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Utilizing short sequences missing from the genome to identify gene  

regulatory element mutations associated with liver cancer 
 

Jasmine Sims 
 

Abstract 
 
Liver cancer is diagnosed yearly in over 800,000 people worldwide. While several gene coding 

mutations have been found to be associated with this cancer, we lack an understanding of gene 

regulatory driver mutations that could also lead to liver cancer. Using short sequences, 16 base 

pairs in length, termed neomers, that are generally absent from the human genome but appear in 

liver cancer, we identify numerous potential causative gene regulatory mutations in promoters, 

potential enhancers and 3’UTRs. We identify noncoding neomers that are enriched in numerous 

patients and are thought to regulate cancer-associated genes. We also characterize specific one 

kilobase regions in the human genome that are enriched for noncoding neomers that reside near 

many relevant liver cancer genes. Combined, our study identifies novel mutations in gene 

regulatory elements that could be key regulators of liver cancer, providing a basis for potential 

downstream diagnosis and therapeutics. 
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Chapter 1: Introduction 

1.1 Symptoms, causes, treatment, and stages of liver cancer 

 
Liver cancer is the seventh most common form of cancer1, with over 800,000 people worldwide 

estimated to be diagnosed for liver cancer each year, and 700,000 passing away from liver cancer 

per year1. Genetic factors associated with liver cancer include metabolic syndrome, diabetes, and 

male gender, with males being more prone than females2. Normally, symptoms do not appear in 

the early stages of liver cancer. However, later, symptoms include weight loss, upper abdominal 

pain, or yellowing of the skin (jaundice)3. Based on the patient's tumor stage, liver function, and 

performance status, a variety of options are available for liver cancer treatment options, 

including liver transplantation, surgical resection, percutaneous ablation, chemotherapy radiation 

and immunotherapy (Figure 1.1)4. While the liver can cope with small losses in liver function 

and can regenerate or reversibly heal itself upon proper lifestyle changes, once the liver reaches 

fibrosis, with liver function between 20-30%, the stages of liver disease become irreversible, in 

extreme cases, worsening to liver cancer4. In liver cancer (Hepatocellular Carcinoma, HCC), 

liver function can worsen to a state of complete liver failure, ultimately requiring 

transplantation4. 

1.2 Recurrent coding mutations in liver cancer 

 
On the genetic level, previous research has found that the most frequently occurring coding 

mutations in liver cancer occur in the following genes: catenin beta 1 (CTNNB1), axin 1 

(AXIN1), tumor protein p53 (TP53), WW domain containing E3 ubiquitin protein ligase 1 

(WWP1), and AT-rich interaction domain 1A (ARID1A)2. It is hypothesized that they are 
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frequently mutated due to their respective role in genomic instability prevention2. Specifically, 

genomic instability is a hallmark of many cancers, and results from mutations in DNA repair 

genes which ultimately drives cancer progression. Liver cancer can also be caused by long-term 

infection of Hepatitis B (HBV) and Hepatitis C (HCV) viruses, obesity and excessive alcohol 

consumption1. Viral proteins in HBV and HCV are speculated to utilize signaling programs that 

cause cancer by increasing cellular proliferation and genomic instability1.  

 

 
 
Figure 1.1 Stages of degradation of Liver function leading to Hepatocellular Carcinoma (HCC) 
and the respective treatment options for each stage of liver damage4. 

1.3 Mutations in Gene regulatory elements in liver cancer 

 
While we have a good understanding of the gene coding mutations that lead to cancer, we have a 

limited understanding of how cancers use this noncoding mutational landscape in order to 

regulate or promote cancer. Our noncoding genome space is made of regions that regulate gene 
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expression, which comprises about 98% of our genome. More specifically, we lack an 

understanding of specific mutations in gene regulatory elements, such as promoters, enhancers, 

and 3’ untranslated regions (UTRs) that could be cancer driver mutations. Dissecting this is vital, 

as gene regulatory elements often mediate tissue-specific effects and can also be dysregulated in 

cancer5.  

 

Mutations in gene regulatory elements can be a major cause of liver cancer. Some noncoding 

mutations in liver cancer have been associated with long noncoding RNA (lncRNA) genes, such 

as HOXA cluster antisense RNA 2 (HOXA-AS2) which has been shown to promote cell 

proliferation in liver cancer cells, as well as lncRNA SNHG17 that has been linked to large 

tumor size, poor differentiation, and angiogenesis in liver cancer6-8 with both lncRNAs 

encapsulating hallmarks of cancer9,10. In addition, genomic structural variants that are thought to 

change gene expression by altering the interactions between enhancers and their target genes 

have been also shown to be associated with liver cancer2.  

 

Putative regulatory elements for liver cancer have been previously annotated genome-wide using 

technologies such as DNase-seq and histone ChIP-seq11. In addition, functional mutations that 

cause changes in promoter activity have been identified for liver cancer. For example, activating 

mutations in the promoter of the Telomerase Reverse Transcriptase (TERT) were shown to be 

mutated in 60% of liver cancer cases2. Additionally, mutations in the promoter of RAS like 

proto-oncogene A (RALA), which is required for the transformation of Ras mutation–driven 

cancer cells, are associated with tumor aggressiveness and poor patient prognosis12. However, 
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other liver-cancer associated mutations in gene regulatory elements, particularly ones in 

enhancers, have remained largely uncharacterized. 

1.4 Super enhancer landscapes differ between liver cancer and normal cells 

Cancer is a complex disease of acquired somatic mutations. During tumorigenesis, DNA 

mutations, indels, chromosomal rearrangements, 3D chromatin structural changes and viral 

infections all work together to regulate the creation of oncogenic super enhancers, or clusters of 

enhancers in close proximity that drive transcription in the cells that acquire them13. 

Interestingly, epigenetic studies have shown that super enhancer-targeted therapy contributes to 

disease prognosis14. Importantly, gene transcription dramatically decreases in the absence of 

enhancers15. Dysregulated activation of super enhancers has been associated with occurrence and 

development of liver disease, an over-arching category which includes liver cancer. Furthermore, 

enhancer biology is flexible because enhancer-related transcription does not depend on the 

direction or position of the enhancer, for example, enhancers can reside in the 5’ or 3’ regulatory 

regions, as well as in introns, and can even be located on different chromosomes. A few 

examples in literature have shown enhancers can undergo aberrant regulation to promote cancer 

by de novo enhancer assembly16. This mechanism is driven by cancer-enabling mutations to 

promote the cancer program forward.  

 

Previous research has also shown that super enhancer landscapes differ between HCC and 

normal liver cells, specifically HCC cells are reprogrammed during the development of liver 

cancer17. Vital components of the super enhancer complex including bromodomain containing 4 

(BRD4), cyclin-dependent kinase 7 (CDK7) and mediator complex subunit 1 (MED1) are 

frequently overexpressed in HCC patients and linked to poor prognosis17. In this capacity, BRD4 
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acts as a specific activator capable of recruiting positive transcription elongation factor b (P-

TEFb), a requirement to interact with RNA polymerase II, in order to facilitate transcription18. 

BRD4 can also regulate DNA replication, the cell cycle, gene transcription and other cellular 

activities19, such that in HCC patients, de novo super enhancer formation is accompanied by 

BRD4 redistribution17, such that BRD4 is significantly upregulated in HCC patients and in liver 

cancer cell lines and its overexpression is linked to poor prognosis in HCC patients20. 

1.5 Utilizing neomers to identify noncoding recurrent mutations in liver cancer 

 
In terms of 3’ untranslated regions (UTRs), it was found that 3’ UTR splicing is upregulated in 

cancer21. Genomic variations in 3’ UTRs can disrupt regulatory elements resulting in the aberrant 

regulation of 3’UTR processing22. In fact, several analyses of 3’ UTR-related quantitative trait 

loci (QTL), comprising RNA editing QTLs and 3’ alternative polyadenylation (APA) QTLs have 

found that many 3’UTRs are dysregulated in cancer and have been associated with overall 

patient survival and drug response23. These genomic variations in 3’UTRs, in addition to 

dysregulated 3’UTR processing events have been shown to alter the transcriptional landscape, 

and as such, have been linked to cancer23. 

 

Furthermore, recent studies have shown that somatic mutations that interrupt regulatory elements 

can activate oncogenes in cancer2, further suggesting that gene regulatory element mutations can 

lead to cancer3. A major hurdle in finding these mutations includes that while promoters are 

nearby their gene targets, enhancers and their target gene are hard to detect and can be far away 

from the gene they regulate5 Enhancers have been shown to regulate expression of their target 
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gene products in a spatial and temporal manner, acting on gene targets as far as 1,000,000 

basepairs (bp) away, making the functional effects of enhancers often difficult to study. 

 

 
 
Figure 1.2 Diagram describing how neomers, DNA sequences absent from the human genome of 
healthy patients, can be used as a tool to dissect somatic mutations that may be associated with 
cancer. Somatic mutations in cancer can lead to the appearance of 16bp sequences that are 
generally absent from health individuals, which could be leveraged for cancer detection. 

 
As cancer is a disease of acquired somatic mutations, we compare all possible single nucleotide 

substitutions in the reference genome that create the possibility of giving rise to neomers, or 

DNA sequences absent in healthy individuals but arising in cancer patients. While neomers range 

from 13-17 bp DNA sequences in length, we focus on neomers of 16bp as they represent the 

shortest kmer length that we were able to detect a sufficient number of recurrent neomers per 

patient25. We filter out common germline single nucleotide polymorphisms (SNPs) and normal-

recurring sequences that are not present in liver cancer patients (Figure 1.2). In order to 

distinguish between cancer types, our lab previously found that each cancer type has a distinct 

neomer signature, resulting in patients that are strongly enriched for a single cancer,25 including 

liver cancer neomers that we use here. Specifically, in this manuscript, we annotate all the liver 
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cancer-specific neomers that reside in noncoding regions to identify cancer-enabling or driver 

mutations that may lead to liver cancer onset or progression (Figure 1.2). 

 

While the absence of neomers could be due to chance, we and others have shown that a 

significant proportion of them is under negative selection pressure, suggesting that they may 

have a deleterious effect on the genome27. In addition, Alileche et al showed that two genomic 

absent 5-amino acid peptides can lead to lethality in cancer cells28, and later showed that the 

same minimal absent words have a broad lethal effect on cancer cell lines derived from nine 

organs29. In addition, we have also shown that these sequences could be used as DNA 

‘fingerprints’ to identify specific human populations27. As neomers generally do not exist in a 

human genome, their appearance due to mutagenesis followed by clonal expansion could be 

exploited as a diagnostic method for diseases associated with a mutational burden, such as 

cancer. 

 

Here, I characterized noncoding neomers in liver cancer that fall into promoters, enhancers, and 

3’UTRs. I then use tumor-normal matched DNA sequencing information to understand which 

variants/mutations result in liver cancer progression. Furthermore, I use the genomic locations 

and map them back to gene regulatory sequences where they appear. More specifically, our lab 

has annotated tumor-specific neomers from over 2,500 genomes in 21 different cancer types, 

utilizing The Cancer Genome Atlas (TCGA) datasets24 finding thousands of neomers that are 

specific for each cancer type25. Here, I use computational tools to further characterize neomers 

which are more likely to be cancer driver mutations in liver cancer. 
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Figure 1.3 Schematic overview of neomer characterization in candidate cis-regulatory elements. 
(a) We identified cancer specific neomers from The Cancer Genome Atlas (TCGA) pan-cancer 
cohort24. (b) We then used neomers to generate a cancer type classifier, which we use to identify 
liver cancer-specific neomers. (c) We dissect neomers that arise in gene regulatory elements such 
as promoters, enhancers and 3’ UTRs, and assign gene targets to them using ORegAnno, a 
curated database for gene regulatory annotation26. (d) Schematic of two forms of analysis that 
we utilize: (1) recurrence in patients, defined by genomic regions that have the highest patient 
counts, and (2) enrichment of neomers within a 1kb bin to determine, both used as 
supplementary metrics to dissect neomer hotspots in liver cancer patients, putatively marking 
regions of increased susceptibility in liver cancer patients. (e) Summary of overall 
characterization. 

 
I further annotate these sequences for those more likely to be in gene regulatory elements, 

associated with liver cancer, using the following (Figure 1.3): 1) I intersect neomers with 

relevant functional genomics datasets that characterize gene regulatory elements (from Encode 

Screen V3 Registry30, which is based on ChIP-seq, ATAC-seq, DNase-seq experiments) and 2) I 

utilized two types of analysis: enrichment of neomers within a 1 kilobase (kb) bin, and 

recurrence in patients in order to identify and characterize genomic hotspots of gene regulatory 

activity that drive cancer. More specifically, neomer hotspots showing a higher recurrence in 

liver cancer patients may suggest that they are likely to be associated with cancer.  
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2.1 Summary 

 
Liver cancer is diagnosed yearly in over 800,000 people worldwide. While several gene coding 

mutations have been found to be associated with this cancer, we lack an understanding of gene 

regulatory driver mutations that could also lead to liver cancer. Using short sequences, 16 base 

pairs in length, termed neomers, that are generally absent from the human genome but appear in 

liver cancer, we identify numerous potential causative gene regulatory mutations in promoters, 

potential enhancers and 3’UTRs. We identify noncoding neomers that are enriched in numerous 

patients and are thought to regulate cancer-associated genes. We also characterize specific one 

kilobase regions in the human genome that are enriched for noncoding neomers that reside near 

many relevant liver cancer genes. Combined, our study identifies novel mutations in gene 

regulatory elements that could be key regulators of liver cancer, providing a basis for potential 

downstream diagnosis and therapeutics. 
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2.2 Introduction 

 
Liver cancer is the seventh most common form of cancer1, with over 800,000 people worldwide 

estimated to be diagnosed for liver cancer each year, and 700,000 passing away from liver cancer 

per year1. Genetic factors associated with liver cancer include metabolic syndrome, diabetes, and 

male gender, with males being more prone than females2. On the genetic level, previous research 

has found that the most frequently occurring coding mutations in liver cancer occur in the 

following genes: catenin beta 1 (CTNNB1), axin 1 (AXIN1), tumor protein p53 (TP53), WW 

domain containing E3 ubiquitin protein ligase 1 (WWP1), and AT-rich interaction domain 1A 

(ARID1A)2. It is hypothesized that they are frequently mutated due to their respective role in 

genomic instability prevention2. Liver cancer can also be caused by long-term infection of 

Hepatitis B (HBV) and Hepatitis C (HCV) viruses, obesity and excessive alcohol consumption1. 

Viral proteins in HBV and HCV are speculated to utilize signaling programs that cause cancer by 

increasing cellular proliferation and genomic instability1. In terms of liver cancer associated 

noncoding mutations, our current understanding is limited. Some mutations in liver cancer have 

been associated with long noncoding RNA (lncRNA) genes, such as HOXA cluster antisense 

RNA 2 (HOXA-AS2) which has been shown to promote cell proliferation in liver cancer cells, as 

well as lncRNA SNHG17 that has been linked to large tumor size, poor differentiation, and 

angiogenesis in liver cancer3-5 with both lncRNAs encapsulating hallmarks of cancer6,7. In 

addition, genomic structural variants that are thought to change gene expression by altering the 

interactions between enhancers and their target genes have also been associated with liver 

cancer2. However, we currently lack an understanding of specific mutations in gene regulatory 

elements that could be cancer driver mutations.  
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Mutations in gene regulatory elements can also be a major cause of liver cancer. Gene regulatory 

elements, such as promoters, enhancers, silencers, and insulators, often mediate tissue-specific 

effects and can also be dysregulated in cancer8. Putative regulatory elements for liver cancer 

have been previously annotated genome-wide using technologies such as DNase-seq and histone 

ChIP-seq9. In addition, functional mutations that cause changes in promoter activity have been 

identified for liver cancer. For example, activating mutations in the promoter of the Telomerase 

Reverse Transcriptase (TERT) were shown to be mutated in 60% of liver cancer cases2. 

Additionally, mutations in the promoter of RAS like proto-oncogene A (RALA), which is 

required for the transformation of Ras mutation–driven cancer cells, are associated with tumor 

aggressiveness and poor patient prognosis10. However, other liver-cancer associated mutations in 

gene regulatory elements, particularly ones in enhancers, have remained largely uncharacterized. 

 

Neomers are short DNA sequences, 13-17 base pairs (bp) in length, that are generally missing 

from the human genome of healthy individuals, but present in individuals with cancer11. In a 

previous study, we have shown that these sequences can be used to diagnose cancer from cell 

free DNA (cfDNA) and identified potential cancer regulatory element driver mutations in 

prostate cancer11. For the latter, we used massively parallel reporter assays (MPRA) that can test 

thousands of sequences/variants for their regulatory activity by placing them in front of a 

minimal promoter and transcribed barcode12. Here, we set out to identify gene regulatory 

element driver mutations associated with liver cancer. We used neomers that we previously 

annotated for liver cancer11 and characterized them. We first characterize noncoding neomers 

associated with liver cancer, including promoters, enhancers and 3’ untranslated regions 

(3’UTRs) finding several to regulate known liver cancer associated genes. We next analyzed 
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neomers for patient recurrence finding that our top recurring neomers are thought to drive 

expression in tumor suppressors and signaling pathway intermediates. Furthermore, we binned 

the human genome to 1 kilobase (kb) regions, to annotate genomic regions with high neomer 

density, identifying several high neomer density 1kb regions near known liver associated genes, 

such as the gene Shroom family member 2 (SHROOM2) and the small nucleolar RNA H/ACA 

(SNORA31), which are significantly associated with tumor size and stage13. Combined, our 

work identified novel gene regulatory mutations that could be associated with liver cancer that 

can be utilized for diagnosis and therapy.  
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2.3 Results 

We previously annotated 4,174,421 liver cancer associated 16bp neomers from The Cancer 

Genome Atlas (TCGA) database11,14. These unique 16bp neomers were found only in the 336 

liver cancer patients and not in their matching control tissue. We used neomers 16bp in length, as 

this length allowed us to detect a sufficient number of neomers per patient11. Annotation of these 

neomers found 19,815 neomer mutations (0.5%) to reside in protein coding sequences and 

4,154,606 (99.5%) liver cancer associated neomers in noncoding regions. We next set out to 

characterize these noncoding liver cancer associated neomers. 

 

2.3.1 Annotation of liver cancer-associated neomers in promoters 

As the target gene of the promoter can be easily identified due to their genomic proximity to the 

gene’s transcription start site (TSS), we first analyzed the genes whose promoters encompassed 

liver cancer associated neomers. We found liver cancer-associated neomers in the promoters of 

4,056 genes, as defined by ENCODE SCREEN15, that uses methylation, ChIP-seq for 

transcription factors and histone marks and open chromatin to annotate promoters in human 

hepatocellular carcinoma cells (HepG2). We carried out GO term enrichment for these genes 

using clusterProfiler16, finding enrichment for ‘regulation of chromosomal organization’, ‘RNA 

splicing’, mitosis and various muscle developmental GO terms (Figure 2.1A; Supplementary 

Table 1).  

 

Genes involved in the ‘regulation of chromosomal organization’ include the MYC proto-

oncogene, bHLH transcription factor (MYC), ATRX chromatin remodeler, alpha 

thalassemia/mental retardation syndrome X-linked (ATRX), cell division cycle associated 5 
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(CDCA5) and cell division cycle 6 (CDC6). MYC undergoes significant changes in tumor 

proliferation, metastasis, and plays a major role in resistance to comprehensive therapies17. 

ATRX is a frequently mutated tumor suppressor gene in liver cancer and acts as a chromatin 

remodeler and a transcriptional regulator on the protein level, such that disruption of ATRX is 

thought to contribute to the development of cancer and resistance to cancer treatment18. CDCA5 

promotes oncogenesis and has a vital role in the interaction between cohesin and chromatin in 

interphase, and its aberrant expression in many cancers, including liver cancer, acts as a 

biomarker for poor prognosis19. CDC6 also acts as a biomarker in liver cancer, and its expression 

is upregulated in liver cancer compared to normal liver tissue20.  

 

Genes associated with ‘RNA splicing’ include RNA, U5E small nuclear 1 (RNU5E-1), RNA, U6 

small nuclear 7 (RNU6-7), pre-mRNA processing factor 19 (PRPF19). Lower expression of 

RNU5E-1 is independently linked to severe tumor-free and long- term survival in liver cancer21, 

while PRPF19 has been shown to aid in colorectal cancer metastasis to the liver via the Src-

YAP1 pathway22. Genes associated with mitotic metaphase/anaphase transition included RB 

transcriptional corepressor 1 (RB1), aurora kinase B (AURKB), APC regulator of WNT 

signaling pathway (APC). RB1 acts as a tumor suppressor and functions by coordinating 

multiple pathways that impact cancer initiation and progression23. AURKB is a major mitotic 

protein kinase important for cell cycle progression and is used as a prognostic biomarker in liver 

cancer24. Loss of APC is known to act synergistically with oncogenes to induce liver tumor 

formation25. 
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Figure 2.1 Characterization of promoter neomers in liver cancer patients. 
(a) Comparison of gene ontology (GO) terms specific to neomers that overlap ENCODE 
SCREEN defined promoter elements. p-value cutoff=0.05, adjusted p-value defined by 
Benjamini-Hochberg. QScore values were calculated by the -log base 10 of the adjusted p-value. 
(b) Bar chart of the gene promoters that have the most neomer mutations across liver cancer 
patients. (c) UCSC genome browser snapshot of the IFI44L promoter with genomic tracks 
showing neomers, GENCODE V44 track, TCGA cancer gene expression with the brown color 
depicting liver cancer and ENCODE candidate cis-regulatory elements (cCREs).  

 
We next ranked the promoter neomers by the number of neomers that arise in different sequence 

coordinates in that promoter (Figure 2.1B; Supplementary Table 2). Our top promoter, having 
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8 neomers, regulates the Interferon Induced Protein 44 Like (IFI44L) gene (Figure 2.1C). 

IFI44L is a tumor suppressor that has been shown to affect cancer stemness, metastasis and drug 

resistance via activation of the MET/Src signaling pathway26. We found 5 neomers in the 

promoter of the thymocyte selection associated (Themis) gene. Themis acts as a T-cell lineage-

specific protein that is responsible for regulating T-cell selection in the thymus by setting the 

threshold for positive and negative selection27, with Themis-/- CD4+ T cells resulting in reduced 

proliferation compared to Themis+/+ CD4+ T cells27. Additionally, we found 4 neomers in the 

promoter of Immediate Early Response 3 (IER3) gene. IER3 was found to have significantly 

increased expression in liver cancer, detected by immunohistochemistry (IHC)28, and has been 

associated with tumor progression in liver cancer28.  

2.3.2 Annotation of liver cancer associated neomers in enhancers 

 
We next analyzed how many of these noncoding neomers overlap potential enhancers as defined 

by ENCODE SCREEN15. We found neomers to overlap 33,265 distal enhancers and 5,969 

proximal enhancers. We next linked distal and proximal enhancers to their target genes using 

OregAnno30, a tool that links candidate regulatory elements to their target genes. We then utilized 

these target genes to perform GO analysis using clusterProfiler31, finding an enrichment for 

‘axon development’ and ‘mesenchymal cell differentiation’ (Figure 2.2A; Supplementary Table 

2), which is associated with a cellular state transition in cancer cells in metastatic cancers32.  For 

the axon developmental GO terms, liver hepatocellular carcinoma (LIHC) can be divided into 

two subtypes, based on their expression of neural-related genes, with prognosis and stage 

differences between the subtypes that express neural-related genes, and the subtype that lacks 

neural-related gene expression33, likely leading to this enrichment. Genes enriched in the 

mesenchymal cell differentiation GO term include: transforming growth factor beta 2 (TGFB2), 
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twist family bHLH transcription factor 1 (TWIST1) and notch receptor 1 (NOTCH1)(Figure 

2.2A). TGFB2 has been shown to be upregulated in hepatocellular carcinoma (HCC) and 

correlated with liver cancer development in mice34. TWIST1 is a prognostic biomarker of liver 

cancer, associated with invasion, migration and epithelial-mesenchymal transformation (EMT) of 

HCC cells7. NOTCH1 regulates the c-Jun N-terminal kinase (JNK) signaling pathway and 

increases apoptosis in HCC8.  

 
We also found an enrichment for the regulation of small GTPase mediated signal transduction, 

representing 204 out of 7879 genes (p-value 3.261387x10-19)(Figure 2.2A; Supplementary 

Table 2). Small GTPases, such as RHO GTPases, have been implicated in cancer progression 

including proliferation, migration, invasion and metastasis of liver cancer35. Genes enriched in 

the small GTPase included RAS p21 protein activator 3 (RASA3), SOS Ras/Rac guanine 

nucleotide exchange factor 1 (SOS1) and mitogen-activated protein kinase kinase kinase kinase 4 

(MAP4K4)(Figure 2.2B). Oncogenic forms of Ras, such as RASA3, are involved in ∼30% of all 

human cancers, including liver cancer36. Additionally, RASA3 is frequently hypomethylated in 

liver cancer, and has been suggested to be a putative biomarker in early detection of liver 

cancer37. SOS1 is involved in invasion and metastasis of liver cancer cells, and is overexpressed 

in liver cancer patients, and correlates with poor prognosis in liver cancer38. MAP4K4 is 

overexpressed in many types of cancer, including liver cancer, and has been shown to be an 

independent predictor of poor prognosis in liver cancer patients39. Additionally, we found 

enrichment for the Wnt signaling pathway, representing 282 out of 7879 genes (p-value 

1.442951x10-18)(Figure 2.2A; Supplementary Table 2). WNT signaling has been implicated in 

the malignant transformation and expansion of liver cells, leading to metastatic liver cancer40. 

Enriched genes in the WNT pathway include: Wnt family member 7A (WNT7A), Wnt family 
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member 11 (WNT11), and SMAD family member 3 (SMAD3)(Figure 2.2A). Overexpression of 

WNT7A has been shown to inhibit tumor cell migration41. Overexpression of WNT11 is thought 

to activate Rho kinase, resulting in the reduction of liver cancer cell migration42. SMAD3 acts as 

a tumor suppressor by causing apoptosis of TGF-β in liver cancer42.  

  
Figure 2.2 Liver cancer-associated neomers in potential enhancers.  
(a) Comparison of gene ontology (GO) terms specific to neomers that overlap ENCODE 
SCREEN defined enhancer elements. (b) Bar chart of top enhancer target gene loci that carry the 
highest neomer density across liver cancer patients. (c) UCSC genome browser snapshot of 
enhancer neomer tracks overlapping ENCODE candidate cis-regulatory elements (cCREs). 

 



   24 
 

We next searched for noncoding ENCODE SCREEN15 enhancer elements that harbor the most 

neomer mutations that arise in different sequence coordinates in that SCREEN element 

(Supplementary Table 2). Our top candidate enhancer has 8 neomers, and is suggested by 

OregAnno30 to regulate the disco interacting protein 2 homolog C (DIP2C) gene. While DIP2C 

has yet to be associated with liver cancer, previous work has shown that tumor-derived 

extracellular vesicle miR-375 directly targets DIP2C, which upregulates the WNT signaling 

pathway, resulting in prostate cancer bone metastasis43. Additionally, we find a potential 

enhancer sequence with 5 neomers, which is thought to regulate the Fc receptor like B (FCRLB) 

gene (Supplementary Table 2). High expression of FCRL genes has been linked with a 

protective effect in many cancers44. FCRLB has been shown to be a risk factor in many types of 

cancer, including brain and lung cancer, but has yet to be associated with liver cancer as a risk 

factor44. Notably, FCRLB has been shown to have significantly lower expression in liver cancer 

compared to normal tissue and positively correlated with copy number variation (CNV) in 

several tumors44. Furthermore, we found a candidate enhancer with 5 neomers that is suggested 

to regulate the hepatocyte nuclear factor 4 gamma (HNF4G) gene. Knockdown of HNF4G 

inhibits cancer cell proliferation and has been correlated with poor prognosis, resulting in tumor 

cell growth in colorectal cancer, and has been shown to facilitate proliferation and invasion of 

bladder cancer45, but has yet to be associated with liver cancer. 

2.3.3 Liver cancer associated neomers in the 3’ untranslated region 

We next analyzed neomers that fall within the 3’ untranslated region (UTR), which is important 

for mRNA stability and translation. We found 3,217 neomers in 3’UTRs targeting 1,757 genes. 

We carried out GO term enrichment for these genes using clusterProfiler31 finding enrichment for 

‘pattern speciation process’, ‘regionalization’, ‘stem cell differentiation’ and other developmental 
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associated GO terms (Figure 2.3A; Supplementary Table 3). Neomer genes enriched in stem 

cell differentiation include: SRY-box transcription factor 6 (SOX6), SRY-box transcription factor 

11(SOX11), and TEA domain transcription factor 2 (TEAD2). SOX6 has been shown to inhibit 

growth of liver cancer, where a decrease in SOX6 expression is linked to poor prognosis in liver 

cancer patients46. Aberrant expression of SOX11 is associated with increased cancer cell survival 

and tumor metastasis and angiogenesis47. Upregulation of expression of TEAD2 has been linked 

with poor prognosis in patients with liver cancer, and as such as been identified as a prognostic 

factor in liver cancer48. Neomer genes enriched in mesenchyme cell development include: 

Phosphatase and Tensin Homolog (PTEN), Transforming Growth Factor Beta Receptor 2 

(TGFBR2), and Notch Receptor 4 (NOTCH4). Many of these genes have been associated with 

liver cancer, in particular PTEN and TGFBR2. PTEN deficiency promotes hepatic tumor 

formation49, and TGFBR2 acts as a tumor suppressor resulting in liver cancer50.  

 

We next examined the 3’UTRs that had the most neomers (Figure 2.3B; Supplementary Table 

4). We found the top 3’UTR targeted to be the ALF transcription elongation factor 4 (AFF4) 

gene having 12 neomers in different genomic coordinates of the 3’UTR (Figure 2.3C). AFF4 has 

been shown to be associated with colorectal cancer51 but has yet to be linked to liver cancer. We 

also found the 3’UTR of Ras association domain family member 9 (RASSF9), to have 7 

neomers. RASSF9 promotes Non-Small Cell Lung Cancer (NSCLC) cell proliferation via 

activation of MEK/ERK pathway52. While RASSF9 has yet to be linked to liver cancer, other 

Ras association domain family members have been shown to act as tumor suppressors in liver 

cancer, such as RASSF10 and RASSF5C53.  
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Figure 2.3 Characterization of liver cancer-associated neomers in 3’ UTRs. 

(a) Top 20 gene ontology (GO) terms specific to neomers that overlap hg38 knownGene 3’ UTRs 
by transcript. (b) Bar chart of top 3’ UTR genes that carry the highest neomer density across liver 
cancer patients. (c) UCSC genome browser snapshot of 3’ UTR neomers in the AFF4 locus 
showing gene tracks from RefSeq, TCGA cancer gene expression with the brown color depicting 
liver cancer and ENCODE candidate cis-Regulatory elements (cCREs).  
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2.3.4 Neomers recurrent in liver cancer patients 

We next set out to annotate liver cancer neomers that appear in a larger number of patients, 

suggesting that they could be more likely to drive cancer progression. To increase our ability to 

find neomers that could be associated with liver cancer, we only analyzed ones that appear in 

three or more patients. We also removed neomers that could appear multiple times in the same 

genomic position due to different mutations. We found 4,764 neomers that reside in at least three 

patients (Table 2.1; Supplementary Table 4). Our top neomer was observed in 19 patients in an 

intergenic region where the closest gene is the kelch like family member 13 (KLHL13), a gene 

which is downregulated in metastatic liver cancer54. The second top noncoding region to have 

mutations in several patients (15 patients) is in an intron of the zinc finger protein 93 (ZNF93). 

ZNF93 is known to be involved in promoting proliferation and migration in ovarian cancer55 but 

has yet to be associated with liver cancer. We also found a neomer in 12 patients in the promoter 

of telomerase reverse transcriptase (TERT) gene. Sixty percent of liver cancer patients are known 

to carry TERT promoter mutations, which lead to the expression of TERT, and subsequent 

telomerase elongation and cancer progression56. Additionally, we found recurrent neomers in a 

potential enhancer that based on OregAnno30, is thought to regulate fibroblast growth factor 12 

(FGF12), with 9 patients. FGF12 has been shown to promote liver fibrosis progression57, but has 

yet to be associated with liver cancer. In summary, we find that our top recurrent neomers 

identify candidate regulatory elements that could be associated with liver cancer. 
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Table 2.1 The top 10 recurrent neomers in liver cancer patients. 

 
 

2.3.5 Neomers recurrent in 1kb regions 

We next set out to annotate liver cancer neomers for those that have high neomer density in 1kb 

regions, under the assumption that 1kb regions where there is a clustering of neomers could be 

more strongly associated with liver cancer. We annotated the human genome for 1kb windows 

(see Methods) and intersected them with our liver cancer recurrent neomers. We then ranked 

these 1kb bins based on bins that have the most neomers and also the most recurrence in patients 

(Table 2.2; Supplementary Table 5). The top 1kb region, with 79 neomers in 83 patients, is an 

intergenic region with the nearest gene regulatory element being a distal enhancer 

(EH38E2396206) and the nearest gene is ENSG00000252337, which overlaps small nucleolar 

RNA, H/ACA box 31 (SNORA31). SNORA31 has been shown to be downregulated in liver 

cancer with significant association with tumor size, capsular invasion, degree of tumor and tumor 

lymph node metastasis (TNM) stage13. In addition, lower expression of SNORA31 was 

associated with shorter disease-free survival and shorter overall survival in liver cancer13. The 
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next top 1kb region, with 53 neomers, affecting 59 liver cancer patients overlaps the Shroom 

family member 2 (SHROOM2) gene, which has been shown to inhibit tumor metastasis through 

both RhoA-ROCK pathway-dependent and -independent mechanisms in nasopharyngeal 

carcinoma59. While SHROOM2 has yet to be linked to liver cancer, RhoA has been shown to 

promote liver cancer cell migration and invasion via ROCK1/MLC signaling60. Notably, RhoA 

inactivation results in increased tumor growth and metastasis in liver cancer61.  

 
Table 2.2 The top 10 1kb genomic neomer containing regions. 
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Discussion 

 
Mutations in gene regulatory elements can be important cancer drivers but are difficult to 

identify. Here, utilizing neomers, we annotated liver cancer candidate regulatory element 

sequence variants. We show how short DNA sequences missing from the general population can 

be used to identify gene regulatory elements associated with liver cancer. Utilizing these 

sequences, we manage to identify candidate promoters, enhancers and 3’UTRs that could be 

associated with liver cancer. Many of these reside near cancer-associated genes, suggesting that 

we find bona fide targets. However, additional functional work to characterize the effect of these 

mutations will be needed such as a luciferase assay or a massively parallel reporter assay to 

elucidate gene expression changes associated with neomers in regulatory elements. 

 

We find that top neomers arise in regions associated with Wnt and RhoA GTPase signaling. 

Cancer cells experience aberrant signaling cascade programs that often lead to an alteration in 

the cell cycle division signal to achieve proliferative cell growth. Normally, Wnt signaling 

regulates self-renewal of stem cells and the ability to differentiate, but when aberrantly regulated, 

promotes the progression of cancer stem cells, leading to cancer metastasis62. Additionally, RhoA 

has been shown to control cell type-specific signaling mechanisms, which ultimately regulate 

cytokinesis and adhesion of Mouse Embryonic Fibroblast (MEF) cells63. Notably, Rho GTPases, 

including RhoA, have been shown to affect cytoskeleton dynamics resulting in modulation of 

tumor cell aggressivity64. In liver cancer, RHOA is a transcriptional target of the Transforming 

growth factor beta superfamily (TGF-β) pathway64. Depletion of RhoA augments K-Ras driven 

tumor formation, functioning as a molecular brake on liver cancers that are driven by Ras, as 

shown in a zebrafish liver cancer model65. In humans, RhoA is commonly upregulated in liver 
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cancer tissues at both the mRNA and protein levels and is associated with poor patient prognosis 

in liver cancer66. Thus, neomers that are associated with the regulation of WNT and RhoA 

signaling pathways could be of interest for follow up functional analyses.  

 

While we recognize that regions recurrent in liver cancer patients tend to represent an abundance 

of regulatory elements that regulate many known cancer-associated genes, our analysis depends 

on previously identified genomic loci generated by Refseq67, The Cancer Genome Atlas 

(TCGA)13, and UCSC Genome Browser68, and Screen V3 Registry from Encode15 to confirm 

sequence and genomic loci annotation identity. Due to this, this analysis favors neomers in 

regulatory regions that have been previously annotated and does not discover mutations that lead 

to the ‘birth’ of a new regulatory element. Further functional work for these sequences could 

potentially identify novel regulatory elements that are generated by neomer mutations.  

 

We tiled the genome into 1kb bins in order to identify genomic regions enriched for neomers. We 

recognize that some regions of the genome are more hypermutable than other regions by nature, 

such as regions associated with somatic hypermutation associated with VDJ end-joining in T cell 

and B cell Receptor repertoire. Keeping these biases in mind, we then asked which 1kb bins have 

the most patients associated with them. By reanalyzing the data in this way, we could find 

genomic hotspots most targeted in liver cancer patients. We also found several of these regions to 

cluster in specific genomic regions, highlighting these regions to be associated with liver cancer. 

We propose that neomers could influence gene regulation in liver cancer by arising as mutations 

in gene regulatory elements, resulting in aberrant gene regulation patterns that contribute to 

cancer progression. Further cancer whole-genome sequencing datasets, gene regulatory element 
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functional genomic characterization and regulatory element functional characterization will 

allow to characterize the effect of these neomers on cancer in the future. 

Methods 

Genomic Feature Annotation 

We characterized coding neomers as those that overlap the consensus coding (CDS) using 

RefSeq67 GTF which is part of Bioproject PRJNA31257, The Human Genome Project, currently 

maintained by the Genome Reference Consortium (GRC) and the file is available for download 

at https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.26/. The RefSeq file was 

first filtered to select for CDS protein coding regions, then intersected with our neomer list for 

liver cancer to identify neomer-intersected genes in protein coding regions, using 

GenomicRanges in R package69 

(https://bioconductor.org/packages/release/bioc/html/GenomicRanges.html). Non-coding 

neomers were characterized for the following functional units: promoters, enhancers, and 3’ UTR 

regions. Gene regulatory elements (distal enhancers, proximal enhancers, and promoters) were 

obtained from SCREEN V3 registry15, available for download at 

https://screen.encodeproject.org/ . The hg38 knownGene 3’ UTRs by transcript in R package70 

(https://bioconductor.org/packages/release/data/annotation/html/TxDb.Hsapiens.UCSC.hg38.kno

wnGene.html) was used to annotate 3’ UTRs.   

Neomer gene target loci identification of noncoding regions in liver cancer 

Neomer gene target loci annotation was carried out using The Open REGulatory ANNOtation 

database (OregAnno30). We intersected our list of genomic noncoding neomers with the list of 

genomic regulatory elements using GenomicRanges package in R69 to annotate our putative 

neomer gene target loci. 
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Gene Ontology 

GO terms from biological processes were extracted from bioconductor species specific 

annotation packages (org.Hs.eg.db)71 and enrichGO from clusterProfiler31 in R. For non-coding 

regions, we first annotated the genomic loci of our neomers with experimentally validated genes 

using ORegAnno1. We use this gene list stratified by enhancers, promoters and 3’UTRs using the 

following default parameters: Orgdb= “org.Hs.eg.db”, keytype= “symbol”, ontology=BP 

(biological process), p-value cutoff=0.05, adjusted p-value= BH (Benjamini-Hochberg). Qscore 

values were calculated by the -log base 10 of the adjusted p-value. 

Patient recurrence analysis  

To find patient recurrence, we use the Pandas library in Python72 to take the value counts of all 

neomers, grouped by: chromosome, start, stop, reference allele and alternate allele mutation. 

Next, we filter for neomers present in 3 or more patients. We further filtered neomers to remove 

mutations that create the same neomer in order to reduce cloning duplicates using a custom 

script. Here, we assume that each tumor sample is from a different patient. 

1kb bin enrichment analysis 

We created bins using the tileGenome function in the genomicRanges69 package in R, with a 

tilewidth of 1000bp, with the option cut.last.tile.in.chrom=TRUE. We next intersected our 

noncoding neomer list with the aforementioned 1kb bins using the genomicRanges69 package. 

We then filtered for regions that have 7 or more neomers per 1kb bin, defining these as regions of 

high neomer density or enriched neomer density. 
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