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Enhancer activity in the gene SMC3 was identified in both the SRR1020512 and SRR1020514
ChlP-seq files (Table 6). In GC-derived DLBCL patients, SMC3 haploinsufficiency is known to
aid the cancerous transformation of GC B-cells by disrupting connectivity of enhancers
regulating tumour suppressor genes and induces lymphomagenesis with increased
expression of BCL6 (Rivas et al., 2021). Loss of SMC3 has been linked to decreased gene
stability which leads to poor prognosis and a lower survival rate in DLBCL patients (Rivas et

al., 2021).

The MIR155 host gene (MIR155HG) in chromosome 21 was one of the genes most affected
by enhancer activity in the SRR1020510 ChlIP-seq file (Table 7). Resistance to the antimitotic
drug vincristine, which is crucial to the efficacy of the multiagent chemotherapy regimen R-
CHOP, is thought to be brought on by MIR155HG suppression and deletion (Due et al., 2019).
A clinical cohort of DLBCL patients who received R-CHOP treatment showed improved survival
for the GCB subtype when MIR155HG expression levels were high. Overexpression of the
PR/SET domain 15 (PRDM15) gene, which was also affected by enhancer activity and located
in chromosome 21, fuels B-cell ymphomagenesis (Mzoughi et al., 2020). It was found that by
genetically reducing PRDM15 levels, B-cell lymphoma lines were killed both in vitro and in
vivo. PRDM15 regulates transcriptional programs that maintains NOTCH signalling-related

genes (Mzoughi et al., 2020).

Genes PRDM2, IPO11, PIM1, FOXP1, and EZH1 are housed in some of the largest, most gene
rich chromosomes (1, 5, 6, 3, and 17 respectively) and were identified to be affected by non-
coding insertion-induced enhancers. The genes are linked to tumorigenesis, genes FOXP1 and
PIM1 specifically are relevant to ABC DLBCL while gene enhancer of zeste 1 polycomb

repressive complex 2 subunit (EZH1) is relevant to GCB DLBCL.

In ABC DLBCL, the FOXP1 gene is highly expressed and regulates pathways that suppress
apoptosis and GCB-cell identity, and influence plasmablast identity and NF-kB signalling
(Gascoyne and Banham, 2017). It is associated with poor outcomes and therapeutic resistance
(Gascoyne and Banham, 2017). Furthermore, PIM1 mutations in ABC DLBCL decrease
susceptibility to ibrutinib, a BTK inhibitor, by stabilising the protein and improving NF-kB
signalling (Kuo et al., 2016). Research indicates that ibrutinib coupled with pan-PIM inhibitors

may overcome treatment resistance in DLBCL (Szydtowski et al., 2021). PIM1 mutations have
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been used to categorise a distinct group of DLBCL, central nerve system diffuse large B-cell
lymphoma (CNS DLBCL) (Zhou et al., 2022). DLBCL patients with PIM1-mutant conditions have
adverse characteristics such as advanced stage, non-GCB, and poor survival (Kuo et al., 2016).
Both PIM1 and FOXP1 were identified exclusively in the ChlIP-seq file SRR1020512, in which
the most enhancer activity was identified which was suspected to be due to the patient having
been in an advanced disease stage (Figure 14). Both genes are associated with ABC DLBCL,
the more aggressive of the two DLBCL COO subtypes, and furthermore, PIM1 is linked to the

MCD genetic subtype of DLBCL which is associated with one of the worst prognoses.

EZH1, or its close homolog EZH2, in chromosome 17 acts as a catalytic subunit that inhibits
gene expression (Wassef et al., 2019). EZH1/2 dual inhibitors demonstrate anticancer efficacy
in vitro and in vivo against DLBCL cells carrying EZH2 gain-of-function mutations. About 22%
of GCB-DLBCL show EZH2 gene mutations that are not found in ABC subtype (Honma et al.,
2017). EZH2 is associated with the EZB genetic subtype that has the worst prognosis in GCB
DLBCL (Honma et al., 2017). EZH1 was found only within ChIP-seq file SRR1020514, which is
suspected to contain DLBCL data from a patient with a moderate clinical manifestation (Figure

14).

The gene PR/SET domain 2 (PRDM2) in chromosome 1 is commonly deleted or altered in
cancer, PRDM?2 deficiency has been found to lead to DLBCL development in mice (Xia et al.,
2017). Gene importin 11 (/IPO11) in chromosome 5 is the transport receptor of PTEN, upon
which tumour suppression in DLBCL is dependent (Chen et al., 2017). PTEN degradation is
constrained by the /PO11 cargo UBE2E1 (Chen et al., 2017). Loss of /PO11 was found to lead

to PTEN degradation in lung cancer.

Functional enrichment analysis summarised the enhancer associated genes identified by the
bioinformatics pipeline and linked them to specific biological processes pertinent to DLBCL.
Associating the individual genes with biological terms was done to better appreciate the

complex nature of DLBCL biological processes.
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5.6.  SIGNALLING PATHWAYS IMPACTED BY DLBCL ENHANCERS

The genes CD22, Syk and SHP-1 (Figure 18) were affected by non-coding insertion-induced
enhancers and are involved in BCR signalling. BCR signalling with mutated CD79B, to which
ABC DLBCL is addicted (Havranek et al., 2017), is ill suited to activate Lyn kinase which works
to inhibit BCR signalling through CD22 phosphorylation and recruitment of the phosphatase
SHP-1, augmenting chronically active BCR signalling (Young et al., 2015).

A subgroup of GCB DLBCL is reliant on induction of the PI3K pathway through Syk, indicating
the relevance of chronic BCR signalling in GCB DLBCL (Young et al., 2015). Research has
suggested the activation of the BCR pathway in GCB DLBCL is induced by a phosphatase SHP-
1 deficiency (Sasi et al., 2018). SHP-1, a negative regulator of the BCR pathway, is
downregulated in 40% of primary DLBCL tumours and was highlighted as a predictive marker
for therapeutic response to a venetoclax/BCR inhibitor combination (Sasi et al., 2018). The
clinical success of drugs that target the BCR pathway emphasizes the significance of knowing

the metabolic workings of BCR signalling in DLBCL.

Non-coding insertion-induced enhancers were identified within the NOTCH signalling
pathway, most notably within the NOTCH1 gene. NOTCH1 mutations in DLBCL are suggested
to be oncogenic because they are linked to poor prognosis and survival in patients (Fabbri et
al., 2011). NOTCH1 activation defines the N1 DLBCL genetic subtype, which has the worst
prognosis along with the MCD genetic subtype (Kotlov et al., 2021), and promotes tumour
development that evades the host immune system (Shanmugam et al., 2021). NOTCH1
mutations were only found within ChIP-seq file SRR1020512, which was suspected to define
a patient with severe clinical manifestations based on the rate of enhancer activity (Figure
14). NOTCH1 mutations have predictive value as they were found to be adversely linked with
full remission of patients treated with R-CHOP chemotherapy (Li et al., 2021). In other studies,
chronic lymphocytic leukaemia susceptible to Richter transformation into DLBCL was shown
to have much higher rates of NOTCH1 activation (Fabbri et al., 2011). Medications are being
developed that target NOTCH1 and some are already on the market, such as those that

prevent its enzymatic conversion to an active transcription factor (Li et al., 2021) .
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Functional analysis supported the role of the identified genes in processes involved with
DLBCL proliferation, metastasis, apoptosis evasion, and resistance to therapy. The
bioinformatics pipeline also identified genes that played a role in both DLBCL tumorigenesis
and HIV pathogenesis. Clinical studies related to lymphoma typically exclude PLWH. The
pipeline should be employed using samples of HIV DLBCL ChIP-seq data, the insertion-induced
enhancers identified can then undergo comparative studies with those identified in DLBCL
samples without the HIV comorbidity. The inclusion of HIV-DLBCL may increase our

understanding of DLBCL induction given the inherent link between lymphoma and HIV.
5.7.  VALIDITY OF NON-CODING INSERTION-INDUCED ENHANCERS

The bioinformatics pipeline results were validated by the mutational trend the non-coding
insertions followed where they selectively accumulated in genomic regions that were gene
rich and would therefore be high in GC content indicating elevated levels of transcription and
open chromatin, which was supported by literature describing indels’ euchromatic regional
preferences. The mutated enhancers were found to be largely proximal, within or very close
to the TSS of their associated genes. Since proximal genes are known to be subject to less
downstream regulation, the chance of their dysregulated effect going unchecked was
increased, enhancing a diseased genomic state. Furthermore, many of the enhancer
associated genes were known oncogenes or tumour suppressor genes involved in numerous

oncological processes.

As an extra validative step, some of the non-coding insertion-induced enhancers were
searched for in the dbinDel database, which curates non-coding somatic indels and their
associated cis-regulatory elements in human malignancies (Huang et al., 2020). Majority of
the enhancer associated genes identified by the present study were found in the database
under cancer type DLBCL, the similarity in TSS between the same genes further supported the
validity of the enhancers identified. An exception was TRAJ35, a non-functional gene found
within the present study but not within the dbinDel database. TRAJ35 was found to be
affected by DLBCL enhancers in each ChIP-seq file (Table 5) and was also one of the genes
most impacted by enhancers (Table 9). The effect of mutated TRAJ35 in DLBCL will require
further investigation, although present information suggests that its protein product is not

prognostic in cancer (TRAJ35 protein expression summary- The Human Protein Atlas, 2022).
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Enhancers were expected to be found within MYC, BCL6, CREBBP, MLL2 and BCL2, some of
the most significantly mutated genes in DLBCL (Evrard et al., 2019). However, these genes
were not identified by the bioinformatics pipeline to be affected by non-coding insertion-
induced enhancers although their presence in the dbinDel database indicates insertions are
present in enhancer regions within these genes. Similarly, enhancer activity was not detected
by the study in the Y chromosome, but that did not mean there were none to be found. The
P2RY8 gene located in the Y chromosome is frequently mutated in GCB-DLBCL (Lau, 2020). It
may be that the sample of ChIP-seq data analysed in the study was too small to provide a

representative selection of genes involved in DLBCL tumorigenesis.

According to Huang et al. (2020) some insertions and deletions connected with specific
enhancers are found in known cancer type-specific drivers, e.g., the prostate cancer oncogene
AR is shown to exhibit enhancer-associated insertions and deletions only in samples of
prostate cancer. The fact that non-coding insertion-induced enhancers associated with non-
DLBCL cancer type-specific drivers were not detected by the bioinformatics pipeline supports
the idea that some enhancer-associated insertions are under selective pressure and offer

growth advantages to particular cell types due to the properties of their targeted genes.
5.8.  BIOINFORMATICS PIPELINE MECHANICS

Studies on non-coding mutations such as insertions in enhancer elements have been
conducted in the past with promising results. The present study designed a bioinformatics
pipeline based on a source script written in shell (Abraham et al., 2017). However, some of
the methods used were outdated. Abraham et al. (2017) used Blat to verify the insertion
sequences. Blat is single threaded and can take days to finish when used to map whole
genome sequences to reference genomes. The present study used pBlat instead, a
parallelized blat algorithm with multithread and cluster computing support which reduces the
run time. It uses the same amount of memory and generates the same results as Blat.
Abraham et al. (2017) also used MACS for peak calling whereas as the present study used the
latest version of the tool, MACS2. The underlying algorithm for peak calling is the same but
MACS2 comes with enhancements in the form of twelve functions serving as sub-commands.

The main function callpeaks was used to identify DLBCL peak regions from alignment results.
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Lastly, Abraham et al. (2017) used SAMtools to sort and index data files, however this involved
a two-step process with two separate commands, one for sorting and one for indexing. The
present study used sambamba instead, which has dual functionality in that it sorts and

generates an index for a file in one step.

Furthermore, the workflows by Abraham et al. (2017) were limited in terms of their
management systems. The computational procedures were not assembled in an exact
pipeline, tasks were compiled in single workflow scripts that had to be run individually within
the same directory and required the user to wait for completion of one script before
commencing the next. The present study made use of Nextflow as a workflow framework.
Nextflow allowed sub workflows to be run in a single step as part of a main workflow. DSL2
provided parallel processing, and modularity, which is the ability to define reusable processes
or sub workflows that can be included and invoked as a function from another script within a
separate workflow. DSL2 also allowed for fewer lines of coding, making the scripts neater and
more succinct. By simply specifying it in the nextflow.config file, the workflow was executed
using SLURM. The processes were linked through channels and were also isolated, which
made it easy to exchange tools and manage shell script problems that can be difficult to trace,

or that stem from missing dependencies and lack of resources.

Many intermediary files are generated when using shell that must be manually removed after
each script has run. Intermediary files were managed by Nextflow and automatically stored
in a separate ‘work’ directory. The publishDir directive allowed process output files to be
exported to a specified folder that could be manually accessed, allowing the user to

selectively view the results of each process. In this way, debugging was made easier.

With shell, a link must be provided for each data file used in the script, if another user wants
to make use of the same script, these links must be removed, and new links provided
separately. Nextflow allowed the specification of a single link to multiple files which greatly
eased reproducibility. Additionally, Singularity is difficult to integrate into shell, Singularity
images must be imported individually, whereas Nextflow has built in support that renders

importation of Singularity images a single step process.
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Whereas as studies like that of Bal et al. (2022) explored the effect of structural variants and
focused on known DLBCL oncogenes and how they were connected to identified enhancers,
the present study sought to identify novel enhancers formed by insertions through a pipeline
that can be manipulated to highlight genes of interest across cancer types. The investigation
built off previous published works and designed a pipeline using state of the art infrastructure
to setup, execute, and monitor computational workflows, incorporating the latest

bioinformatics tools to achieve accurate and reproduceable results.
5.9.  STUDY LIMITATIONS

This study made use of only three SRR files of DLBCL H3K27ac ChlP-seq data, and all were
from the same research study. The pipeline was not tested on a larger sample size from a
combination of different studies. The present study was tested on single reads generated by
Illumina sequencing. In a scenario where data from different studies are being tested, the
reads might be single or paired and have been generated by different sequencing platforms
which have varying parameters for reporting errors and variants. Therefore, there may be a
need for troubleshooting in such circumstances. Such expansion would, however, likely lead
to better representation and increased validity of identified non-coding insertion-induced
enhancers. The sub workflow for peak calling was designed to operate on only treatment
ChlP-seq data with corresponding control data. However, some ChlIP-seq treatment data do
not come with corresponding controls, yet they may still hold valuable biological information,
and so provision should be made for the accommodation of samples such as these. Due to
time constraints, it was not possible to recreate the perl scripts used in this study as python
scripts. Python scripting may be desirable over perl scripting because of its extensive library

support and basic syntax that requires fewer lines of coding for larger programs.
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CHAPTER 6

CONCLUSION

This study set out to uncover potential non-coding insertion-induced enhancers associated
with the progression of DLBCL to develop a database that future studies on DLBCL can use in
South Africa. The pipeline detected several enhancer-associated genes known for their role
in DLBCL tumorigenesis and other cancer types, as well as genes jointly involved in
lymphomagenesis and HIV, between which there is an innate association. The identification
of known oncogenes and tumour suppressor genes indicated the accuracy of the pipeline and
encouraged confidence in those genes identified for which little to no data has been recorded
as potential new targets for research on the different disease mechanisms of DLBCL with the

goal of functional precision therapy.

The study indicated the necessity of considering clinical factors when selecting DLBCL data to
be analysed due to the hypothesized but unconfirmed influence that they may have on
mutational rates. Sample heterogeneity should be considered to optimize the algorithm.
Future studies on DLBCL should categorize their data according to criteria like age, gender,
disease subtype, disease stage, and other patient dependent information to confirm and track
associated patterns. A greater selection of data should also be incorporated to verify whether
the data trends hold true and to gain a better picture of the effect of insertion-induced

enhancers on the genomic landscape.

The research supported the growing data on the impact of the non-coding environment on
gene expression and disease development. The promising results suggested that it might be
worthwhile to expand the investigation into deletions in the non-coding regions and its effect
on DLBCL. Nextflow might be one of the most developed workflow management systems to
date, it is a complete system combining workflow language and execution engine. The coding
involved was simple and the workflow framework provided for desirable properties like

readability, compactness, portability, and provenance tracking.
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APPENDIX

Table 11: Experimental gene symbols and associated gene names.

GENE SYMBOL GENE NAME

AP-1 Activator protein 1

ADPRM ADP-ribose/CDP-alcohol diphosphatase, manganese dependent
AKT AKT serine/threonine kinase

APH-1 Anterior pharynx-defective 1

ATXN1 Ataxin 1

ATXN1L Ataxin 1 like

Survivin Baculoviral inhibitor of apoptosis repeat-containing 5
CASP3 Caspase 3

CD22 CD22 Molecule

CDC42SE2 CDC42 small effector 2

CADM1 Cell adhesion molecule 1

CDC42 Cell division cycle 42

Cé6orf89 Chromosome 6 open reading frame 89

CCDC106 Coiled-coil domain containing 106

CDKN1B Cyclin dependent kinase inhibitor 1B

CycT1 CyclinT1

CYTH1 Cytohesin 1

EP300 E1A binding protein p300

ELL2 Elongation factor for RNA polymerase Il 2

EZH1 Enhancer of zeste 1 polycomb repressive complex 2 subunit
TEL ETS variant transcription factor 6

EWSR1 EWS RNA binding protein 1

Fas Fas cell surface death receptor

FNBP1 Formin binding protein 1

GPCPD1 Glycerophosphocholine phosphodiesterase 1

GRB2 Growth factor receptor bound protein 2

HSP Heat shock genes

HATs Histone acetyltransferases

INI1 Integrase interactor 1

ITGA Integrin subunit alpha 1

IRAK4 Interleukin 1 receptor associated kinase 4

IQSEC1 IQ motif and SEC7 domain-containing protein 1
LMCD1 LIM and cysteine-rich domains 1

LINC01825 Long intergenic non-protein coding RNA 1825
LINC-PINT Long intergenic non-protein coding RNA, p53 induced transcript
LYL1 LYL1 basic helix-loop-helix family member
HLA-DRB5 Major histocompatibility complex, class I, DR beta 5
MAML Mastermind like transcriptional coactivator
MIR155HG MIR155 host gene

MAPK Mitogen-activated protein kinases
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ENL
MSI2
Max
NDUFV2
NEDD9
NBPF15
NUP210
Numb
P2RY8
PAXIP1
PIN1
PKC

PKB
PKCB
p27
PYK2
SHP-1
RAB7A
RIP1
ARHGAP4
Rho
SERINC
SMIM20
SLC22A18
SPECC1
SYK
STING
TRAC
TNFR1
TNIP3
TRAFs
TTYH3
USP7-AS1
VEGF
VAV
PLZF
ZC3H4
Zebl
ZNF354A

MLLT1 super elongation complex subunit

Musashi RNA binding protein 2

MYC associated factor X

NADH:ubiquinone oxidoreductase core subunit V2

Neural precursor cell expressed, developmentally down-regulated 9

Neuroblastoma breakpoint family, member 15
Nucleoporin 210

NUMB endocytic adaptor protein

P2Y receptor family member 8

PAX interacting protein 1

Peptidylprolyl cis/trans isomerase, NIMA-interacting 1

Proline rich transmembrane protein 2

Protein kinase B

Protein kinase C beta

Protein nb

Protein tyrosine kinase 2 beta

Protein tyrosine phosphatase non-receptor type 6
RAB7A, member RAS oncogene family

Receptor-interacting serine/threonine-protein kinase 1

Rho GTPase activating protein 4
RHO Family GTPases

Serine incorporator

Small integral membrane protein 20
Solute carrier family 22 member 18

Sperm antigen with calponin homology and coiled-coil domains 1

Spleen associated tyrosine kinase

Stimulator of interferon genes

T-cell receptor alpha constant

TNF receptor superfamily member 1A
TNFAIP3 interacting protein 3

Tumor necrosis factor receptor-associated factors
Tweety family member 3

Ubiquitin specific peptidase 7 antisense RNA 1
Vascular endothelial growth factor A

VAV guanine nucleotide exchange factor 1
Zinc finger and BTB domain containing 16

Zinc finger CCCH-type containing 4

Zinc finger E-box binding homeobox 1

Zinc finger protein 354A
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