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Abstract

Reduced oxygen availability or increased demand for oxygen create an imbalance
called hypoxia, which is an essential condition for regulating many physiological processes
such as development, and also pathological conditions such as cancer and ischaemic diseases.
Molecular responses to hypoxia involve alterations in gene expression levels, including
changes in gene transcription, to maintain homeostasis in cells. This transcriptional response
is coordinated at the chromatin level by multiple mechanisms that also involve Jumonji-C
domain containing histone lysine demethylases (KDMs) that depend on oxygen for activity.
Responses to hypoxia involve many transcription factors, including NF-xB, which is a main
regulator of critical biological functions, such as immune and inflammatory responses.
Previous work has shown hypoxia induces changes in histone methylation, linked to altered
activities of KDMs. In addition, hypoxia induced histone methylation highlights an NF-xB
target gene signature. However, the mechanism regulating the hypoxia-induced NF-xB
transcriptional response at the chromatin level is unknown. This project finds that hypoxia-
induced NF-«B target genes have increased histone-3 lysine-4 trimethylation (H3K4me3), and
this response could be mimicked by KDMb5A depletion. In addition, enzymatic activity of
KDMA4A and KDM4B is suggested as a potential regulator of the H3K36me3 levels at NF-xB
target genes in response to hypoxia. Previous work has identified methylated lysine sites on
NF-xB RelA protein, which are important for RelA activity and are demethylated by KDM2A.
This project demonstrates that these lysine residues are conserved across different NF-xB
subunits and provides analysis of their importance to NF-«xB activity and provides preliminary
evidence for an additional layer of crosstalk between KDMs, hypoxia and NF-kB. Lastly, this
project reports hypoxia-inducible NF-xB target gene signatures in different cell lines by
analysing publicly available hypoxia transcriptomics data, integrated with known NF-xB
target genes. The cell type-specific and the core hypoxia-inducible NF-xB target genes
signature is a significant resource for future work uncovering the mechanisms involved in

hypoxia stimulated NF-«B transcriptional response.
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1.1 Gene Transcription

Gene transcription is a fundamental biological process that enables the cell and
ultimately the whole organism to respond to a variety of intra- and extra-cellular signals. This
process aims to define the cell’s physiology during development and maintain its homeostasis
throughout its lifespan by coordinating different cellular activities. Essentially, transcription
is processed by the interaction of cis- and trans-regulatory factors within the cell nucleus that
regulate the expression of targeted genes. The cis- regulatory elements are the non-coding
DNA regions, such as promoters and enhancers, which regulate the transcription of nearby
genes, and trans-regulatory factors include sequence-specific transcription factors (e.g., HIF
and NF-«B), chromatin modifying complexes (e.g., histone methyltransferases), and general
transcription factors (GTFs), including RNA polymerase 11 (RNApolll) (1). RNA polymerase
is an enzyme that transcribes DNA into RNA. In eukaryotes, there are 3 classes of RNA
polymerases, with RNApolll responsible for transcribing the majority of genes, including
protein coding genes.

The pre-initiation step of gene transcription starts when RNApolll binds to the
template DNA strand of the target gene at its promoter region through AT-rich DNA sequence
(the TATA box) that is around 30 base pair (bp) upstream (5’ end) of the transcription start
site (TSS) (2-4). Following assembly of the pre-initiation complex (PIC), which includes
RNApolll and the GTFs TFIIA-H, transcription initiation, elongation and termination can
proceed (2). Transition from transcription initiation to elongation is promoted by
phosphorylation of the C-terminal domain (CTD) of RNApolll, which predominantly occur at
Serine 2 and Serine 5 sites (2, 4). Several kinases can phosphorylate Serine 5, including
Cyclin-dependent kinase 7 (CDK7) of TFIIH, which facilitates the promoter escape and
abortive transcription (4). Subsequent to the Serine 5 phosphorylation at the promoter region,
Serine 2 phosphorylation of the RNApolll, increases downstream of the TSS by CDK9 or
CDK12 and initiates the productive elongation phase of transcription. As RNApolll moves
from 5’ to 3° end of the DNA, phosphorylation of serine residues at its CTD coordinate the

recruitment of factors necessary for elongation process and transcript formation (reviewed in



(5)). Following the elongation step, transcription termination involves dissociation of
RNApolll transcription complex from the transcript, which is proposed to occur in two ways

(reviewed in (2, 4)).

1.2.Chromatin

Eukaryotic genomes are packaged in the nucleus in a complex three-dimensional
structure, termed chromatin (6). Organisation and regulation of chromatin controls all stages
of the transcription and consequently, gene expression.
1.2.1. Chromatin structure

Chromatin is a dynamic structure composed of nucleosomes, which includes 147 bp
DNA wrapped 1.65 times around an octamer of histones (7) (Figure 1.1). The histone octamer
contains two copies of each of the core histones H2A, H2B, H3 and H4 and the linker histone,
H1, which connects and stabilises the nucleosomes (7). Each core histone protein shares a
common structural domain that contains three o-helices separated by 2 loops, called the
histone fold, which enables H2A-H2B and H3-H4 heterodimerisations (8). These links
between histone proteins are the fundamental structural units of the chromatin that are essential
for the interaction of nucleosome with DNA (8). Apart from the core histones, there are other
histone variants, such as H2A.X and H3.3, which are majorly expressed throughout the cell

cycle and support the structure of the nucleosome (reviewed in (9)).
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Figure 1.1. Schematic diagram of simplified chromatin structure. The structure contains
nucleosomes that is composed of double-stranded DNA wrapped around core histone octamers, H2A,
H2B, H3 and H4, and a linker histone, H1l. Chromosome icon was obtained from
<https://bioicons.com>.




Nucleosomes are the repeating units of chromatin, which are connected to each other
by 10-70 bp of linker DNA. These nucleosomal arrays form short-range interactions with
adjacent nucleosomes to form chromatin fibres. The fibre-fibre interactions contribute to the
high degree of compaction establishing the condensed form of the chromosome (10). The
beads-on-a-string organisation of individual nucleosomes are known as the primary structure
of the chromatin, which then defines the secondary and the tertiary higher-order chromatin
structures (8, 11). The high affinity of histone octamers for DNA keeps the nucleosome tightly
assembled together through electrostatic interactions, hydrogen bonds and salt bridges, which
forms a barrier for proteins requiring DNA access (8, 12). These structural organisations can
vary based on the DNA sequence that is being organised, and also based on the amino acid
sequence and combinations of post-translational modifications (PTMs) of the histones (11). In
addition to the components of the nucleosomes, there are more elements that contribute to the
organisation of the chromatin structure, including architectural chromatin proteins and
nucleosome binding proteins, histone chaperons and ATP-dependent chromatin remodellers
including SWI/SNF, INO80, ISWI, and CHD (reviewed in (13, 14)). Functional interactions
between chromatin remodelling enzymes and histone modifications create a network of
mechanisms that control chromatin dynamics. Slight changes by these elements can
significantly affect the nucleosome structure and stability and essentially its accessibility to
numerous proteins that regulate the gene expressions.

Two major states of chromatin are defined according to its compaction:
heterochromatin and euchromatin (15). The compact heterochromatin (i.e., silent) is
inaccessible and transcriptionally inactive, and an open (i.e., active) form, euchromatin is
accessible to DNA binding proteins such as transcription factors (7). However, imaging
approaches have identified additional variations in chromatin compaction levels (16).
Importantly, the three-dimensional chromatin organisation also includes topologically
associating chromatin domains and loops, linking proximal and distal regulatory elements (6).
These three-dimensional chromatin interactions play a key role in modulating gene

transcription.



When considering chromatin structure, post translational modifications (PTMs) on
histones are one of the many elements that alter the dynamical structural states of nucleosomes,
and they function as recruitment sites for chromatin binding proteins, and regulation of gene
expression. Histones contain many amino acid residues that can be modified, such as
acetylation, phosphorylation, ubiquitylation, sumoylation and methylation. In this study, there

is a focus on histone methylation.

1.2.2. Histone lysine methylation and KMTs

Histone methylation is catalysed by histone methyltransferases (HMTSs), also referred
as “writers” that transfer methyl groups (CHs) from S-adenosyl-L-methionine (SAM) to either
arginine (R) or lysine (K) residues mainly on N-terminal histone tails (17). In the human
proteome, there are two domains with lysine methyltransferase (KMT) activity; the SET
(Su(var)3-9, Enhancer of Zeste, Trithorax) domain and the seven-beta-strand (73S) domain,
which includes the hDOTI1L (18) (Figure 1.2, B). Lysine residues can be mono (mel)-, di
(me2)-, or tri (me3)-methylated, and depending on the site and degree of methylation, this
modification can be associated with transcriptional activation or repression (Figure 1.2, A).
In humans, the best understood lysine methylation sites are histone 3 lysine 4 (H3K4), H3K9,
H3K27, H3K36, and H3K79, and H4K20. Different histone modification patterns are
associated with distinctive parts of the genome, discovered by chromatin immunoprecipitation
(ChlIP) experiments using antibodies specific to targeted histone modifications (19). As such,
methylation of H3K4, H3K36 and H3K79 has been associated with active genes, whereas
methylation of H3K27, H3K9 and H4K20 has been associated with inactive genes (20).
Overall, H3K9 and H4K20 methylation marks are identified to have a homogenous
distribution on the repressed genes. On the other hand, H3K27me3 is found, but not restricted
to, the promoter regions of the repressed genes. On the actively transcribed genes, H3K4me3
methylation mark is found at the promoter area or around the TSS, whereas H3K36me3

methylation mark is identified downstream of the TSS in gene bodies.
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Figure 1.2. Histone lysine methylation sites, their functions and associated KMT enzymes. A. Main
lysine (K) methylation sites and chromatin functions. B. Histone lysine methyltransferases (KMTSs)
targeting the corresponding histone lysine residues. Methylation state specificities determined as
follows: * mel, ** me2, *** me3 (Adapted from (21, 22)).

Histone KMTs are selective enzymes, for instance, dimethylation of the H3K36
(H3K36me2) can be generated by NSD1, NSD2, NSD3 and ASH1L, whereas SETD?2 is the
only identified methyltransferase that synthesises trimethylation of H3K36 (H3K36me3) (23,
24). Furthermore, methylation of H3K79 is only identified to be generated by hDOT1L (18).
SET8 only mono-methylates the H3K20, with the H3K20 di- or trimethylations being
generated by the KMTs, SUV420-H1 and -H2 (25). MLL1 and MLL2 can catalyse H3K4
mono-, di- and tri-methylation, whereas MLL3 and MLL4 are restricted to H3K4-mel and -
me2 (26). SETD7 (also known as SET7/9) is an H3K4 mono-methyltransferase (27), whereas

SETD1A, SETD1B and PRDMQ can also catalyse H3K4-me2 and -me3 (28-30). In addition,



there are less well characterised lysine methylation sites on the histones such as H3K23,
H3K63, H4K12 that are also found to be methylated by various KMTs (reviewed in (21)).
Furthermore, to their histone methylation role, KMTs are also identified to modify
non-histone proteins (reviewed in (31-33)). For instance, SETD7, GO9A, GLP and SETD8 can
methylate p53 protein and other non-histone substrates (31). In addition, SETD7 can methylate
DNA methyltransferase 1 (DNMT1), oestrogen receptor o (ERa), and the transcription factor
NF-kB RelA (reviewed in (34)). Also, NSD1 is shown to methylate NF-kB RelA protein (35).
Overall, these modifications regulate the protein-protein interactions and stability, their

localisation, and activities that are necessary in diverse cellular processes.

1.2.3. Histone lysine demethylation and KDMs

Methylation on lysine residues is reversible and can be removed by lysine
demethylase enzymes, also referred as “erasers”. The first histone demethylase that was
identified is the lysine-specific demethylase 1 (LSD1) (36). Since then, an additional class of
lysine demethylases was discovered. This family of enzymes contain a JmjC domain in their
structure, which catalyses demethylation through the oxidation of methyl groups (Figure 1.3).
Jumonji C (JmjC) lysine demethylase enzymes (KDMSs) depend on a-ketoglutarate, molecular
oxygen, and iron (Fe?*) as cofactors for their function (37). In humans, 32 JmjC family
members have been discovered with 23 of them having histone demethylase activity in cells
(reviewed in (38, 39)).

All KDM family members share a JmjC domain and depending on the degree of
homology and structural similarities with other domains, they are further classified into
subfamilies that usually share substrate specificity (39) (Figure 1.3). In some of the enzymes
JmjN domain is observed with the JmjC domain, which both are essential for their enzymatic
activity (40). Each KDM has various DNA binding domains, including plant homeobox
domain (PHD¥*), AT-rich interaction domain (ARID), or Zinc finger domains including
C5HC2-ZF and CXXC-ZF (41). In addition, KDM2 family contains F-box and leucin-rich

repeat (LRR) domains in their structure. F-Box binds a protein called S-phase kinase-



associated protein 1 (SKP1) that is part of a ubiquitin ligase complex, thus it has been
suggested that KDM2 proteins might identify target proteins for their ubiquitylation (42).
KDM4A, KDM4B and KDM4C contains an additional domain in their C-terminal region,
called the Tudor domain, which is identified to be critical in regulating chromatin localisation
and their enzymatic function by binding to methylated histone proteins (43, 44).

While KDMs are known primarily for demethylating histones, non-histone substrates
for KDMs are emerging. For instance, KDM2A is shown to demethylate the NF-xB RelA
protein (35). KDM4 isoforms, -A, -B and -C are identified to demethylate chromatin repressor
proteins, W1Z, CDYL1, CSB and G9A (45). Furthermore, KDMs are also known to have
demethylation independent functions (42, 46-48). This includes interaction of KDM2B with
the ATPase subunit of SWI/SNF chromatin remodelling complexes and directly recruiting
RNApolll to the interleukin 6 (IL6) promoter, which then initiates the inflammatory immune
responses (47). Also, KDM2 proteins shape RNApolll occupancy on the CpG islands that are
associated with the gene promoter regions and recruiting chromatin modifying enzymes (42).
Thus, KDMs can be described as multifunctional proteins. However, JmjC containing KDMs’

need for molecular oxygen, makes them attractive and potential oxygen sensors in the cell.
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1.3. Hypoxia

Molecular oxygen utilisation is an essential feature for the majority of living
organisms. Eukaryotes have evolved sophisticated and co-ordinated mechanisms for sensing
and responding to changes in oxygen availability (49). Hypoxia can be defined as the
deficiency of molecular oxygen levels in the tissue, which is part of both physiological and
pathological conditions (50-52). In human tissues, oxygen concentration can range from 1%
and 14%, depending on the tissue type, which is termed as physiological hypoxia, since the
values are below 21% that is considered as the normal atmospheric oxygen level (53).
Physiological hypoxia impact variety of biological processes, including embryonic
development (54), angiogenesis (55), energy metabolism (56), wound healing (57) and
adaptation to high altitudes (58). Also, hypoxia is associated with wide range of diseases,
including different cancer types and ischemia (59-61).

In response to hypoxia, cells undergo specific alterations in gene expression patterns
to promote cell survival and maintain homeostasis in the cells and ultimately the whole
organism (50). This cellular response to hypoxia is predominantly coordinated by the

transcription factor family, hypoxia-inducible factor (HIF).

1.3.1. HIF subunits and structures

HIF subunits are members of the basic helix-loop-helix (bHLH)-containing
Per/ARNT/SIM (PAS) domains family of transcription factors (Figure 1.4) (62, 63), which
these domains mediate heterodimerisation and DNA binding of HIF subunits (64). In the
mammalian genome there are three oxygen-sensitive alpha subunits, namely HIF-1a, HIF-2a,
and HIF-3a, and a continuously expressed beta subunit, HIF-13 (known as aryl hydrocarbon
receptor nuclear translocator, ARNT) (65). Overall, HIF-1a and HIF-2o. subunits have been
extensively studied, however HIF-3a remains poorly understood. HIF-1ow and HIF-2a have
similar sequence identity and protein domains, including the oxygen-dependent domain
(ODD), and the C-terminal transactivation domain (CTAD), in contrast, HIF-3o. does not

contain CTAD, representing a distinct functional role in hypoxia-induced regulatory system
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(50). The CTAD has been shown to be necessary for binding with the co-activators CBP/ p300
(66). The N-terminal transactivation domain (NTAD) is thought to contribute to the target
gene specificity in different HIF isoforms (67). Importantly, all HIF-a subunits contain an
ODD with hydroxylation sites that are important for determining the protein stability of the
subunits in response to oxygen. On the other hand, HIF-1 does not contain the ODD and thus

is not sensitive to changes in oxygen levels (68).
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Figure 1.4. Schematic diagram of HIF subunits. Coloured bars represent different structural domains.
bHLH, basic Helix Loop Helix; CTAD, C-terminal Transactivation Domain; LZIP, Leucine Zipper
Domain; NLS, Nuclear Localization Signal; NTAD, N-terminal Transactivation Domain; ODD,
Oxygen-Dependent Domain; PAS, Per/ARNT/Sim domain; PAC, PAS-Associated C-terminal domain.
Domains with particular interaction regions are shown. Residues hydroxylated by PHDs and FIH
enzymes are indicated. Pro, Proline; Asn, Asparagine; OH, hydroxylation.

1.3.2. HIF regulation in hypoxia

Under sufficient oxygen concentrations, HIF-a subunits are hydroxylated by Prolyl
hydroxylase domain-containing proteins (PHDs), which are members of the iron- and 2-
oxoglutarate (2-OG)-dependent dioxygenase family that require molecular oxygen for their
hydroxylation function (69, 70) (Figure 1.5). Due to their dependence on oxygen, and their
reduced hydroxylation activity over reduced physiological oxygen concentrations, these

enzymes are referred to as oxygen sensors. Hydroxylation by PHDs targets HIF-a for
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ubiquitin-mediated degradation by the von Hippel-Lindau tumour suppressor (VHL), which is
part of an E3 ubiquitin ligase complex (71). Four PHD isoforms are identified, from which
only PHD1, PHD2, and PHD3 have been shown to hydroxylate HIF (70). PHD2 was shown
to have higher affinity for HIF-1a. while PHD1 and PHD3 have higher affinity for HIF-2a.
(72).

In addition to PHD enzymes, HIF-a can also be regulated by another 2-OG-dependent
dioxygenase family, known as Factor inhibiting HIF (FIH) (73). The C-terminal
transactivation domain of HIF-o. undergoes oxygen-dependent hydroxylation at asparagine
residues by FIH, this prevents the recruitment of the key transcriptional co-activators CREB-
binding protein (CBP)/ p300, which is necessary for at least 40% of all HIF-dependent target
gene expressions (66, 73). PHD and FIH enzymes have different affinity for oxygen; FIH
remains active at lower oxygen concentrations compared to PHDs and hence blocks HIF-a
proteins that escaped the destructive mechanism in moderate hypoxia from full transcriptional
activity (74). In hypoxic conditions, PHD and FIH enzymes are not active, this stabilises the
HIF-a proteins, HIF-a translocate into the nucleus, where it binds to HIF-1(3 protein and their
co-regulators. Consequently, the HIF complex binds to the hypoxia response elements (HRE)
on its target genes, inducing transcription of genes necessary for the adaptive response to

hypoxia.
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Figure 1.5. Schematic diagram of the HIF pathway. In normoxia, HIF-a protein is subject to oxygen-
dependent prolyl hydroxylation (OH) that is mediated by PHDs or asparaginyl hydroxylation by FIH.
Prolyl hydroxylation sites are recognised by VHL protein of the E3 ubiquitin ligase complex and HIF-
a is targeted for proteasomal degradation, whereas asparaginyl hydroxylation by FIH prevents the
recruitment of HIF co-regulators, CBP/p300. In hypoxic conditions, FIH and PHDs are inhibited due to
decreased oxygen availability. This stabilises HIF-o and leads its translocation into the nucleus where
HIF-a binds with its dimerization partner, HIF-1p and transactivates HIF target genes containing
hypoxia response elements (HRESs) in their enhancer/ promoter regions.

1.3.3. HIF target genes

The majority of hypoxia-induced genes are HIF dependent, consisting of HIF direct
and indirect target genes (reviewed in (75, 76)). HIFs typically function as a HIF-a-HIF-13
heterodimer, binding to the DNA sites containing consensus nucleotide sequence 5’RCGTG-
3’ (R; A or G) within the HRE of the HIF target genes (77), and transactivating genes via
release of paused RNApolll (78-80). Although the HRE consensus sequence is highly
abundant in the genome, genome-wide analysis of HIF chromatin occupancy identified that
HIF dimers occupy only less than 1% of these potential transcription sites (81-83). This
suggests that apart from the consensus sequence, there are other factors contributing to the
HIF-DNA binding, which includes epigenetic modifications affecting the chromatin

accessibility. In addition, although HRE sites are mainly located at the proximal promoter
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regions of target genes, they could also regulate the targeted genes from long distances, which
might challenge the detection of direct HIF target genes (84). Furthermore, HIFs are thought
to predominantly bind HRE regions that have DNAse | hypersensitivity, RNApolll
enrichment, histone modifications, and higher levels of basal gene expression patterns prior to
hypoxia induction (79, 82, 83), all these conditions likely contribute to cell type-specific
responses to hypoxia. Additionally, there are a number of identified HIF co-regulators which
likely play a role in HIF target gene selection and are required for transcriptional responses to
hypoxia. These include the cyclin dependent kinase 8 (CDK8) mediator complex (79), histone
acetyl transferase KAT5 (85), SET1B (86) and CBP/ p300 (66).

More than 100 validated direct HIF target genes have been identified, which are
involved in numerous biological processes (87, 88) (Figure 1.6). Interestingly, although HIF-
lo and HIF-20 bind the same HRE consensus sequence, they have overlapping but also
separate target genes (89, 90). In addition to target gene selectivity by different HIF-a
subunits, cell-type specific response to hypoxia have also been identified. For instance, a
recently performed meta-analysis study based on 33 different cell types discovered that
endothelial cells are deficient in the induction of a large set of genes in response to hypoxia,
including many enzymes involved in glucose metabolism (91). Another study comparing HIF
transcriptional response in various cell types found that epithelial cells induce higher amount
of HIF target genes compared to mesenchymal cells (92). Apart from the cell types, duration,
and concentration of hypoxia, the presence of functional destructive HIF mechanisms, such as
VHL, and PHDs in different cell lines, as well as cooperation with other transcription factors
that occupy the HRE regions can also influence the transcriptional output (reviewed in (93)).
In addition, chromatin regulation is an important part of controlling transcriptional responses

following hypoxia stimulation, which is detailed further in the following sections.
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Figure 1.6. HIF target genes. Examples of direct transcriptional targets of HIF, grouped according to
their functions. IGF1; insulin-like growth factor binding protein 1, ENG; endoglin, WT1; wilm’s tumour
suppressor, AFP; Alpha fetoprotein, VEGFA, vascular endothelial growth factor A, VEGFR1; vascular
endothelial growth factor receptor 1, PAI-1; plasminogen activator inhibitor 1, GLUT-1; glucose
transporter 1, HK2; hexokinase 2, ALDA; Aldolase A, ENO1; enolase 1, CA9; carbonic anhydrase 9,
EPO; erythropoietin, LEP; leptin, ET-1; endothelin 1, ADM; adrenomedullin, HO; haem oxygenase,
NOS; nitric-oxide synthase, CXCR4; chemokine receptor, c-Met; tyrosine-protein kinase, PAHAL;
procollagen prolyl hydroxylase alpha 1, TFF; trefoil factor (adapted from (94)).

1.3.4. Hypoxia and Chromatin

While transcriptional responses to hypoxia have been extensively characterised (75,
91, 95), less is known regarding the chromatin response to hypoxia. ATAC-sequencing studies
mapping genome wide chromatin accessibility have shown that hypoxia induces dynamic
changes in chromatin accessibility in cell culture models, with changes in local chromatin
accessibility enriched at hypoxia responsive genes (96-98).

Hypoxia stimulation can alter chromatin post-translational modifications either by
directly inhibiting oxygen dependent enzymes, or via recruitment or increased expression of
chromatin modifying enzymes (reviewed in (39, 93, 99-101)). Several chromatin remodellers
are known to regulate HIF-mediated transcriptional response, including chromatin
remodelling complexes, SWI/ SNF and ISWI (102, 103), and nucleosome remodelling
deacetylase complex, metastasis-associated 1 (MTA1) (104). Furthermore, apart from the HIF

hydroxylases, PHDs and FIH, there are many other 2-OG dependent dioxygenases in humans,
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some of which have been identified as oxygen sensors (reviewed in (105, 106)). This includes
certain KDMs and ten eleven translocation (TET) DNA demethylases, which are involved in
histone methylation and DNA methylation changes in response to hypoxia respectively

(reviewed in (105, 106)).

1.3.5. Histone lysine methylation in hypoxia, a focus on KDMs

Hypoxia-induced histone lysine methylation and gene expression can be regulated
through several ways. This includes HIF mediated upregulation and/ or recruitment of KMTs
and KDMs; oxygen-dependent hydroxylation of KMTs by proline and asparagine
hydroxylases, PHDs and FIH; and oxygen sensing by KDMs (reviewed in (107)).

KDMs, similar to HIF hydroxylases, PHDs and FIH, require molecular oxygen for
their enzymatic activity. So far, the oxygen affinity (K value) of only few of the KDMs has
been measured and compared to HIF hydroxylases, these KDMs were found to have similar
Kn value as PHD enzymes (108, 109), suggesting that KDMs can sense oxygen while
regulating their enzymatic activity. Many studies have reported that hypoxia increases variety
of histone methylation marks in different cell types (100, 110-115). Batie et al. and
Chakraborty et al. have shown that upon hypoxia stimulation, chromatin can sense the change
in oxygen levels via the inhibition of KDMs, which increases the histone methylation marks
and alter transcriptional responses, independently of HIF activity (100, 110, 116). Hypoxia
upregulation of H3K4me3 at a subset of hypoxia upregulated genes has been associated with
reduced KDM5A activity in hypoxia (117). More recently it has been shown that PHD1
hydroxylates H3 proline 16 (H3P160h), which recruits KDM5A to chromatin, and in hypoxia,
loss of this modification, due to reduced PHD1 activity, leads to release of KDM5A from
chromatin, and correlates with an increase in H3K4me3 and gene expression at a group of
hypoxia responsive genes (118, 119). Thus, there may be multiple oxygen sensing mechanisms
that involves KDM5A and H3K4me3. Hypoxia-induced changes in H3K4me3 have also been
shown to be dependent on the recently identified HIF co-activator, SET1B (86) adding further

complexity to H3K4me3 responses to hypoxia. In addition to KDM inactivation in hypoxia,
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many KDMs are induced by hypoxia and some of them are recognised as HIF target genes
(39, 107). For instance, both KDM2 and KDM5 family members are shown to be regulated by
HIF-1 in response to hypoxia (111, 120). Also, some KDMs retain their activity in hypoxia
and function as HIF co-regulators. KDMA4C is shown to decrease the H3K9me3 and increase
the HIF-1a binding to HREs on HIF target genes (121). Also, following hypoxia stimulation,
HIF-1a induced KDM3A is shown to reduce H3K9 methylation on HIF target gene promoters,

leading to their transcriptional activation (122).

1.3.6. Other transcription factors involved in hypoxia induced transcriptional changes

In response to decreased oxygen levels, apart from HIF, there are many other
transcription factors involved in regulating the transcriptional response. Some of these are
STATs, MYC, p53 and AP-1 (reviewed in (50, 123)). Importantly, hypoxia stimulation can
also induce the major immune and inflammatory response transcription factor family, NF-«B,

which is further detailed in the next section.

1.4.NF«B

The transcription factor NF-xB was discovered in 1986 as a nuclear factor that binds
to the enhancer element of the immunoglobulin kappa light-chain of activated B cells (NF-
kB) (124). Since its discovery, NF-xB has been involved in a vast number of studies and
recognised as a critical transcription factor for extensive range of biological functions,
including immune and inflammatory responses (125), cell survival (126, 127), cell maturation
(128, 129), and DNA damage responses (130, 131). NF-«B is tightly associated with many
pathological conditions such as chronic inflammation, cancer, and autoimmune diseases (132),
therefore understanding the regulatory mechanisms and function of the NF-«B signalling
pathway is important not only for revealing the fundamental principles of cellular biology, but
also critical to understand different human diseases and study on the possible treatment

options.
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1.4.1. NF-«xB subunits and structures

NF-kB transcription factor family is composed of seven distinct proteins that are
encoded by five different genes, namely RelA (p65), RelB, cRel, NF-xB1 (p105/p50), and
NF-kB2 (p100/p52) (Figure 1.7) (133). All of the NF-kB subunits possess about 300 amino
acid N-terminal domain, called the Rel homology domain (RHD), which contains residues
required for DNA binding, dimerization, nuclear localisation and NF-xB inhibitor, IxB
binding (133). In contrast to the other NF-xB family members, NF-xB1 and NF-xB2 are
synthesised as pro-forms, p105 and p100, which are proteolytically processed to their active
form, p50 and p52, respectively (134). All NF-xB protein members contain a transactivation
domain (TAD), except NF-kB1 and NF-xB2. The TAD is essential for the regulation of NF-
kB target genes, and it is important for interacting with different transcriptional regulatory

proteins (135, 136), and chromatin remodelling complexes (137).

RelA RHD TAD
RelB LZIP RHD TAD
1
557
cRel RHD TAD
1
619
GRR
NF- kB1 RHD l AAAAAAA DD
(p105/p50) | 969
GRR
NF- kB2 RHD l AAAAAAA DD
(p100/p52) 1 900
- p52 C

Figure 1.7. Schematic diagram of NF-kB subunits. Coloured bars represent different structural
domains. The highly conserved amino-terminal Rel homology domain (RHD) is responsible for NF-xB
subunits’ dimerization, nuclear translocation, DNA binding and interaction with the inhibitory IxB
proteins. RelA, RelB and cRel contain a carboxyl-terminal transactivation domain (TAD) that initiates
transcription at the NF-kB binding sites of NF-«B target genes. Precursor proteins, pl05 and p100,
contain ankyrin repeats (A) that is an IkB-like C-terminal domain and proteolytically processed to p50
and p52, respectively. DD, Death Domain; LZIP, leucine zipper domain; GRR, glycine reach region.
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All active members of the NF-«xB protein family form homo- or hetero-dimers, except
RelB, which only forms heterodimers (133). The most common NF-kB heterodimer is
composed of p50 and RelA and is involved in most biological activities associated with NF-
kB (138). In the quiescent state of the pathway, NF-kB dimers are bound to inhibitory
molecules of NF-kB, namely the IxB family of proteins (133). These inhibitors contain
ankyrin repeats, which associate with the NF-xB subunits by binding to their DNA-binding
domains thereby making them transcriptionally inactive. The precursors of p50 and p52, p105
and p100, also contain ankyrin repeats within their structure that acts as their own internal
inhibitors and need to be cleaved for their activation (139). Also, as p50 and p52 dimers do
not contain TAD in their structure, they inherent transcriptional regulation of selected target
genes through their association with nuclear IxB proteins such as Bcl-3 and 1kBNS (140).
Overall, whether an NF-xB dimers leads to transcriptional activation or repression depends on
the DNA regions they bind to and their interaction with other transcription regulators (140).
The arrangement of NF-xB dimerization can vary depending on the cell type, stimulus, or the
duration of the exposure to the stimulus (138, 141, 142). Furthermore, NF-xB subunits contain
numerous sites of post-translational modifications (PTMs), which are crucial for their

activation and crosstalk with other signalling pathways (143).

1.4.2. NF-«B pathways

The activation of the NF-kB dimers can occur through the stimulation of distinct
pathways, namely canonical (classical), non-canonical (alternative) and atypical (mostly IKK
independent) pathways, which all are induced through various stimuli (Figure 1.8). The
canonical activation pathway is stimulated through Toll-like receptors (TLRs), Interleukin-1
receptor (IL-1R), tumour necrosis factor receptor (TNFR) and antigen receptors. The typical
receptor stimulating signalling molecules include the pro-inflammatory cytokines, tumour
necrosis factor o (TNF-a), and interleukin-1 (IL-1), and bacterial products such as

lipopolysaccharides (LPS). Stimulation through the canonical pathway receptors leads to
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activation of 1kB kinase (IKK) complex. The IKK complex is composed of a regulatory
subunit, IKKy (Nemo), and two catalytic kinases, IKKa, and IKKp. Activated IKK complex
mediates the phosphorylation of I1kBa, which normally holds the NF-xB dimers inactive in
the cytoplasm (133). Phosphorylation of IkBao leads to lysine-48-linked polyubiquitylation
and proteasomal degradation. This process, releases NF-«B dimers from the cytoplasm which
then are able to translocate into the nucleus.

The non-canonical pathway, also known as alternative pathway of NF-xB activation
is initiated through the stimulation of the CD40, lymphotoxin-f receptors (LTBR), B-cell
activation factor (BAFF), LPS and latent membrane protein-1 (LMP1) of Epstein Barr virus
(144). Here, activation of IKKa by the NF-kB inducing kinase (NIK) results in the formation
of p52 by ubiquitylation and partial degradation of p100, leading to the release of the RelB-
p52 dimer (145). On the other hand, the atypical NF-xB pathway activation is an IKK-
independent process that involves different mechanisms (146). For instance, treatment with
ultraviolet (UV) light, or expression of the HER2 oncogene in breast cancer cells, can
phosphorylate IxBa. by casein kinase-11 (CK2) (147). Also, lkBa phosphorylation occurs upon
hypoxia or hydrogen peroxide stimulation, and treatment with nerve growth factor (NGF)

(133).
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Figure 1.8. Schematic diagram of simplified NF-kB pathways. In the canonical pathway, stimulation
of TNFR leads into the activation of TAK1 and IKK complex, mediating the phosphorylation and
proteasomal degradation of 1kB. Subsequently, NF-kB dimer is released and translocated into the
nucleus. Alternatively, the TAK and IKK complex can be activated by another group of ligands binding
to the TLR or IL-1R. This triggers the recruitment of the adaptor protein Myd88, and the subsequent
activation of TAK and IKK complex through TRAF6. In the atypical pathway, NF-kB is activated in
ligand independent manner, resulting in the NF-xB release. In the non-canonical pathway, another group
of ligands triggers the activation of NIK, and then IKK-a. Activation of IKK-a phosphorylates p100,
leading to its processing into p52. The RelB and p52 dimer translocate into nucleus and leads into
transcriptional activation.
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1.4.3. Hypoxia induction of NF-xB

Besides inflammatory cytokines and pathogen associated molecular stimuli, hypoxia
stimulation also activates the NF-kB pathway, by mechanisms that have been described in
numerous studies (148-152). It has been discovered in the Rocha laboratory that NF-xB
response to hypoxia is a rapid process, which happens in a time frame varying from 5 to 30
minutes. This stimulation leads to IKK-mediated phosphorylation of IkBa at Serine 32/ 36
sites, and DNA binding of NF-kB (148). More specifically, upon hypoxia treatment, IKK
activity is induced through calcium/ calmodulin-dependent kinase 2 (CaMKZ2)-dependent
pathway leading to activation of Transforming growth factor-B (TGF-p)-activated kinase 1
(TAK1) and an E2 ubiquitin conjugating enzyme, Ubcl13, and potentially, the E3 ubiquitin
ligase, XIAP (148, 149, 153). It was also shown that in contrast to canonical NF-xB inducers,
hypoxia stimulation does not result in IkBa degradation, instead ubiquitylation is inhibited and
replaced with SUMOylation (148).

HIF subunits are shown to have a role in regulating the NF-xB transcriptional
response. As such, HIF-1a is able to prevent full NF-xB transcriptional activation in
mammalian cells and Drosophila melanogaster (154). In contrast, HIF-1f is shown to be
required for NF-kB activation (155). Both HIF and NF-«B transcription factors are shown to
regulate many common target genes, such as VEGF, IL-8, BNIP3 (156). However, it is still
not clear if these genes are targeted by both HIF and NF-«xB together, or independently, or if
they are co-regulated following shared stimuli.

Besides HIF, other oxygen sensing molecules such as PHDs and FIH are also
suggested to regulate NF-kB activity (reviewed in (106)). In addition, another group of 2-OG-
dependent dioxygenases, JmjC proteins are also known to have a role on NF-kB pathway

activation, which is described more in detail in section 1.4.5.
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1.4.4. NF-«B target genes

Once NF-«B dimers accumulate in the nucleus, they bind to consensus kB sites with
the DNA sequence 5’-GGGRN (A/T) YYCC-3’ (R; purine, Y; pyrimidine, N; any nucleotide)
in promoters and enhancers of target genes to induce or repress their transcription (157). There
is a vast amount of consensus kB sites in the human genome and affinity and specificity of
NF-kB DNA binding to these sites can be affected by many additional mechanisms. This
includes ability of individual subunits to form homo- or hetero-dimers in different cellular
contexts and stimulus, post-translational modifications targeting NF-xB subunits, as well as
chromatin accessibility, recruitment of co-regulators and interactions with other transcription
factors (157, 158). The DNA binding of NF-kB regulates the expression of about 500 genes,

which are listed in https://www.bu.edu/nf-kb/gene-resources/target-genes/. The listed genes

include many different types of molecular regulators, such as cytokines and chemokines,
immunoreceptors, stress response genes, apoptosis regulators, growth factor and their

modulators (Figure 1.9).
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Figure 1.9. NF-kB target genes. Examples for direct NF-xB transcriptional targets genes, grouped
according to their biological functions. BCL-2; B-cell lymphoma 2, IAP; inhibitor of apoptosis, PAI2;
plasminogen activator inhibitor, IL; interleukin, TNF-a; tumour necrosis factor alpha, MCP-1;
monocyte chemoattractant protein, MIP-2; macrophage inflammatory protein, CXCL; chemokine
ligand, I/V/ECAM-1; Intracellular/ vascular/ epithelial cell adhesion molecule, MMP; matrix
metallopeptidase (adapted from (159)).

23


https://www.bu.edu/nf-kb/gene-resources/target-genes/

1.4.5. Chromatin and NF-xB

The Kkinetics of NF-kB recruitment to target genes is highly variable as some genes are
expressed shortly after stimulating the NF-xB pathway, while others are expressed following
minutes to hours later (160). Although it is shown that NF-«B subunits enter the nucleus
rapidly following stimulation, they only bind to a subset of them initially, suggesting that
change in chromatin structure/ accessibility contributes to selectivity of the NF-«kB response.
NF-kB activating stimuli leads to alterations in chromatin accessibility, which are mediated
through multiple mechanisms including post-translational modifications of histones and

energy-dependent chromatin remodelling complexes (reviewed in (161, 162)).

1.4.6. Histone lysine methylation and NF-xB

NF-kB activating stimuli lead to changes in a large set of activating and repressive
histone marks. These modifications were shown to occur in different time points. While H3K9/
K14 acetylation accumulates at the early phases of the LPS stimulation regardless of the timing
of transcriptional gene induction, H3K4me3 appears at a later phase and associates with
transcriptional activation (163). Several other studies have implicated H3K4 methylation and
its associated methyltransferases as essential for the transactivation of NF-«B target genes. For
instance, SET7/9 knockdown reduced the H3K4 methylation, and TNF-a.-induced recruitment
of NF-xB RelA to inflammatory gene promoters and thus decreasing the target gene
expression (164). SETD1B was shown to promote RelA recruitment to the promoter regions
of its target genes, IL-1B3, IL-6, and MMP2, through H3K4 trimethylation of the gene
promoters (29), suggesting that histone modifications are necessary for NF-xB RelA
recruitment and thus regulating its target gene expressions. In contrast, NF-kB-dependent
histone modifications has also been described. For instance, following TNF-a stimulation,
translocation of methyltransferase MLL1 onto the promoters of NF-«kB target genes was
dependent on NF-xB RelA (165). In addition, another methyltransferase, SETD6-mediated
methylation of RelA protein at lysine (K)310 site was recognised by G9A-like protein (GLP),

which under basal conditions, promoted repressed chromatin state at RelA target genes
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through GLP-mediated H3K9 dimethylation (166). In response to TNF-a and LPS, RelA was
phosphorylated by the atypical protein kinase C, PKC( at serine 311, which blocked the
interaction between GLP and methylated RelA, resulting in transcription activation (166). This
study showed a link between NF-kB protein post-translational modifications (PTMs) and NF-
kB transcriptional response, which is detailed further in section 1.4.7.

JmjC containing proteins are also involved in NF-kB transactivation response via
reversing repressive histone modifications. For instance, KDM6A was reported to promote
transcription of IL-6 by demethylating H3K27me3 (167). KDM4A and KDM4D were shown
to be required for activating genes that are involved in innate immune response by reversing

H3K9me2 and H3K9me3 marks (168, 169).

1.4.7. Lysine methylation of NF-kB proteins

NF-kB is controlled by multiple post-translational modifications, namely
ubiquitylation, phosphorylation, acetylation, sumoylation, nitrosylation and methylation (35,
147, 166, 170-174). To date, methylation of NF-kB has been mainly studied on the RelA
subunit, occurring on both lysine and arginine residues (35, 174). A total of six lysine (K)
methylation sites has been identified on RelA, namely K37, K218, K221, K310, K314, and
K315, which are modified by various methylation associated enzymes (35, 166, 172, 173,
175). K37, K218 and K221 are located on the Rel homology domain (RHD) of the RelA
protein, which is functionally important for protein dimerization, inhibition of NF-kB-1xB
interaction, and also nuclear localisation and DNA binding (176) whereas, K310, K314, and
K315 sites are found at the linker region between RHD and TAD (Figure 1.10). It has been
shown in various studies that under different experimental conditions, RelA lysine methylation
can regulate NF-xB nuclear translocation, transcriptional activity and NF-xB target gene
expression.

Importantly, it has been discovered that following the methylation of RelA on K218/
K221 sites by the lysine methylase, the nuclear receptor-binding SET domain-containing

protein 1 (NSD1), RelA can be demethylated by the lysine demethylase, KDM2A (35, 170).
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While methylation of RelA at these sites was shown to increase the NF-xB transcriptional
activity, their demethylation downregulated NF-kB activity. Particularly, Lu and colleagues
discovered that about 80% of the RelA induced genes are downregulated by either K218/ K221
sites’ alteration or KDM2A overexpression in mouse embryonic fibroblast cells (MEFs) (35).
These findings indicated that RelA methylation is reversible and has an important role in
regulating NF-xB transcriptional response. Also, Zhang and colleagues have shown that
following TNF-a stimulation, RelA methylation at the K218/ K221 sites is necessary for the
interaction of plant homeodomain finger protein 20 (PHF20) with RelA, which is shown to
promote NF-«B transcriptional activity (177). In this study, methylation-dependent interaction
of PHF20 with RelA interrupted the recruitment of protein phosphatase 2 (PP2A) to RelA, and

thus maintained a persistent phosphorylation of RelA protein.

PRMTS5 KDM2A
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Figure 1.10. A schematic diagram of RelA and its methylation sites. Figure shows the location of
the methylation sites on NF-kB RelA structure, and the methylation associated enzymes for each site.
Rel homology domain (RHD, amino acids 19-301), the linker region (amino acids 302-427) and the
transactivation domain (TAD, amino acids 428-551). Blue circles represent the methylation
modifications on either Lysine (K) or Arginine (R) residues of NF-kB RelA. R30 and K221 are
dimethylated, rest of the sites are monomethylated. Methyltransferases PRMT1 and PRMT5 methylate
the R30 site; SET9 methylates K37, K314 and K315 sites; SETD6 methylates K310 site; and NSD1
methylates K218 and K221 sites, which both can be demethylated by KDM2A. (Adapted from (175))

Furthermore, the RelA protein was shown to be mono-methylated by Set-domain
containing protein 9 (SET9) at K37 in response to IL-1p and TNF-a stimulations (172). SET9
mediated methylation of RelA increases its DNA binding ability and is necessary for NF-xB
target genes expression (172). On the other hand, Yang and colleagues identified that SET9-

mediated mono-methylation of RelA at K314 and K315 sites inhibits NF-xB by promoting

26



proteasomal degradation of RelA (173). Overall, these studies suggest that the methylated
lysine sites can function as positive or negative regulators, depending on the modified lysine

residues.

1.5.  Aims and objectives

It has been described that hypoxia induces changes to histone methylation and controls
chromatin through the deregulation of oxygen-sensitive histone lysine demethylases. Also, it
is known that hypoxia promotes NF-xB-mediated transcriptional response. However, the link
between the role of hypoxia-induced histone methylation and the NF-xB transcriptional
response has not been established. This project aimed to determine the effect of hypoxia on
NF-kB transcriptional response at the chromatin level by investigating the active histone
marks, H3K4me3 and H3K36me3, as well as their associated demethylases, KDM5A and
KDM4A/ B/ C and KDM2A, respectively.

Although multiple lysine methylation sites were identified on RelA protein, so far, no
information has been reported about other NF-kB subunits. Also, only two of the RelA
methylation sites were linked with demethylation function via a KDM. This project aimed to
investigate the functional significance of specific lysine residues in other NF-xB subunits. In
addition, it was hypothesised that methylated NF-kB lysine sites could potentially be
demethylated by KDMs. Thus, association of KDMs with NF-xB proteins was aimed to be
determined.

Hypoxia stimulates both cell type-specific genes, as well as a group of genes that are
common to most cell types. However, if this is also true for the hypoxia inducible NF-xB
target gene signature in different cell types is unknown. Therefore, this project aimed to
elucidate if hypoxia induced NF-«xB targets are shared or cell specific, using a bioinformatic

approach.
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2.1.

Cell Culture
2.1.1. Cell lines and Growth Conditions

Human cervical carcinoma HeLa, human lung carcinoma A549, human osteosarcoma
U20S, and human embryonic kidney HEK293 cells were obtained from the American Type
Culture Collection (ATCC). All cells were maintained at 5% CO; and 37°C in Dulbecco’s
modified Eagle’s medium (DMEM, Lonza) supplemented with 10% v/v foetal bovine serum
(FBS, Invitrogen), 1% penicillin-streptomycin (Lonza), and 1% L-glutamine (Lonza). Cells
were cultured not more than 30 passages. All cell lines were routinely tested for mycoplasma
contamination using MycoAlert kit (Lonza).

Hypoxia response element (HRE) luciferase stable cell lines were previously created
in the lab via co-transfection of an HRE-luciferase reporter vector (gift from Prof. G. Melillo,
National Institute of Health, USA) with a puromycin resistance construct (103). HeLa-xB
luciferase cells, containing an integrated copy of the kB ConA luciferase reporter plasmid, and
are described in (178), were kindly gifted by Prof. Ron Hay (School of Life Sciences,
University of Dundee, UK). U20S-kB and A549-xB luciferase cells were previously
generated in the lab, by transfecting with NF-xB-reporter construct gGL4.32[luc2P/NF-xB-

RE/Hygro], selecting the individual clones based on their response to TNF-o.. Selected cells

were then maintained with 150 pug/ml Hygromycin B (Roche) (179).

2.2.  Cell Transfection
2.2.1. siRNA Transfection

Small interfering RNA oligonucleotides were purchased from Eurofins Genomics and
used in a final concentration of 27 nM. siRNA transfections in all cell lines were performed
using interferin (polyplus) according to manufacturer’s instructions. For experiments
performed using 35 mm plates, cells were seeded at a density of 1.5x10%in a 2 ml media, 24
hours prior to media change and transfection. Cells were then incubated and harvested 48
hours post-transfection. Oligonucleotide sequences used for siRNA knockdown are shown in

Table 2.1.
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Table 2.1. List of oligonucleotide sequences used for siRNA-mediated knockdown

siRNA Sequence 5’ > 3’

Control CAGUCGCGUUUGCGACUGGTT
KDM2A GUGCAGAAGUACUGUCUAA
KDM4A 1 GAGUUAUCAACUCAAGAUATT
KDM4A 2 UUGAAGAGCUCGAGCGGAA

KDM4B _1 CGGCCACAUUACCCUCCAATT
KDM4B_2 GACCUGUACAGCAUCAACUTT

KDM4C GGCGCCAAGUGAUGAAGAATT
KDMS5A_1 GAAGAAUUCUAGCCAUACATT
KDMS5A_2 GGAAAUACCCAGAGAAUGATT

RelA/p65_1 GCCCUAUCCCUUUACGUCA

RelA/p65_2 GCUGAUGUGCACCGACAAG
IKK-a GCAGGCUCUUUCAGGGACATT
Nemo ACAGGAGGUGAUCGAUAAG

2.2.2. DNA Transfection

DNA plasmid overexpression in HEK293 cells were performed using the calcium
phosphate transfection method. 24 hours prior to the transfection, cells were seeded at a density
of 1.5x10%into 35 mm plates containing 2 ml media. Transfection complex was prepared by
adding 1 ug DNA into 194.4 uL 2 M CaCly, that was prepared using distilled sterile water.
Also, 200 uL 2X HBS (0.137 M NaCl, 0.75 M Na;HPO4, 20 mM HEPES pH 7.0) was added
to the mixture before evenly pipetting onto the cells. Cells were kept in an incubator and their
media was changed after 24 hours. Then cells were harvested 48 hours post-transfection.

DNA plasmid overexpression in rest of the cell lines was performed using Turbofect
(ThermoFisher Scientific) according to manufacturer’s instructions. 35 mm plates were seeded
with 1.5x10° cells in a 2 ml media, 24 hours prior to DNA transfection. Cell media was
changed after 24 hours, and cells were harvested 48 hours post-transfection. Plasmids used in

this study are listed in Table 2.2.
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2.3.

Table 2.2. List of plasmids used in this project

Name Plasmid vector/ tag Source (catalogue #)
Control pcDNA3.1/ HA-Flag Addgene (52535)
Control pEBB/ HA a kind gift from Dr Niall Kenneth,

cRel PEBB/ HA-cRel University of Liverpool, UK

RelB pEBB/ HA-RelB

RelA pcDNAB3.1/cFlag-Rel A Addgene (20012)
KDM5A  pcDNA3.1/ HA-FLAG-RBP2 Addgene (14800)
KDM4A pCMV/ HA-JMJID2A Addgene (24180)
KDM4B pCMV/ HA-JMJD2B Addgene (24181)

Mutagenesis

The rel homology domain mutants of the NF-kB subunits were generated by site
directed mutagenesis using KOD hot start DNA polymerase kit (Millipore) on an Agilent
SureCycler 8800 thermocycler polymerase chain reaction (PCR) machine. Each reaction tube
contained 50 pl total reaction volume (100 ng template DNA, 5 ul 10x KOD buffer, 2 ul
M@SQOy4, 5 Wl ANTPs mix, 2 ul DMSO, 33 pl ddH20, 2 ul primer mix including 10 uM forward
and 10 uM reverse primers, and 1 ul KOD polymerase). Primers used in each reaction is
summarised in Table 2.3. PCR cycling conditions used for all reactions are as follow; step 1,
95°C for 2 minutes, step 2, 95°C for 30 seconds, step 3, 50,52 and 55°C for 30 seconds, step
4, 70°C for 6 minutes (steps 2-4 were repeated 20 cycles), and step 5, 70°C for 10 minutes.
Following the PCR reactions, 2 ul of Dpnl (New England Biolabs) was added to each PCR
reaction tube and samples were incubated at 37°C for 2 hours on a heating block. 2 ul of 6x
DNA loading dye (New England Biolabs) was added to 10 ul of each PCR sample and ran on
a 1% agarose TAE (40 mM Tris, 20 mM acetic acid and 1 mM EDTA) gel containing 1:2000
diluted SYBR safe (ThermoFisher Scientific) at 110 v for 1 hour. The DNA band was then
purified using DNA gel extraction kit (Qiagen, QIAquick Gel Extraction Kit #28704)
following manufacturer’s instructions with DNA eluted in a final volume of 20 pL.

Alternatively, bacterial transformation and DNA extraction protocol was followed as
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2.4.

described in the next section (see section 2.4.). Plasmids were sequenced using Eurofins

TubeSeq service to confirm mutations.

Table 2.3. Rel homology domain loss of function mutant primers of NF-kB subunits

Primer Mutation s s s s
Name Point Sequence 5° > 3’ (Forward) Sequence 3° > 5’ (Reverse)
K218A AGATCTTCCTACTGTGTGACGC CAATGTCCTCTTTCTGCACCGC
GGTGCAGAAAGAGGACATTG GTCACACAGTAGGAAGATCT
RelA K221A TACTGTGTGACAAGGTGCAGG AATACACCTCAATGTCCTCTGC
CAGAGGACATTGAGGTGTATT CTGCACCTTGTCACACAGTA
Double TACTGTGTGACGCGGTGCAGG AAATACACCTCAATGTCCTCTG
CAGAGGACATTGAGGTGTATTT  CCTGCACCGCGTCACACAGTA
K210-A ATGAAATATTTCTACTTTGTGA  TGTCATCTTTCTGAACTGCGTC
CGCAGTTCAGAAAGATGACA ACAAAGTAGAAATATTTCAT
Rel K213A TACTTTGTGACAAAGTTCAGGC AACGAACTTCTATGTCATCTGC
AGATGACATAGAAGTTCGTT CTGAACTTTGTCACAAAGTA
Double TACTTTGTGACGCAGTTCAGGC AAACGAACTTCTATGTCATCTG
AGATGACATAGAAGTTCGTTT CCTGAACTGCGTCACAAAGTA
K327A AGCTCTACTTGCTCTGCGACGC ATATGTCCTCTTTCTGCACCGC
GGTGCAGAAAGAGGACATAT GTCGCAGAGCAAGTAGAGCT
RelB K330A TGCTCTGCGACAAGGTGCAGG  ACACCACTGATATGTCCTCTGC
CAGAGGACATATCAGTGGTGT CTGCACCTTGTCGCAGAGCA
Double TGCTCTGCGACGCGGTGCAGG AACACCACTGATATGTCCTCTG

CAGAGGACATATCAGTGGTGTT

CCTGCACCGCGTCGCAGAGCA

Competent Cell Preparation and Plasmid Transformation

Escherichia coli strain DH5a was used as the chemically competent bacterial cells to
transform and grow the plasmid constructs. DH5a. cells were propagated using a protocol
adapted from (180). Cells were streaked onto an LB agar (Formedium) plate and incubated
overnight on a shaking incubator at 37°C and 240 rpm. The next day, a colony was picked and
inoculated 25 mL LB broth (Formedium) in a 250 mL flask. Bacteria was grown until it was
reached to ODO.6, which was measured using a spectrophotometer. After bacterial culture was
reached to the desired OD level, flask was incubated at 4°C for 2 hours. Culture was then
transferred to a 50 mL tube and centrifuged at 5000 rpm at 4°C for 10 minutes. Pellet was
resuspended using 10 mL ice-cold RF1 buffer (100 mM RbCI, 30 mM Potassium acetate, 10
mM CaCl,.2H,0, 50 mM MnCl,.4H,0, 15% v/v Glycerol, solution was adjusted to pH 5.8)
and incubated on ice for 5 minutes. Cells were then centrifuged at 5000 rpm at 4°C for 10

minutes. Pellet was resuspended using 1 mL ice-cold RF2 buffer (10 mM MOPS, 75 mM
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CaCl2.2H,0, 10 mM RbCI 15% v/v Glycerol, solution was adjusted to pH 6.8) and incubated
on ice for 15 minutes before aliquoting to store at a -80°C freezer.

For each transformation, 10-50 ng of purified plasmid DNA was added to 25 pL of
the competent cells and incubated on ice for 30 minutes, followed by heat shock at 42°C on a
heating block for 90 seconds and incubation on ice for 90 seconds. Then, 200 uL LB broth
(Formedium) was added and cells were incubated for 1 hour at 37°C in a shaking incubator.
Cells were then plated on LB agar (Formedium) plate containing appropriate antibiotics and

incubated at 37°C overnight to allow bacterial colony formation.

2.5. Plasmid DNA lIsolation

For isolating plasmid DNA up to 20 ug, a single colony was inoculated in 5 mL of LB
broth containing the appropriate selection antibiotic and incubated overnight at 37°C in a
shaking incubator. The DNA was isolated using Qiagen miniprep kit (Qiagen, QIAprep Spin
Miniprep Kit #27104) following manufacturer’s instructions. For isolating plasmid DNA up
to 1 mg, a single bacterial colony was inoculated into a 5 mL of LB broth containing the
appropriate selection antibiotic. The culture was grown for 8 to 10 hours at 37°C in a shaking
incubator before getting transferred to 250 mL of TB broth (Formedium) containing the
required selection antibiotic in a 2 L conical flask. The culture was incubated overnight at
37°C in a shaking incubator. Plasmid DNA was then extracted from the bacterial culture with
a maxiprep kit (ThermoFisher Scientific, PureLink HQ Mini Plasmid DNA Purification Kit

#K210001) following manufacturer’s instructions.

2.6.  Cell Treatments

For stimulating the inflammatory response, human recombinant TNF-a (Peprotech)
was dissolved in sterile PBS and added to the cells at a final concentration of 10 ng/mL.
Hypoxia treatments were performed in an InVivo300 hypoxia workstation (Ruskin, UK) at
1% O, 5% CO; and 37°C. For hypoxia mimetic conditions, cells were treated with

desferroxamine mesylate (DFX, Sigma) at the final concentration of 200 M.
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2.7.

2.8.

Luciferase assay

Cell lines stably transfected with a luciferase reporter gene (kB or HRE luciferase
reporter) were seeded in 35 mm plates at a density of 2x10° cells in a 2 ml media and
transfected with appropriate siRNA or DNA plasmid, according to procedures previously
described in the previous section (see section 2.2.). Then, cells were stimulated with TNF-a,
or hypoxia as described in the previous section (see section 2.5.). Cells were then harvested
with 400 pL of Passive Lysis Buffer (Promega) and kept in -20°C freezer until frozen. After
the freeze-thaw cycle, luciferase activity was measured according to the manufacturer’s

instructions, and normalised to protein concentration determined by Bradford assay (Bio-Rad).

RNA extraction and Real Time quantitative PCR analysis
Total RNA from cells was extracted using peqGOLD total RNA kit (VWR Life
Sciences) according to manufacturer’s instructions. RNA was converted to cDNA using iscript
reverse transcription kit (Bio-Rad). iQ sybr green supermix (Bio-Rad) or power-track sybr
green master mix (Applied Biosystems) was used to analyse cDNA samples on the Mx3005P
gPCR platform with MX3005P 96-well plates (Stratagene/Agilent). Actin or 18S was used as
a normalising gene. RT-gPCR results were analysed by the AACt method. Primers used for

the gene expression analysis are listed in Table 2.4.
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Table 2.4. List of primers used for RT-qPCR

Gene Sequence 5° > 3’ (Forward) Sequence 3> - 5° (Reverse)
Actin CTGGGAGTGGGTGGAGGC TCAACTGGTCTCAAGTCAGTG
18S AAACGGCTACCACATCCAAG CGCTCCCAAGATCCAACTAC
RelA CTGCCGGGATGGCTTCTAT CCGCTTCTTCACACACTGGAT
BHLHE40 GGGAAGTCACGAAGGATTG CAGCTGATGTGTATCGAAGG
FTH1 AGTGCCGTTGTTCAGTTC AGACAGCCACACCTTAGT
DUSP1 GCTCCTTGAGAGGAGAAATG GACGCTAAGTCATCACCATAA
MARCKS CTTCCTCTGCCTTGTTTCTC CCCACCCATCTCCTTCATA
EDN1 GACTGGGAGTGGGTTTCTCC TCTCTGCTGTTTGTGGCTTG
KDMé6B TTCGAGAGTCCTACCTTTCC AGATAGATGCTGGGTGTAGG
JUN AAGAACTCGGACCTCCTC CGTTGCTGGACTGGATTAT
MAFF GAGGTGACACGGCTCAA GCTCCGACTTCTGCTTCT
IKK-a GCAGAAGTCATATTTAGGATGTG GCAGAGAGGAGGACCTGTTG
Nemo CTGGCTTGGAAATGCAGAAG CTGCCTGGAGGAGAATCAAG
Ca9 CTTTGCCAGAGTTGACGAGG CAGCAACTGCTCATAGGCAC
KDMS5A/ JARID1A GAGCTGTGTTCCTCTTCCTAAA CCTTCGAGACCGCATACAAA
KDM4A/ JMJD2A TGTGCTGTGCTCCTGTAG GTCTCCTTCCTCTCCATCC
KDM4B/ JMJD2B GGGGAGGAAGATGTGAGTGA GACGGCTTTTGGAGGGTAAT
KDM4C/ JMJD2A CGAGGTGGAAAGTCCTCTGAA GGGCTCCTTTAGACTCCATGTAT
KDM2A/ JHDMI1A CAGGAGGCCGGGCTCTCAGT CGGGTCTGGGACTCCTGGGG

2.9. Protein Lysis

Before collecting cell lysates, cell media was removed, cells were washed with PBS
(Life Technologies) and then cells in 35 mm plates were harvested using 100 uL RIPA lysis
buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1% v/v NP-40, 0.25% w/v Sodium
deoxycholate, 0.1% w/v SDS, 10 mM NaF, 2 mM NasVO,, and 1 Pierce protease inhibitor
tablet (ThermoFisher Scientific) per 10 mL of lysis buffer). Cells containing the lysis buffer
scraped into 1.5 mL Eppendorf tubes and incubated on ice for 10 minutes to complete the lysis
process before spinning them down in a centrifuge for 15 minutes at 13,000 rpm at 4°C. The
supernatant was collected and stored at -80°C. Cells treated with hypoxia were harvested in

the hypoxia chamber to prevent reoxygenation. Protein concentration of cell lysates were

determined using Bradford assay (BioRad).
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2.10.  Western Blotting

Unless stated, 20 pg of protein was prepared in 2x SDS loading buffer (100 mM Tris-
HCI pH 6.8, 20% v/v glycerol, 4% w/v SDS, 200 mM DTT and Bromophenol Blue), and
incubated for 5 minutes at 95°C before loading into previously prepared SDS-page gel (Tris-
HCL poly-acrylamide gel). The gel was run at 80-120 volts in running buffer (25 mM Tris,
0.195 M glycine and 0.1% wi/v SDS) for 2 hours and then transferred with a semi-dry transfer
(BioRad) on a PVDF membrane (Millipore) for 2 hours at 15 volts/ 0.8 mA in transfer buffer
(50 mM Tris, 40 mM glycine, 0.001% SDS and 10% methanol). The membrane was then
blocked with 10% milk in TBS-tween buffer (20 mM Tris pH 7.6, 150 mM sodium chloride
and 0.1% v/v Tween) for 10 minutes, followed by three 5 minutes washes with TBS-tween
buffer. Membranes were incubated with primary antibodies diluted in an antibody dilution
buffer (2% w/v BSA and 0.5% w/v sodium azide in TBS-tween buffer) for between 30 minutes
to 1 hour at room temperature or overnight at 4°C. After three 5 minutes washes with TBS-
tween buffer the membranes were incubated with the appropriate secondary HRP antibody
diluted with 5% wi/v milk in TBS-tween buffer for 30 minutes to 2 hours. After three 5 minutes
washes with TBS-tween buffer the membranes were developed using ECL solution (Pierce).
Primary and secondary antibodies used in this study are shown in Table 2.5 and Table 2.6,

respectively.
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Table 2.5. Primary antibodies used for Western Blots and relative information

Antibody Manufacturer (catalogue #) Species Dilution
B-Actin Proteintech (66009-1-1g) Mouse 1:10000
RelA Santa Cruz (sc-372) Rabbit 1:2000
RelA Santa Cruz (sc-8008) Mouse 1:2000
cRel Cell Signalling (4727) Rabbit 1:1000
RelB Cell Signalling (10544) Rabbit 1:1000
p52/p100 Millipore (05-361) Mouse 1:4000
c-IAP1 Cell Signalling (7065) Rabbit 1:1000
BHLHE40 Proteintech (17895-1-AP) Rabbit 1:1000
Claspin Cell Signalling (2800) Rabbit 1:1000
Cyclin D1 Cell Signalling (2978) Rabbit 1:1000
KDMSA/ JARID1A Cell Signalling (3876) Rabbit 1:1000
KDM4A/ JMID2A Cell Signalling (53288S) Rabbit 1:1000
KDM4B/ JMJD2B Cell Signalling (86398S) Rabbit 1:1000
KDM4C/ JMJID2C Thermo Fisher (703380) Rabbit 1:1000
KDM2A/ JHDM1A Bethyl (A301-475A) Rabbit 1:1000
CA9 Cell Signalling (5649) Rabbit 1:1000
Mono-methyl Lysine Cell Signalling (14679) Rabbit 1:1000
Di-methyl Lysine Cell Signalling (14117) Rabbit 1:1000
Tri-methyl Lysine Cell Signalling (14680) Rabbit 1:1000

Table 2.6. List of secondary HRP antibodies and relative information

Antibody Manufacturer (catalogue #)  Dilution
Anti-mouse IgG, HRP-linked Cell Signalling (7076) 1:2000
Anti-rabbit IgG, HRP-linked Cell Signalling (7074) 1:2000

2.11. Immunoprecipitation

Unless stated, 500 pg of protein from RIPA cell lysates were diluted with the same
amount of Buffer D (20 mM Hepes pH 7.9, 1 mM DTT, 0.1% v/v NP-40, 20% v/v glycerol, 1
mM PMSF, 5 mM NaF, 500 uM Na3zVO,4, and 1 Pierce Protease Inhibitor Mini Tablet
(ThermoFisher Scientific) per 10 mL of buffer). Samples were then incubated overnight on a
rotating wheel at 4°C with the addition of IP or 1gG antibodies with dilutions shown in Table
2.7. Immune complexes were captured by incubating the samples on a rotating wheel at 4°C
for 2 hours with 20 uL Protein G-Sepharose beads (Generon). Precipitates were washed once

with PBS containing 0.05% Tween and twice with PBS only. 20 pL 2X loading buffer was

37



added to the beads and the spared 10% input sample, which were then heated for 5 minutes at

95°C heat block and analysed by Western Blotting (see section 2.9.).

Table 2.7. List of primary IP antibodies and relative information

Antibody Manufacturer (catalogue #) Species Amount
NF-kB p50 Millipore (06-886-I) Rabbit 2ug
RelA Santa cruz (sc-372) Rabbit 2ug
Anti-rabbit IgG Sigma (I15006) Rabbit 2pg

2.12.  Immunofluorescence

Cells were seeded at a density of 1.5x10° onto 19 mm sterilised glass coverslips
(VWR) placed into 35 mm plates. After 24 hours, cells were transfected as explained in the
previous section (see section 2.2.). Cell media was removed, and cells were washed with PBS
(Life Technologies). Cells were then fixed onto coverslips and cell membrane was
permeabilized by incubating them with 100% ice cold methanol at -20°C for 5 minutes. Cells
were washed with PBS for 5 minutes then placed inside a humidified chamber and blocked
with 120 pL blocking agent (1% v/v donkey serum (Sigma-Aldrich) diluted with PBS
containing 0.05% v/v Tween (Sigma-Aldrich)) for 30 minutes at room temperature. Cells were
washed with PBS for 5 minutes then placed inside a humidified chamber and incubated
overnight at 4°C with the primary antibody diluted with 120 uL blocking agent. Cells were
washed once with PBS containing 0.05% v/v Tween for 5 minutes then washed three times
with PBS for 5 minutes. Cells were then placed inside a humidified chamber and incubated
for 2 hours at room temperature with the secondary antibody diluted with 120 pL blocking
agent. Afterwards, washing steps were repeated, cells were placed inside a humidified
chamber and incubated for 2 minutes with Hoescht nuclear stain (invitrogen) diluted to
1:15,000 in 120 pL of distilled water. Cells were washed with water and coverslips were
mounted on microscope slides (VWR) using Vectashield mounting medium (Vector
Laboratories) and sealed with nail varnish. Images were acquired using an Epifluorescence

microscope (Zeiss Axio Observer Z.1). Quantification of the antibody signal per cell and
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representative image production was performed using OMERO open microscopy environment

(181). Antibodies used in this study are listed in Table 2.8.

Table 2.8. List of IF antibodies and relative information

Antibody Manufacturer (catalogue #) Species Dilution
H3K36me3 Abcam (9050) Rabbit 1:250
Anti-rabbit Alexa flour 488 Cell Signalling (4412) Rabbit 1:500

2.13. Chromatin Immunoprecipitation for g°PCR

Chromatin Immunoprecipitation (ChIP) was performed based on the protocol adapted
from (182). HeLa cells were seeded on 150 mm plates at a density of about 2.5x10%in a final
volume of 16 mL media and grown to 80-90% confluency. After hypoxia stimulation or
siRNA transfection as described in previous sections (see sections 2.2. and 2.5.), proteins were
crosslinked to chromatin by adding 1% v/v formaldehyde for 10 minutes inside the incubator
or hypoxia chamber. To quench the cross-linking, glycine was added at a final concentration
of 0.125 M for 5 minutes. Cells were then washed two times with cold PBS, harvested with
450 puL ChlIP lysis buffer (1% w/v SDS, 10 mM EDTA, 50 mM Tris-HCI pH 8.1, 1 protease
inhibitor tablet) and incubated on ice for 10 minutes to complete the lysis process. Samples
were then sonicated at 4°C, twenty times for 15 seconds with 30 seconds gap between each
sonication cycle at 50% amplitude using Sonics Vibra Cell #VCX130 sonicator. Samples were
centrifuged at 12,000 rpm for 10 minutes at 4°C and supernatant containing the sheared
chromatin was transferred into a new tube to be used for rest of the experiment. 10 puL of each
sample was reserved as the input and stored at -20°C until they were processed later steps.
Samples were split into 100 pL aliquots, one for each IP that is intended to run, and diluted
10-fold with dilution buffer (1% v/v Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-
HCI pH 8.1). Diluted samples were pre-cleared using 2 pg sheared salmon sperm DNA and
20 pL protein G-Sepharose slurry (Generon) on a rotating wheel at 4°C for 2 hours. After the
pre-clearing, samples were centrifuged at 1000 rpm for 1 minute and supernatants were

transferred into new Eppendorf tubes. Immunoprecipitation was performed by incubating the
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samples overnight on a rotating wheel at 4°C with 0.1% v/v Brij-35 (ThermoFisher Scientific)
and antibodies with manufacturer’s recommended concentrations (see Table 2.9). Immune
complexes were captured by incubating the samples with 2 ug sheared salmon sperm DNA
and 30 pL protein G-Sepharose slurry on a rotating wheel at 4°C for 1 hour. Captured
complexes were washed on a rotating wheel at 4°C for 5 minutes once with each of the
following solutions; wash buffer 1 (0.1% w/v SDS, 1% v/v Triton X-100, 2 mM EDTA, 20
mM Tri-HCI pH 8.1, 150 mM NacCl), wash buffer 2 (0.1% w/v SDS, 1% v/v Triton X-100, 2
mM EDTA, 20 mM Tris-HCI pH 8.1, 500 mM NacCl), wash buffer 3 (0.25 M LiCl, 1% v/v
NP-40, 1% w/v sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCI pH 8.1) and twice with
TE buffer (10 mM Tris-HCI pH 8.1, 1 mM EDTA). After every wash step, samples were
centrifuged at 1000 rpm and supernatant was discarded using an aspirator. The complex was
eluted by incubating the beads for 1 hour on a rocker at room temperature with 100 puL elution
buffer (1% w/v SDS, 0.1 M NaHCOs). Elutes were centrifuged at 1000 rpm at room
temperature and transferred into new Eppendorf tubes. All samples, including the input were
reverse crosslinked by incubating them with 0.2 M NaCl overnight on a thermomixer at 65°C
and 500 rpm. Proteins were digested by incubating the samples with 20 pg proteinase K, 40
mM Tris-HCI pH 6.5, 10 mM EDTA pH 8 for 1 hour on a thermomixer at 45°C and 500 rpm.
DNA was purified using QIAquick PCR purification kit (Qiagen) following manufacturer’s
instructions, eluting the samples in 40 pL volume. 3 uL. DNA was used for qRT-PCR analysis
with primers specifically designed on promoter regions of interest (see Table 2.10). Data

obtained was normalised to the input sample.
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Table 2.9. List of ChIP antibodies and relative information

Antibody Manufacturer (catalogue #)  Species Amount per 1 mL ChIP (og)
H3K36me3 Active motif (61101) Rabbit 10
H3K36me3 Cell Signalling (4909) Rabbit 3.06
H3K4me3 Active motif (39915) Rabbit 3
H3K4me3 Cell Signalling (9751) Rabbit 2.73
Anti-rabbit IgG Sigma (15006) Rabbit Same amount as the corresponding

ChIP antibody

Table 2.10. List of primers used for RT-gPCR on ChIP samples

Enriched , , s s
Gene methylation site Sequence 5° 2> 3’ (For) Sequence 3° 2> 5’ (Rev)
MARCKS CAGAAGCACATGAAGTT TATCACAGCTTGGTTGAGTT
TGC TA
BHLHE40 CCTGATTGCTGATCGTG GCTTTACAAATAAAGGCAAC
TTT GA
FTH1 H3K36me3 CTCTCACACACACACAC CCTTTCACAAACACTTGACT
AA AC
GGGACATCGAATCAAAT
DUSP1 TCATATT ACTAAGCCCAACCTCTGT
EDN1 GGAAGTC;\TAGE NEACAG GTGAGGGATTGGCAAGAAA
KDM6B CCTCATCC.?;AGTCCTTC CTACTTTCACGGTCACATCC
JUN H3K4me3 GGACTCCGACGACTTGT  ACCGGTTGTTGAACTTGG
DUSP1 AGTTATTS.?'CA ;TTCTCCT CCATTACGACCTCTCCCA
MARCKS ATGTATTgﬁg g CEBRARA AACGCCCTTTGGAAGAAG

2.14. CUT&RUN

To perform the CUT&RUN experiments, cells were seeded to 35 mm plates at a
density of 1.5x10° cells in 2 mL media and after 24 hours they were stimulated with TNF-a,
or hypoxia as described in the previous section (see section 2.5.). The CUT&RUN assay was
performed according to manufacturer’s instructions (CUT&RUN Assay Kit, Cell Signalling
#86652). To ensure each reaction tube contains 100,000 cells in 100 pL cell solution, cells
were counted using a haemocytometer (Hawksley) and harvested with appropriate amount of
1X wash buffer (kit provided). Hypoxia treated cells were crosslinked for 2 minutes using
0.1% formaldehyde and crosslinking reaction was stopped by incubating the cells for 5
minutes with 0.125 M glycine. After the wash steps described in the kit protocol, cells were

harvested with appropriate amount of 1X wash buffer. Formaldehyde fixed cells and the input
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sample were sonicated to fragment the chromatin at 4°C using the same sonicator set-up
described in the previous section (see section 2.12.). DNA was purified from input and
enriched chromatin samples using the QIAquick PCR purification kit (Qiagen) following
manufacturer’s instructions, eluting the samples in 40 uL volume. 3 uLL DNA was used for the
gPCR analysis with RPL30 positive control primers provided by the kit or negative control
primers and primers specifically designed on promoter regions of interest (Table 2.12). Data
obtained was normalised to the input sample. Antibodies used in this study are listed in Table

2.11.

Table 2.11. List of CUT&RUN antibodies and relative information

Antibody Manufacturer (catalogue #) Species Dilution

H3K4me3 Cell Signalling (9751) Rabbit 0.546 ug in 100 uL CUT&RUN
NF-xB p65 Active motif (39369) Rabbit 1 pgin 100 uL CUT&RUN
NF-xB p65 Cell Signalling (8242) Rabbit 1 pgin 100 uL CUT&RUN

Same amount as the corresponding

Anti-rabbit IgG Cell Signalling (66362) Rabbit CUT&RUN IP antibody

Table 2.12. List of CUT&RUN primers and relative information

Gene Sequence 5° 2 3’ (Forward) Sequence 3’ 2 5° (Reverse)
IL8 «B AAGAAAACTTTCGTCATACTCCG  TGGCTTTTTATATCATCACCCTAC
IL8-kB Negati
Con t:f: Y ATCATGGGTCCTCAGAGGTCAGAC GGTGGGAGGTGTTATG
RPL30 Kit provided Kit provided

Gene Desert GGCTAATCCTCTATGGGAGTCTGTC CCAGGTGCTCAAGGTCAACATC

2.15. ChlIP-sequencing data analysis
HeLa ChlP-sequencing datasets for control (21% Oxygen) and 1 hour hypoxia (1%
Oxygen) H3K4me3 and H3K36me3 were obtained from Michael Batie (100) (GSE120339).
HeLa ChiIP-sequencing control and 6 hours hypoxia datasets (86) (GSE159128) were
downloaded from NCBI Gene Expression Omnibus (183) and processed by Michael Batie.
Coverage tracks displaying H3K4me3 and H3K36me3 bindings were produced using
Integrative Genomics Viewer, IGV (184). Hallmark gene set association analysis was

performed using WEB-based Gene SeT AnalLysis Toolkit (WebGestalt) (185) in over-
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representation analysis mode with the Molecular Signatures Database (MSigDB) hallmark
gene sets (186, 187). NF-xB target genes were downloaded from the Gilmore lab website

(https://www.bu.edu/nf-kb/gene-resources/target-genes/) and hallmark NF-xB target genes

were downloaded from MSigDB. HeLa 24-hours hypoxia upregulated genes determined by
RNA-sequencing were downloaded from (98). Overlapping of gene lists and production of
gene overlap Venn diagrams were done using InteractiVenn (188). Gene ontology association
analysis was performed using WebGestalt in over-representation analysis mode with FDR <
0.05 (185, 189). The topmost significant terms in the molecular process ontology were selected

to show the functional characteristics of the given set of genes.

2.16. RNA-sequencing data analysis
RNA-sequencing reads were downloaded from NCBI Sequence Read Archive (SRA)

using the SRA toolkit (https://hpc.nih.gov/apps/sratoolkit.html). Sequencing reads were

aligned to the human genome assembly version GRCh38 provided by Ensembl using the
STAR sequence aligner (190) to generate coordinate-sorted binary alignment map (bam) files.
Read counts for each gene from Ensembl GRCh38 gene annotations were calculated using the
featureCounts function of Subread (191). Differential expression analysis was performed
using R Bioconductor package DESeq2 (192) with filtering for effect size (> 0.58 log2 fold
change) and statistical significance (FDR <0.05) to identify significantly differentially
expressed genes (DEGs). Sample to sample distance comparison heatmaps using rlog
transformed read count data were generated using R Bioconductor packages DESeq2 and
pheatmap. Volcano plots for display of differential expression analysis were generated using
R Bioconductor package EnhancedVolcano. NF-kB target genes were downloaded from the

Gilmore laboratory website (https://www.bu.edu/nf-kb/gene-resources/target-genes/) and

converted to Ensembl gene annotation format using R Bioconductor package biomaRt (193).
Core hypoxia upregulated genes were downloaded from hypoxia transcriptomics meta-
analysis (91) and converted to Ensembl gene annotation format using R Bioconductor package

biomaRt. Geneset enrichment analysis (GSEA) (186) was performed using WebGestalt (185).
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Statistical significance of gene list overlaps between hypoxia upregulated genes and NF-xB
target genes were calculated using the Fisher's exact test from the newGeneOverlap function

of R Bioconductor package GeneOverlap.

2.17. Statistical analysis

Statistical ~ significance for qPCR, ChIP-gPCR, Iluciferase assay and
immunofluorescence microscopy analysis were determined via Student's t-test using Microsoft
Excel, comparing two different conditions. Statistical significance of gene overlaps in Venn
diagrams were determined via hypergeometric test using an online tool

(https://flaski.app/venndiagram/). For all other statistical analysis, default settings of the

particular analysis tool were used. In all statistical analysis p-values * = p<0.050; ** = p<0.010

and *** = p<0.001.
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3.1 Introduction

Histone methylation, which usually occurs at the lysine (K) residues of N-terminal
histone H3 and H4 tails by adding methyl (CHs) groups, is one of the most important post-
translational modifications (PTMSs) (194). The lysine residues of the histones can be mono-,
di-, and tri-methylated (mel, me2, and me3, respectively), which leads into activation or
repression of gene expressions. Beyond regulating transcriptional responses, histone
methylation also involves in other functions, such as DNA replication (195) and DNA repair
(196).

Depending on the degree of methylation and the location of the methylated amino acid
residue, different molecular functions can be regulated. In general, H3K4 is considered as an
activating methylation mark as it occupies the actively transcribed gene regions in chromatin.
These methylation marks are highly enriched at enhancer and promoter regions, as well as
transcription start sites (TSS). Specifically, H3K4me3 has been associated with active
transcription or with genes that are poised for activation (197, 198).

Histone methylation can be reversed by a group of enzymes called histone
demethylases (HDMSs). Among two different classes of HDMs, Jumonji C (JmjC) domain
containing lysine demethylases (KDMs), like the key regulators of the hypoxia response,
prolyl hydroxylase domain (PHD) and factor inhibiting hypoxia inducible factor (FIH), are
known to be 2-oxoglutarate dependent dioxygenases that require oxygen for their enzymatic
activity (39, 99). Changes in histone methylation have been described in hypoxia in different
cellular systems (39, 199). Also, recently it has been shown in multiple studies that chromatin
can sense oxygen changes and regulate gene expression through the inactivation of KDMs in
hypoxia, independent of the main hypoxia stimulated transcription factor family, hypoxia
inducible factor (HIF) (110, 117). Specifically, KDM5A that is known to control
demethylation of H3K4me3 was found to contribute to hypoxia induced gene regulations
(117).

Activation of the NF-kB (Nuclear factor kappa-light-chain-enhancer of activated B

cells) is a critical component in the transcriptional response to hypoxia. It has been shown
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previously that hypoxia stimulation can modulate NF-xB dependent gene expressions (148).
In addition, the same study discovered a link between the role of hypoxia induced H3
modulation, acetylation and the NF-xB transcriptional response. Independent to hypoxia
stimulation, H3K4me3 histone methylation (200, 201) and histone demethylase KDM5A have
been associated with NF-kB by regulating immune and inflammatory responses (202, 203).
However, further research is needed to elucidate the link between hypoxia and NF-xB
transcriptional response in the context of histone methylation.

In this chapter, the H3K4me3 levels in response to hypoxia were investigated for their
association with the NF-«kB transcriptional response. Using Chromatin immunoprecipitation-
sequencing (ChIP-seq) datasets, hallmark pathway enrichment analysis was performed
focusing on NF-kB transcriptional signature. Identified potential NF-xB target genes were
validated for hypoxia stimulation and H3K4me3 methylation. Also, the role of KDM5A in
modulating NF-xB activity was determined. This work demonstrates that both hypoxia
stimulation and KDM5A depletion regulates the NF-kB target gene signature by coordinating

H3K4me3 levels.

3.2. Identification and validation of potential NF-kB target genes enriched with
H3K4me3 with hypoxia stimulation

Previously in our group, chromatin immunoprecipitation followed by ChIP-
sequencing was performed to evaluate H3K4me3 histone modifications associated with gene
transcription in HelLa cells at normoxia or after 1 hour of hypoxia exposure. More recently,
another study investigated H3K4me3 levels following 6 hours of hypoxia also in HeLa cells
(86). Using our differential DNA binding analysis, Batie et al. (117) and Ortmann et al. (86),
hallmark pathway association analysis was performed focusing on NF-xB transcriptional
signature. These two different datasets containing H3K4me3 enriched regions from studies
conducted by Batie et al. (117) and Ortmann et al. (86) are available in NCBI GEO database

with accession numbers GSE120339
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(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120339) and GSE159128

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159128), respectively (Figure

3.1, A and B). When overlapped, both datasets share 53 genes where H3K4me3 levels are
upregulated (Figure 3.1, C). As expected, 6 hours of hypoxia exposure induces a higher

number of upregulated gene peaks compared to shorter hypoxia time point (Figure 3.1, C).

A. HeLa cells B. HeLa cells
® ® C (5] ®
@ o ©
Control 1 hour Hypoxia Control 6 hours Hypoxia
H3K4me3 ChIP-seq. H3K4me3 ChIP-seq.
(GSE120339) (GSE159128)

C.

H3K4me3 ChIP-seq.

1 hour 6 hours

Hypoxia Hypoxia
253 53 4496

*okok

Figure 3.1. H3K4me3 ChlP-seq differential expression peak calling. Experimental design for
H3K4me3 ChiIP-seq. experiments with A. 1 hour or B. 6 hours of hypoxia. C. Overlap of 1 hour and 6
hours hypoxia H3K4me3 upregulated ChiP-seq gene peaks using low stringency analysis datasets. P
value for the overlap was calculated by hypergeometric test. *** p <0.001.

Next, pathways enriched with H3K4me3 after 1 hour or 6 hours of hypoxia stimulation
were investigated separately as shown in Tables 3.1 and 3.2. The pathway enrichment analysis
was performed on WEB-based Gene SeT AnaLysis Toolkit (WebGestalt), using hallmark gene
sets obtained from Molecular Signature Database (187, 204) Hallmark gene sets were

compared with low stringency H3K4me3 hypoxia upregulated gene peaks, which were shown
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to be increased at least 2 out of 3 biological replicates of the ChlP-seq experiments. As a result,
a list of different pathways was shown to be significantly enriched with H3K4me3 methylation
mark. As expected, hypoxia signalling pathway was found as the primary pathway in both 1
hour and 6 hours of hypoxia treated cells’ datasets. TNF-a induced NF-«B signalling pathway
was identified as the second most enriched pathway when overlapped with 6 hours hypoxia
treated dataset (Table 3.2). There was no significant overlap with TNF-o induced NF-xB
pathway and low stringency H3K4me3 1 hour hypoxia upregulated gene peaks (Table 3.1).
However, the NF-kB signalling pathway was significantly enriched when overlapped with
high stringency H3K4me3 1 hour hypoxia upregulated gene peaks, which were shown to be
increased in all biological replicates of the ChlP-seq experiments. This analysis was performed
using Molecular Signature Database (MSigDB), and also published in Batie et al. (117, 186).
Table 3.1. Pathway association analysis of H3K4me3 ChlP-seq peaks with 1 hour hypoxia
treatment. H3K4me3 low stringency ChlP-seq peaks with 1 hour hypoxia treatment overlap with gene
groups identified using WEB-based Gene SeT AnaLysis Toolkit. The top 15 signalling pathways are

listed with FDR cut off >0.05. Numbers in brackets represent the number of genes in the gene group
used as a reference.

Gene Set Overlapping genes P Value FDR
Hypoxia (199) 7 0.0137 0.16783
Epithelial Mesenchymal Transition (199) 7 0.0137 0.16783
KRas Signalling (198) 8 0.0036716 0.16783
IL2 StatS Signalling (198) 7 0.013351 0.16783
Spermatogenesis (132) 5 0.027441 0.26892
Mitotic Spindle (197) 6 0.041139 0.28797
G2M Checkpoint (195) 6 0.039437 0.28797
Estrogen Response (198) 5 0.11291 0.55806
E2F Targets (197) 5 0.11112 0.55806
UV Response (143) 4 0.11389 0.55806
Androgen Response (98) 3 0.13395 0.59668
TGF Beta Signalling (53) 2 0.15061 0.615
Glycolysis (197) 4 0.25263 0.88422
MTorckl Signalling (196) 4 0.24976 0.88422
TNF-a signalling via NF-kB (199) 3 0.48282 1
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Table 3.2. Pathway association analysis of H3K4me3 ChlIP-seq peaks with 6 hours hypoxia
treatment. H3K4me3 low stringency ChlP-seq peaks with 6 hours hypoxia treatment overlap with gene
groups identified using WEB-based Gene SeT AnaLysis Toolkit. The top 5 signalling pathways are
listed with FDR cut off <0.05. Numbers in brackets represent the number of genes in the gene group
used as a reference.

Gene Set Overlapping genes P Value FDR
Hypoxia (199) 97 0.00027974 0.002432
TNF-a signalling via NF-xB (199) 78 0.0002978 0.002432
Estrogen Response Early (198) 74 1.5865E-06 2.59E-05
Glycolysis (197) 66 8.10E-08 1.98E-06
Heme Metabolism (193) 65 2.22E-16 1.09E-14

To strengthen the information generated by ChlIP-seq in hypoxia induced regulatory
mechanisms, a merged list of genes enriched with H3K4me3 methylation mark was
overlapped with hypoxia RNA-seq dataset, which was previously produced in the Rocha lab
by inducing HeLa cells with 16- or 24-hours of hypoxia. As a result, 473 of these genes were
detected in both ChlP-seq and RNA-seq datasets. 80 of them were overlapped with publicly
available NF-xB hallmark gene set, where 22 of them was also identified in all 3 datasets
(Figure 3.2). These statistically significant results indicate that H3K4me3 ChIP-seq and RNA-
seq analysis share a group of genes that possibly has similar transcriptional regulatory network,

and a list of them is identified to correlate with the NF-xB system.

H3K4me3 ChIP-seq Hypoxia RNA-seq

H3K4me3 ChIP-seq and Hypoxia RNA seq

3804 et 852 ook
2 H3K4me3 ChIP-seq and NF-xB hallmark genes set
ook
58 23
Hypoxia RNA-seq and NF-«kB hallmark genes set
Hkk
97

NF-kB hallmark genes set

Figure 3.2. Overlap of H3K4me3 ChlP-seq peaks with other datasets. Individual genes included in
H3K4me3 ChlP-seq datasets with 1 hour and 6 hours of hypoxia stimulation were compared with
upregulated genes in RNA-seq analysis following 16- and 24-hours hypoxia stimulation previously
performed in Rocha lab, and publicly available NF-xB hallmark genes set. P value for overlaps were
calculated by hypergeometric test. *** p < 0.001.
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From the overlapped lists, genes that are mutual in both H3K4me3 ChlP-seq and NF-
kB hallmark gene sets were listed in Table 3.3; and genes that are also common in hypoxia

RNA-seq were listed in Table 3.4. Listed genes were described for their molecular function

using the information obtained from GeneCards database (https://www.genecards.org) (Table
3.3 and Table 3.4). Also, Gene Ontology (GO) enrichment analysis was performed using
WebGestalt Toolkit looking to further define the gene functions (Figure 3.3). Based on this
analysis, the top significantly enriched GO terms included “RNA polymerase II proximal
promoter sequence-specific DNA binding” and “DNA-binding transcriptional factor activity”.
These results indicate that high number of H3K4me3 enriched genes that are correlated with
the NF-kB system possibly have active roles on the transcriptional machinery.

Next, high stringency H3K4me3 hypoxia upregulated promoter peak changes were
selected for further validation by ChIP-gPCR (Table 3.3 and Table 3.4). The selected gene
peaks were shown to be increased in all biological replicates of the ChlP-seq experiment.
Among the H3K4me3 1 hour hypoxia upregulated high stringency gene peaks, only two of
them were identified to overlap with the NF-xB hallmark genes set; EDN1(Endothelin 1),
which is mainly known to encode a preproprotein that functions as a vasoconstrictor (205)
(Figure 3.3, A); and BMP2 (Bone Morphogenetic Protein 2), which belongs to the Tumour
Growth Factor (TGF-B) superfamily of proteins and plays a critical role in various
developmental processes (206) (Figure 3.4, B). The additional genes that belong to the
H3K4me3 6-hours hypoxia upregulated gene peaks, included MARCKS (Myristoylated
alanine-rich C-kinase substrate), which is an actin filament cross-linking protein and plays
important roles in cell motility, phagocytosis, transmembrane transport, and regulation of the
cell cycle (207) (Figure 3.4, C); KDM6B (Lysine Demethylase 6B, also known as Jumonji
Domain-Containing Protein 3 - JMJD3), which controls chromatin organization and gene
silencing through demethylation of H3K27me3, also previously shown to involve in the
modulation of immune and inflammatory responses (208) (Figure 3.4, D); JUN (Jun Proto-

Oncogene, AP-1 Transcription Factor Subunit), a transcription factor that involves in cell
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cycle progression and antiapoptotic activity cooperating with NF-kB (209) (Figure 3.4, E);

and DUSP1 (Dual Specificity Phosphatase 1), which has a central role in cellular responses to

environmental stress, also several studies have demonstrated that DUSP1 negatively regulates

the inflammatory responses (210, 211) (Figure 3.4, F).

Table 3.3. HeLa H3K4me3 1 hour or 6 hours hypoxia upregulated ChlP-seq gene peaks that are
potential NF-kB target genes with their molecular functions.

Genes identified common in both H3K4me3 ChIP-seq and NF-kB hallmark gene sets. High stringency
H3K4me3 hypoxia upregulated promoter peak changes selected for further validation (bold). Genes
enriched in “DNA-binding transcription factor activity” Gene Ontology is highlighted in blue. Gene
function summary was obtained from GeneCards database (https://www.genecards.org).

Gene Name Ensemble Gene ID

Gene Function Summary

EDN1
BMP2
KLF10
CD44
KLF6
NFKB2
GADD45B
NFKBIA
SLC16A6
RNF19B
TRIP10
STATSA
GCH1
IL15SRA

DRAM1
ATF3

SERPINBS
SMAD3
RELA
SPHK1
PER1
FIX1
DENNDSA
SOCS3
SNN
TNFAIP2
YRDC
MAP2K3
MXD1
BCL3
PPPIRI15A
AREG
HBEGF

ENSG00000078401
ENSG00000125845
ENSG00000155090
ENSG00000026025
ENSG00000067057
ENSG00000076513
ENSG00000099822
ENSG00000100767
ENSG00000108840
ENSG00000116260
ENSG00000125462
ENSG00000126217
ENSG00000131746
ENSG00000134245

ENSG00000135736
ENSG00000162496

ENSG00000166016
ENSG00000166478
ENSG00000172530
ENSG00000175691
ENSG00000177951
ENSG00000178104
ENSG00000183337
ENSG00000183691
ENSG00000183723
ENSG00000184678
ENSG00000188613
ENSG00000264364
ENSG00000267073
ENSG00000272473
ENSG00000279708
ENSG00000079308
ENSG00000085662

Vasoconstriction
Bone and cartilage development
Regulation of the circadian clock
Cell-cell interactions, cell adhesion and migration
B-cell growth and development
Immune and inflammatory responses
Regulation of growth and apoptosis
Immune and inflammatory responses
Monocarboxylic acid transmembrane transporter activity
Cytotoxic effects of natural killer cells
Actin cytoskeleton organization and signal transduction
Cell growth and division, cell proliferation and differentiation
Nitric oxide synthesis
Cell proliferation and expression of apoptosis inhibitors
Autophagy induction
Cellular stress response
Platelet functions and cell-cell adhesion in the skin
Transforming growth factor-beta signalling and cell proliferation
Immune and inflammatory responses, cell growth and apoptosis
Cell proliferation and survival
Locomotor activity, metabolism, and behaviour in circadian rhythms
Growth and differentiation in D. melanogaster
Conversion of GDP to GTP
Negative regulation of cytokine signalling
Metal ion binding activity
Inflammation and angiogenesis
Nucleotidyltransferase and tRNA binding
Expression of glucose transporter
Cellular proliferation, differentiation and apoptosis
Transcriptional co-activator of NF-xB
Apoptosis following ionizing radiation
Epithelial cell growth

Enables growth factor activity and wound healing

52


https://www.genecards.org/

Table 3.3 continued.

Gene Name Ensemble Gene ID

Gene Function Summary

HES1

ID2
SGK1
NR4A3

DUSP1
EGR1
PMEPAL1
FOSB
KLF2
ZFP36
GFPT2
NINJ1
KLF4

TUBB2A

SIK1
NFKBIE
RCANI1
ICOSLG

SQSTM1
ZC3H12A
TNIP2
JUNB
PHLDA2
CEBPD

ENSG00000088836
ENSG00000099331
ENSG00000099942
ENSG00000100226

Cell proliferation and differentiation
Negatively regulating cell differentiation
Cell survival, neuronal excitability, and renal sodium excretion

Cell proliferation, differentiation, and apoptosis

ENSG00000120129 Environmental stress response and negative regulation of cell proliferation

ENSG00000100300
ENSG00000101335
ENSG00000104219
ENSG00000104936
ENSG00000105058
ENSG00000106477
ENSG00000106538
ENSG00000112759

ENSG00000114251

ENSG00000115350
ENSG00000120708
ENSG00000130382
ENSG00000130724

ENSG00000131668
ENSG00000135317
ENSG00000145569
ENSG00000147533
ENSG00000160570
ENSG00000160570

MARCKS ENSG00000277443

Cellular differentiation and mitogenesis
Negative regulation of transforming growth factor-beta signalling
Cell proliferation, differentiation, and transformation
Cellular development
Cellular response to cytokine and growth factor stimulus
Controls the flux of glucose into the hexosamine pathway
Cell-cell interactions, inflammation, cell death, and angiogenesis

Cell proliferation and differentiation

Mitosis and intracellular transport
Cell cycle regulation, gluconeogenesis and lipogenesis regulation, muscle
growth and differentiation

NF-xB inhibition
Central nervous system development
Immune and inflammatory responses
Autophagy. Activation of upstream NF-«B pathway

Immune and inflammatory responses, apoptosis and angiogenesis
NF-xB inhibition
Immune and inflammatory response
Placenta growth regulation

Immune and inflammatory responses

Cell motility, phagocytosis, membrane trafficking and mitogenesis
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Table 3.4. HeLa H3K4me3 1 hour or 6 hours hypoxia upregulated ChlP-seq gene peaks that are
potential NF-kB target genes with their molecular functions.
Genes identified common in all three datasets; H3K4me3 ChlIP-seq high stringency, NF-kB hallmark
genes set, as well as genes Hypoxia RNA-seq data set. High stringency H3K4me3 hypoxia upregulated
promoter peak changes selected for further validation (bold). Genes enriched in “DNA-binding
transcription factor activity” Gene Ontology is highlighted in blue. The gene function summary was
obtained from GeneCards database (https://www.genecards.org).

Gene Name Ensemble Gene ID

Gene Function Summary

SLC2A3
F3
TNFSF9

KDM6B
DUSPS5

EFNAL
FOS
PFKFB3
FOSL1
JUN

PLAUR
FOSL2

SERPINE1
VEGFA
TNFAIP3

SDC4
CDKNI1A

BHLHE40
RHOB
TNIP1
NFIL3
MAFF

ENSG00000059588
ENSG00000117408
ENSG00000125447

ENSG00000132510
ENSG00000137872

ENSG00000168348
ENSG00000169750
ENSG00000169884
ENSG00000174915
ENSG00000177606

ENSG00000262454
ENSG00000274833

ENSG00000072135
ENSG00000084731
ENSG00000099917

ENSG00000101199
ENSG00000102007

ENSG00000108175
ENSG00000115694
ENSG00000119771
ENSG00000138821
ENSG00000163754

Glucose transport across the cell membrane
Initiates the blood coagulation cascades
Antigen presentation and cytotoxic T cells generation

Chromatin organization and gene activation

Cellular proliferation and differentiation
Cellular migration and adhesion during neuronal, vascular and epithelial
development

Cell proliferation, differentiation, and transformation
Glycolysis, cell cycle progression and prevention of apoptosis
Cell proliferation, differentiation, and transformation
Immune and inflammatory responses

Localizing and promoting plasmin formation

Cell proliferation, differentiation, and transformation
Inhibitor of tissue plasminogen activator and and hence fibrinolysis.
Proliferation and migration of vascular endothelial cells
Immune and inflammatory responses. NF-kB inhibition
Receptor in intracellular signalling
Cell cycle progression
Control of circadian rhythm and cell differentiation
Apoptosis and cell migration
Autoimmunity and tissue homeostasis. NF-kB inhibition
Regulation of circadian rhythm

Cellular stress response
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Figure 3.3. Gene Ontology (GO) enrichment analysis of the common genes found in both
H3K4me3 ChlP-seq and NF-xB hallmark genes set. A. Top 7 significantly enriched GO terms of the
molecular functions were identified using WEB-based Gene SeT AnaLysis Toolkit with FDR cut off
<0.05. The adjusted statistically significant values were negative 10-base log transformed. B. Number
of genes overlap in each molecular function category. Numbers in brackets represent the number of
genes in each gene group used as a reference.
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Figure 3.4. Hypoxia ChlP-seq coverage tracks of H3K4me3 peaks at different putative NF-xB
target genes. Coverage tracks and peaks from H3K4me3 ChlP-seq 1 hour of hypoxia high stringency
dataset at EDN1 (A), and BMP2 (B); 6 hours of hypoxia high stringency dataset at MARCKS (C),
KDM6B (D), JUN (E), and DUSP1 (F). Peak start and end area is shown in a black framed rectangle.
Forward stranded genes are shown with arrows directing to right side, reverse stranded genes are shown
with arrows directing to the left side. Chromosomal information is shown at the top of each image with
3000 bp upstream of transcription start side (TSS) to 3000 bp downstream of transcription end side
(TES). Integrative Genomics Viewer (IGV) software was used for the figure illustration.
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To validate the effect of hypoxia on the expression of the selected genes, HelLa cells
were exposed to 1% oxygen at different time points prior to gPCR analysis (Figure 3.5). In
this analysis, efficiency of the hypoxia stimulation was measured using a known hypoxia-
inducible gene, Carbonic Anhydrase (CA9) (Figure 3.5, A). As a result, mRNA expression of
all genes was increased at 24 hours of hypoxia (Figure 3.5). EDN1 was significantly increased
at 1- and 2-hours of hypoxia stimulation, whereas KDM6B, DUSP1, JUN and MARCKS were
also increased at 4 hours of hypoxia. These results suggest that H3K4me3 upregulated
promoter regions identified at hypoxia lists indicated the hypoxia inducible genes. As BMP2
showed the least increase with hypoxia stimulation in all of the time points, this gene was not
included in subsequent analysis (Figure 3.5, G).

H3K4me3 levels on the selected genes following 1- and 24-hours of hypoxia
stimulation were investigated by using the ChIP-gPCR method. H3K4me3 methylation was
quantified using specific set of primers, designed for the predicted binding sites of the genes
that were selected based on coordinates obtained in the ChIP-seq experiments (Figure 3.6, A).
H3K4me3 levels were increased on the selected genes with both hypoxia time points but with
statistically significance being mostly observed following 24-hours of hypoxia exposure
(Figure 3.6). Although t-test was used to statistically analyse the data in Figures 3.5 and 3.6,
one-way ANOVA should have been used, as population means of more than two groups were

being compared.
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Figure 3.5. Hypoxia induction of genes with H3K4me3 hypoxia upregulated peaks. HeLa cells
were exposed to 0, 1, 2, 4, and 24 hours 1% O, before proceeding to total RNA extraction and cDNA
conversion. Relative mRNA expression levels of the indicated genes were analysed by qPCR using
ACTB as a normalising gene. Graphs represent mean and standard error of a minimum of three

independent experiments. Student t-test was applied, and significance determined as follows: * p < 0.05,
** p<0.01, *** p<0.001.
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Figure 3.6. H3K4me3 1 hour hypoxia peak change validation by ChlP-gPCR. HelLa cells were
exposed to 0, 1 or 24 hours 1% O, prior to cross-linking and lysis. ChIP was performed for an 1gG
control and H3K4me3 enriched genes’ promoter regions occupied by the H3K4me3 promoter peaks.
DNA was analysed by gPCR with results normalised to 2% input DNA. Graphs represent mean and
standard error of a minimum of three independent experiments. Student t-test was applied, and
significance determined as follows: * p < 0.05, ** p < 0.01, *** p <0.001.
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Although, the genes selected are reported to be NF-kB dependent, this was further
validated by using an overexpression experiment. Cells were transfected with a RelA plasmid
prior to gPCR analysis for the genes selected above (Figure 3.7, A). As predicted, mMRNA
expression of all genes was increased with RelA overexpression, although JUN, MARCKS
and KDM6B failed to reach statistical significance (Figure 3.7). These results indicate that
upregulated gene peaks identified at H3K4me3 hypoxia lists are associated with NF-xB

activation. To further support the connection of these genes with the NF-«B transcriptional

response, NF-kB RelA ChlP-seq Atlas dataset was used (https://chip-atlas.org/ (212)) and

RelA binding sites were compared with the H3K4me3 gene peaks (Figure 3.8, A). As a result,
there was a statistically significant overlap between H3K4me3 hypoxia enriched genes and the
RelA ChlP-seq Atlas dataset. Also, based on the pathway enrichment analysis performed using
the hallmark gene sets, hypoxia, and TNF-a stimulated NF-xB were confirmed to be the top
two signalling pathways significantly enriched with these genes (Figure 3.8, B). Importantly,
the genes overlapped in the NF-kB hallmark and H3K4me3 gene sets were also identified in
the RelA ChIP-seq Atlas data set. This indicates that H3K4me3 enriched genes possibly have
RelA binding sites and potentially regulate their transcriptional expression. However, this

information will need to be validated with further experiments.
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Figure 3.7. RelA overexpression increases the mRNA expression of H3K4me3 hypoxia
upregulated peaks. HelLa cells were transfected with control (empty vector) and RelA plasmid DNA
48 hours prior to total RNA extraction and cDNA conversion. Relative mRNA expression levels of the
indicated genes were analysed by gPCR using ACTB as a normalising gene. Graphs represent mean

and standard error of a minimum of three independent experiments. Student t-test was applied, and
significance determined as follows: * p <0.05, ** p <0.01, *** p <0.001.
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Figure 3.8. Overlap of RelA ChlP-seq Atlas and H3K4me3 ChlP-seq peaks. A. Individual genes
included in H3K4me3 ChlP-seq datasets with 1 hour and 6 hours of hypoxia stimulation were compared
with publicly available NF-xB RelA ChlP-seq Atlas, containing list of genes with RelA DNA binding
sites. B. Pathway association analysis of the overlapped genes identified in the H3K4me3 ChlP-seq and
NF-kB RelA ChlP-seq Atlas peaks was performed using WEB-based Gene SeT AnaLysis Toolkit with
FDR cut off <0.05. The adjusted statistically significant values were negative 10-base log transformed.
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3.3. Regulation of NF-xB target gene expression and H3K4me3 levels by KDM5A

The results shown above demonstrate that H3K4me3 methylation mark increases with
hypoxia stimulation at selected NF-kB target genes (Figure 3.6). Previous work has shown
that KDM5A depletion can mimic hypoxia-induced cellular responses in this cell system
(117). As such, we asked if the KDM5A depletion contributes to the hypoxia induced
H3K4me3 levels at the hypoxia upregulated H3K4me3 gene sites. To test this question,
KDM5A was depleted wusing two different oligonucleotides, H3K4me3 was
immunoprecipitated with a specific antibody and its levels present at the gene promoters
selected were measured using specific primer sets designed for the predicted sites in the genes
as obtained by the sequencing experiments (Figure 3.9, A). As shown in Figure 3.9, B,
KDM5A mRNA levels were efficiently decreased by using two different siRNA
oligonucleotides, specifically designed for targeting distinct sites of the KDM5A RNA
sequence. H3K4me3 levels present at all genes were increased with the KDM5A oligo 1 but
this was not observed with KDM5A oligo 2 (Figure 3.9).

Then, it was investigated if loss of KDM5A activity would contribute to the increase
in MRNA expression of the selected genes. Analysis of mMRNA levels for the NF-xB dependent
genes revealed that all genes were increased by varying degrees upon KDM5A depletion, with
KDM6B, JUN and MARKCS increases reaching to statistical significance with both of the
KDM5A oligonucleotides (Figure 3.10). Overall, like hypoxia stimulation, KDM5A depletion
increased the histone methylation mark in all the NF-xB target genes and both conditions
increased the MRNA level gene expressions in the similar amounts. These results indicate that
KDMS5A knock-down mimics hypoxia stimulation and potentially induces the NF-xB
transcriptional response.

Based on the analysis obtained with both KDMS5A oligos, the data indicates that
KDMS5A negatively regulates gene transcription of DUSP1, MARKCKS, JUN and KDM6B,
whereas only oligo 1 has this effect on the EDN1. In addition, KDM5A oligo 1 leads into the

negative regulation of H3K4me3 promoter levels at these genes. However, these experiments
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will need to be repeated with another SIRNA KDMB5A to further support this observation. In
addition, experiments that are shown in both Figure 3.9 and Figure 3.10 will need to be re-
analysed with one-way ANOVA statistical test, as population means of more than two groups

were being compared.
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Figure 3.9. Effect of KDM5A depletion on H3K4me3 levels at hypoxia upregulated H3K4me3
peaks. HeLa cells were transfected with control (non-targeting), KDM5A oligo 1 and KDM5A oligo 2
SiRNAs 48 hours prior to cross-linking and lysis. ChiPs were performed for an 1gG control and
H3K4me3 to the indicated gene promoter regions occupied by H3K4me3 promoter peaks. DNA was
analysed by gPCR with results normalised to 2% input DNA. Graphs represent mean and standard error
of a minimum of three independent experiments. Student t-test was applied, and significance determined
as follows: * p <0.05, ** p <0.01, *** p < 0.001.
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Figure 3.10. Effect of KDM5A depletion on hypoxia upregulated H3K4me3 peaks. HeLa cells were
transfected with control (non-targeting), KDM5A oligo 1 and KDM5A oligo 2 siRNAs 48 hours prior
to total RNA extraction and cDNA conversion. Relative mMRNA expression levels of the indicated genes
were analysed by gPCR using 18S as a normalising gene. Graphs represent mean and standard error of
a minimum of three independent experiments. Student t-test was applied, and significance determined
as follows: * p <0.05, ** p <0.01, *** p < 0.001.
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3.4. Role of KDM5A on NF-kB transcriptional activity and protein expression

The analysis of the hypoxia ChIP-sequencing experiments for H3K4me3, and
subsequent experiments suggest that KDM5A is a potential novel regulator of NF-xB. As a
preliminary experiment to determine the role of KDMS5A regulation on the NF-kB activity,
luciferase experiments in 3 different cell lines were performed (Figure 3.9). These cell lines
stably express an artificial promoter containing 3x-kB sites in tandem. U20S and A549 cells
express the Promega NF-xB reporter luc2P, while HeLa express 3x-kB ConA luciferase
reporter as described in (178).

NF-«B luciferase reporter cells, were transfected with KDM5A siRNA without any
additional stimulation. KDM5A knock-down decreased the kB activity in HeLa (Figure 3.11,
B) and A549 cells (Figure 3.11, C) but increased in U20S cells (Figure 3.11, D). This shows
that KDM5A has a positive regulatory effect on HeLa and A549 cell lines, but a negative
regulatory role on U20S cells. However, variation in these results could be due to diversity in
KDMB5A knock-down efficiency in different cell types. Although efficiency of the KDM5A
knock-down in HelLa cells was tested (Figure 3.11, A), A549 and U20S cells will also need
to be tested for such variations.

Given that NF-xB is known to respond to cytokine stimulation, cells were exposed to
the canonical NF-xB pathway inducer, Tumour necrosis factor o (TNF-o). Optimum response
time points were previously defined for each cell line in the Rocha lab. Following KDM5A
depletion and TNF-a stimulation, NF-«kB activity in HeLa cells remained lower (Figure 3.12,
A). However, KDM5A depletion and TNF-a stimulation increased in A549 cells but
decreased in U20S cells (Figure 3.12, B and C). This indicated that upon TNF-a stimulation,
KDMB5A is required to reduce a negative regulatory mechanism in the NF-xB pathway in HeLa
and U20S cell lines but not in A549 cells. Given, the artificial nature of the reporter and lack
of chromatin environment of these promoters, additional work is required to fully determine
the molecular regulatory mechanism of the NF-xB via KDM5A. Nevertheless, these results

suggest that KDM5A might be involved in a variety of mechanisms controlling NF-xB
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activity. Although t-test was used to statistically analyse the data in Figure 3.12, one-way

ANOVA should have been used, as population means of more than two groups were being

compared.
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Figure 3.11. KDM5A depletion affects the kB activity differently in different cell lines. Efficiency
of the KDM5A knock-down was checked on Hela cells (A). Cells were transfected with siRNA
oligonucleotide of control (non-targeting) or KDM5A before whole cell lysis and probing with western
blot method. B-Actin was used as a loading control. Blots represent minimum of three independent
experiments. HelLa, A549 and U20S cells, stably transfected with kB luciferase reporter, were
transfected with siRNA control (non-targeting) and KDM5A oligonucleotides (B), (C), and (D). Values
were normalised to the control sample. All graphs represent mean and standard error of four independent
biological experiments. Student t-test was applied, and significance determined as follows: * p < 0.05,
** p<0.01, *** p<0.001.
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Figure 3.12. KDM5A depletion alters the kB activity in some cell lines following TNF-a
stimulation. HelLa, A549, and U20S, cells, stably transfected with «B luciferase reporter, were
transfected with siRNA control (non-targeting) or KDM5A oligonucleotides (A), (B), and (C). 10
ng/mL TNF-a treatment was also added for 6 hours in HeLa (A), and A549 (B) cells; and for 8 hours
in U20S cells (C) prior to luciferase measurements. All the values were normalised to TNF-a. treated
control samples. All graphs represent mean and standard error of at least three independent biological
experiments. Student t-test was applied, and significance determined as follows: * p <0.05, ** p <0.01,
*** p <0.001.
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The role of KDM5A on NF-kB subunits and their target genes’ protein expression was
investigated after depleting the KDMB5A using an siRNA oligonucleotide and immunoblotting
the HeLa cell lysates with specific antibodies (Figure 3.13). Based on the two replicates of
this experiment, NF-xB RelB protein expression was decreased with KDM5A depletion, and
the RelB target gene, cyclinD1 (182, 213) was also reduced. On the other hand, NF-kB cRel
protein expression levels increased with KDM5A depletion, however cRel target gene, claspin
(214) expression was decreased in both replicates, also suggesting an additional mechanism
being involved for the regulation of claspin expression. Furthermore, following KDM5A
knockdown, RelA protein expression was increased most noticeably in replicate 1. For RelA,
p100, c-1AP1 (215, 216) and BHLHE40 were used as target genes. As a result, BHLHE40
protein expression levels were increased in both replicates, however, p100 was very slightly
elevated, and c-1AP1 expression was inconsistent. Overall, these results indicate that KDM5A
has a variable impact on the NF-xB subunits and their target genes’ protein expression levels.
However, this experiment will need to be repeated in order to reach to a clear conclusion. The
effect of KDM5A on NF-kB subunits at the protein level and its impact on their transcriptional
response could involve their regulatory role on the histones, as well as their non-histone

function, which is studied more in detail in chapter 5.
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Figure 3.13. KDM5A depletion alters NF-xB subunits and their target genes in protein level. HeLa
cells were transfected with siRNA oligonucleotide of control (non-targeting) and KDM5A before whole
cell lysis and probing with western blot method. B-Actin was used as a loading control. Blots show two
independent replicates of the experiment.
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3.5. Discussion

Recent studies have demonstrated that hypoxia induces changes to histone
methylation and controls chromatin which plays an important role in the regulation of variety
of cellular responses (110, 117). Although it is known that hypoxia intersects with the NF-xB
pathway (148), this data revealed yet an unknown link between the role of hypoxia-controlled
histone methylation and JmjC histone demethylases and the NF-kB transcriptional response.
This study focused on the role of hypoxia controlling H3K4me3 levels via inhibition of the
demethylase KDMS5A and how this regulates the NF-kB transcriptional response. This data
demonstrates that oxygen sensing by chromatin occurring via KDMS5A inhibition impacts on
other signalling pathways such as NF-«B.

Genome-wide analysis was performed by Michael Batie, to map H3K4me3 enriched
genomic regions in Hela cells, at basal level and following 1 hour (117) and 6 hours hypoxia
induction (86); two separate lists of gene peaks were obtained for each dataset (Figure 3.1).
Pathway enrichment analysis was performed using H3K4me3 upregulated gene peaks, which
included genes identified in at least 2 out of 3 biological experiments. This identified genes
with statistically significant overlaps with hallmark gene sets (Tables 3.1 and 3.2). However,
this analysis is limited to overlapping only a defined number of reference genes for each
pathway. Thus, some of the TNF-a-induced NF-kB genes might not be included in the
hallmark gene sets, therefore, including other publicly available ChIP-seq and RNA-seq
datasets with hypoxia or TNF-a stimulation to the comparison, could be more informative.

Combined list of H3K4me3 1 hour and 6 hours hypoxia upregulated gene peaks, were
also overlapped with RNA-seq hypoxia and NF-kB hallmark gene sets (Figure 3.2). This
comparison highlighted potential NF-xB target genes that are associated with H3K4me3
upregulated gene peaks (Table 3.3), as well as induced by hypoxia stimulation (Table 3.4).
From the H3K4me3 1 hour hypoxia upregulated gene peaks, EDN1 was successfully validated
to increase with hypoxia stimulation (Figure 3.5, B). Also, H3K4me3 6 hours hypoxia

upregulated gene peaks, DUSP1, MARCKS, JUN and KDM6B was validated to be hypoxia
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inducible (Figure 3.5, C, D, and F). Additionally, their responsiveness to the NF-kB subunit
RelA was shown by measuring their mMRNA levels following Rel A overexpression of the HeLa
cells (Figure 3.7). All these genes have been shown to have RelA binding sites by ChIP-seq
in a variety of different cellular backgrounds, when ChlIP-Atlas was used (https://chip-
atlas.org/, (212)) (Figure 3.8). However, further analysis is necessary to support their
connection with the NF-«xB transcriptional response. As such a genome-wide analysis of NF-
kB RelA binding sites with hypoxia stimulation will enable to identify direct targets of the
NF-kB with hypoxia stimulation and differentiate the TNF-a. induced gene signatures. At
present, even TNF-a ChlP-seq datasets for NF-kB are limited, and such analysis in hypoxia
has not been done in any cellular system. In order to do this, a CUT and RUN experiment was
planned and optimisation of the assay was initiated (Chapter 9).

With the experiments investigating the role of KDM5A on the H3K4me3 hypoxia
upregulated gene peaks, KDM5A acts as a negative regulator for H3K4me3 at the EDN1,
DUSP1, MARCKS, JUN and KDM6B gene promoters (Figure 3.9). Also, based on 1 siRNA
oligonucleotide, KDM5A was identified as a negative regulator of these genes (Figure 3.10).
Additional experiments using an independent siRNA sequence are therefore needed to support
these observations. Given these results, KDM5A is anticipated to demethylase H3K4me3 and
thus negatively regulate the potential NF-kB target genes. However, this requires additional
experimentation. In this case, sSiRNA or inducible degron systems (217, 218) could be used to
deplete the endogenous KDM5A, then rescue experiments with KDM5A wild type or JmjC
demethylase dead mutant plasmids, investigating the gene promoter methylation levels and
expression of the H3K4me3 upregulated gene peaks could be conducted. Recently Zhou et al.
has shown that KDM5A significantly downregulates NF-kB RelA mRNA and protein levels
in chronic myeloid leukaemia cell lines in a histone demethylation-dependent manner by
directly binding to the RelA promoter locus (219). This study supports the direct regulatory

role of the KDM5A on RelA through its enzymatic activity (219). However, further work is
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needed to clarify this in hypoxia context and by looking at the KDM5A binding to NF-xB
target gene promoters and its effect on their expression.

Using a reporter gene assay, a positive regulatory effect of KDM5A on NF-«B activity
was observed in HeLa and A549 cells by depleting the KDM5A prior to quantifying the kB
activity (Figure 3.11, B and C). Although TNF-a stimulation following KDM5A depletion
did not change the NF-«xB activity in HeLa cells (Figure 3.12, A), it increased in A549 cells
(Figure 3.12, B). This indicated that KDM5A is not necessary for NF-«xB activity in TNF-a
stimulated A549 cells but it is needed in HeLa cells. The results obtained from HeLa cells
could be the consequence of the human papilloma virus proteins, E6 and E7 disturbing the
normal functioning of protein systems (220). Also, in the case of A549 cells, majority of lung
cancer cell lines have been shown to contain mutations in the SWI/SNF subunits, which is a
chromatin remodelling complex and a necessary element in transcriptional mechanisms (221).

Moreover, the negative regulatory effect of KDM5A on NF-kB activity was observed
in U20S cells (Figure 3.11, D). Similar to HeLa cells, TNF-a stimulation following KDM5A
depletion decreased the NF-xB activity in U20S cell lines, showing that KDM5A is hecessary
for suppressing possible negative regulatory mechanisms present in the NF-kB system (Figure
3.12, C). Using this artificial luciferase reporter system, it is implied that these promoters do
not possess a chromatin environment. This suggests that KDM5A can control NF-kB activity
following TNF-a via an intermediary mechanism or by acting on NF-xB subunits directly.
Supporting our findings in U20S cells, another group indicated that KDMS5A is necessary for
the activation of TNF-a induced NF-xB pathway (222). This study was based on gene set
enrichment analysis performed with RNA-seq results obtained from KDM5A knock-out
osteosarcoma cells. Additional work investigating how KDM5A depletion alters basal and
TNF-a induced genes such as IkB-a, IL-8, TNFAIP3 and others would be interesting to
determine KDM5A role in this response.

To this date, several studies have already shown an association between KDM5A and

NF-kB with different inducers and in various cellular backgrounds. As such, KDM5A has
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been shown to associate with NF-xB p50 and decrease H3K4me3 modification at the promoter
region of the cytokine signalling suppressor, SOCS1, leading to the activation of the innate
immune response (203). Another study conducted on the model organism, Drosophila
melanogaster has shown that demethylase activity of KDMS5 ortholog transcriptionally
regulates the immune deficiency signalling pathway that shares high similarities with the
canonical NF-xB pathway in vertebrates, activated by TNF receptor (202). Moreover,
KDMB5A was shown to be critical for H3K4 demethylation and transcriptional gene silencing
by cooperating with E2F, which is a known co-regulator of NF-«xB that interacts and represses
the activation of the NF-xB during cell cycle progression (223, 224).

Given the importance of NF-xB in regulating wide ranges of different cellular
processes including immune and inflammatory responses and regulation of cell growth,
survival, and development; understanding its transcriptional machinery has been crucial.
Enzymatic deactivation of the KDM5A in hypoxia and the role of H3K4me3 levels has shown
a promising mechanism that with further research could clarify the gene expression networks
in different physiological and pathological conditions.

To summarise, this chapter has indicated the role of oxygen sensing mechanism of the
chromatin and H3K4me3 demethylase, KDM5A on the transcriptional regulation of potential
NF-kB target genes. KDMS5A is identified as a negative regulator of the H3K4me3 promoter
regions and gene expressions that are responsive to both hypoxia and NF-xB RelA, speculating

the role of KDM5A on NF-kB transcriptional regulatory mechanisms.
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Chapter 4 - NF-xB target genes are enriched in H3K36me3 sites following

hypoxia in HeLa cells
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4.1. Introduction

This chapter focuses on another hypoxia induced post-translational modification
(PTM) on histone 3 (H3). Methylation of the histone 3 lysine 36 (H3K36) is associated with
active gene transcription (225), and specifically, trimethylation of the H3K36 (H3K36me3) is
enriched on the gene bodies of the actively transcribed genes (197). This methylation mark is
deposited by a histone methyltransferase called, SETD2 (226). SETD2 binds to the C-terminal
domain of elongation-competent form of RNA polymerase Il and catalyses H3K36me3 at the
gene bodies of the actively transcribed genes (227). SETD2-dependent trimethylation of the
H3K36 supresses false transcriptional initiation within the gene bodies, ensuring fidelity of
the gene transcription (228). H3K36me3 plays a role in chromatin modification with its
antagonistic effect on other PTMs. As such the presence of H3K36me3 impairs trimethylation
of H3K27 by repressing the histone methyltransferase enzyme, polycomb repressive complex
2 (PRC2) (229). Furthermore, H3K36me3 involves in the regulation of mRNA splicing
(reviewed in (230)). Also, it is an important methylation mark during DNA damage response,
where it serves as the docking site for recruiting a key mismatch repair sensor, hMutSa
(hMSH2-hMSHS6), which inspects DNA for damage repair during both DNA replication and
gene transcription (231).

Trimethylation of the H3K36 can be reversed by KDM4 and KDM2 family members,
belonging to the Jumonji C (JmjC)-containing lysine-specific histone demethylases (KDMs).
Similar to the key regulators of the hypoxia response, prolyl hydroxylase domain (PHD) and
factor inhibiting hypoxia inducible factor (FIH), KDMs are 2-oxoglutarate dependent
dioxygenases that require oxygen for their enzymatic activity (39, 99).

As mentioned before, changes in histone methylation have been described in hypoxia
in different cellular systems (39, 199). Also, recently it has been shown in multiple studies that
chromatin can sense oxygen changes and regulate gene expression through the inactivation of
KDMs in hypoxia, independent of the main hypoxia stimulated transcription factor family,

hypoxia inducible factor (HIF) (110, 117). In addition, KDM2 and KDM4 members have been
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shown to be induced in low oxygen conditions (reviewed in (199); (120)). However, at present
it is not known which KDM is responsible for the increase of H3K36me3 in hypoxia.

Activation of the NF-kB is a critical component in the transcriptional response to
hypoxia. It has been shown previously that hypoxia stimulation can modulate NF-kB
dependent gene expressions (148, 151, 152, 232). Independent to hypoxia stimulation,
H3K36me3 histone methylation (233-235), histone demethylases, KDM2 (170, 236, 237) and
KDM4 (238, 239) have been linked to NF-kB by regulating a multitude of immune and
inflammatory responses. However, further research is needed to elucidate the link between
hypoxia and NF-kB transcriptional response in the context of histone methylation.

In this chapter, H3K36me3 levels in response to hypoxia were investigated for their
association with the NF-kB transcriptional response. Using Chromatin immunoprecipitation-
sequencing (ChlP-seq) datasets, hallmark pathway enrichment analysis was performed
focusing on NF-«xB transcriptional signature. Identified potential NF-xB target genes were
validated for hypoxia stimulation and H3K36me3 methylation. Also, the role of KDM2A,
KDM4A, KDM4B and KDM4C in modulating NF-kB activity was determined. This work
demonstrates that both hypoxia stimulation and depletion of the H3K36me3 associated KDMs

potentially regulate the hypoxia-induced NF-«xB target gene signature.

4.2. ldentification and validation of potential NF-kB target genes enriched with
H3K36me3 with hypoxia stimulation

Previously in our group, chromatin immunoprecipitation (ChIP) followed by
sequencing was performed to evaluate H3K36me3 histone modifications associated with gene
transcription in HelLa cells at normoxia or after 1 hour of hypoxia exposure (Figure 4.1). Using
these differential DNA binding analysis from Batie et al. (117), dataset available in NCBI
GEO database with accession numbers GSE120339

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120339), hallmark  pathway

association analysis was performed focusing on NF-kB transcriptional signature (Table 4.1).
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Figure 4.1. H3K36me3 ChlIP-seq differential expression peak calling. H3K36me3 ChIP-seq
experiment with 1 hour of hypoxia stimulation of HeLa cells.

The pathway enrichment analysis was performed on WEB-based Gene SeT AnaLysis
Toolkit (WebGestalt), using hallmark gene sets obtained from Molecular Signature Database
(187, 204). Hallmark gene sets were compared with low stringency H3K36me3 hypoxia
upregulated gene peaks, which were shown to be increased at least 2 out of 3 biological
replicates of the ChlIP-seq experiments. As a result, a list of different pathways was shown to
be significantly enriched with H3K36me3 methylation mark (Table 4.1). Both hypoxia
signalling pathway and TNF-o induced NF-xB signalling pathways were identified to be

significantly enriched with genes listed in H3K36me3 data set.

Table 4.1. Pathway association analysis of H3K36me3 ChlIP-seq peaks after 1 hour hypoxia
treatment. H3K36me3 low stringency ChlP-seq peaks with 1 hour hypoxia treatment overlap with gene
groups identified using WEB-based Gene SeT AnaLysis Toolkit with FDR cut off <0.05. Numbers in
brackets represent the number of genes in the gene group used as a reference.

Gene Set Overlapping genes P Value FDR

UV Response (143) 49 1.55E-14 7.62E-13
Mitotic Spindle (197) 45 4.37E-07 1.0702E-05
G2M Checkpoint (195) 43 2.204E-06 3.5998E-05
Epithelial Mesenchymal Transition (197) 43 3.8855E-06 4.7597E-05
Androgen Response (98) 25 2.4738E-05 0.00024243
TNF-a signalling via NF-kB (199) 40 0.00005159 0.00042132

Hypoxia (199) 35 0.0020179 0.014125

78



To further support the information generated by ChIP-seq in hypoxia induced
regulatory mechanisms, a merged list of genes enriched with H3K36me3 methylation mark
was overlapped with hypoxia RNA-seq dataset, which was previously produced in the Rocha
lab by exposing HeLa cells to 16- and 24-hours of hypoxia. As a result, 94 of these genes were
detected in both H3K36me3 ChlP-seq and hypoxia RNA-seq datasets. 40 of them were
overlapped with publicly available NF-xB hallmark gene set, where 5 of them were also
identified in all 3 datasets (Figure 4.2, A). These results indicate that H3K36me3 ChIP-seq
and hypoxia RNA-seq analysis share a group of genes that possibly has similar transcriptional
regulatory network, and a list of them is identified to correlate with the NF-xB system.
Furthermore, NF-xB target genes listed by the Gilmore laboratory was used to identify

additional genes that overlap with the H3K36me3 ChlP-seq peaks (https://www.bu.edu/nf-

kb/gene-resources/target-genes/). Supplementary to the genes identified by overlapping

H3K36me3 ChiP-seq with the NF-kB hallmark genes set, 28 more NF-xB target genes were

identified from the Gilmore laboratory’s genes list (Figure 4.2, B).
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Figure 4.2. Overlap of H3K36me3 ChlP-seq peaks with other datasets. A. Individual genes included
in H3K36me3 ChlP-seq dataset with 1 hour of hypoxia stimulation were compared with upregulated
genes in RNA-seq analysis following 16- and 24-hours hypoxia stimulation previously performed in
Rocha laboratory, and publicly available NF-kB hallmark gene set. B. H3K36me3 ChiIP-seq dataset
was overlapped with NF-kB hallmark gene set and NF-«B target genes list identified by the Gilmore
lab. P value for overlaps were calculated by hypergeometric test. *** p <0.001.

From the overlapped lists, genes that are present in both H3K36me3 ChlP-seq and
NF-«xB hallmark genes sets, as well as the genes that are also common in hypoxia RNA-seq
gene set are listed in Table 4.2. Also, the additional genes identified by overlapping
H3K36me3 ChlP-seq and Gilmore laboratory’s NF-kB target genes are listed in Table 4.3.

Listed genes were described for their molecular function using the information obtained from

GeneCards database (https://www.genecards.org) (Table 4.2 and Table 4.3). Also, Gene

Ontology (GO) enrichment analysis was performed using WebGestalt Toolkit looking to
further define the molecular function of the genes found in both NF-kB hallmark genes set and

Gilmore laboratory’s NF-kB target genes list (Figure 4.3). Based on this analysis, the top
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significantly enriched GO terms included “cytokine activity” and “Transcription regulatory
DNA binding”. These results indicate that high number of H3K36me3 enriched genes that are
correlated with the NF-xB system possibly have active roles on the transcriptional machinery.

Next, high stringency H3K36me3 hypoxia upregulated promoter peak changes were
selected for further validation by ChIP-gPCR (Table 4.2 and Table 4.3). The selected gene
peaks were shown to be increased in all biological replicates of the ChIP-seq experiment
(Figure 4.4). Among the H3K36me3 hypoxia upregulated high stringency gene peaks, the
following were identified in either NF-xB hallmark genes set or Gilmore laboratory’s NF-kB
target genes list; BHLHE40 (Basic Helix-Loop-Helix Family Member E40), which encodes a
transcriptional regulator, mainly known to control the cell cycle and regulation of the genes
associated with the circadian rhythm (240) (Figure 4.4, A); FTH1 (Ferritin Heavy Chain 1),
which controls intracellular iron distribution, is essential for many biological processes such
as DNA and RNA synthesis, cell proliferation and differentiation (241) (Figure 4.4, B);
DUSP1 (Dual Specificity Phosphatase 1), which has a central role in cellular responses to
environmental stress, also negatively regulates the inflammatory responses (210, 211) (Figure
4.4, C); MARCKS (Myristoylated alanine-rich C-kinase substrate), which is an actin filament
cross-linking protein, plays important roles in cell motility, phagocytosis, transmembrane
transport, and regulation of the cell cycle (207) (Figure 4.4, D); MYC (MY C Proto-Oncogene,
BHLH Transcription Factor), which is known to potentially regulate the transcription of at
least 15% of the entire genome with major downstream effectors including those involved in
protein translation, cell cycle progression and metabolism (242) (Figure 4.4, E); SGK1
(Serum/Glucocorticoid Regulated Kinase 1), which involves in the regulation of ion channels,
membrane transporters, cellular enzymes, transcription factors including NF-xB, and cell
growth and proliferation (243) (Figure 4.4, F); TSC22D1 (Transforming Growth Factor Beta-
1-Induced Transcript 4 Protein), which is a transcriptional repressor, involves in cellular
differentiation, growth inhibition and apoptosis (244) (Figure 4.4, G); CXCL2 (C-X-C Motif

Chemokine Ligand 2), which involves in immune and inflammatory responses, specifically
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neutrophil trafficking (245) (Figure 4.4, H); PTPN13 (Protein Tyrosine Phosphatase Non-
Receptor Type 13), which is associated with pro-apoptotic signalling, cytokinesis and cell
cycle progression(246) (Figure 4.4, 1).

Table 4.2. HeLa H3K36me3 hypoxia upregulated ChlP-seq gene peaks that are potential NF-kB
target genes with their known molecular functions.

Genes identified common in H3K36me3 ChlP-seq low stringency, and NF-xB hallmark genes. Genes
also identified common in Hypoxia RNA-seq data set are listed within the “green box”. High stringency
H3K36me3 hypoxia upregulated promoter peak changes selected for further validation (bold). Genes
that are also identified in H3K4me3 ChlP-seq list are marked with “the asterisk”. Genes with
transcriptional regulatory role are highlighted in blue. Gene function summary was obtained from
GeneCards database (https://www.genecards.org).

Gene Name Ensemble Gene ID Gene Function Summary
KLF6* ENSG00000067082 B-cell growth and development
ATP2B1  ENSGO00000070961 Intracellular calcium homeostasis
EDN1*  ENSGO00000078401 Vasoconstriction
CXCL2 ENSG00000081041 Immunoregulatory and inflammatory processes
NFKBIA* ENSG00000100906 Immune and inflammatory responses
TSC22D1 ENSG00000102804 Cellular development and differentiation
NFAT5  ENSG00000102908 Osmoatic stress and inflammatory responses
KYNU ENSG00000115919 Catalyses the cleavage of kynurenine into anthranilic acid
NFE2L2 ENSG00000116044 Oxidative stress response and inflammation
GADD45A ENSG00000116717 Environmental stress response. DNA excision repair
SGK1* ENSG00000118515 Cell survival, neuronal excitability, and renal sodium excretion
KLF9 ENSG00000119138 Oxidative stress response

DUSP1* ENSG00000120129 Environmental stress response and regulation of cell proliferation
IL6ST ENSG00000134352 Immune responses, haematopoiesis, pain control and bone metabolism

IL6 ENSG00000136244 Immune and inflammatory responses
TANK ENSG00000136560 Inflammatory and DNA damage responses
KLF4*  ENSG00000136826 Cell proliferation and differentiation
MYC ENSG00000136997 Cell cycle progression, apoptosis, and cellular transformation

SIK1*  ENSG00000142178  Cell cycle regulation, gluconeogenesis and lipogenesis regulation,
muscle growth and differentiation

MCL1 ENSG00000143384 Regulation of apoptosis and cell survival
PLK2 ENSG00000145632 Centriole duplication and G1/S phase transition in cell cycle
TNFAIP8 ENSG00000145779 Regulation of apoptosis
IL18 ENSG00000150782 Immune and inflammatory responses
BTG3 ENSG00000154640 Cell proliferation
MARCKS* ENSG00000155130  Cell motility, phagocytosis, membrane trafficking and mitogenesis
ETS2 ENSG00000157557 Cell development and apoptosis
BAGALTS5 ENSG00000158470 Synthesis of lactosylceramide via the transfer of galactose
PDLIM5  ENSG00000163110 Scaffold for the formation of multiprotein complexes
TIPARP  ENSG00000163659 Mono-ADP-ribosylation of glutamate, aspartate, and cysteine residues
CCNL1  ENSG00000163660 Regulation of RNA polymerase Il
PTGER4 ENSG00000171522 Cellular responses to Prostaglandin E;
EIF1 ENSG00000173812 RNA binding activity. Regulation of translational initiation

TGIF1 ~ ENSG00000177426 Transcriptional repression of SMAD?2. Inhibition of retinoic acid
responsive element

MSC ENSG00000178860 E2A protein inhibitor. B-cell differentiation
PDE4B  ENSG00000184588 Cellular concentrations of cyclic nucleotides. Signal transduction
PTGS2 ENSG00000073756 Prostaglandin biosynthesis
CCL2 ENSG00000108691 Immunoregulatory and inflammatory processes
F3* ENSG00000117525 Initiates the blood coagulation cascades
BHLHE40* ENSG00000134107 Control of circadian rhythm and cell differentiation
PNRC1  ENSGO00000146278 Signal transduction
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Table 4.3. HeLa H3K36me3 hypoxia upregulated ChlP-seq gene peaks that are NF-kB target
genes with their molecular functions.

Genes identified common in H3K36me3 ChlP-seq low stringency, and Gilmore lab NF-kB target genes
list that is identified additional to NF-xB hallmark genes list. High stringency H3K36me3 hypoxia

upregulated promoter peak changes selected for further validation (bold). Genes with transcriptional
regulatory role are highlighted in blue. Gene function summary was obtained from GeneCards database
(https://www.genecards.org).

Gene Name Ensemble Gene ID Gene Function Summary
GCLC ENSG00000001084 Glutathione synthesis
REV3L ENSG00000009413 Translesion DNA synthesis
GCLM ENSG00000023909 Glutathione synthesis
VIM ENSG00000026025  Maintaining cell shape and intggrity._ Cell attachment, migration,
and signalling
ENSG00000049130 Cell survival and proliferation, development and migration.
KITLG Haematopoiesis, stem cell maintenance, and Gametogenesis.
MYLK ENSG00000065534 Myosin interaction with actin filaments
HIELIA ENSG00000100644 Metabolic adapta_ltion to _hypoxia. Energ_y metabolism,
angiogenesis, and apoptosis
PGK1 ENSG00000102144 Glycolysis
CDKG6 ENSG00000105810 Cell cycle progression
TFPI2 ENSG00000105825 Regulation of plasmin-mediated matrix remodelling
ENSG00000113580 Glucocorticoid response. Inflammatory responses, cellular
NR3C1 proliferation, and differentiation
SH3BGRL ENSG00000131171 Protein-to-protein interactions
THBS1 ENSG00000137801 Cell-to-cell and cell-to-matrix interactions
IF144L ENSG00000137959 Antiviral and antibacterial responses
NFKBIZ ENSG00000144802 Regulation of NF-kB transcription factor complexes
CCL28 ENSG00000151882 Immunoregulatory and inflammatory processes
PTPN13 ENSG00000163629 Cell growth, differentiation, and mitotic cycle
IL15 ENSG00000164136 T and natural killer cell activation and proliferation
FTH1 ENSG00000167996 Intracellular iron storage
BMIL ENSG00000168283 Embryonic development and self-renewa_tl in somatic stem cells
DNA damage repair
PTEN ENSG00000171862 Cell cycle progression and survival
BDNF ENSG00000176697 Growth and differentiation of neurons
DPYD ENSG00000188641 Catalyses the reduction of uracil and thymine
S100A10 ENSG00000197747 Cell cycle progression and differentiation
S100A6 ENSG00000197956 Cell cycle progression and differentiation
MBP ENSG00000197971 Formation and stabilisation of myelin membrane on nerves
ASPH ENSG00000198363 Calcium homeostasis
HMGN1 ENSG00000205581 Altering interaction between the DNA and the histone octamer
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Figure 4.3. Gene Ontology (GO) enrichment analysis of the common genes found in H3K36me3
ChlIP-seq and NF-kB hallmark genes set combined with Gilmore lab NF-kB target genes list. A.
Top 4 significantly enriched GO terms of the molecular functions were identified using WEB-based
Gene SeT AnaLysis Toolkit with FDR cut off <0.05. The adjusted statistically significant values were
negative 10-base log transformed. B. Number of genes overlap in each molecular function category.
Numbers in brackets represent the number of genes in each gene group used as a reference.
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Figure 4.4. Hypoxia ChlP-seq coverage tracks of H3K36me3 peaks at different putative NF-kB
target genes. Coverage tracks and peaks from H3K36me3 ChIP-seq 1 hour of hypoxia high stringency
dataset at BHLHE40 (A), FTH1 (B), DUSP1 (C), MARCKS (D), MYC (E), SGK1 (F), TSC22D1 (G),
CXCL2 (H), and PTPN13 (I). Peak start and end area is shown in a black framed rectangle. Forward
stranded genes are shown with arrows directing to right side, reverse stranded genes are shown with
arrows directing to the left side. Chromosomal information is shown at the top of each image with 3000
bp upstream of transcription start side (TSS) to 3000 bp downstream of transcription end side (TES).
Integrative Genomics Viewer (IGV) software was used for the figure illustration.
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To validate the effect of hypoxia on the expression of the selected genes, HelLa cells
were exposed to 1% oxygen at different time points prior to gPCR analysis (Figure 4.5). In
this analysis, efficiency of the hypoxia stimulation was measured using a known hypoxia-
inducible gene, Carbonic Anhydrase (CA9) (Figure 3.5, A). As a result, mRNA expression of
DUSP1 and MARCKS was increased at all hypoxia time points as it was shown in the previous
chapter (Figure 3.5, D and F). BHLHE40 mRNA expression was increased significantly at all
hypoxia time points (Figure 4.5, A). Also, FTH1 expression was significantly increase at 1
and 24 hours of hypoxia, whereas MYC expression was significantly increased only at 24
hours of hypoxia stimulation (Figure 4.5, B and C). The rest of the selected genes did not
show a significant increase by being exposed to 1% oxygen (Figure 4.5, D, E, F, and G).
These results suggest that H3K36me3 hypoxia upregulated promoter regions could identify
some of the hypoxia inducible genes. As MYC, SGK1, TSC22D1, CXCL2, and PTPN13
showed the least or no increase with hypoxia stimulation in most of the time points, these
genes were not included in subsequent analysis (Figure 4.5, C, D, E, F, and G).

H3K36me3 levels on the selected genes following 1- and 24-hours of hypoxia
stimulation were investigated by using the ChIP-gPCR method. H3K36me3 methylation was
quantified using specific set of primers designed for the predicted binding sites of the genes
selected based on coordinates obtained in the ChlP-sequencing experiments. This experiment
was repeated four times by using the Cell Signalling antibody (cat. #4909) while
immunoprecipitating the H3K36me3 protein on the cross-linked chromatin (Figure 4.6, A).
As a result, there was no significant change at the methylation levels with the hypoxia
stimulation at BHLHE40 and FTH1 genes (Figure 4.6, B and C). Hypoxia stimulation
increased the H3K36me3 levels at both DUSP1 and MARCKS gene peaks (Figure 4.6, D and
F). However, each replicate of this experiment showed highly variable results and could not
reach to a conclusion. In addition, although t-test was used to statistically analyse the data in
Figures 4.5 and 4.6, one-way ANOVA should have been used, as population means of more

than two groups were being compared.
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Previously, a H3K36me3 Active Motif antibody (cat. #61101) was optimised and used
in the H3K36me3 ChlP-seq experiments, since it was ChlP-validated by the vendor. To further
test the results found in Figure 4.6, H3K36me3 hypoxia peak change was investigated using
the same antibody that was used in the ChIP-seq experiments (Figure 4.7). As a result of the
one biological replicate, hypoxia stimulation increased the H3K36me3 levels more than 2-
folds in all the investigated gene peaks. This experiment will need to be repeated with the same

conditions and antibody.
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Figure 4.5. Hypoxia induction of genes with H3K36me3 hypoxia upregulated peaks. Hela cells
were exposed to 0, 1, 2, 4, and 24 hours 1% O, before proceeding to total RNA extraction and cDNA
conversion. Relative mRNA expression levels of the indicated genes were analysed by gPCR using
ACTB as a normalising gene. Graphs represent mean and standard error of a minimum of three

independent experiments. Student t-test was applied, and significance determined as follows: * p < 0.05,
** p<0.01, *** p<0.001.
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Figure 4.6. H3K36me3 hypoxia peak change validation by ChIP-gPCR. HeLa cells were exposed
to 0, 1 or 24 hours 1% O, prior to cross-linking and lysis. ChlP was performed for an 1gG control and
H3K36me3 enriched genes’ promoter region occupied by H3K36me3 promoter peak. Cell Signalling
antibody (cat. #4909) was used for the immunoprecipitation of the H3K36me3. DNA was analysed by
gPCR with results normalised to 2% input DNA. Graphs represent mean and standard error of four
independent experiments. Individual replicates are shown scattered on top of each condition,
represented with different colours; replicate 1 (orange), replicate 2 (yellow), replicate 3 (green), and
replicate 4 (blue). Student t-test was applied, and significance determined as follows: * p < 0.05, ** p <
0.01, *** p <0.001.
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Figure 4.7. H3K36me3 hypoxia peak change validation by ChlP-gPCR. HeLa cells were exposed
to 0, 1 or 24 hours 1% O, prior to cross-linking and lysis. ChlP was performed for an 1gG control and
H3K36me3 enriched genes’ promoter regions occupied by the H3K36me3 promoter peaks. Active
Motif antibody (cat. #61101) was used for the immunoprecipitation of the H3K36me3. DNA was
analysed by qPCR with results normalised to 2% input DNA. Graphs represent 1 replicate of the
experiment.
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Although, the genes selected are reported to be NF-kB dependent, this was further
validated by using an overexpression experiment. Cells were transfected with a RelA plasmid
prior to qPCR analysis for the genes selected above (Figure 3.7, A). As already shown in the
previous chapter DUSP1 and MARCKS mRNA level expressions were increased with the
RelA overexpression (Figure 3.7, D and F). Additionally, BHLHE40 and FTH1 mRNA
expression was significantly increased with Rel A overexpression (Figure 4.8, A and B). These
results indicate that upregulated gene peaks identified at H3K36me3 hypoxia lists are
associated with NF-«xB activation.

To further support the connection of these genes with the NF-xB transcriptional

response, NF-kB RelA ChlP-seq Atlas dataset was used (https://chip-atlas.org/, (212)) and

RelA binding sites were compared with the H3K36me3 gene peaks (Figure 4.9, A). As a
result, there was a statistically significant overlap between H3K36me3 hypoxia enriched genes
and RelA ChlIP-seq Atlas dataset. Also, based on the pathway enrichment analysis performed
using the hallmark gene sets, both hypoxia, and TNF-a. stimulated NF-xB were at the top 8
signalling pathways significantly enriched with these genes (Figure 4.9, B). Importantly, the
genes overlapped in the NF-xB hallmark and H3K36me3 gene sets were also identified in the
RelA ChIP-seq Atlas data set. This indicates that H3K36me3 enriched genes have RelA
binding sites and thus RelA potentially regulates their transcriptional expression. However,

this needs to be validated with further experiments.
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Figure 4.8. RelA overexpression increases the mRNA expression of H3K36me3 hypoxia
upregulated peaks. HeLa cells were transfected with control (empty vector) and RelA plasmid DNA
48 hours prior to total RNA extraction and cDNA conversion. Relative mMRNA expression levels of the
indicated genes were analysed by qPCR using ACTB as a normalising gene. Graphs represent mean
and standard error of a minimum of three independent experiments. Student t-test was applied, and
significance determined as follows: * p <0.05, ** p <0.01, *** p <0.001.
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Figure 4.9. Overlap of RelA ChlP-seq Atlas and H3K36me3 ChlP-seq peaks. A. Individual genes
included in H3K36me3 ChlP-seq datasets with 1 hour hypoxia stimulation were compared with publicly
available NF-xB RelA ChlP-seq Atlas, containing list of genes with RelA DNA binding sites. B.
Pathway association analysis of the overlapped genes identified in the H3K36me3 ChlP-seq and NF-
kB RelA ChlP-seq Atlas peaks was performed using WEB-based Gene SeT AnaLysis Toolkit with
FDR cut off <0.05. The adjusted statistically significant values were negative 10-base log transformed.
P value for the overlap was calculated by hypergeometric test. *** p <0.001.
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4.3. Regulation of NF-kB target gene expression and H3K36me3 levels by KDMs

The results shown above demonstrate that H3K36me3 methylation mark increases
with hypoxia stimulation at selected NF-xB target genes (Figure 4.7). Unlike H3K4me3,
previous studies had not identified which KDM was responsible for the increases in
H3K36me3 observed in hypoxia. As such, we asked which known H3K36me3 associated
KDMs contribute to the hypoxia induced histone methylation levels of H3K36me3. First, we
investigated if KDM4A, KDM4B, KDM4C and KDM2A depletion could affect the global
H3K36me3 levels. To test this, an immunofluorescence (IF) method was used following the
SiRNA knockdown of the KDMs individually (Figure 4.14, A). This analysis revealed that
H3K36me3 levels significantly increase 1.37- and 1.45-fold with KDM4A or KDM4B
depletion, respectively (Figure 4.10, A and B). KDM2A depletion significantly increased the
methylation mark 1.22-fold (Figure 4.10, A and B). KDM4C depletion increased the
H3K36me3 levels by the least amount, which was identified as 1.06-fold. These results suggest
that, in HeLa cells, KDM4A and KDM4B are dominant in removing H3K36me3.

Next, the effect of KDM4A knock down on the H3K36me3 levels was tested on the
selected H3K36me3 hypoxia upregulated gene peaks. KDM4A was depleted using two
different oligonucleotides, then H3K36me3 was immunoprecipitated by using the same Active
Motif antibody used in Figure 4.7, and its levels present at the gene promoters selected were
measured using specific primer sets designed for the predicted sites in the genes as obtained
by the sequencing experiments (Figure 4.11, A). H3K36me3 levels were slightly increased at
the BHLHE40 gene with the depletion of KDMA4A oligo 1 but not with oligo 2 (Figure 4.11,
C). The methylation levels were also slightly increased at FTH1 and MARCKS gene peaks
but not at DUSP1 gene (Figure 4.11, D, F and E).

Similarly, the effect of KDM4B knock down on the H3K36me3 levels was tested on
the selected H3K36me3 hypoxia upregulated gene peaks by using the same Active Motif
antibody used before (Figure 4.12, A). In this experiment, there was no significant change on

the H3K36me3 levels at any of the gene peaks with the KDM4B depletion, except at the
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MARCKS gene, there was a significant increase with KDM4B oligo 2 knock down (Figure
4.12, F). These experiments indicate that KDM4A or KDM4B individual depletion does not
impact H3K36me3 levels at the H3K36me3 hypoxia upregulated gene peaks investigated. This
suggest that affecting the H3K36me3 levels on these predicted gene peaks might need a
combined effort from two or more H3K36me3 associated KDMs. However, this possibility
will need to be tested with further experiments. Furthermore, although t-test was used to
statistically analyse the data in Figures 4.11 and 4.12, one-way ANOVA should have been

used, as population means of more than two groups were being compared.
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Figure 4.10. Effect of KDM depletion on H3K36me3 levels. HelLa cells were grown on a cover slip
and transfected with control (non-targeting), KDM4A, KDM4B, KDM4C or KDM2A siRNAs 48 hours
prior to methanol fixation. H3K36me3 levels were analysed by immunofluorescence (IF) microscopy
with H3K36me3 immunostaining. A. Representative IF microscopy images displaying H3K36me3
(green), cell nuclei (Hoechst staining) (blue) and merging of H3K36me3 and cell nuclei. B. Box plot of
relative H3K36me3 levels from IF microscopy quantification of 100 cells per condition from two
independent experiments. Mean and individual cell data points are shown on the graph. Student t-test
was applied, and significance determined as follows: * p < 0.05, ** p <0.01, *** p <0.001.
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Figure 4.11. Effect of KDM4A depletion on H3K36me3 levels at hypoxia upregulated H3K36me3
peaks. HeLa cells were transfected with control (non-targeting), KDMA4A oligo 1 and KDMA4A oligo 2
SiRNAs 48 hours prior to cross-linking and lysis. ChIPs were performed for an 1gG control and
H3K36me3 to the indicated gene promoter regions occupied by H3K36me3 promoter peaks. DNA was
analysed by gPCR with results normalised to 2% input DNA. Graphs represent mean and standard error
of a minimum of three independent experiments. Student t-test was applied, and significance determined
as follows: * p <0.05, ** p <0.01, *** p < 0.001.
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Figure 4.12. Effect of KDM4B depletion on H3K36me3 levels at hypoxia upregulated H3K36me3
peaks. HelLa cells were transfected with control (non-targeting), KDM4B oligo 1 and KDM4B oligo 2
SiRNAs 48 hours prior to cross-linking and lysis. ChiPs were performed for an 1gG control and
H3K36me3 to the indicated gene promoter regions occupied by H3K36me3 promoter peaks. DNA was
analysed by gPCR with results normalised to 2% input DNA. Graphs represent mean and standard error
of a minimum of three independent experiments. Student t-test was applied, and significance determined
as follows: * p <0.05, ** p <0.01, *** p < 0.001.
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Then, it was investigated if loss of either of the H3K36me3 associated KDMs would
contribute to the increase in mMRNA expression of the selected genes. First, KDM4A, KDM4B,
KDMA4C or KDM2A mRNA levels were efficiently decreased by siRNA oligonucleotides
(Figure 4.13, A). KDMJ4A depletion increased the mRNA expression of all genes, which was
significant for FTH1, MARCKS and DUSP1 (Figure 4.13, B, C, D and E). Also, KDM4B
depletion significantly increased the mRNA expression of all genes. Effect of KDM4C or
KDM2A depletions were more variable on the gene expression levels. KDM4C depletion
significantly increased the MARCKS mRNA levels (Figure 4.13, D), whereas KDM2A
depletion significantly increased the FTH1 mRNA levels (Figure 4.13, C). Neither KDMA4C,
nor KDM2A had a significant effect on rest of the genes tested. This analysis indicated that
both KDM4A and KDM4B have an impact on the mRNA expression of the hypoxia
upregulated genes. However, KDM4C and KDM2A only effects a few selective genes.

Overall, individual depletion of the KDM4A or KDM4B did not consistently increase
H3K36me3 at the analysed genes (Figure 4.11 and Figure 4.12). However, both KDMs’
knock down elevated the global methylation marks (Figure 4.10) and increased the mRNA of
the H3K36me3 hypoxia upregulated genes (Figure 4.13). Hypoxia stimulation increased the
methylation levels in all H3K36me3 hypoxia upregulated gene peaks but obtained data will
need to be supported with more replicates using the ChlP-seq validated antibody. These results
indicated that KDM4A and KDM4B have a negative regulatory role on the transcription of
BHLHEA40, FTH1, DUSP1 and MARCKS. This effect could be through the demethylation of
the H3K36me3. Although, individual depletion of KDM4A or KDM4B did not show an effect
on the methylation mark on these genes, this could be due to more than one KDM is necessary
to impact methylation levels on the genes. Further experiments will be needed to elucidate the
role of KDMs on the H3K36me3 hypoxia upregulated gene peaks, thus their potential role on
the NF-xB transcriptional response. Also, one-way ANOVA statistical test should have been
used in this experiment, as the population means of more than two groups were being

compared.
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Figure 4.13. Effect of KDM depletion on H3K36me3 levels at hypoxia upregulated H3K36me3
peaks. HelLa cells were transfected with control (non-targeting), KDM4A, KDM4B, KDM4C or
KDM2A siRNAs 48 hours prior to total RNA extraction and cDNA conversion. Relative mRNA
expression levels of the indicated genes were analysed by qPCR using 18S as a normalising gene.
Graphs represent mean and standard error of a minimum of three independent experiments. Student t-
test was applied, and significance determined as follows: * p <0.05, ** p < 0.01, *** p < 0.001.
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4.4. Role of KDM4 members and KDM2A on NF-xB transcriptional activity and
protein expression

The analysis of the hypoxia ChlP-sequencing experiments for H3K36me3, and
subsequent experiments suggest that H3K36me3 associated KDMs might be a novel regulator
of NF-«xB. As a preliminary experiment to determine the role of KDM4A, KDM4B, KDM4C
and KDM2A regulation on the NF-kB activity, independent of chromatin context, luciferase
reporter assays in 3 different cell lines were performed (Figure 4.14). These cell lines stably
express an artificial promoter containing 3x-xB sites in tandem. U20S and A549 cells express
the Promega NF-«B reporter luc2P, while HeLa cells express 3x-kB ConA luciferase reporter
as described in (178).

NF-xB luciferase reporter cells, were transfected individually with KDMA4A,
KDM4B, KDM4C or KDM2A siRNAs without any additional stimulation (Figure 4.14, A).
KDMA4A knock down increased the kB activity in all cell lines with statistically significant
results in A549 and U20S cells. KDM4B, KDM4C or KDM2A depletions significantly
increased the kB activity in all cell lines, with KDM4B knock down showing the highest
impact on A549 and U20S cell lines and KDM2A knock down showing the highest impact in
HeLa cells. These results show that all H3K36me3 associated KDMs have a negative
regulatory effect on the NF-xB reporter activity in all cell lines analysed under basal
conditions.

Given that NF-xB is best known in response to cytokine stimulation, cells were
exposed to the canonical NF-xB pathway inducer, Tumour necrosis factor o (TNF-a) (Figure
4.15). Optimum response time points were previously defined for each cell line in the Rocha
lab. Following KDM4A, KDM4B, KDM4C or KDM2A depletion with TNF-a. stimulation
NF-kB activity was significantly decreased in A549 cells (Figure 4.15, B). KDM4B depletion
upon TNF-a stimulation decreased the kB activity in HeLa cells (Figure 4.15, A). In U20S
cells, all the KDMs’ depletion upon TNF-o stimulation increased the kB activity, except

KDM2A depletion (Figure 4.15, C). These results indicated that upon TNF-o,, KDM4A,

99



KDM4B, KDM4C or KDM2A are required for the induction of the NF-«xB activity in A549
cells. The same case is observed with KDM4B in HeLa cells but not with KDM2A. KDM4A
or KDMA4C depletion with TNF-a stimulation increased kB activity in U20S cells. However,
variation in the results that was shown in both Figures 4.14 and 4.15, could be due to diversity
in KDMs’ knock-down efficiencies in different cell types. Although efficiency of the knock-
downs in HeLa cells were tested (Figure 4.14, A), A549 and U20S cells will also need to be
tested for such variations. In addition, although t-test was used to statistically analyse these
data, one-way ANOVA should have been used, as population means of more than two groups
were being compared.

Given, the artificial nature of the reporter and lack of chromatin environment of these
promoters, additional work is required to fully determine the molecular regulatory mechanism
of the NF-xB via H3K36me3 associated KDMs. Nevertheless, these results suggest that
H3K36me3 associated KDMs might be involved in a variety of mechanisms controlling NF-

kB activity, which will be dependent on the cellular background analysed.
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Figure 4.14. KDMs depletion affects the kB activity differently in different cell lines. Efficiency of
the KDM knock-downs were checked on HelLa cells (A). Cells were transfected with SIRNA
oligonucleotide of control (non-targeting), KDM4A, KDM4B, KDM4C or KDM2A before whole cell
lysis and probing with western blot method. B-Actin was used as a loading control. Blots represent
minimum of three independent experiments. HeLa, A549 and U20S cells, stably transfected with B
luciferase reporter, were transfected with sSiRNA control (non-targeting), KDM4A, KDM4B, KDM4C
or KDM2A (B), (C), and (D). Values were normalised to the control samples. All graphs represent mean
and standard error of four independent biological experiments. Student t-test was applied, and
significance determined as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4.15. KDMs depletion alters the kB activity in some cell lines following TNF-a stimulation.
Hela, A549, and U20S, cells, stably transfected with kB luciferase reporter, were transfected with
SiRNA control (non-targeting), KDM4A, KDM4B, KDM4C or KDM2A oligonucleotides (A), (B), and
(C). 10 ng/mL TNF-a treatment was also added for 6 hours in HeLa (A), and A549 (B) cells; and for 8
hours in U20S cells (C) prior to luciferase measurements. All the values were normalised to TNF-o
treated control samples. All the graphs represent mean and standard error of at least three independent
biological experiments. Student t-test was applied, and significance determined as follows: * p < 0.05,
#% 1 <0.01, *** p<0.001.

Role of KDM4 family and KDM2A on NF-kB subunits and their target genes’ protein
expression levels were investigated after depleting the KDMs using specific SiRNA
oligonucleotides and immunoblotting the HeLa cell lysate (Figure 4.16). Based on the two
replicates of this experiment, NF-kB RelB protein expression levels increased with KDM4B,
KDM4C and KDM2A knockdowns, while KDM4A depletion was not as effective on the RelB

expression. NF-kB cRel protein expression levels were increased with KDM4A and KDM4C

depletions, while other KDMs’ knockdown did not have a consistent effect on cRel protein
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levels. Both RelB target gene, cyclinD1 (182, 213), and cRel target gene, claspin (214) protein
expression levels were inconsistent across the two replicates.

NF-kB RelA protein expression levels were not affected with either of the KDM’s
depletion. P100, c-1AP1 (215, 216), and BHLHE40 was used as RelA target genes. Each KDM
had a negative regulatory impact on different RelA target genes. As such, p100 protein
expression levels were increased with KDM4B depletion, c-IAP1 levels were increased with
KDM4A, KDM4B and KDM4C depletions, and BHLHE40 expression was elevated with
KDM4B and KDMA4C knockdowns. Overall, these results indicate that each KDM can
negatively regulate different NF-xB subunits and their target genes at the protein level.
However, this experiment will need to be repeated in order to reach to a clear conclusion. The
effect of KDMs on NF-«kB subunits at the protein level and its impact on their transcriptional
response could involve their regulatory role on histones, as well as their non-histone function,

which is studied more in detail in the next chapter.
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Figure 4.16. KDM4 family and KDM2A depletion alters NF-xB subunits and their target genes
in protein level. Hela cells were transfected with siRNA oligonucleotide of control (non-targeting)
and KDM4A, KDM4B, KDMA4C, or KDM2A before whole cell lysis and probing with western blot
method. B-Actin was used as a loading control. Blots show two independent replicates of the

experiment.
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4.5. Discussion

Histone lysine methylation represents a key epigenetic function for gene expressions,
which has recently been associated with its elevation through decreased oxygen levels and
deactivation of the JmjC containing KDMs (100, 110). Although these studies focused on the
other demethylases, H3K36me3 hypoxia stimulated ChlP-seq data obtained from Batie et al.
revealed the potential of this methylation mark in hypoxia stimulated NF-kB transcriptional
response. This study focused on the role of hypoxia controlling H3K36me3 levels and
investigating the possible KDMs that could be involved in the regulation of the NF-kB
transcriptional response.

Genome-wide analysis performed by Michael Batie, to map H3K36me3 enriched
genomic regions in HelLa cells, at basal level and following 1 hour hypoxia (117) a list of gene
peaks was obtained (Figure 4.1). Pathway enrichment analysis was performed using
H3K36me3 upregulated low stringency gene peaks, which included genes identified in at least
2 out of 3 biological experiments. This enabled to obtain genes with statistically significant
overlaps with hallmark gene sets (Tables 4.1). However, as mentioned in the previous chapter,
this analysis is limited to overlapping only a defined number of reference genes for each
pathway. Thus, some of the TNF-a-induced NF-kB genes might not be included in the
hallmark gene sets, therefore, including other publicly available ChIP-seq and RNA-seq
datasets with hypoxia or TNF-o stimulation to the comparison, could be more informative.

The list of H3K36me3 hypoxia upregulated gene peaks, were also overlapped with
RNA-seq hypoxia and NF-kB hallmark gene sets, as well as with the Gilmore laboratory’s
NF-kB target genes list (Figure 4.2, A and B). This comparison highlighted potential NF-xB
target genes that are associated with H3K36me3 upregulated gene peaks, and the ones that are
also induced by hypoxia stimulation (Table 4.2 and Table 4.3). From the H3K36me3 hypoxia
upregulated gene peaks, high stringency genes that were identified in all replicates of the
H3K36me3 hypoxia ChIP-seq experiment, were selected for further validation. BHLHE40 and

FTH1 was validated to significantly increase with hypoxia stimulation (Figure 4.5, A and B).
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Also, DUSP1 and MARCKS was confirmed to be hypoxia inducible in the previous chapter
(Figure 3.5, D and F). Furthermore, all the hypoxia responsive genes were also shown to
respond to the NF-xB subunit RelA by measuring their mRNA levels following RelA
overexpression of the HeLa cells (Figure 4.8 and Figure 3.7, D and F). Additionally, all these
genes have been shown to have RelA binding sites by ChlP-seq in a variety of different cellular

backgrounds, when ChIP-Atlas was used (https://chip-atlas.org/, (212)) (Figure 4.9).

However, as it is described in the previous chapter further analysis is necessary to support their
connection with the NF-xB transcriptional response by doing genome-wide analysis of NF-
kB RelA binding sites with hypoxia stimulation. In order to do this, a CUT and RUN
experiment was planned and optimisation of the assay was initiated (Chapter 9). This
approach will enable to identify direct targets of the NF-xB with hypoxia stimulation and
differentiate the TNF-a. induced gene signatures.

In the next experiments, we focused on validating the effect of hypoxia stimulation on
the H3K36me3 methylation levels. Initially, a Cell Signalling antibody was used at the
immunoprecipitation process of the H3K36me3 proteins that were crosslinked to the
chromatin (Figure 4.6). This experiment could not reach to a conclusion due to high variability
between biological replicates, which was thought to be caused by using an antibody that was
not validated for this experiment (247). In the next experiment, another H3K36me3 specific
antibody produced by Active Motif that was validated and used in the H3K36me3 hypoxia
stimulated ChlIP-seq experiments was used (100). As a result, hypoxia stimulation increased
the methylation levels in all H3K36me3 hypoxia upregulated gene peaks (Figure 4.7).
However, this experiment will need to be repeated to support the results from the first replicate.

Next, we focused on identifying the KDMs that could be involved in regulating the
H3K36me3 hypoxia upregulated gene peaks. Unlike H3K4me3, where KDM5A was
identified previously as the main KDM responsible for hypoxia response (117), no information
was available for which KDM was responsible for H3K36me3 induction in hypoxia. Initially,

H3K36me3 associated KDMs, KDM4A, KDM4B, KDMA4C and KDM2A was validated for
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their effect on the global H3K36me3 levels in HeLa cells (Figure 4.10). KDM4A or KDM4B
depletion showed the highest significant increase at the methylation levels, indicating that
these are dominant in HeLa cells. Next, KDMs were investigated if they would influence the
H3K36me3 levels, similar to hypoxia stimulation, at the H3K36me3 hypoxia upregulated gene
peaks by using ChIP-qgPCR method (Figure 4.11 and Figure 4.12). Apart from the increased
methylation levels at MARCKS gene, there was no significant change on the H3K36me3
levels at rest of the gene peaks with either of the KDMs knock down. This could be due to
multiple KDMs being involved on the demethylation of the H3K36me3 levels, thus depletion
of only KDM4A or KDM4B might not be sufficient. Supporting this hypothesis, previously,
it has been shown that single gene knockouts of KDM4A, KDM4B and KDMA4C, as well as
double knockouts of KDM4A with KDM4B or KDM4B with KDM4C would maintain viable
mouse embryonic stem cells, but combined deficiency of all three KDM4s would be
embryonic lethal (248, 249). This indicates that individual KDM4 family members have
redundant roles in preventing the accumulation of H3K36me3. In this case, additional
experiments, depleting the combination of KDMs is necessary to further investigate their
regulatory role at the H3K36me3 hypoxia upregulated gene peaks in HeLa cells.

Using a reporter gene assay, negative regulatory effect of KDM4A, KDM4B, KDM4C
and KDM2A on NF-«B activity was observed in HeLa, A549 and U20S cells by depleting
each of the KDMs independently prior to quantifying the kB activity (Figure 4.14). Following
TNF-a stimulation, depleting either of the KDMs decreased the kB activity in A549 cell lines
(Figure 4.15, C). The same effect happened on HelLa cells with depletion of the KDM4B
(Figure 4.15, A). In U20S cells, all the KDM4 depletion with TNF-a stimulation increased
the kB activity, but this was not the case for KDM2A depletion (Figure 4.15, C). These results
indicated that upon TNF-a., different KDMs could be required for the induction of the NF-xB
activity in different cell lines.

The reporters used are artificial in nature and lack of chromatin environment of

endogenous promoters, as such the results obtained, point to an effect either on the
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transcription factor themselves and/or indirectly alterations of chromatin of NF-«xB regulators.
Additional work is required to fully determine the molecular regulatory mechanism of the NF-
kB via KDM4 family members and KDM2A. In terms of KDM2A, independent to its histone
demethylation activity, following interleukin-1 signalling, knockdown of KDM2A increased
the mRNA level expression of NF-kB target genes, such as IL-6 and IL-8 in mesenchymal
stem cells (236). Also, a recent study has confirmed the negative regulatory role of KDM2A
on the NF-xB in MCF-7 breast cancer cell lines (237). Furthermore, Lu et al. showed that
JmjC domain, and especially the H3K36 demethylase activity that is encoded within this
domain is needed for the negative regulatory effect of KDM2A on NF-kB in human 293 cells
(170). The same group has also shown a non-canonical function of KDM2A, where it
negatively regulates the NF-xB RelA through reversing methylation of the lysine residues by
directly binding to the NF-kB subunit (35), which could explain the role of KDM2A on the
NF-xB activity in the luciferase system. It is thus possible that KDM4 family members also
directly demethylate NF-kB subunits, a hypothesis that will require investigation in the future.
Nevertheless, these results suggest that these KDMs might be involved in a variety of
mechanisms controlling NF-kB activity. Additional work investigating how KDM4 family
and KDM2A depletion alter basal and TNF-co. induced genes such as IkB-a, IL-8, TNFAIP3
and others would be interesting to determine KDM4 and KDM2A’s role in the canonical NF-
kB pathway.

Several studies have also shown an association between KDM4 family and NF-xB
with different inducers and in various cellular backgrounds. Studies that linked KDM4 family
and NF-kB majorly focused on their demethylation activity on H3K9me2/3, which is a mark
for transcriptional repression. Based on the kinetic analysis of the KDM4 family, this might
be because, although KDM4A, KDM4B and KDM4C accept both H3K9 and H3K36 as
substrates, demethylation at H3K9 compared to H3K36, occurs with a higher affinity and
efficiency (250). KDM4B accumulation at the RelA promoter, has been shown to increase the

NF-kB expression and its corresponding inflammatory response by depleting H3K9me3(238).

108



Moreover, KDM4A and KDMA4C has been shown to form a complex with NF-«xB in response
to T follicular helper cell-derived signals and mediates the cell cycle progression of the
activated B cells through demethylation of H3K9 (239).

Furthermore, several studies have focused on the association between H3K36me3 and
NF-kB transcriptional response. It has been shown that Lipopolysaccharides (LPS) stimulation
enhances H3K36me3 chromatin occupancy in inflammatory genes such as IL-1f (234). This
study has shown that increased H3K36me3 levels is correlated with elevated pro-IL-1 at the
protein level, however its’ link with NF-kB was not established. Another group has shown
decreased H3K36me3 levels on the pro-inflammatory mediator, TNF-a promoter in rat spleen
samples, following a corticosteroid drug treatment, which is known to reduce inflammation
and suppress immune system (235). In this study, while decrease in H3K36me3 levels were
compatible with decreased TNF-o. mMRNA expression, their correlation was not clarified.

To summarise, this chapter has indicated the role of oxygen sensing mechanism of
chromatin on the transcriptional regulation of potential NF-xB target genes. Enzymatic
activity of KDM4A and KDM4B is suggested as a potential regulator of the H3K36me3
regions and gene expression that are responsive to both hypoxia and NF-xB RelA. The results
presented here also lead to a speculating the role of KDM4 in controlling NF-xB

transcriptional activity.
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5.1. Introduction

Given the role of NF-xB in a wide range of crucial cellular and physiological
processes, activity of the NF-xB is regulated by many mechanisms including various post-
translational modifications (PTMs), such as ubiquitination, phosphorylation, acetylation,
sumoylation, and nitrosylation (147). Methylation has also been reported but has not been
studied widely. It has been suggested that histone-modifying enzymes not only modify histone
proteins, but are also involved in the modification of non-histone proteins including NF-«B.
To date, NF-xB RelA protein has been discovered to have six methylated lysine (K) sites,
which are modified by different histone modifying enzymes (35, 166, 170-173). Specifically,
K37, K218 and K221 sites are located within the Rel homology domain (RHD) of the RelA
protein, which is known with its function for protein dimerization, inhibition of NF-kB and its
inhibitor, IxB interaction, as well as nuclear targeting, and DNA binding (176).

Lysine methylation can occur in different forms and can lead into distinctive
functional outcomes depending on the molecular role of the methylated binding protein. Lu et
al. have identified that NF-xB RelA protein can be monomethylated on K218 and
dimethylated on K221 sites, catalysed by the H3K36 methyltransferase, the nuclear receptor-
binding SET domain-containing protein 1 (NSD1) in response to cytokine stimulation, and the
methyl groups can be removed by the H3K36 demethylase, KDM2A (35, 170). Based on gene
expression profiling of Lu et al., using RelA plasmid DNA in mouse embryonic fibroblast
cells (MEFs), about 80% of genes were not activated by the RelA overexpression, when both
K218 and K221 sites were mutated (35). Also, about 87% of the RelA-dependent genes were
shown to be downregulated by overexpression of the KDM2A in MEFs. The data obtained by
Lu and colleagues suggested that K218 and K221 methylation sites are important for NF-xB
transcriptional response and KDM2A has a direct negative regulatory role on most of the
RelA-dependent genes (35).

In the previous chapter, it was shown that KDM4 and KDM2A, which belongs to the

Jumonji C (JmjC)-containing lysine-specific histone demethylases (KDMs), have a negative
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regulatory role in NF-xB transcriptional activity. As the luciferase method that was used to
measure the kB activity does not involve a chromatin system, it raises the possibility of a non-
canonical function of the KDMs. This has directed us to investigate the role of KDMs in the
regulation of possible methylations on NF-«xB proteins.

This chapter investigates the functional significance of lysine residues identified to be
conserved in all NF-kB subunits for their potential of being methylated. Mutation of the
identified lysine residues has shown to alter the NF-kB transcriptional activity in different
cellular backgrounds. The conducted preliminary work has shown potential methylation sites
on the NF-kB proteins in HelLa cells and the possible interaction of KDM5A with the NF-xB

subunits, RelA and p50.

5.2. Identification of the NF-kB lysine residues as potential methylation targets

As mentioned above, several methylation sites had been previously identified in the
NF-xB RelA (p65) subunit (35, 166, 170-173). To determine if these sites are conserved in
different species, sequence similarity search was applied focusing on the K218 and K221
residues of the NF-xB RelA using Jalview software (251) (Figure 5.1). Orthologous
sequences of the Rel Homology Domain (RHD) were obtained for different organisms from
the UniProt proteome database with the following UniProt entry identifiers; H. sapiens,
Q04206-1; M. musculus, Q04207; G. gallus, P98152; X. laevis, Q04865; and D. melanogaster
Dorsal, P15330 and D. melanogaster Dif, P98149. As a result, it was demonstrated that the
K218 and K221 methylation sites in human are evolutionarily conserved in other organisms,
such as mice, chicken, frog, and the fruit fly. Based on this information, it could be
hypothesised that these sites are functionally important for RelA.

As the methylation sites investigated above are located in the RHD, which is the most
conserved domain between NF-kB subunits, the conservation of these sites was investigated
across all NF-xB proteins. Sequence alignment analysis of all NF-kB subunits was also

performed using Jalview software (Figure 5.2, A). Canonical protein sequences for each NF-
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kB subunit’” RHD were obtained with the following UniProt entry identifiers; RelA (p65),
Q04206-1; RelB, Q01201; NF-xB1 (p50), P19838; NF-xB2 (p52), Q00653; and cRel,
Q04864. As a result, the amino acid motif containing the K218 and K221 sites were discovered
to be conserved in all five NF-kB subunits. Location of this amino acid motif and thus the
lysine residues was different for each NF-kB subunit due to different number of amino acids
existing in their protein sequences. RelA K218 and K221 was aligned with K210 and K213 in
cRel; K327 and K330 in RelB; K275 and K278 in NF-xB1; and K252 and K255 in NF-xB2.
In the protein data bank (PDB) repository, the structure of RelA-p50 heterodimer bound to the
tandem kB sites of the Human Immunodeficiency Virus (HIV)-1 Long Terminal Repeat (LTR)
is available with the PDB code, 3GUT. Using such structure, a representative diagram of
RelA-p50 heterodimer with aligned lysine residues was shown while bound to the HIV-1 LTR,
was produced using PyMOL software (Delano Scientific, LLC) (Figure 5.2, B). DNA helix
is shown to be coated by RelA-p50 heterodimer, forming a nearly complete circle around the
DNA. Unlike most DNA-binding proteins, which use a-helices, NF-xB dimers use loops in
order to mediate DNA contacts (252, 253). Structural modelling has identified that RelA
contacts DNA through few residues, and among them the recently identified methylation sites,
K218 and K221 are found to be located on the loop L4 with the ability to bind to DNA on «B
sites (252, 254). Lu et al. have shown that both K218 and K221 residues, which are located in
the DNA binding domain of RelA, increases gene expression by facilitating RelA promoter
binding ability (171). NF-xB heterodimer RelA-p50 structure has been studied on a number
of different DNA sites, where it has been determined that Rel A-p50 dimer bind to the same or
closely related DNA sequences (252, 254-257). Given the structural similarities of RelA and
p50, it is possible that p50 lysine residues that are aligned with K218 and K221 are also
involved in increasing the DNA binding affinity of the p50. This could also be applied to other
NF-kB subunits as they are identified to share the same amino acid motif within aligned lysine
residues (Figure 5.2, A). The results obtained in the similarity analysis suggest that apart from

RelA, other NF-kB subunits could also potentially be methylated and demethylated by specific
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enzymes, contributing to the regulation of the NF-xB transcriptional response. Given the
function of the RHD, it is also possible that these putative methylated lysine sites contribute
to NF-xB protein homo- or hetero-dimerization, as well as detachment of the NF-kB proteins
from their inhibitor followed by their nuclear localisation. Also, potential methylation of the
identified NF-«xB lysine sites could contribute to recruiting additional factors such as NF-xB
co-activators that are necessary for a complete NF-«kB transcriptional response. Thus, further
study investigating the functional role of these putative methylated lysine sites on NF-«xB is
necessary. To start such investigation, effect of the potentially methylated lysine sites on NF-

kB transcriptional activity is tested and described in the next section.

A.
K218 K221
M| M,
ReA —{ _RED |
1 19 301 551

B.
RelA|H.sapiens|19-306 IAGG 1FLLC BV vETE- - ---- PG
RelA|M.musculus|19-306 AGE IFLLE I YETG- - - - - - PG
RelA|G.gallus|25-311 SAGG ITFLLC I REWA EG
RelA|X. [aevis| 18-306 TGGDEIFLLCDRV 1BV  FGL- - - - - - GN
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1imLcER ~ (BVREYETDKDGRET

Dif|D.melanogaster|78-372 YEGS

Figure 5.1. NF-kB RelA protein methylation sites via KDM2A. A. Visual illustration of NF-xB RelA
protein structure showing mono-methylation (M) on Lysine 218 residue (K218) and di-methylation
(M) of the Lysine 221 residue (K221) on the amino acid sequence of the Rel Homology Domain
(RHD). B. Sequence alignment diagram for the NF-kB RelA RHD K218 and K221 sites in different
species. Red highlighted section indicates conserved Lysine (K) residues.
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RelA|19-306 RNS Egv TGPG - -
RelB|125-440 KES SMVESRAS
NFkB142-367 R TA QIRBYEEEEN
NFkB2|38-343 K TA YEDDEN
cRel|8-297 KNC VLND - -

Figure 5.2. NF-xkB subunits potential methylation sites. A. Sequence alignment diagram for the NF-
kB subunits aligning with the RelA K218 and K221 sites on the Rel Homology Domain (RHD). Red
arrows indicate conserved Lysine (K) residues. B. A stereo cartoon diagram of a representative
alignment of RelA (red, PDB code, 3GUT) and NF-xB1 p50 (cyan, PDB code, 1NFI) bound to Human
Immunodeficiency Virus (HIV)-1 Long Terminal Repeat (LTR) DNA (orange). Magnified diagram at
the right-side shows overlapping K218 and K221 residues with methyl groups, C (green) and H3 (white)
added to each of the N-terminus (blue). Structure figure was generated with PyMOL (Delano Scientific,
LLC).

5.3. Functional analysis of putative methylated lysine sites on NF-kB transcriptional
activity

To gain an insight into the functional contribution of the identified conserved lysine
residues towards the NF-kB transcriptional activity in different cell lines, lysine (K) residues
were mutated into alanine (A). NF-xB mutants were generated with altered lysine sites from

their corresponding wild-type plasmid DNA using site directed mutagenesis (Figure 5.3).
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1. RelA

2. cRel

K218 K221

K210 K213

K327 K330

2 RelB

Mutant Abbreviation Description
- RelA WT RelA wild type
RelA; K218A RelA K218A RelA lysine 218 residue loss of function
RelA; K221A RelA K221A RelA lysine 221 residue loss of function
RelA (K218A); K221A RelA DM RelA both lysine residues loss of function
- cRel WT cRel wild type
cRel; K210A cRel K210A cRel lysine 210 residue loss of function
cRel; K213A cRel K213A cRel lysine 213 residue loss of function
cRel (K210A); K213A cRel DM cRel both lysine residues loss of function
- RelB WT RelB wild type
RelB; K327A RelB K327A RelB lysine 327 residue loss of function
RelB; K330A RelB K330A RelB lysine 330 residue loss of function
RelB (K327A); K330A RelB DM RelB both lysine residues loss of function

Figure 5.3. NF-kB subunits potential methylation sites mutants. Schematic diagram of NF-«B
subunits RelA, cRel and RelB with the list of mutant plasmid DNA generated. Lysine residues that are
shown in “red” are converted to alanine using site directed mutagenesis method. Two single mutations
and a double mutation was produced for each NF-xB subunit using their wild type of plasmid DNA.

NF-kB mutants were then transiently expressed in HeLa-kB, A549-kB, and U20S-
kB luciferase cells and exposed or not to canonical NF-kB pathway inducer, Tumour necrosis
factor oo (TNF-a) for the optimum amount of time that was previously defined for each cell
line in the Rocha lab.

In HeL a cells, NF-kB activity was significantly increased with the overexpression of

RelA wild type (WT), and increased with the RelA single mutants, K218 and K221 (Figure

5.4, A). However, compared to the RelA WT, kB activity was decreased with both single

116



mutants and this reduced activity was really evident when cells expressed the double mutant
(DM) (Figure 5.4, A).

In A549 cells, surprisingly RelA WT plasmid was not able to induce B activity. This
was also seen when the DM was expressed in these cells (Figure 5.4, B). However, both of
the single mutants increased kB activity in A549 cells (Figure 5.4, B).

In U20S cells, RelA WT and both of the single mutants significantly increased the
NF-kB activity. On the other hand, a significant decrease in the kB activity was observed with
RelA DM expression, suggesting a dominant negative effect of these mutations (Figure 5.4,
C). These results indicate that, mutation in one of the RelA lysine residues is not sufficient to
remove NF-kB activity in either of the cell lines, however altering both of the RelA lysine

sites substantially decrease B activity in all cell lines.
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Figure 5.4. NF-kB RelA mutants expression alter the kB activity in different cell lines. HeLa, A549,
and U20S, cells, stably transfected with kB luciferase reporter, were transiently transfected with the
following plasmid DNAs; control (empty vector), RelA WT (wild type), RelA K218A, RelA K221A or
RelA DM (double mutant) prior to luciferase measurements. All the values were normalised to control
samples. All the graphs represent mean and standard error of at least three independent biological
experiments. Student t-test was applied, and significance determined as follows: * p <0.05, ** p <0.01,
%k 5 < 0.001.

To investigate the relevance of these lysine residues in TNF-o induced NF-xB
activity, these experiments were repeated in the presence of this cytokine. In HeLa and U20S
cell lines, following overexpression of the RelA plasmids and TNF-o stimulation, RelA WT
and all of its single mutants increased the kB activity (Figure 5.5, A and C). However, in
Ab549 cells, no significant difference is observed between WT and mutants (Figure 5.5, B).

Interestingly in U20S cells, expression of RelA DM and stimulation with TNF-a, still resulted

in reduced B activity when compared to the WT. These results suggest that upon TNF-a,
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most cells can rely on endogenous RelA for activation of the reporter and that cell type specific

responses are seen for each of the mutants analysed.
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Figure 5.5. NF-kB RelA mutants expression alter the kB activity in different cell lines following
TNF-a stimulation. HelLa, A549, and U20S, cells, stably transfected with kB luciferase reporter, were
transiently transfected with the following plasmid DNAs; control (empty vector), RelA WT (wild type),
RelA K218A, RelA K221A or RelA DM (double mutant). 10 ng/mL TNF-a treatment was also added
for 6 hours in HeLa (A), and A549 (B) cells; and for 8 hours in U20S cells (C) prior to luciferase
measurements. All the values were normalised to TNF-a treated control samples. All the graphs
represent mean and standard error of at least three independent biological experiments. Student t-test
was applied, and significance determined as follows: * p < 0.05, ** p <0.01, *** p <0.001.
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Given the degree of conservation of the putative lysine methylation sites, the analysis
was repeated using RelB and a similar experimental setting as RelA, across three different
reporter cell lines. NF-xB activity was increased with the overexpression of RelB WT and its
mutants both in A549 and U20S cells, however this was not statistically significant (Figure
5.6, B and C). Also, compared to the WT, «B activity was decreased with both single mutants
and DM in A549 cells (Figure 5.6, B). In HeLa cells none of the RelB plasmids were able to
induce B activity (Figure 5.6, A). Following overexpression of the RelB mutants and TNF-
o stimulation, once again no increase in NF-kB activity was observed in HelLa cells (Figure
5.7, A). In A549 and U20S cells, no differences were observed between WT and mutants
(Figure 5.7, B and C). These results indicate that RelB lysine sites are only necessary for the
NF-kB activity in A549, but TNF-o stimulation removes this requirement, possibly by

regulating endogenous protein PTMs.
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Figure 5.6. NF-kB RelB mutants expression alter the kB activity in different cell lines. HeLa, A549,
and U20S, cells, stably transfected with kB luciferase reporter, were transiently transfected with the
following plasmid DNAs; control (empty vector), RelB WT (wild type), RelB K327A, RelB K330A or
RelB DM (double mutant) prior to luciferase measurements. All the values were normalised to control
samples. All the graphs represent mean and standard error of at least three independent biological
experiments. Student t-test was applied, and significance determined as follows: * p <0.05, ** p <0.01,
*** p <0.001.
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Figure 5.7. NF-kB RelB mutants expression alter the kB activity in different cell lines following
TNF-a stimulation. HelLa, A549, and U20S, cells, stably transfected with kB luciferase reporter, were
transiently transfected with the following plasmid DNAs; control (empty vector), RelB WT (wild type),
RelB K327A, RelB K330A or RelB DM (double mutant). 10 ng/mL TNF-a treatment was also added
for 6 hours in HeLa (A), and A549 (B) cells; and for 8 hours in U20S cells (C) prior to luciferase
measurements. All the values were normalised to TNF-a treated control samples. All the graphs
represent mean and standard error of at least three independent biological experiments. Student t-test
was applied, and significance determined as follows: * p < 0.05, ** p <0.01, *** p <0.001.
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Finally, the role of the identified conserved lysine sites was investigated in cRel.
Overexpression of the cRel WT and its mutants increased the NF-kB activity in all cell lines
(Figure 5.8). However, in HeLa cells no differences were observed between WT and mutants
(Figure 5.8, A). On the other hand, in A549 and U20S cells, that express the same reporter,
single lysine mutants’ overexpression resulted in higher kB activity (Figure 5.8, B and C).

Following TNF-a stimulation, overexpression of the cRel WT and its mutants
significantly increased the NF-«kB activity in U20S cells, with slightly less activity for the DM
(Figure 5.9, C). In HeLa and A549 cells no significant difference was observed between WT
and mutants following TNF-a treatment (Figure 5.9, A and B). These data suggest that upon
TNF-a stimulation, cRel lysine methylation sites do not have a significant change to NF-xB

activity in the cells analysed.

123



400

600 [A549-xB
HeLa-xB
£ £ T
o= >
< £ 400 TE T
2z & £ < 200 1
= g3
£z £ £ .
=) E 200 z 32 T
4 5 *%x g
5 S|
O O T T T 1
T T T T 1 DNA 0\ ?‘ ?‘ @
pNA: & & o Ny \$& SRR
¢ {3’\/ @,\' Q&\O & S o2 &
T o J Pook
& & ¢ e
C. 4000
U20S-xB

**

2000 xx

Normalised
Luciferase Activity
o
2. K
*
*
=

I oo Y
DNA: Qo(é S @\9 @\',b R
& & & &
g &

Figure 5.8. NF-kB cRel mutants expression alter the kB activity in different cell lines. HeLa, A549,
and U20S, cells, stably transfected with «B luciferase reporter, were transiently transfected with the
following plasmid DNAs; control (empty vector), cRel WT (wild type), cRel K210A, cRel K213A or
cRel DM (double mutant) prior to luciferase measurements. All the values were normalised to control
samples. All the graphs represent mean and standard error of at least three independent biological
experiments. Student t-test was applied, and significance determined as follows: * p <0.05, ** p <0.01,
*** p <0.001.
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Figure 5.9. NF-kB cRel mutants expression alter the kB activity in different cell lines following
TNF-a stimulation. HelLa, A549, and U20S, cells, stably transfected with kB luciferase reporter, were
transiently transfected with the following plasmid DNAs; control (empty vector), cRel WT (wild type),
cRel K210A, cRel K213A or cRel DM (double mutant). 10 ng/mL TNF-a treatment was also added for
6 hours in HeLa (A), and A549 (B) cells; and for 8 hours in U20S cells (C) prior to luciferase
measurements. All the values were normalised to TNF-a treated control samples. All the graphs
represent mean and standard error of at least three independent biological experiments. Student t-test
was applied, and significance determined as follows: * p < 0.05, ** p < 0.01, *** p <0.001.
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Given that reporter gene assays are quite artificial, and NF-xB has many possible
intricate mechanisms controlling its genes, it was important to analyse the role of the lysine
mutants of RelA on its target genes’ mRNA expression levels. To do so, cells were transfected
with WT and lysine mutants prior to lysis, RNA extraction, cDNA conversion and gPCR
analysis (Figure 5.10). This analysis revealed that, both single mutants, K218 and K221, and
the double mutant RelA had significantly lower RelA expression compared to the WT (Figure
5.10, A). Similarly, IL8 expression was decreased with both of the single mutants and the
double mutant, when compared to the RelA WT plasmid (Figure 5.10, C). Interestingly, and
despite reduced expression levels, IkBa mRNA was lower with K218A and DM plasmids, but
higher with the K221A plasmid, when compared to the RelA WT (Figure 5.10, B). On the
other hand, single mutant plasmids but not the DM elevated the p100 mRNA level (Figure
5.10, D). These results revealed that K218 and K221 methylation sites are necessary for the
complete NF-kB RelA transcriptional response. Each of the methylation site has an impact on
different RelA target genes. Although DM reduced the IxBa and IL8 expression evidently, its
impact on the p100 expression was not recognisable. Additional experiments investigating the
role of cRel and RelB mutants on the NF-«xB transcriptional response will need to be completed

with future experiments.
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Figure 5.10. RelA mutants’ overexpression alters the mRNA expression of RelA and its target
genes. HeLa cells were transfected with the following plasmid DNAs; control (empty vector) and RelA
WT (wild type), RelA K218A, RelA K221A, and RelA DM (double mutant), 48 hours prior to total
RNA extraction and cDNA conversion. Relative mMRNA expression levels of the indicated genes were
analysed by gPCR using ACTB as a normalising gene. Graphs represent mean and standard error of a

minimum of three independent experiments. Student t-test was applied, and significance determined as
follows: * p <0.05, ** p<0.01, *** p <0.001.
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As the mRNA levels for WT and the lysine mutants were very different, NF-xB
mutants were studied for their effect on the protein expression levels of RelA, cRel or RelB as
well as some of their target genes (Figure 5.11). Western blot analysis revealed that all of NF-
kB WT and mutants displayed variable protein expression across three biological replicates,
suggesting a combination of variability in transfection efficiency and expression ability. Based
on the results of two replicates, the RelA target gene, p100 showed an increase with K218 and
K221 single mutants’ overexpression, compared to the RelA WT, very likely due to increased
expression levels of these mutants (Figure 5.11, A). Also, consistent to the level of RelA
expression, RelA DM induced lower levels of p100 expression in both of the replicates.
Similar to RelA results, cRel and RelB expression levels were variable between replicates
(Figure 5.11, B and C). The cRel target gene, Claspin (214) was induced in replicates where
good expression of cRel WT could be observed (Figure 5.11, B). Replicate 3 revealed
detectable expression of WT and cRel mutants, and under these conditions, only WT and cRel
K213A single mutant induced Claspin levels (Figure 5.11, B). Interestingly, while cRel DM
could be detected in all replicates, this failed to induce Claspin when compared to WT (Figure
5.11, B).

For RelB, CyclinD1 was used as a target gene (182, 213). Expression of RelB WT and
mutants revealed to be the most variable between replicates (Figure 5.11, C). CyclinD1
protein expression levels increased in a similar level to the level of RelB expression (Figure
5.11, C), suggesting that this target is unaffected by mutation of lysine sites in the RHD.
Overall, these results indicate that transiently transfected plasmids express inconsistent protein
expressions, and this also affects their target genes’ protein expressions. However, it also
suggests that at least for RelA and cRel, the lysine sites investigated could be involved in target

specificity.
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Figure 5.11. NF-kB mutants’ protein expression on NF-xB subunits and their target genes. Protein
expression levels of the mutated NF-xB subunits RelA (A), cRel (B), and RelB (C) were analysed on
HelLa cells. Cells were transfected with the following plasmid DNA before whole cell lysis and probing
with western blot method; empty vector (control), RelA WT (wild type), RelA K218A, RelA K221A,
and RelA DM (double mutant) (A); cRel WT, cRel K210A, cRel K213A, and cRel DM (B); RelB WT,
RelB K327A, RelB K330A, and RelB DM (C). p-Actin was used as a loading control. Blots show three
independent replicates of the experiment.

5.4. Putative methylation of the NF-xB proteins and their interaction with KDMs

Given that there have been reports of methylation on RelA in the literature (35, 166,
170-173), it was next investigated if specific NF-kB subunits could be methylated. To this
end, overexpression with RelA or p50 plasmid DNAs in HelLa cells, followed by
immunoprecipitation (IP) and western blot method was used. In addition, Desferrioxamine
(DFX) treatment for 1 hour was also included as a control. DFX is an iron chelator which

specifically inhibits molecules that needs iron for their activity, including the KDMs (117). In
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DFX exposed cells, demethylating activity of the KDMs should be suppressed. After
immunoprecipitation of RelA or p50 using specific antibodies, a pan-methyl lysine antibody
was used that specifically identifies trimethylation (Figure 5.12). This analysis revealed that
in both replicate 1 and 2, RelA has associated trimethylation, but this was insensitive to 1-hour
DFX treatment (Figure 5.12, A). When analysing p50, replicate 1 has shown an associated
trimethylation with and without DFX (Figure 5.12, B). Interestingly, replicate 2 of the p50
protein analysis has shown association with trimethylation only after the addition of DFX.
These results suggest that methylation is a modification that also occur in HeLa cells, however,
these experiments will need to be repeated in order to have three independent biological
replicates with consistent results, and using denaturating conditions, preserving only covalent
modifications such as methylation.

These experiments were repeated but instead additional pan-methyl lysine antibodies
that specifically detect mono- or dimethylation were used (Figure 5.13). Following
overexpression of HelLa cells with RelA plasmid DNA and 1-hour DFX treatment, RelA
protein was immunoprecipitated followed by western blot analysis. Successful overexpression
of RelA was identified at around 65 kDa molecular weight (MW) on the IP lane (Figure 5.13,
A). Interestingly, in the RelA IP lanes, even at endogenous levels, a higher mobility band of
around 75 kDa was observed (Figure 5.13, A), which was lost in the RelA overexpressing,
DFX treated cells. This suggests additional modifications such as ubiquitination, which have
been previously reported for RelA (258-260). Based only on 1 biological replicate, mono- and
dimethylation was identified to associate with the RelA protein in the band around 75 kDa
MW, and decreased methylation levels were observed with the DFX treatment, where reduced
75 kDa band was observed for RelA (Figure 5.13, B and C). Also, methylation was observed
in DFX treated cells at endogenous level of RelA (Figure 5.13, B and C). These results could
suggest that mono- and dimethylation of the RelA in HeLa cells might be leading or associated
with other PTMs. This experiment also will need to be repeated in order to reach a conclusion,

also including denaturating lysis conditions.
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Figure 5.12. Tri-methylation of the NF-xB subunits RelA and p50. HelLa cells were transfected with
control (empty vector) and RelA or p50 plasmid DNA, prior to treatment with 200 pM DFX
(Desferrioxamine) for 1 hour. Cells were lysed in RIPA buffer, and 250 pg from original lysates were
used to immunoprecipitate RelA (A) or p50 (B). Rabbit IgG was used as antibody control.
Immunoprecipitated complexes were analysed by Western blot using the indicated antibodies. Blots
show two independent replicates of the experiments. Inputs correspond to 10% of the starting material.
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Figure 5.13. Mono- and Di-methylation of the NF-xB subunits RelA and p50. HelLa cells were
transfected with control (empty vector) or RelA plasmid DNA, prior to treatment with 200 uM DFX
(Desferrioxamine) for 1 hour. Cells were lysed in RIPA buffer, and 166.7 pg from original lysates were
used to immunoprecipitate RelA. Rabbit IgG was used as antibody control. Immunoprecipitated
complexes were analysed by Western blot using the indicated antibodies; RelA (A), Mono-methyl
Lysine (B), Di-methyl Lysine (C). Blots show one independent replicate of the experiment. Inputs
correspond to 10% of the starting material.
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Given the results obtained with H3K4me3 levels at NF-xB targets and KDM5A
involvement in controlling NF-kB, plus the potential methylation of NF-xB subunits, it was
hypothesised that a physical complex between NF-kB and KDM5A could occur. As such,
following the overexpression of RelA and KDM5A in HeLa cells, the IP western blot method
was used (Figure 5.14). RelA was immunoprecipitated and its interaction with KDM5A was
investigated by western blot using a KDM5A specific antibody. Despite not ideal, as a very
strong lysis buffer was used (RIPA), this approach detected KDM5A in the IP lanes at slightly
higher levels than those obtained with the IgG control. This suggests an interaction between
these two proteins is possible, however the experiment will need to be repeated for reaching
to a clear conclusion. Furthermore, a milder lysis buffer, preserving protein-protein

interactions should be used.

Replicate 1 Replicate 2
10% P 10% IP 10% P 10% IP
HeLa _'Mput IgG RelA  Input IgG RelA HelLa Input 19G RelA  Input IgG RelA
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DNA: Control RelA and KDM5A DNA: Control RelA and KDM5A

Figure 5.14. NF-kB RelA and KDM5A binding. HelLa cells were transfected with control (empty
vector) or RelA and KDM5A plasmid DNAs. Cells were lysed in RIPA buffer, and 250 g from original
lysates were used to immunoprecipitate RelA. Rabbit IgG was used as antibody control.
Immunoprecipitated complexes were analysed by Western blot using the indicated antibodies. Blots
show two independent replicates of the experiment. Inputs correspond to 10% of the starting material.

133



5.5. Discussion

Following on investigating the role of KDMs on NF-«xB transcriptional response
through their histone demethylation activity in the previous chapters; in this chapter, we have
investigated the potential methylation of the NF-xB proteins and their effect on the NF-xB
transcriptional activity. NF-xB RelA protein was previously shown to have several methylated
lysine (K) sites, which are modified by different histone modifying enzymes (35, 166, 170-
173). Specifically, Lu and colleagues has found that the RelA K218 and K221 sites are
important for the RelA-dependent gene activation and majority of the activated genes can be
downregulated by the histone demethylating enzyme, KDM2A (35).

K218 and K221 sites are located at the Rel Homology Domain (RHD) of the RelA
structure, and this domain is known with its function for protein dimerization, IxB inhibition
and DNA binding (176). Crystal structure of the NF-kB shows that Rel dimers use loops
instead of a-helices for contacting with DNA (252, 253). K218 and K221 are found to be
located at the loop L4 and are one of the few residues that directly contact the kB site on the
DNA (252, 254). The sequence similarity analysis focusing on the K218 and K221 residues
of the NF-kB RelA shows that these two sites are evolutionarily conserved in mouse, chicken,
frog, and the fly (Figure 5.1, B). Also, this similarity was shown by Lu and colleagues on
several other organisms (35). We have shown that these RelA lysine sites are also conserved
in other NF-kB subunits (Figure 5.2, A). This has suggested that apart from RelA, other NF-
kB proteins could also potentially be methylated, contributing to the regulation of the NF-xB
transcriptional response. To further investigate the functional contribution of the identified
conserved lysine residues on NF-kB transcriptional activity, selected lysine sites were mutated
into alanine and NF-xB mutant plasmids were generated with site directed mutagenesis in
order to disable the possible methylation at these residues (Figure 5.3).

NF-kB mutants were transiently expressed in HelLa-kB, A549-xB, and U20S-«B
luciferase cells and exposed or not to canonical NF-kB pathway inducer, Tumour necrosis

factor o (TNF-a). Consistent with the results found in 293C6 cell lines by Lu et al. (35), all
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RelA mutants increased the NF-kB activity in HelLa cells, however RelA K218 and K221
single mutants decreased the kB activity compared to the wild type, with the reduced activity
being more evident with the expression of double mutant plasmid (Figure 5.4, A). Overall,
each of the putative methylation site showed a diverse impact on different cell lines (Figure
5.4, Figure 5.6, and Figure 5.8). However, upon TNF-a stimulation none of the lysine sites
were necessary for elevating the NF-«xB activity (Figure 5.5, Figure 5.7, and Figure 5.9). As
it is mentioned previously, RelA has identified to be methylated at multiple lysine residues
upon cytokine stimulation. Thus, inducing the cells with TNF-o could be elevating the
methylation of lysine residues on endogenous NF-kB subunits. As such, Ea and colleagues
have shown that RelA is monomethylated by lysine methyltransferase Set9 at K37 in response
to TNF-a stimulation (172). It was identified that K37 methylation of RelA regulates DNA
binding, its promoter recruitment and subsequently the induction of a group of NF-«B target
genes. It would therefore be interesting to analyse the effects of this residue in our cellular
systems as well.

Gene expression analysis has also shown a variable impact on different RelA target
genes when RelA lysine mutants were overexpressed (Figure 5.10). Similar to luciferase
results, RelA mRNA levels were lower in the mutants’ expression, compared to the wild type
(Figure 5.10, A). Analysis of RelA target genes demonstrated variable ability of lysine
mutants to induce their expression, when compared to wild type. Supporting our findings, Lu
and colleagues has shown that although half of the IL1B-induced NF-«xB target genes were
downregulated with K218-K221 mutant expression; some of the NF-kB target genes were
classified as upregulated or insensitive to the lysine mutations (171). In that study, ChlIP-
sequencing analysis of binding by K218-K221 double mutant revealed that methylation of
K218-K221 sites, which are located on the DNA binding domain of RelA, enhances gene
expression mainly by mediating binding to promoters (171). Decreased promoter binding in

response to the K218-K221 double mutation correlated with either decreased gene expression
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or no significant effect on the gene expression. This indicates that additional factors are
involved for the expression of some genes, when K218-K221 sites are unable to be methylated.

NF-kB mutants protein expression levels of RelA, cRel or RelB as well as their target
genes also revealed variable levels (Figure 5.11). The variable protein expression across
replicates could be a combination of variability in transfection efficiency and also expression
ability of the mutants. Repeating these experiments with stably transfected cell lines
containing NF-kB WT and the lysine mutants’ plasmid sequences would clarify the effect of
potentially methylated lysine sites on NF-kB protein expressions and their role in NF-kB target
gene specificity. Ideally, knock-in mutations using CRISPR would ultimately reveal the
functional significance of these sites in the control of expression levels of NF-«kB proteins as
well as their transcriptional activity.

Several reports of methylation on RelA exist in the literature (35, 166, 170-173). Here,
it was also investigated if specific NF-xB subunits could be methylated. Both RelA and p50
were shown to be associated with trimethylation in HeLa cells (Figure 5.12). Also, RelA was
associated with both mono- and di-methylation without DFX treatment. However, these
experiment apart from preliminary, also have technical problems. Ideally, these experiments
should be repeated using denaturing lysis conditions, where all interacting proteins are lost but
covalent modifications are preserved. In addition, analysis using mass spectrometry would
identify all potential methylation sites on NF-xB.

Given the variable nature of the expression of the lysine mutants, it would be possible
to speculate that methylation is needed for protein stability. This could be analysed in stable
cells lines using cycloheximide chase experiments. Also, to further investigate the role of
methylation in the NF-kB activation, two necessary steps for the NF-xB activation could be
analysed: IkBo degradation or production, and RelA nuclear translocation. Cellular
fractionation into cytoplasmic and nuclear compartments would need to be prepared after
TNF-a stimulation and broad methylation inhibitor, methylthioadenosine (MTA) treatment

and immunoblot for lkBo and RelA in both of the cellular locations.
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In the future experiments, characterising the NF-«B mutants for their impact in
cellular processes is fundamental. As such, investigating the role of mutated lysine sites in cell
proliferation, cell death and colony formation would clarify the role of the lysine sites on
regulating cellular development and survival. Furthermore, lysine sites could also impact the
NF-xB transcriptional response via regulating the NF-kxB oligomerisation, nuclear
localization, and DNA binding. Lu et al. has shown that overexpression of K218-K221
mutants decrease the ability of both the RelA-RelA homodimer and RelA-p50 heterodimer to
bind to DNA, compared to the Rel A wild type in electrophoretic mobility shift assay (EMSA)
(35). However, the ratio of the dimerization with the K218-K221 mutant was similar to the
RelA wild type, suggesting that the lysine mutation in RelA did not impact its binding to p50.
Further experiments investigating other NF-xB subunits for their oligomerisation and DNA
binding will clarify the role of the lysine sites on NF-kB transcriptional response.

It has been shown that post-translational methylation associates with other types of
PTMs. For instance, damage-specific DNA binding protein 1 (DDB1)/cullin4 (CUL4) E3
ubiquitin ligase complex and a DDB1-CUL4-associated factor 1 (DCAF1) adaptor recognises
monomethylated lysine residues on its substrate and promotes ubiquitylation (261). RelA
lysine sites that are subject to methylation are also shown to be modified by acetylation and
ubiquitylation, suggesting that the crosstalk between several PTMs is involved in regulating
RelA and controlling transcription in gene-specific manner (173, 262, 263). TNF-a stimulated
acetylation of K310 is shown to inhibit the K314 and K315 methylation of RelA, which is
important for the ubiquitylation and degradation of chromatin-associated RelA (173, 262).
Furthermore, RelA K218 and K221 methylation sites also shown to be targeted for acetylation
(263), however, their association with ubiquitylation is not clear. It will be of great interest to
explore whether a crosstalk between post-translational methylation and other PTMs, similar
to those identified with RelA, would apply to other NF-kB subunits.

We then investigated if RelA and KDM5A interacts with each other (Figure 5.14).

Despite of using a strong lysis buffer (RIPA), a slight interaction was detected with two
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biological replicates. This experiment will need to be repeated with milder lysis buffer in order
to conserve even possible weaker interactions between NF-kB and KDMs. Also, doing a
nuclear extraction would be more efficient as it has been stated in multiple studies that
methylation of NF-kB takes place after they bind to DNA. Lu and group have shown that RelA
is not associated with histone modifying enzymes KDM2A and NSD1 until it is activated,
suggesting that the lysine modification of NF-xB happens only after it is dissociated IxB and
enters the nucleus (35, 170). Also, Ea and group has shown that K37 methylation of RelA was
only identified in nuclear fraction of the cell lysates, suggesting that RelA methylation is
restricted to the nucleus (172).

Furthermore, based on co-immunoprecipitation data, KDM4A and KDM4C forms a
complex with NF-xB in response to T follicular helper cell-derived signals and mediates the
cell cycle progression of the activated B cells (239). In that study interaction between the
KDMs and NF-xB RelA was detected after 24 hours of stimulation but not 48 hours, which
shows that their association is time dependent upon stimulation. Another study suggested that
RelA physically interact with KDM4A at the interferon type | promoter region (168), however
clear function of this interaction has not been clarified. Also, it has been reported that KDM4B
induces changes in chromatin structure near osteoclast-related gene promoters through H3K9
demethylation, leading to NF-xB RelA recruitment via a direct interaction with KDM4B (264).
Overall, these studies support our hypothesis on the close regulation of NF-xB by KDMs.

It has also shown that RelA and histone methylations might involve in a cooperative
mechanism for regulating NF-«B transcriptional response. Levy and colleagues have reported
that mono-methylation of RelA K310 site under unstimulated conditions downregulates the
NF-«B target gene expressions by G9A-like protein (GLP)-mediated H3K9 di-methylation,
which leads to chromatin silencing (166). On the other hand, upon TNF-a and LPS
stimulation, phosphorylation of RelA at serine 311 blocked this mechanism and led to

transcriptional activation (166). In the future studies, it would be interesting to further
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investigate the link between methylation of NF-xB subunits and histone proteins for the
regulation of NF-kB activation and target gene expressions.

To summarise, this chapter has suggested that methylation of NF-xB subunits as an
additional mechanism that could regulate the NF-kB activation and transcriptional response.
Previously identified RelA K218 and K221 methylation sites were discovered to be conserved
in all NF-xB subunits. These potential methylation sites have shown to alter the NF-xB
transcriptional activity in different cell types. Also, the preliminary work looking at the direct
interactions between NF-«xB subunits and KDMs showed a potential association between these

proteins.
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Chapter 6 - Identification of hypoxia inducible NF-xB target genes signature

using publicly available RNA-sequencing datasets
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6.1. Introduction

Maintaining the oxygen homeostasis is essential to support different cellular
metabolism and physiological functions. Hypoxia induces multiple adaptive mechanisms,
aiming to balance the oxygen supply and demand in multicellular organisms (265). This
response can be variable depending on tissue type, and duration and the degree of the oxygen
concentration both in physiological and pathological states.

Most of the responses to hypoxia are coordinated at the transcriptional level, with the
hypoxia inducible factor (HIF) being the main transcription factor family controlling the
changes in gene expression levels (266). Transcriptional response required for maintaining
oxygen homeostasis and its alteration in different disease states has been studied extensively
to identify the complete set of genes regulated by hypoxia using different gene profiling
techniques (reviewed in (75)). When collectively analysed, these data revealed a cell or tissue
specific transcriptome responses, with an underlying cell type independent, also known as
“core” hypoxia responsive gene signature (88, 91, 267-269). Most recently, the Del Peso group
produced a robust hypoxic signature applying meta-analysis techniques on an extensive
number of RNA sequencing samples collected from various studies that included 33 different
cell types (91). This approach enabled the identification of a comprehensive core gene
signature that is regulated by hypoxia.

NF-kB is a key transcription factor which has recognised as an important player in the
cellular response to hypoxia (148). The hypoxia induced NF-kB transcriptional response has
been studied by several groups (148, 151, 152, 232). However, the complete mechanisms
explaining the oxygen regulation of the NF-xB pathway and hypoxia stimulated NF-kB target
gene expression profile still remain an area for investigation.

In this chapter, to characterise the hypoxia inducible NF-kB target gene signature in
different cell lines, a bioinformatics approach was used. Publicly available hypoxia
transcriptomics were analysed, specifically, the RNA-sequencing data, and integrated with a

list of validated NF-kB target genes listed by the Gilmore laboratory. This approach has
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identified cell type specific hypoxia inducible NF-xB target gene signatures. Also, cell type
independent NF-kB target genes were identified using hypoxia inducible core gene signature
meta-analysis from the Del Paso group (91). These signatures will be useful resource for future

work uncovering the mechanistic link between hypoxia and NF-«B.

6.2. Hypoxia inducible NF-kB target gene signatures in different cell types

To identify hypoxia inducible NF-xB target genes, a bioinformatics approach was
used as summarised in Figure 6.1. First of all, hypoxia transcriptomics datasets containing
gene transcriptional responses to hypoxia, were selected from the NCBI Gene Expression
Omnibus (GEO) (183), and raw data files were downloaded from the NCBI sequencing read
archive (SRA). The downloaded hypoxia RNA-sequencing datasets contained 3 biological
replicates with 24 hours of 1% oxygen treatment performed in human cell lines in different

tissues (Table 6.1 and Table 6.2).
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Figure 6.1. Bioinformatics analysis workflow. Flow chart summarising bioinformatics analysis
pipeline. Software tools used at each stage are shown in blue.
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Table 6.1. Summary of hypoxia RNA-sequencing dataset information. CML; Chronic myelogenous
leukaemia

Cell line Tissue Type Control Hypoxia NCBI GEO ID
HeLa Cervical adenocarcinoma Epithelial GSE186370
MCF-7 Breast adenocarcinoma  Epithelial GSE153291
A549 Lung carcinoma Epithelial 510, oxygen 24 hours,  GSE186370
HCT116 Colorectal carcinoma  Epithelial 1% oxygen  GsE81513
K562 Bone CML Lymphoblast GSE144527
us7 Brain glioblastoma Epithelial GSE78025
501-mel Skin melanoma Epithelial GSE132624

Table 6.2. Sequence Read Archive (SRA) accession numbers for hypoxia RNA-sequencing
datasets.

Cell line Control #1 Control #2  Control #3  Hypoxia #1 Hypoxia #2  Hypoxia #3
HeLa SRR16531798 SRR16531799 SRR16531800 SRR16531804 SRR16531805 SRR16531806
MCF-7 SRR12094720 SRR12094721 SRR12094722 SRR12094723 SRR12094724 SRR12094725
A549 SRR16531807 SRR16531808 SRR16531809 SRR16531810 SRR16531811 SRR16531812
HCT116 SRR3535647 SRR3535651 SRR3535655 SRR3535683 SRR3535687 SRR3535691
K562 SRR10989435 SRR10989436 SRR10989437 SRR10989459 SRR10989460 SRR10989461
U87 SRR3175550 SRR3175551 SRR3175552 SRR3175553 SRR3175554 SRR3175555
501-mel SRR9283239 SRR9283240 SRR9283241 SRR9283245 SRR9283246 SRR9283247

The RNA sequencing datasets were then aligned to the human reference genome, and
gene read counting was applied. For the initial investigation of the data, sample-to-sample
correlation heatmaps were generated using normalised read count data for each cell line
(Figure 6.2). As hypoxia is known to alter the transcription of a high number of genes (75,
91), it is expected that samples will cluster by treatment (i.e., control or hypoxia). As predicted,
HelLa, HCT116, MCF-7, 501-mel, K562, A549 and U87 cell line samples clustered by
treatment (Figure 6.2, B, C, D, E, F, G, and H). On the other hand, human umbilical vein
endothelial cells (HUVEC) did not show any clustering in the same treatment types (Figure
6.2, A).

Next, differential expression analysis was performed, where normalised read count
data was used to discover quantitative changes in gene expression levels of hypoxia treated

samples compared to control. Differential expression analysis was used to generate volcano
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plots, visualising the effect of hypoxia on gene expression levels in each cell line (Figure 6.3).
The effect size cut off of log2 fold change greater than 0.58 was applied to identify the
differentially expressed genes (DEGS) in hypoxia compared to control conditions in each cell
line. This log2 fold change cut off was chosen to set a minimum value for the effect size whilst
avoiding discarding the potential biologically relevant data points that could occur when using
higher effect size cut-offs. Additionally, statistical significance cut-off of FDR less than 0.05
was applied. As a result, the number of changes in all cell lines were similar to other RNA-
sequencing dataset analysis (75, 91), where the numbers of DEGs are comparable to what was
previously reported (Figure 6.3). U87 and HCT116 cell lines showed the highest number of
repressed and induced list of genes (Figure 6.3, H and C), indicating that brain glioblastoma
and colorectal carcinoma tissue types are the most responsive to the 24 hours of 1% oxygen.
Hela cells had almost 5 times more upregulated list of genes than the downregulated (Figure
6.3, B). 501-mel, K652, and A549 had about 2 times more of upregulated genes than the
downregulated, whereas MCF-7 cells had almost equal amount of the increased and decreased
list of genes (Figure 6.3, E, F, G, and D). These results indicated that, each cell line respond
to hypoxia differently. The tissue type-specific hypoxia response was previously reported by
Puente-Santamaria and colleagues, where endothelial cells had significantly distinct gene
expression pattern compared to other analysed cell types (91). However, reason behind the
variable gene expression patterns in different cell lines and the possible differences in their
response mechanisms has not been studied and will need to be clarified in the future analysis.
On the other hand, HUVEC cells showed the lowest transcriptional response (Figure 6.3, A).
Due to high sample variability and low number of gene changes, HUVEC cells were excluded

from the downstream analysis (Figure 6.2, A and Figure 6.3, A).
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Figure 6.2. Sample comparison heatmaps. Sample to sample distance heatmaps of normalised read
counts from RNA-sequencing in the indicated cell lines. Hierarchal clustering is also shown. C; Control
(21% oxygen), H; Hypoxia (24 hours, 1% oxygen).
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Figure 6.3. Differential expression analysis volcano plots. Volcano plots displaying differential
expression analysis comparing hypoxia (24 hours, 1% oxygen) to control (21% oxygen) from RNA-
sequencing in the indicated cell lines. Blue points; differentially expressed genes (DEGs) with the
following cut-off values; FDR < 0.05 (-log10 FDR < 1.3) and log2 fold change in RNA levels > 0.58.
Number of upregulated (right side) and downregulated (left side) DEGs are labelled.

147



In order to investigate the link between NF-«xB target genes and hypoxia responsive
genes, Gene Set Enrichment Analysis (GSEA) was applied (186), using the NF-xB target

genes list that was obtained from the Gilmore laboratory (https://www.bu.edu/nf-kb/gene-

resources/target-genes/). This analysis compared the list of NF-«xB target genes with the list of

genes obtained from the differential expression analysis of the hypoxia transcriptomic
experiments across different cell types (Figure 6.4). A positive normalised enrichment score
(NES) was obtained in all cell lines, indicating that NF-«B target genes are enriched at hypoxia
upregulated genes. The enrichment was statistically significant in all cell lines with an FDR
value below 0.05, except for K562 cells.

The link between NF-kB target genes and hypoxia upregulated genes was further
investigated by overlapping the Gilmore laboratory NF-kB target genes list with the lists of
hypoxia upregulated genes obtained from the differential expression analysis in different cell
lines (Figure 6.5, A). Overall, 132 different genes were identified as hypoxia inducible NF-
kB target genes. For each cell line, overlap of hypoxia upregulated genes with NF-kB target
genes was statistically significant, with a P value of below 0.05 (Figure 6.5, B). These results
further demonstrate that hypoxia inducible genes are associated with the NF-kB target genes
across all different cell types investigated.

To elucidate the NF-kB target genes that are upregulated in hypoxia, independent of
cell type, NF-kB target genes were overlapped with the list of core hypoxia upregulated genes,
obtained from the hypoxia RNA-sequencing meta-analysis study of the Del Peso group, which
is based on 33 different cell types (91). As a result, 11 core hypoxia upregulated NF-«xB target
genes were identified, which were also statistically significant (Figure 6.5, A and B). Taken
together, this analysis uncovered the hypoxia inducible NF-xB target genes signature in
individual cell types, as well as the NF-kB target genes that are hypoxia-inducible independent
of the cell type (Table 6.3). Although all of the cell types had a shared NF-«xB target genes
signature, majority of the hypoxia upregulated genes identified was unique to individual cell

line types.
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Figure 6.4. NF-kB target gene enrichment analysis with hypoxia RNA-sequencing. Gene Set
Enrichment Analysis (GSEA) comparing NF-«B target genes from the Gilmore lab to a list of genes
ranked by log2 fold change in RNA levels in hypoxia (24 hours, 1% oxygen) compared to control (21%
oxygen) from RNA-sequencing in the indicated cell lines. Graph depicts normalised enrichment scores
from GSEA in the indicated cell lines (A). Graph depicts statistical significance (-log10 FDR) from
GSEA in the indicated cell lines (B). Dashed line shows statistical significance threshold of FDR 0.05
(-log10 FDR 1.3).
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Figure 6.5. Overlap analysis of hypoxia upregulated genes and NF-kB target genes. Overlap of NF-
kB target genes from the Gilmore laboratory with hypoxia upregulated genes determined by RNA-
sequencing comparing hypoxia (24 hours 1% oxygen) with control (21% oxygen) or core hypoxia
upregulated genes determined by RNA-sequencing meta-analysis (91). Gene overlap analysis (A).
Statistical significance (-log10 P) from overlap analysis (B). Dashed line shows statistical significance
threshold of P 0.05 (-log10 P 1.3).
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Next, we asked if hypoxia upregulated NF-«kB target genes identified in different cell
lines and the core hypoxia induced NF-«B target genes overlap with the genes identified in
the previous chapters that investigated the role of H3K4me3 and H3K36me3 histone marks on
the NF-kB transcriptional response with hypoxia stimulation (Chapter 3 and Chapter 4).
When H3K36me3 ChiP-sequencing peaks with 1 hour hypoxia treatment overlapped with the
hypoxia upregulated NF-«xB target genes listed in Table 6.3; only FTH1 gene in the HCT116
cell line was found to be common in both gene sets (Table 6.3). H3K4me3 ChlP-sequencing
peaks with 1 hour and 6 hours hypoxia treatments were overlapped with the hypoxia
upregulated NF-kB target genes listed in Table 6.3, and 8 genes were found to be common in
both data sets, which 3 of them were the core hypoxia induced NF-kB target genes (Table
6.3). These findings indicate that some of the cell-specific and the core hypoxia induced NF-
kB target genes could potentially be regulated through H3K4me3 or H3K36me3 histone
marks. Repeating the experiments performed in Chapters 3 and 4 using different cell types

would further validate this hypothesis.
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Table 6.3. Hypoxia upregulated NF-kB target genes in different cell lines. The list of genes was
obtained by overlapping NF-«xB target genes from the Gilmore laboratory with hypoxia upregulated
genes determined by 24 hours hypoxia RNA-sequencing or core hypoxia upregulated genes determined
by RNA-sequencing meta-analysis. Cell type-independent, “Core” hypoxia upregulated NF-«xB target
genes determined by RNA-sequencing meta-analysis are listed in blue. Hypoxia upregulated NF-xB
target genes overlapped with the H3K36me3 1 hour hypoxia ChIP-sequencing high stringency dataset
is shown with the green asterisk “*”. Hypoxia upregulated NF-«kB target genes overlapped with the
H3K4me3 1 hour and 6 hours hypoxia ChlP-sequencing high stringency datasets is shown with the red
asterisk “*”

Cell Lines Hypoxia upregulated NF-«B target genes

HeLa TNFRSF9, PTGS2, IL11, PDGFB, LIPG, AMH, EBI3, SERPINE1, SOD2,
IL1A, FN1, F3, TNFAIP3, SDC4, BMP4, SLC6A6, ILIRN, IER3, TLR2,
TNIP1, LCN2, VEGFC, CCL28, TERT, OLR1, BNIP3, TNFSF15, F8

HCT116 SERPINBI, TRAF1, MYLK, BCL3* NFKB2*, NOS1, TGM1, IL11,

PDGFB, NFKBIA*, RELB, SERPINEI, SCNN1A, FN1, IGFBP2,
TNFAIP3, PLAU, SDC4, SOX9, ADORA2A, SATI, APOE, ASSI,
SH3BGRL, SLC6A6, PIMI1, IER3, TRPC1, TNIP1, EGFR, NR4A2, REL,
ELF3, CTSB, ABCA1, RAG1, NOD2, FTHI ¥, IRF2, TAP1, JUNB¥,
KRT15, LAMB2, BNIP3, MTHFR, IRF7, BACEL, PLCDI1, S100A4,
SERPINA1, S100A6, MBP, ASPH, TGM2, AGER, TAPBP, HLA-B

MCF-7 VIM, FSTL3, NFKB2*, BLNK, GADD45B*, HMOX1, PDGFB,
SERPINE1, TNFAIP3, SNAI1, BMP4, SOX9, C3, SAT1, ILIRN, PIM1,
IER3, TNIP1, EGFR, VEGFC, CCL28, TFF3, ELF3, RAG1, NOD2,
FTH1*, IL12A, PTAFR, FABP6, JUNB*, KRT15, BNIP3, OXTR, PLCDI1,
S100A4, SERPINA1, S100A6, ASPH, HLA-G, HLA-B

501-mel VIM, ST6GAL1, GADD45B*, FCGRT, CCND1, FN1, SDC4, SATI,
APOE, SLC6A6, LGALS3, SERPINE2, PIM1, IER3, CYP19A1, TPS3,
NFKBIZ, TNIP1, PTEN, BNIP3, MTHFR, UPP1, APOD, S100A4, MBP,
ASPH, HLA-G, HLA-B

K562 ST6GALI, CCNDI1, APOE, SLC6A6, PIM1, ERBB2, TNIP1, CD3G, REL,
JUNB*, BNIP3, F8

A549 VIM, TNFRSF9, TRAF1, PTGS2, IL11, PDGFB, LIPG, AMH, SERPINEI,
SOD2, F3, INHBA, SDC4, SOX9, BMP2*, SLC6A6, LGALS3, IL6, IRF4,
BCL2A1, TRPC1, TNIP1, EGFR, VEGFC, CCL28, NR4A2, ABCAL,
JUNB*, BNIP3, SI00A4, CEBPD*, HLA-B

U87 GCLC, ATP1A2, NLRP2, VIM, TNIP3, FSTL3, PTGS2, NFKB2*, EDN1*,
TGM1, GADD45B*, MADCAM1, HMOX1, PDGFB, BDKRBI,

NFKBIA*, TNFSF13B, RELB, FCGRT, SERPINE1, APOC3, CYP27BI,
UPKIB, IL1A, CCL20, FN1, F3, TNFAIP3, CCND2, INHBA, TWISTI,
SDC4, TREMI, C3, CCR7, TICAMI, LBP, SATI, APOE, SLC6AG, IL6,
ILIRN, IER3, TLR2, NFKBIZ, TRPC1, TNIP1, EGFR, SLC16A1, TFF3,

ELF3, TERT, CSF2, ABCA1, NOD2, DNASEIL2, FTH1*, FABPG6,
JUNB*, PTEN, LAMB2, PLK3, BNIP3, UPP1, IRF7, KRT3, ASPH,
AGER, HLA-G, CEBPD*, HLA-B, CCL4, CCL3

Core GADD45B*, IER3, JUNB*, BNIP3, CEBPD*, TNIP1, FN1, PIM1, HLA-
B, TNFAIP3, SLC6A6
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To further support the connection of the identified genes with the NF-xB
transcriptional response, NF-kB RelA ChIP-sequencing Atlas dataset was used (https://chip-
atlas.org/, (212)) and RelA binding sites were compared with the hypoxia-inducible NF-xB
target genes signature. Overall, 116 of the 132 genes were found to be common in RelA ChiP-
sequencing Atlas dataset, and all of the 11-core hypoxia upregulated NF-kB target genes were
involved in this group of genes (Figure 6.6, A). This indicates that most of the hypoxia-
inducible NF-kB target genes signature potentially have RelA binding sites and thus RelA
potentially regulates their transcriptional expression. As mentioned above, apart from having
a shared NF-«xB target genes signature, there was a group of genes specific to individual cell
lines. It could be hypothesised that differential RelA binding could be the cause of variable
hypoxia inducible gene selection across different cell types. However, this needs to be
validated with further experiments.

To investigate, if there is a differential NF-kB subunit usage across different cell types,
hypoxia-inducible NF-xB target genes were compared with the ChIP-sequencing Atlas
datasets of the other NF-kB subunits, including cRel, RelB, NF-kxB1, and NF-xB2 (Figure
6.6, B, C, D, E). Each of the NF-kB subunit’s ChIP-sequencing Atlas dataset overlapped with
different number of hypoxia-inducible NF-kB target genes. Although each subunit had shared
hypoxia-inducible NF-«xB target gene binding sites within the same cell type, they also had
gene bhinding sites specific to individual NF-kB subunits (Tables 6.4, 6.5, 6.6, 6.7, and 6.8).
RelA ChIP-sequencing Atlas dataset contained all of the gene binding sites identified in rest
of the NF-kB subunits, however a group of genes were exclusive to the RelA subunit (Table
6.4). These results indicate that most of the hypoxia-inducible NF-kB target genes signature
predominantly have RelA binding sites, however different combinations of homo- or
heterodimerisation of the NF-xB subunits could be the reason for cell type-dependent hypoxia-
inducible NF-xB target genes signature. This needs to be investigated with further

experiments.
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Figure 6.6. Overlap of NF-kB subunits ChIP-sequencing Atlas and Hypoxia upregulated NF-xB
target genes. Hypoxia upregulated NF-xB target genes determined by 24 hours hypoxia RNA-
sequencing and core hypoxia upregulated genes determined by RNA-sequencing meta-analysis, were
compared with publicly available ChiP-seq Atlas for RelA (A), cRel (B), RelB (C), NF-xB1 (D), and
NF-«xB2 (E), containing list of genes with each NF-«B subunit’s DNA binding sites. P value for overlaps
were calculated by hypergeometric test. *** p <0.001.
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Table 6.4. Hypoxia upregulated NF-kB target genes overlapped with RelA ChIP-sequencing Atlas
in different cell lines. The list of genes was obtained by overlapping hypoxia upregulated NF-kB target
genes listed in Table 6.3 with RelA ChIP-sequencing Atlas. Genes only identified in RelA but no other
NF-xB subunits’ ChIP-sequencing Atlas are underlined. Cell type-independent, “Core” hypoxia
upregulated NF-xB target genes determined by RNA-sequencing meta-analysis are listed in blue.

Cell Lines Hypoxia upregulated RelA target genes

HeLa TNFRSF9, PTGS2, 1L11, PDGEB, LIPG, EBI3, SERPINE1, SOD2, IL1A,
FN1, E3, TNFAIP3, SDC4, BMP4, SLC6A6, ILIRN, IER3, TLR2,
TNIPL, LCN2, VEGEC, CCL28, OLR1, BNIP3, TNFSF15, F8

HCT116 SERPINBI1, TRAF1, MYLK, BCL3, NFKB2, [L11, PDGFB, NFKBIA,
RELB, SERPINE1, SCNN1A, FN1, IGEBP2, TNFAIP3, PLAU, SDC4,
SOX9, ADORA2A, APOE, ASS1, SH3BGRL, SLCE6AG, PIM1, IERS,
TRPC1, TNIP1, EGFR, NR4A2, REL, ELF3, CTSB, ABCA1, RAG1,
NOD2, FTH1, IRF2, TAP1, JUNB, LAMB2, BNIP3, MTHFR, IRF7,
BACE1, S100A4, SERPINA1, S100A6, MBP, ASPH, TGM2, TAPBP,
HLA-B

MCF-7 VIM, ESTL3, NFKB2, BLNK, GADD45B, HMOX1, PDGEB,
SERPINE1, TNFAIP3, SNAIL, BMP4, SOX9, C3, IL1IRN, PIM1, IERS,
TNIP1, EGER, VEGFC, CCL28, ELF3, RAG1, NOD2, FTHL1, IL12A,
PTAFR, FABP6, JUNB, BNIP3, OXTR, S100A4, SERPINA1, S100A6,
ASPH, HLA-B

501-mel VIM, ST6GAL1, GADD45B, ECGRT, CCND1, FN1, SDC4, APOE,
SLC6A6, LGALS3, SERPINE2, PIM1, IER3, CYP19A1, TP53, NFKBIZ,
TNIP1, PTEN, BNIP3, MTHFR, UPP1, APOD, S100A4, MBP, ASPH,
HLA-B

K562 ST6GAL1L, CCND1, APOE, SLC6AG6, PIM1, ERBB2, TNIP1, REL,
JUNB, BNIP3, F8

A549 VIM, TNFRSF9, TRAF1, PTGS2, 1L11, PDGFB, LIPG, SERPINE1,
SOD2, F3, INHBA, SDC4, SOX9, BMP2, SLC6A6, LGALSS3, IL6, IRF4,
BCL2A1, TRPC1, TNIP1, EGFR, VEGFC, CCL28, NR4A2, ABCA1,
JUNB, BNIP3, S100A4, CEBPD, HLA-B

u87 GCLC, VIM, TNIP3, ESTL3, PTGS2, NFKB2, EDN1, GADD45B,
MADCAM1, HMOX1, PDGEB, BDKRB1, NFKBIA, TNFSF13B, RELB,
ECGRT, SERPINE1, APOC3, CYP27B1, IL1A, CCL20, FN1, E3,
TNFAIP3, CCND2, INHBA, TWIST1, SDC4, TREML1, C3, CCR?,
TICAM1, LBP, APOE, SLC6AG, IL6, ILIRN, IER3, TLR2, NFKBIZ,
TRPC1, TNIP1, EGFR, SLC16A1, ELF3, CSF2, ABCA1, NOD2, FTH1,
FABP6, JUNB, PTEN, LAMB2, PLK3, BNIP3, UPP1, IRF7, ASPH,
CEBPD, HLA-B, CCL4, CCL3

Core GADDA45B, IER3, JUNB, BNIP3, CEBPD, TNIP1, FN1, PIM1, HLA-B,
TNFAIP3, SLC6A6
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Table 6.5. Hypoxia upregulated NF-kB target genes overlapped with cRel ChIP-sequencing Atlas
in different cell lines. The list of genes was obtained by overlapping hypoxia upregulated NF-kB target
genes listed in Table 6.3 with cRel ChlIP-sequencing Atlas. Cell type-independent, “Core” hypoxia
upregulated NF-xB target genes determined by RNA-sequencing meta-analysis are listed in blue.

Cell Lines Hypoxia upregulated cRel target genes
HeLa EBI3, SOD2, FN1, TNFAIP3, IER3, TLR2, TNIP1, BNIP3
HCT116 TRAF1, BCL3, NFKB2, NFKBIA, RELB, TNFAIP3, TNIP1, NR4A2,
REL, CTSB, FTH1, IRF2, TAP1, JUNB, BNIP3, MTHFR, IRF7, TAPBP,
HLA-B
MCF-7 NFKB2, GADD45B, HMOX1, TNFAIP3, IER3, TNIP1, FTH1, JUNB,
BNIP3, HLA-B
501-mel ST6GAL1, GADD45B, FN1, IER3, TP53, NFKBIZ, TNIP1, BNIP3,
MTHFR, HLA-B
K562 ST6GAL1, TNIP1, REL, JUNB, BNIP3
A549 TRAF1, SOD2, BMP2, BCL2A1, TNIP1, NR4A2, IRF4, JUNB, BNIP3,
HLA-B
u87 NFKB2, GADD45B, HMOX1, NFKBIA, RELB, FN1, TNFAIP3, CCR7,
TICAM1, IER3, TLR2, NFKBIZ, TNIP1, SLC16A1, JUNB, PLK3,
BNIP3, IRF7, HLA-B, CCL3, FTH1
Core GADDA45B, IERS3, JUNB, BNIP3, TNIP1, FN1, HLA-B, TNFAIP3

Table 6.6. Hypoxia upregulated NF-kB target genes overlapped with RelB ChIP-sequencing Atlas
in different cell lines. The list of genes was obtained by overlapping hypoxia upregulated NF-kB target
genes listed in Table 6.3 with RelB ChIP-sequencing Atlas. Cell type-independent, “Core” hypoxia
upregulated NF-kB target genes determined by RNA-sequencing meta-analysis are listed in blue.

Cell Lines Hypoxia upregulated RelB target genes
HeLa TNFRSF9, EBI3, SOD2, TNFAIP3, SDC4, IER3, TLR2, TNIP1, BNIPS,
TNFSF15, F8
HCT116 TRAF1, BCL3, NFKB2, NFKBIA, RELB, TNFAIP3, SDC4, NOS1,
IER3, TNIP1, NR4A2, REL, ELF3, CTSB, RAG1, NOD2, IRF2, TAP1,
BNIP3, MTHFR, IRF7, S100A6, TAPBP, HLA-B
MCF-7 VIM, NFKB2, GADD45B, HMOX1, TNFAIP3, IER3, ELF3, RAG1,
TNIP1, NOD2, BNIP3, OXTR, S100A6, HLA-B
501-mel VIM, ST6GAL1, GADD45B, SDC4, LGALS3, SERPINE2, IER3, TP53,
NFKBIZ, TNIP1, BNIP3, MTHFR, UPP1, HLA-B
K562 ST6GALIL, TNIP1, REL, BNIP3, F8
A549 VIM, TNFRSF9, TRAF1, SOD2, SDC4, LGALS3, TNIP1, NR4A2,
BNIP3, HLA-B
Us87 VIM, NFKB2, GADD45B, HMOX1, NFKBIA, TNFSF13B, RELB,
TNFAIP3, CCND2, SDC4, CCR7, TICAML1, IER3, TLR2, NFKBIZ,
TNIP1, SLC16A1, ELF3, NOD2, BNIP3, UPP1, IRF7, HLA-B, CCL4,
CCL3
Core GADDA45B, IERS, BNIP3, TNIP1, HLA-B, TNFAIP3
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Table 6.7. Hypoxia upregulated NF-kB target genes overlapped with NF-kB1 ChIP-sequencing
Atlas in different cell lines. The list of genes was obtained by overlapping hypoxia upregulated NF-
kB target genes listed in Table 6.3 with NF-xB1 ChIP-sequencing Atlas. Cell type-independent, “Core”
hypoxia upregulated NF-xB target genes determined by RNA-sequencing meta-analysis are listed in

blue.

Cell Lines Hypoxia upregulated NF-xB1 target genes

HeLa TNFRSF9, EBI3, SOD2, IL1A, FN1, TNFAIP3, SDC4, IER3, TLR2,
TNIP1, LCN2, OLR1, BNIP3, F8

HCT116 TRAF1, BCL3, NFKB2, NFKBIA, RELB, FN1, TNFAIP3, SDC4,
ADORA2A, ASS1, PIM1, IER3, TRPC1, TNIP1, NR4A2, REL, ELF3,
CTSB, RAG1, NOD2, FTH1, IRF2, TAP1, BNIP3, MTHFR, IRF7, ASPH,

TAPBP, HLA-B
MCF-7 VIM, NFKB2, GADD45B, TNFAIP3, C3, PIM1, IER3, TNIP1, ELF3,
RAGI1, NOD2, FTHI, IL12A, PTAFR, FABP6, BNIP3, OXTR, ASPH,
HLA-B
501-mel VIM, GADD45B, FN1, SDC4, PIM 1, IER3, TP53, NFKBIZ, TNIP1,
PTEN, BNIP3, MTHFR, UPP1, ASPH, HLA-B
K562 PIM1, TNIP1, REL, BNIP3, F8

A549 VIM, TNFRSF9, TRAF1, SOD2, SDC4, IL6, IRF4, BCL2A1, TRPC],

TNIP1, NR4A2, BNIP3, HLA-B

Us7 GCLC, VIM, TNIP3, NFKB2, GADD45B, BDKRB1, NFKBIA, RELB,
IL1A, CCL20, FN1, TNFAIP3, CCND2, SDC4, TREMI, C3, CCR7,
TICAMI, IL6, IER3, TLR2, NFKBIZ, TRPC1, TNIP1, SLC16A1, ELF3,
CSF2, NOD2, FABP6, PTEN, PLK3, BNIP3, UPP1, IRF7, ASPH, HLA-
B, CCL3, FTH1

Core GADD45B, IER3, BNIP3, TNIP1, FN1, PIM1, HLA-B, TNFAIP3

Table 6.8. Hypoxia upregulated NF-kB target genes overlapped with NF-kB2 ChlP-sequencing
Atlas in different cell lines. The list of genes was obtained by overlapping hypoxia upregulated NF-
kB target genes listed in Table 6.3 with NF-xB2 ChIP-sequencing Atlas. Cell type-independent, “Core”
hypoxia upregulated NF-xB target genes determined by RNA-sequencing meta-analysis are listed in

blue.

Cell Lines Hypoxia upregulated NF-xB2 target genes

HeLa TNFRSF9, EBI3, SOD2, FN1, TNFAIP3, SDC4, TNIP1, BNIP3, F8

HCTI116 TRAFI1, BCL3, NFKB2, NFKBIA, RELB, FN1, TNFAIP3, SDC4, TNIP1,
NR4A2, REL, NOD2, IRF2, TAP1, BNIP3, IRF7, TAPBP, HLA-B

MCF-7 VIM, NFKB2, GADD45B, TNFAIP3, TNIP1, NOD2, IL12A, BNIP3,
OXTR, HLA-B
501-mel VIM, GADD45B, CCNDI, FN1, SDC4, TP53, NFKBIZ, TNIP1, PTEN,
BNIP3, HLA-B
K562 CCNDI, TNIP1, REL, BNIP3, F8
A549 VIM, TNFRSF9, TRAF1, SOD2, SDC4, IL6, TNIP1, NR4A2, BNIP3,
HLA-B
Us7 VIM, TNIP3, NFKB2, GADD45B, NFKBIA, RELB, FN1, TNFAIP3,

CCND2, SDC4, CCR7, TICAMI, IL6, NFKBIZ, TNIP1, SLC16A1,
CSF2, NOD2, PTEN, BNIP3, IRF7, HLA-B, CCL3, GCLC

Core GADD45B, BNIP3, TNIP1, FN1, HLA-B, TNFAIP3
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6.3. Discussion

Cells respond to hypoxia by altering their gene expression pattern in order to maintain
optimum oxygen levels in physiological states and pathological conditions. While
transcriptional responses to hypoxia are well characterised (reviewed in (75)), transcriptome
wide characterisation of hypoxia inducible NF-kB target genes are lacking. To address this, a
bioinformatics approach was used (Figure 6.1), analysing publicly available hypoxia
transcriptomics, specifically RNA-sequencing data with 24 hours of 1% oxygen treatment
performed in human cell lines in different tissues (Table 6.1 and Table 6.2). By integrating
this analysis with a list of validated NF-«B target genes obtained from the Gilmore laboratory,
this approach has identified cell type specific and cell type independent hypoxia inducible NF-
kB target gene signatures.

Based on the volcano plots generated using differential expression analysis of the
RNA-sequencing data with 24 hours of 1% oxygen treatment, hypoxia stimulation had
variable effects on each cell line (Figure 6.3). It is known that in different human tissue types,
oxygen partial pressure can vary significantly, and some tissue types are referred as oxy-
regulators, which the energy consumption rate remains constant irrespective of oxygen
availability (53). For instance, brain tissue is known to be extremely sensitive to oxygen
deprivation due representing the largest source of energy consumption in the human body
(270). Thus, this might also be relevant in a cellular level, as U87, brain glioblastoma cell type
showed the highest number of altered genes in the differential expression analysis (Figure 6.3,
H). It is previously shown that the transcriptional response to hypoxia varies among different
cell-lines, such as renal tubule cells were shown to have the greatest gene expression signature,
when compared to breast epithelial cells, smooth muscle cells and endothelial cells using the
data obtained from DNA microarrays (92). These variations could be linked to the variation
in expression of the HIF subunits across different cell types. In the future experiments, each
cell type will need to be investigated for their endogenous HIF levels, as well as the change in

expression levels of HIF subunits following hypoxia stimulation.
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The Gene Set Enrichment Analysis (GSEA) comparing the NF-xB target genes list
with hypoxia stimulated RNA-sequencing data, has shown that NF-xB target genes are
enriched at hypoxia upregulated genes (Figure 6.4). The number of hypoxia upregulated NF-
kB target genes were variable across different cell lines (Figure 6.5). A group of genes were
identified to be common in all cell types but mainly each cell line had their own independent
hypoxia inducible NF-kB target genes signature (Table 6.3). Given the complex nature of the
NF-kB family of transcription factors, this is not too surprising. In the future studies, it will be
important to validate these genes signatures by hypoxia time-course qPCR analysis.

As many stimuli, hypoxia also induces NF-kB transiently, leading to time-dependent
transcriptional outputs, which is a fundamental feature of NF-«xB activation (148, 271, 272). It
is expected that NF-«kB target genes express a distinct kinetic pattern in different cell types and
with different hypoxia time-points. Also, expression levels and activities of the different
subunits may be variable in different cell types, which could help determine cell type-specific
differences in which NF-«xB target genes are activated in hypoxia. By studying different time-
points of hypoxia induction with the DNA binding and activation of diverse NF-«B subunits
would give a more in-depth understanding to variable NF-xB transcriptional responses in
different cell types.

Upon hypoxia stimulation, apart from HIFs, there are wide-range of factors that can
affect the NF-«xB transcriptional response, including other transcription factors and enzymes
(reviewed in (106)). As mentioned in the previous chapters, histone methylation and JmjC-
containing histone lysine demethylases (KDMs) potentially play an important role in
regulating hypoxia stimulated NF-kB transcriptional response. In the future experiments, it
will be interesting to determine the role of KDMs and histone methylation in the NF-kB target
gene signature of various cell lines, which will also elucidate their possible role in variable
hypoxia inducible gene selection across different cell types.

In order to identify other transcriptional regulators and co-regulators that are

potentially involved in the regulation of the hypoxia-induced NF-xB target genes, motif
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enrichment analysis, looking at overrepresented DNA binding sites at the gene promoters, will
be performed using publicly available ChlP-sequencing datasets (273).

Recent work on genome wide mapping of chromatin accessibility using ATAC-
sequencing has shown that hypoxia alters chromatin accessibility at subsets of hypoxia
responsive genes (96-98). Comparative analysis between hypoxia induced NF-«B target genes
with ATAC-sequencing data will determine if these genes are located at accessible chromatin
sites under normal oxygen condition and if they have increased chromatin accessibility in
response to hypoxia.

Furthermore, hypoxia inducible NF-«B target genes were analysed for their different
biological processes and the associated molecular pathways across different cell types (data
not shown), by using the gene ontology database on WEB-based Gene SeT AnaLysis Toolkit
(WebGestalt) (204). As low number of genes were uploaded, most of the ontology terms were
not statistically significant, and also, they were categorised too broad and not described clearly.
Thus, enrichment analysis showing ontology terms for molecular function and biological
processes over-represented in cell type-specific and core hypoxia upregulated NF-«xB target
genes were not presented in this chapter.

Hypoxia and NF-«xB are both associated with different pathological conditions, most
notably cancer (reviewed in (150)). Hypoxia in many different human cancers is associated
with metastasis, tumour recurrence, resistance to chemotherapy, and radiation, invasion, and
decreased patient survival. Thus, hypoxia gene signatures are often considered crucial for
being prognostic markers and biomarkers of certain tumour types (274, 275). In the future
studies, integrative analysis with The Cancer Genome Atlas (TCGA) dataset (276), could be
performed to explore if the hypoxia inducible NF-kB gene signatures are elevated in certain
tumours compared to their normal tissue counterparts, and if their expression is correlated with
poor patient survival.

To summarise, this chapter has identified the cell type specific and the core hypoxia

inducible NF-«kB target genes signature. These signatures will be a useful resource for future
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work uncovering the mechanisms involved in hypoxia stimulated NF-xB transcriptional

response.
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Chapter 7 - Discussion
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7.1. Introduction

The crosstalk between hypoxia and inflammation, and also between the two major
transcription factors involved in these stress responses, HIF and NF-kB, has been widely
demonstrated (reviewed in (149, 150, 156, 277)). Although an extensive list of NF-xB target

genes is known in response to various stimuli (https://www.bu.edu/nf-kb/gene-

resources/target-genes/), a comprehensive analysis of hypoxia-induced NF-kB transcriptional

response is still lacking. A detailed understanding of the mechanisms controlling the NF-xB
target gene signature following exposure to low oxygen tension will be an important resource
for finding novel therapeutic strategies against pathological conditions that are linked to the
deregulation of oxygen homeostasis and NF-xB response, such as immune diseases and
several types of cancer (150, 277).

The aim of this thesis was to study the role of JmjC histone lysine demethylases
(KDMs) in the regulation of hypoxia-induced NF-kB transcriptional response. Overall, this
study proposed that KDMs are novel regulators of NF-xB target gene signature either by
modulating histone methylation marks and/ or by directly binding to NF-xB subunits. In
addition, cell type-specific and core hypoxia-stimulated NF-kB target genes are identified
using 7 different cancer types and cell type-independent meta-analysis of a group of hypoxia-
induced RNA-sequencing experiments, respectively (91). All these findings will be an
essential reference in guiding future research uncovering the link between hypoxia and NF-

kB.
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7.2. Hypoxia-induced NF-kB transcriptional response and histone methylation
dynamics

The link between NF-xB transcriptional response and histone modifications has been
described in multiple studies in different cellular backgrounds (reviewed in (158, 278, 279)).
For instance, H3K4 trimethylation upregulated NF-xB target genes, following
lipopolysaccharide (LPS) stimulation in periodontal ligament cells and human endothelial
cells, respectively (29, 280). Several studies have suggested that histone methylation is
necessary for NF-kB recruitment to promoter regions and target gene expressions (29, 164).
Although an association between histone methylations and NF-kB transcriptional response
has been described, the regulatory link between methyltransferases and NF-xB in different
stimuli has not been clarified. NF-kB-dependent histone maodifications have also been
described in multiple studies (165, 166). This includes SETD6-mediated methylation of RelA
protein interacting with histone lysine methyltransferase, G9A-like protein (GLP) and
downregulating NF-«B target genes by dimethylation of H3K9 (166). However, further work
is needed to understand the association between NF-kB protein methylation and histone
methylation, in terms of NF-kB transcriptional response. Additionally, increased methylation
levels of histones that are linked to repressed gene expressions, such as H3K9me3 are shown
to suppress the pro-inflammatory cytokines (281). Depending on the context, KDMs play a
critical role in contributing to the histone methylation dynamics by reversing the methylation
marks.

In this thesis we initially focused on studying the role of hypoxia induced H3K4me3
levels via inhibition of KDM5A and how this regulates the NF-kB transcriptional response.
KDMB5A was identified as the most abundant KDMS5 family member in our experimental cell
model, HelLa (100). Also, sequence and structural analysis comparing other KDM5 members
identified that KDM5B and KDM5C are highly similar to the KDM5A with conserved
domains that control demethylase activity (100). It is hypothesised that apart from oxygen

affinity in a given cell type, variable levels of the respective enzymes could lead into cell type-
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specific transcriptional responses with hypoxia stimulation (100). Based on the findings in this
thesis, hypoxia-induced gene signatures controlled by KDM5A, also include NF-kB target
genes. Previously, KDM5B inhibition has shown to increase the innate immune response to
respiratory syncytial virus infection in bone marrow-derived dendritic cells by increasing the
H3K4me3 levels on promoters of specific inflammatory genes (282). In addition, KDM5C
alterations has been correlated with increased tumour immunogenicity and inflamed anti-
tumour immunity (283). Given the importance of both KDM5B and KDM5C in different
cancer types (283-287), investigating the role of these enzymes in the control of NF-«xB target
gene signature in response to hypoxia across different tissue types will enable the design of
future targeted therapies. As KDMS5 inhibition seems to provide a robust and reversible control
of innate immune response, a significant effort has been invested to develop KDMS5 inhibitors
for clinical applications. Among all, a pan-KDMS5 inhibitor, GS-5801 has recently entered
phase 1 clinical trials for treatment of chronic hepatitis B infection (288, 289). However,
further work is necessary to identify the level of cooperation between these enzymes and other
possible coregulators to prevent off-target effects that could cause in different physiological
and disease processes.

Histone demethylation is an organised transcriptional mechanism regulating the gene
activation and repression. While H3K4me3 and H3K36me3 methylation have been related
with active gene transcription, certain methylation marks, such as H3K9me3 and H3K27me3,
are linked to gene repression (39). In a recent study, it has been shown that depletion of
H3K36me2 and gain of H3K27me3 work simultaneously in transcriptional silencing of innate
immunity genes (290). This study also supports our work on NF-kB target gene activation
through increased H3K36me3 levels. Histone methylation marks associated with both active
and repressed transcriptions have been shown to control changes in chromatin and gene
expressions with hypoxia stimulation (110, 117). It is thus likely that a chromatin crosstalk
between transcription activating, and repressing mechanisms is triggered with hypoxia

stimulation. Comparing ChlP-sequencing data containing both H3K4/K36me3 hypoxia
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upregulated and H3K27me3 hypoxia downregulated gene peaks that are NF-kB target genes,
will identify the genes potentially affected by both of these mechanisms.

Despite the extensive knowledge about hypoxia upregulated genes, molecular
mechanisms behind transcriptional repression and downregulated gene signatures upon
hypoxia stimulation are less well understood (76). While a number of upregulated genes are
identified to be conserved with hypoxia stimulation in all cell types, less conservation was
identified within hypoxia-repressed genes (88, 91, 267-269). However, functional enrichment
analysis on the core hypoxic signatures has shown that like hypoxia-induced genes, hypoxia-
repressed genes are also involved in critical molecular functions, such as cell cycle progression
and DNA replication and repair (91). Hypoxia-altered NF-kB gene signature also includes a
cascade of down-regulated genes. Unlike, HIF, NF-xB is known to induce transcriptional
repression of certain targets (reviewed in (76, 133)). As such, hypoxia induced repression of
NF-kB genes could be both by directly interacting with the subset of genes and by modulating
expression of other transcription factors. Down-regulation of these genes could be due to
decreased amount of NF-kB in the nucleus at that particular time-point of the hypoxia
stimulation. Another possibility is that DNA-bound NF-xB might interfere with the
progression of RNA polymerases, thereby reducing the transcriptional output. NF-xB-
dependent transcriptional repression could be part of a negative regulatory feedback
mechanism. Future studies focusing on the molecular function of the repressed NF-«xB target
genes, combined with their link in different biological processes upon both hypoxia and
cytokine stimulation will further clarify the complexity of the NF-xB transcriptional gene
regulations. In the future studies, comparing both hypoxia-induced and -repressed NF-xB
target gene profiles will improve the understanding on the feedback mechanisms of the NF-

kB transcriptional response and the mechanistic link between hypoxia and NF-«B.
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7.3. Hypoxia-induced NF-xB transcriptional response and potential direct methylation
of NF-xB subunits.

Further to the role of KDMs on NF-kB transcriptional response through their histone
demethylation activity, the non-histone role of KDM2A on NF-«B RelA led to an interrelated
hypothesis (35); KDMs might influence the NF-kB transcriptional response simultaneously
with both its enzymatic activity on histones but also acting directly on NF-xB proteins. Apart
from KDM2A and RelA interaction, there are other KDMs that are also shown to directly bind
to the RelA upon various stimulations, such as KDM4B, following stimulation by receptor
activator of NF-«xB ligand (RANKL) (264), KDM4A and KDM4C following stimulation of B
cells by T follicular helper cell-derived signals (239). However, studies focused on hypoxia
stimulation are still lacking. Future studies analysing non-chromatin methylomes following
hypoxia stimulation in different tissue types will reveal possible novel KDM targets, including
other NF-kB subunits and their co-regulator proteins, as well as other transcription factors that
could eventually influence the NF-kxB transcriptional response. Previously, a mass
spectrometry-based comprehensive methylome study was conducted to characterize global
protein lysine methylation patterns in human cells and identified that more than 500 different
intracellular sites can be methylated (291). Over the years, a number of studies has shown the
functional importance of these protein lysine methylation sites, and also suggested that
reversible methyl modifications could occur in various non-histone proteins (reviewed in
(33)). The future developments on potent and specific KDM inhibitors will contribute to the
understanding of non-histone demethylation role of the KDMs.

Besides their demethylation effect on proteins, KDMs are also known with their non-
demethylation functions (42, 46, 47). The use of wild type and demethylation dead versions
of KDMs and the use of drugs inhibiting KDM demethylase activity can be used to
differentiate between demethylase and non-demethylase functions of KDMs in regulating NF-

kB target genes in response to hypoxia.
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7.4. Hypoxia-induced NF-xB transcriptional response across distinct cellular systems

There have been large-scale transcriptome profiling experiments that focused on
characterising transcriptional activity in different cancer types. For instance, Zodro et al. has
performed a meta-analysis on different stages of clear cell renal cell carcinoma microarray
datasets derived from normal and cancerous histopathology tissue samples (292). This study
could classify the upregulated genes into pathways known to be deregulated in cancer,
including immune and inflammatory responses, DNA damage response, angiogenesis, and
apoptosis, which are also transcriptional responses of hypoxia and NF-kB pathways (reviewed
in (150)). Although the study of Zodro et al. was conducted without additional stimulation,
tumour microenvironment is known to be hypoxic with altered inflammatory system
(reviewed in (150)). In another study, RNA-sequencing analysis of 31 different breast cancer
cell lines produced a hypoxic breast cancer gene signature (293). However, correlation of NF-
kB target genes signature with conserved hypoxia-altered gene signatures within a particular
disease model is still lacking. Such a work would be crucial on identifying more specific gene
candidates that could be used as diagnostic and/ or prognostic biomarkers. Beside investigating
the effect of hypoxia by using transcriptome analysis derived from bulk cell analysis, single
cell response of transcriptome changes with hypoxia stimulation would be critical to discover
unique characteristics of individual cells. So far single cell RNA-sequencing has been
performed in hypoxic retina (294) and lung following intermittent hypoxia exposure (295).
Using such analysis will determine the cell type-specific NF-xB activation following hypoxia
stimulation, and the cell specific NF-xB genes signature. This will support the knowledge on
the complex molecular systems and propose new targeted therapeutic approaches.

Response to low oxygen tensions is a well-orchestrated event at the molecular level,
which apart from including changes in chromatin, and the transcriptome, also involve
adaptations in the epi-transcriptome, the proteome, and the metabolome (75). Future work
combining the knowledge in other fields will also improve the understanding in different

physiological and pathological states. Characterising the dependence of NF-kB on histone
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modification changes in hypoxia and identifying co-regulators of NF-kB is still required for
defining the full mechanism behind the regulation of NF-kB transcriptional response in

hypoxia.

7.5. Final Remarks

The findings described in this thesis provide evidence for the role of hypoxia-induced
NF-kB transcriptional response, through histone methylation dynamics, mediated by KDMs.
Also, complexity of the NF-kB transactivation mechanism was highlighted by describing a
potential non-histone role of KDMs on the NF-kB subunits. In addition, the results from this
thesis identified the hypoxia-induced NF-«kB target gene signature across different cell lines,
where majority of the gene signature is cell type-specific. A better understanding of the
contributors to this specificity by identifying other chromatin co-regulators will improve the
knowledge of the cellular response to hypoxia and potentially reveal new drug targets involved

in both hypoxia and NF-kB pathways.
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Figure 7.1. Summary illustration of the results chapters. Chapter 3 (A), Chapter 4 (B), Chapter 5
(C), Chapter 6 (D). Briefly, KDM5A is identified as a negative regulator of the H3K4me3 promoter
regions and gene expressions that are responsive to both hypoxia and NF-kB, speculating the role of
KDMB5A on NF-xB transcriptional response. Enzymatic activity of KDM4 family is suggested as a
potential regulator of the H3K36me3 regions and gene expression that are responsive to both hypoxia
and NF-xB, also speculating the role of KDM4s in controlling NF-xB transcriptional activity. Non-
histone role of KDMs regulating NF-«B is suggested as a potential mechanism for controlling NF-xB
transcriptional response. Finally, cell type-specific and -conserved hypoxia inducible NF-xB target
genes signature is identified using publicly available RNA sequencing datasets.
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9.1. Optimisation of CUT and RUN technique for detecting RelA DNA binding sites
following hypoxia stimulation

To identify NF-kB RelA binding sites on the DNA in HelLa cells following hypoxia
stimulation, it was decided to use a novel technique called CUT and RUN sequencing, which
aims to achieve the same objective as the Chromatin Immunoprecipitation (ChlIP)-sequencing
method. Compared to ChIP, CUT and RUN sequencing is a more rapid and cost-effective
method and can be applied for targeting many types of proteins including histone
modifications and transcription factors. The CUT and RUN assay start with immobilising the
cells using magnetic beads coated with Concanavalin A, a lectin that binds to proteins. Next,
cells are permeabilised by using a buffer that contains digitonin, a non-ionic detergent.
Permeabilization step allows the target specific antibody and pAG-MNase (i.e., Protein A and
Protein G 1gG binding domains fused to micrococcal nuclease) to access and bind to the
proteins of interest. The pAG-MNase cleaves DNA close to where antibody is bound. Cleaved
chromatin fragments diffuse into the supernatant, while remaining chromatin is left inside the
immobilised cells bound to the beads. Although above mentioned steps are applied for 1gG
and target specific antibody, input sample is treated separately as the target specific chromatin
fragmentation is not needed, thus the chromatin is sheared by using a sonicator. In the final
step, all samples including target DNA and input DNA are purified using a column kit.

Prior to performing the planned experiment, the assay was optimised for our
experimental needs. This included optimising the digitonin concentration for the cell lines used
by following manufacturer’s instructions. As a result, manufacturer’s recommended digitonin
concentration was identified as the most efficient one, corresponding to 2.5 pL digitonin in
100 uL digitonin buffer. Furthermore, to optimise the sonication conditions for shearing the
chromatin in the input sample, different sonication settings were tested, and the following set-
up was decided to be the most efficient one; 20 cycles at 50% amplitude, 15 sec on 30 secs off
(Figure 9.1). Next, optimum concentration of the input sample was determined using the

positive control antibody, H3K4me3 and the primer, RPL30, provided by the kit (Figure 9.2).
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This approach also confirmed the high efficiency of the CUT and RUN protocol as all of the
input dilution factors showed around 15-fold increase in H3K4me3 levels at the RPL30 gene

promoter.

100 bp
ladder A B C D

600 bp

100 bp

Figure 9.1. Sonication optimisation for the input sample. 100,000 HeLa cells were collected into 1.5
mL Eppendorf tubes for each sonication condition and cell solution was prepared according to
manufacturer’s instructions. Following sonication conditions were tested; 5 cycles at 50% amplitude,
15 sec on 30 secs off (A); 10 cycles at 50% amplitude, 15 sec on 30 secs off (B); 15 cycles at 50%
amplitude, 15 sec on 30 secs off (C), 20 cycles at 50% amplitude, 15 sec on 30 secs off (D). 20 uL
sample was loaded on a 1% agarose gel with 100 bp DNA marker. The efficient chromatin shearing
condition was decided based on the DNA length; area covering the 100-600 bp length is shown between
the red dashed lines.
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Figure 9.2. Dilution optimisation for the input sample. 100,000 HeL a cells were collected and CUT
and RUN procedure was applied according to manufacturer’s instructions. Input sample was
aliquoted into 1.5 mL Eppendorf tubes with 1:1, 1:5, 1:25 and 1:125 dilution factors. The assay was
performed for targeting IgG control and H3K4me3 enriched genes’ promoter regions. Positive control
gPCR primer supplied in the assay kit, RPL30 was used for the detection of the targeted enriched
regions. The graph represents 1 replicate of the experiment.

186



To detect NF-xB RelA DNA binding sites, initially cells were stimulated with the
canonical NF-xB pathway inducer, Tumour necrosis factor a (TNF-a). Following the
preparation of the cells according to manufacturer’s instructions, efficiency of the Cell
Signalling RelA antibody was tested, comparing the difference between overnight or 2 hours
antibody incubation (Figure 9.3, A and B). After following the CUT and RUN procedure as
per manufacturer’s instructions, obtained DNA was analysed using IL8-kB primers, which is
a well-known NF-xB target gene. As a result, both of the incubation times had similar
efficiency, however, there was also an off-target antibody binding as RelA abundancy was
detected on the IL8-xB negative control site.

To prevent any possible re-oxygenation in the cells following hypoxia stimulation, we
worked on optimising the CUT and RUN assay to involve formaldehyde fixation step.
However, following a mild formaldehyde fixation step, the Cell Signalling RelA antibody lost
its efficiency (Figure 9.3, C). This could be due to formaldehyde disturbing the epitope
binding sites for the antibody or affecting the pH levels that could be a problem for the

optimum working environment of the kit buffers.
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Figure 9.3. Cell Signalling RelA antibody optimisation. HelL a cells were treated with 10 ng/uL TNF-
o for 2 hours prior to collection and CUT and RUN procedure application. The assay was performed
for an 1gG control and 1L8-kB enriched genes’ promoter regions occupied by the RelA promoter peaks.
Cell Signalling antibody (cat. #8242) was used for targeting RelA. The RelA antibody incubation was
performed overnight (A), for 2 hours (B), or for 2 hours following formaldehyde fixation of the cells
(C). DNA was analysed by gPCR with results normalised to input DNA. IL8-xB negative control
represents a DNA region on the 1L8 gene that does not include NF-kB binding sites. Graphs represent
1 replicate of the experiment.
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Next the CUT and RUN assay was used with the formaldehyde fixation step on the
Active motif RelA antibody (Figure 9.4). First replicate revealed a positive result, although
there was also off-target binding (Figure 9.4, A). In addition, efficiency of the assay was tested
following formaldehyde fixation by investigating H3K4me3 abundancy on the positive control
gene, RPL30 (Figure 9.4, B). This experiment successfully demonstrated around 20-fold
increase in the methylation mark levels compared to input. However, when this experiment
was repeated the second time, neither the RelA antibody nor the positive control H3K4me3
antibody gave as efficient signal to noise ratio (Figure 9.4, C and D). This might be due to
pAG-MNase digestion step could not be performed at the exact recommended temperature,
which is 4°C. Also, incubation time of the samples for releasing DNA fragments into the
solution might need optimising.

Finally, instead of the formaldehyde fixation, a nuclear extraction method was used
based on the manufacturer’s instructions (Figure 9.5). However, RelA specific DNA binding
could not be detected. Also, positive control H3K4me3 levels were low at the RPL30 gene
promoter site. These results suggest additional optimisations are needed prior to conduct the

line of investigation needed on RelA binding across the genome in hypoxia.
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Figure 9.4. Active motif RelA antibody optimisation following formaldehyde fixation of the cells.
HelLa cells were treated with 10 ng/uL TNF-a for 2 hours prior to formaldehyde fixation and quenching
steps (A), (B), (C), (D). Collected cells were then processed according to manufacturer’s instructions.
The assay was performed for an 1gG control and IL8-kB enriched genes’ promoter regions occupied by
the RelA promoter peaks. Active motif antibody (cat. #39369) was used for targeting RelA by
incubating the cells with the antibody overnight (A), (C). The assay was also performed for targeting
H3K4me3 enriched genes’ promoter regions (B), (D). Positive control gPCR primer supplied in the
assay kit, RPL30 was used for the detection of the targeted enriched regions. DNA was analysed by
gPCR with results normalised to input DNA. IL8-kB negative control represents a DNA region on the
IL8 gene that does not include NF-xB binding sites. Gene Desert is used as a negative control as it
represents an intergenic DNA region (i.e., non-protein-coding). Graphs represent 2 separate replicates
of the experiment.
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Nuclear extraction and overnight antibody incubation
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Figure 9.5. Active motif RelA antibody optimisation following nuclear extraction of the cells. HeLa
cells were treated with 10 ng/uL TNF-a for 2 hours prior to nuclear extraction procedure according to
manufacturer’s instructions. The assay was performed for an IgG control and IL8-kB enriched genes’
promoter regions occupied by the Rel A promoter peaks. Active motif antibody (cat. #39369) was used
for targeting RelA by incubating the cells with the antibody overnight (A). The assay was also
performed for targeting H3K4me3 enriched genes’ promoter regions (B). Positive control gPCR primer
supplied in the assay kit, RPL30 was used for the detection of the targeted enriched regions. DNA was
analysed by gPCR with results normalised to input DNA. Gene Desert is used as a negative control as
it represents an intergenic DNA region (i.e., non-protein-coding). Graphs represent 1 replicate of the
experiment.
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