by upregulating different genes. Very few cancer types had similar 

gene expression between c-MYC and n-MYC, which may suggest that they have non-

redundant target genes. 

These potential differences in target genes may be due to subtle preferences for 

flanking sequences of DNA, different transcriptional co-activators present in specific cell 

types, or differences in mechanisms of activation (Prochownik et al., 1999). These 

findings would reinforce the current notion that the MYC oncogenes may share common 

biochemical properties, but control distinct biological processes in the cancerous cell. 

However, these findings may conflict with previous data that shows that these genes be 

substituted for each other during tumorigenesis in neuroblastoma, as this study indicates 

they are non-redundant (Eilers and von Eyss, 2011).  
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Future work and questions  

The vast quantities of data in the TCGA dataset provide amazing opportunities to 

characterize the broad patterns of pan-cancer gene expression. While this data may 

provide more insight into potential target genes of c-MYC and n-MYC, it remains a 

significant obstacle to parse out which upregulated genes are due to direct activation by 

the MYC oncogene family, or due to the indirect downstream action of signaling cascades 

or external stimuli that the MYC genes may influence. Future efforts to determine the 

distinctions between these gene categories will help to further elucidate the specific 

mechanisms of action of the MYC oncogenes, and exactly how they contribute to 

aggressive cancerous phenotypes. Similar transcriptomics analysis should also be done in 

the future on l-MYC, the other member of the MYC oncogene family that has been shown 

to have strong carcinogenic effects on small cell lung cancers in particular (Birnie and 

Ryan, 1996). 

The prospective target genes of c-MYC and n-MYC that were further elucidated in 

this study may provide great potential for future targeted cancer therapies. Distinctions 

between cancers that upregulate the immune system-related genes at different levels may 

be exploited for immunomodulatory therapeutics (Yang et al., 2015).  

The broad expression of the novel set of MYC oncogene target genes that 

contribute to diverse cell signaling pathways, immune system function, and extracellular 

matrix has not been well-studied in the field of oncology thus far. It is possible that c-

MYC and n-MYC contribute to cancer in more ways than previously believed, and these 

complexities should be taken into account during diagnosis, characterization, and 

treatment of MYC-driven cancers. 
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Appendix A 

 

 
Product Category Heatmap Category Profile 

GROWTH_FACTOR_ACTIVITY Growth Factor Cell Signaling Non-Canonical 

GROWTH_FACTOR_RECEPTOR_BINDING Growth Factor Cell Signaling Non-Canonical 

INSULIN_LIKE_GROWTH_FACTOR_RECEPTOR_BINDING Growth Factor Cell Signaling Non-Canonical 

BETA_CATENIN_BINDING WNT Signaling Cell Signaling Non-Canonical 

CARGO_RECEPTOR_ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical 

G_PROTEIN_COUPLED_RECEPTOR_BINDING Cell Signaling  Cell Signaling  Non-Canonical 

NON_MEMBRANE_SPANNING_PROTEIN_TYROSINE_KINASE_ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical 

PHOSPHATIDYLINOSITOL_3_KINASE_ACTIVITY Cell Signaling Cell Signaling  Non-Canonical 

PROTEIN_TYROSINE_KINASE_ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical 

VIRUS_RECEPTOR_ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical 

CORECEPTOR_ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical 

GROWTH_FACTOR_BINDING Growth Factor Cell Signaling  Non-Canonical 

HORMONE_RECEPTOR_BINDING Cell Signaling  Cell Signaling  Non-Canonical 

SMAD_BINDING Cell Signaling Cell Signaling  Non-Canonical 

DEATH_RECEPTOR_BINDING Apoptosis Cell Signaling (Apoptosis) Non-Canonical 

EPIDERMAL_GROWTH_FACTOR_RECEPTOR_BINDING Growth Factor Cell Signaling (EGFR) Non-Canonical 

FRIZZLED_BINDING WNT Signaling Cell Signaling (Wnt) Non-Canonical 

CHROMATIN_BINDING Chromatin Chromatin  Canonical  

GLUTATHIONE_TRANSFERASE_ACTIVITY Transferase Chromatin  Canonical  

HISTONE_BINDING Chromatin Chromatin  Canonical  

HISTONE_LYSINE_N_METHYLTRANSFERASE_ACTIVITY Chromatin Chromatin  Canonical  

ACETYLTRANSFERASE_ACTIVITY Chromatin Chromatin  Canonical  

DNA_SECONDARY_STRUCTURE_BINDING Chromatin Chromatin  Canonical  

HISTONE_KINASE_ACTIVITY Chromatin Chromatin  Canonical  

STRUCTURE_SPECIFIC_DNA_BINDING DNA Replication and Repair DNA Replication and Repair  Canonical  

3-5 EXONUCLEASE_ACTIVITY DNA Replication and Repair DNA Replication and Repair  Canonical  

ATPASE_ACTIVITY ATPase/GTPase DNA Replication and Repair  Canonical  

DAMAGED_DNA_BINDING DNA Replication and Repair DNA Replication and Repair  Canonical  

DEOXYRIBONUCLEASE_ACTIVITY DNA Replication and Repair DNA Replication and Repair  Canonical  

DNA_DIRECTED_DNA_POLYMERASE_ACTIVITY DNA Replication and Repair DNA Replication and Repair  Canonical  

DNA_POLYMERASE_ACTIVITY DNA Replication and Repair DNA Replication and Repair  Canonical  

ENDONUCLEASE_ACTIVITY DNA Replication and Repair DNA Replication and Repair  Canonical  

EXONUCLEASE ACTIVITY DNA Replication and Repair DNA Replication and Repair  Canonical  

INTRAMOLECULAR_TRANSFERASE_ACTIVITY Transferase DNA Replication and Repair  Canonical  

LIGASE_ACTIVITY Ligase DNA Replication and Repair  Canonical  

NUCLEASE_ACTIVITY DNA Replication and Repair DNA Replication and Repair  Canonical  

NUCLEOCYTOPLASMIC TRANSPORTER ACTIVITY Cell Transport DNA Replication and Repair  Canonical  

NUCLEOTIDYL_TRANSFERASE_ACTIVITY Transferase DNA Replication and Repair  Canonical  

PROTEIN_TRANSPORTER_ACTIVITY Cell Transport DNA Replication and Repair  Canonical  

S_ADENOSYL_METHIONINE_DEPENDENT_METHYLTRANSFERASE_ACT

IVITY 

Transferase DNA Replication and Repair  Canonical  

SINGLE_STRANDED_DNA_BINDING Transcription DNA Replication and Repair  Canonical  

TELOMERIC_DNA_BINDING Telomere Maintenance DNA Replication and Repair  Canonical  

TRANSFERASE_ACTIVITY_TRANSFERRING_ONE_CARBON_GROUPS Transferase DNA Replication and Repair  Canonical  

ADP_BINDING ATPase/GTPase DNA Replication and Repair  Canonical  

ATP_DEPENDENT_DNA_HELICASE_ACTIVITY DNA Replication and Repair DNA Replication and Repair  Canonical  

HELICASE_ACTIVITY DNA Replication and Repair DNA Replication and Repair  Canonical  

FIBRONECTIN_BINDING Extracellular Matrix Extracellular Matrix  Non-Canonical 

GLYCOPROTEIN_BINDING Extracellular Matrix Extracellular Matrix  Non-Canonical 

CELL_ADHESION_MOLECULE_BINDING Extracellular Matrix Extracellular Matrix  Non-Canonical 

COLLAGEN_BINDING Extracellular Matrix Extracellular Matrix  Non-Canonical 

EXTRACELLULAR_MATRIX_BINDING Extracellular Matrix Extracellular Matrix  Non-Canonical 

EXTRACELLULAR_MATRIX_STRUCTURAL_CONSTITUENT Extracellular Matrix Extracellular Matrix  Non-Canonical 

GLYCOSAMINOGLYCAN_BINDING Extracellular Matrix Extracellular Matrix  Non-Canonical 

ANTIGEN_BINDING Immune System Immune System Non-Canonical 

CCR_CHEMOKINE_RECEPTOR_BINDING Cytokine Immune System Non-Canonical 

CHEMOKINE_BINDING Cytokine Immune System Non-Canonical 

CHEMOKINE_BINDING Cytokine Immune System Non-Canonical 

CYTOKINE_ACTIVITY Cytokine Immune System Non-Canonical 

CYTOKINE_BINDING Cytokine Immune System Non-Canonical 

CYTOKINE_RECEPTOR_ACTIVITY Cytokine Immune System Non-Canonical 

CYTOKINE_RECEPTOR_BINDING Cytokine Immune System Non-Canonical 

IMMUNOGLOBULIN_BINDING Immune System Immune System Non-Canonical 

MHC_CLASS_I_PROTEIN_BINDING Immune System Immune System Non-Canonical 

MHC_PROTEIN_BINDING Immune System Immune System Non-Canonical 

SIGNALING_PATTERN_RECOGNITION_RECEPTOR_ACTIVITY Cell Signaling  Immune System Non-Canonical 

NF_KAPPAB_BINDING Immune System Immune System Non-Canonical 

BASAL_TRANSCRIPTION_MACHINERY_BUILDING Transcription Transcription and RNA Processing  Canonical  

POLY_PYRIMIDINE_TRACT_BINDING RNA Processing Transcription and RNA Processing  Canonical  

Appendix A. Full list of genes and subsequent categorizations used in data analysis for c-MYC.  
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AU_RICH_ELEMENT_BINDING Transcription Transcription and RNA Processing  Canonical  

CORE_PROMOTER_BINDING Transcription Transcription and RNA Processing  Canonical  

DOUBLE_STRNDED_RNA_BINDING Transcription Transcription and RNA Processing  Canonical  

DYNEIN_BINDING Cytoskeleton Transcription and RNA Processing  Canonical  

GTPASE_BINDING ATPase/GTPase Transcription and RNA Processing  Canonical  

GUANYL_NUCLEOTIDE_BINDING ATPase/GTPase Transcription and RNA Processing  Canonical  

HEAT_SHOCK_PROTEIN_BINDING Translation Transcription and RNA Processing  Canonical  

MRNA_3_UTR_BINDING Transcription Transcription and RNA Processing  Canonical  

MRNA_BINDING Transcription Transcription and RNA Processing  Canonical  

POLY_PURINE_TRACT_BINDING RNA Processing Transcription and RNA Processing  Canonical  

SINGLE_STRANDED_RNA_BINDING Transcription Transcription and RNA Processing  Canonical  

THIOLESTER_HYDROLASE_ACTIVITY  Transcription and RNA Processing  Canonical  

TRANSLATION_ELONGATION_FACTOR_ACTIVITY Translation Transcription and RNA Processing  Canonical  

TRANSLATION_INITIATION_FACTOR_BINDING Translation Transcription and RNA Processing  Canonical  

TUBULIN_BINDING Cytoskeleton Transcription and RNA Processing  Canonical  

SNORNA_BINDING RNA Processing Transcription and RNA Processing  Canonical  

UNFOLDED_PROTEIN_BINDING Translation Translation Canonical  

METAL_CLUSTER_BINDING Translation  Translation Canonical  

RIBONUCLEOPROTEIN_COMPLEX_BINDING Translation Translation Canonical  

TRANSLATION_FACTOR_ACTIVITY_RNA_BINDING Translation Translation Canonical  

TRNA_BINDING Translation Translation Canonical  

RNA_METHYLTRANSFERASE_ACTIVITY RNA Processing Translation  Canonical  

RRNA_BINDING Translation Translation  Canonical  

STRUCTURAL_CONSTITUENT_OF_RIBOSOME Translation Translation  Canonical  

ACTIN_BINDING Cytoskeleton  Other  

CARBOHYDRATE_BINDING   Other  

METALLOPEPTIDASE_ACTIVITY Protein Breakdown  Other  

PROTEASE_BINDING Protein Breakdown  Other  

ATP_DEPENDENT_MICROTUBULE_MOTOR_ACTIVITY Cytoskeleton  Other  

COENZYME_BINDING   Other  

MAGNESIUM_ION_BINDING   Other  

MICROTUBULE_BINDING Cytoskeleton  Other  
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Appendix B 

 

 

 
Product Category Functional Group Profile 

1-PHOSPHATIDYLINOSITOL-3-KINASE ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical  

AFR GUANYL NUCLEOTIDE EXCHANGE FACTOR ACTIVITY  Cell Signaling  Cell Signaling  Non-Canonical  

CGMP BINDING Cell Signaling  Cell Signaling  Non-Canonical  

CORECEPTOR ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical  

CYCLIC NUCLEOTIDE BINDING Cell Signaling  Cell Signaling  Non-Canonical  

CYCLIC NUCLEOTIDE PHOSPHODIESTERASE ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical  

DEATH RECEPTOR ACTIVITY  Apoptosis  Cell Signaling  Non-Canonical  

EPHRIN RECEPTOR ACTIVITY  Cell Signaling  Cell Signaling  Non-Canonical  

EPHRIN RECEPTOR BINDING Cell Signaling  Cell Signaling  Non-Canonical  

FIBROBLAST GROWTH FACTOR RECEPTOR BINDING  Growth Factor  Cell Signaling  Non-Canonical  

FRIZZLED BINDING  Cell Signaling  Cell Signaling  Non-Canonical  

G PROTEIN COUPLED AMINE RECEPTOR ACTIVITY  Cell Signaling  Cell Signaling  Non-Canonical  

GROWTH FACTOR ACTIVITY Growth Factor  Cell Signaling  Non-Canonical  

GROWTH FACTOR BINDING Growth Factor  Cell Signaling  Non-Canonical  

GROWTH FACTOR RECEPTOR BINDING  Growth Factor  Cell Signaling  Non-Canonical  

GUANYL NUCLEOTIDE EXCHANGE FACTOR ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical  

INSULIN RECEPTOR BINDING Cell Signaling  Cell Signaling  Non-Canonical  

NITRIC OXIDE SYNTHASE BINDING  Cell Signaling  Cell Signaling  Non-Canonical  

NOTCH BINDING  Cell Signaling  Cell Signaling  Non-Canonical  

PHOSPHATIDYL INOSITOL BINDING Cell Signaling  Cell Signaling  Non-Canonical  

PHOSPHATIDYLINOSITOL 3 KINASE ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical  

PROTEIN TYROSINE KINASE ACTIVITY  Cell Signaling  Cell Signaling  Non-Canonical  

RECEPTOR SIGNALING PROTEIN ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical  

SH3 DOMAIN BINDING  Cell Signaling  Cell Signaling  Non-Canonical  

SIGNALING PATTERN RECOGNITION RECEPTOR ACTIVITY  Cell Signaling  Cell Signaling  Non-Canonical  

SMAD BINDING Cell Signaling  Cell Signaling  Non-Canonical  

WNT PROTEIN BINDING Cell Signaling  Cell Signaling  Non-Canonical  

WNT_ACTIVATED_RECEPTOR_ACTIVITY Cell Signaling  Cell Signaling  Non-Canonical  

ACETYL-GALACTOSAMINYL TRANSFERASE ACTIVITY Transferase  Chromatin  Canonical  

CHROMATIN BINDING  Chromatin  Chromatin  Canonical  

DEMETHYLASE ACTIVITY  Chromatin  Chromatin  Canonical  

HEPARAN SULFATE SULFOTRANSFERASE ACTIVITY Transferase  Chromatin  Canonical  

HISTONE LYSINE METHYLTRANSFERASE ACTIVITY Transferase  Chromatin  Canonical  

RNA METHYLTRANSFERASE ACTIVITY  Transferase  Chromatin  Canonical  

SULFOTRANSERASE ACTIVITY  Transferase  Chromatin  Canonical  

TRANSFERASE ACTIVITY TRANSFERRING ONE CARBON GROUPS  Transferase  Chromatin  Canonical  

3-5 EXONUCLEASE ACTIVITY  Nuclease  DNA Replication and Repair  Canonical  

BINDING BRIDGING  DNA Replication and Repair DNA Replication and Repair  Canonical  

CORE PROMOTER PROXIMAL REGION DNA BINDING  DNA Replication and Repair DNA Replication and Repair  Canonical  

DAMAGED DNA BINDING  DNA Replication and Repair DNA Replication and Repair  Canonical  

DEOXYRIBONUCLEASE ACTIVITY  Nuclease  DNA Replication and Repair  Canonical  

DNA BINDING BENDING  DNA Replication and Repair DNA Replication and Repair  Canonical  

DNA DIRECTED DNA POLYMERASE ACTIVITY  DNA Replication and Repair DNA Replication and Repair  Canonical  

EXONUCLEASE ACTIVITY  Nuclease  DNA Replication and Repair  Canonical  

NUCLEASE ACTIVITY  Nuclease  DNA Replication and Repair  Canonical  

NUCLEOTIDYL TRANSFERASE ACTIVITY Transferase  DNA Replication and Repair  Canonical  

SINGLE STRANDED DNA BINDING  DNA Replication and Repair DNA Replication and Repair  Canonical  

BETA CATENIN BINDING  Extracellular Matrix  Extracellular Matrix  Non-Canonical  

CADHERIN BINDING Extracellular Matrix  Extracellular Matrix  Non-Canonical  

CELL ADHESION MOLECULE BINDING  Extracellular Matrix  Extracellular Matrix  Non-Canonical  

COLLAGEN BINDING  Extracellular Matrix  Extracellular Matrix  Non-Canonical  

EXTRACELLULAR MATRIX BINDING  Extracellular Matrix  Extracellular Matrix  Non-Canonical  

EXTRACELLULAR MATRIX STRUCTURAL CONSTITUENT Extracellular Matrix  Extracellular Matrix  Non-Canonical  

FIBRONECTIN BINDING  Extracellular Matrix  Extracellular Matrix  Non-Canonical  

GLYCOSAMINOGLYCAN BINDING Extracellular Matrix  Extracellular Matrix  Non-Canonical  

PDZ DOMAIN BINDING Extracellular Matrix  Extracellular Matrix  Non-Canonical  

PROTEIN BINDING INVOLVED IN CELL ADHESION  Extracellular Matrix  Extracellular Matrix  Non-Canonical  

SCAFFOLD PROTEIN BINDIN G Extracellular Matrix  Extracellular Matrix  Non-Canonical  

ANTIGEN BINDING  Immune System  Immune System Non-Canonical  

CHEMOATTRACTANT ACTIVITY  Chemokine  Immune System Non-Canonical  

CHEMOKINE ACTIVITY Chemokine  Immune System Non-Canonical  

CHEMOKINE BINIDNG  Chemokine  Immune System Non-Canonical  

CHEMOREPELLENT ACTIVITY Chemokine  Immune System Non-Canonical  

CYTOKINE ACTIVITY  Chemokine  Immune System Non-Canonical  

CYTOKINE BINDING  Chemokine  Immune System Non-Canonical  

CYTOKINE RECEPTOR ACTIVITY Chemokine  Immune System Non-Canonical  

CYTOKINE RECEPTOR BINDING  Chemokine  Immune System Non-Canonical  

Appendix B. Full list of genes and subsequent categorizations used in data analysis for n-MYC.  



 

 47 

MHC CLASS I PROTEIN BINDING  Immune System  Immune System Non-Canonical  

MHC PROTEIN BINDING  Immune System  Immune System Non-Canonical  

CCR CHEMOKINE RECEPTOR BINDING  Chemokine  Immune System  Non-Canonical  

ACETYLCHOLINE BINDING Neuron  Neuron  Neuron  

ANION CHANNEL ACTIVITY Neuron  Neuron  Neuron  

ANION TRANSMEMBRANE TRANSPORTER ACTIVITY Neuron  Neuron  Neuron  

CALCIUM ION TRANSMEMBRANE TRANSPORTER ACTIVITY Neuron  Neuron  Neuron  

CATECHOLAMINE BINDING  Neuron  Neuron  Neuron  

CATION CHANNEL ACTIVITY Neuron  Neuron  Neuron  

EXCITATORY EXTRACELLULAR LIGAND GATED ION CHANNEL 

ACTIVITY  

Neuron  Neuron  Neuron  

EXTRACELLULAR LIGAND GATED ION CHANNEL ACTIVITY  Neuron  Neuron  Neuron  

GATED CHANNEL ACTIVITY  Neuron  Neuron  Neuron  

GLUTAMATE RECEPTOR ACTIVITY  Neuron  Neuron  Neuron  

GLUTAMATE RECEPTOR BINDING  Neuron  Neuron  Neuron  

METAL ION TRANSMEMBRANE TRANSPORTER ACTIVITY Neuron  Neuron  Neuron  

PASSIVE TRANSMEMBRANE TRANSPORTER ACTIVITY Neuron  Neuron  Neuron  

ACTIVATING TRANSCRIPTION FACTOR BINDING Transcription  Transcription and RNA 

Processing  

Canonical  

ENHANCER BINDING  Transcription  Transcription and RNA 

Processing  

Canonical  

RNA POLYMERASE II TRANSCRIPTION COACTIVATOR ACTIVITY Transcription  Transcription and RNA 

Processing  

Canonical  

RNA POLYMERASE II TRANSCRIPTION FACTOR BINDING  Transcription  Transcription and RNA 

Processing  

Canonical  

2 IRON 2 SULFUR CLUSTER BINDING  Translation  Translation  Translation 

STRUCTURAL CONSTITUENT OF RIBOSOME  Translation  Translation  Translation 

TRNA BINDING Translation  Translation  Translation 

ACTININ BINDING  Cytoskeleton  Other Other 

ACYL COA DEHYDROGENASE ACTIVITY  Metabolism  Other Other  

AMMONIUM ION BINDING  Other Other 

ATP-DEPENDENT MICROTUBULE MOTOR ACTIVITY  Cytoskeleton  Other Other 

ISOPRENOID BINDING   Other Other 

LIPASE ACTIVITY Metabolism  Other Other 

MONOOXYGENASE ACTIVITY  Metabolism  Other Other 

OXIDOREDUCTASE ACTIVITY ACTING ON NADPH  Metabolism  Other Other 

PHOSPHORIC DIESTER HYDROLASE ACTIVITY  Other Other 

TETRAPYRROLE BINDING   Other Other 
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