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ABSTRACT

Hypoxia, a common feature of solid tumours, including breast cancer, contributes to tumour
progression and treatment resistance through various signalling pathways, including the NF

8 B p a tinmaddéign to the breast tumour microenvironment being hypoxic, itaisibits

high levels of inflammation due to the presence of immune cells, growth factors (GFs), and
cytokines Breast canceremainsa prominent contributor to canemlated deaths among
women,andis acknowledged as a disease with diverse molecular charactef$tics his

study aimed to elucidate the dynamics of hyporgduced NFe B si gnal |l ing i n b

cells and its functional implications.

Using nontumouigenic andtumouigenic breast cell lined, characterized the impact of
hypoxia on NFe B a ¢ éxpressidn,yand functions utilizing both low throughput techniques
such as western blot, quantitative PCR, functional assays, and high throughput techniques such

as flow cytometry, RNA sequencing, and mass spectrometry.

This studyreveaéd aconstitutive expression and activation of-SFB MDA -MB231 cells,

which was further enhanced bygoxia Additionally, hypoxiainducedranscriptional changes

inNF-e B t ar gveete obgervedPlosphorylaton of N B pr ot eins on spe
residues was also observed in response to hypoxia, demonstrating multiple levels of regulation
over the NFeB pathway. We identified a novel regulation of R&lR member of the NB B

family, in hypoxia, evident by an acute induction felex by a reduction in expression levels

following longer exposure times.

Using RNAsequencing analysis, this study identified core hypodaced genes in breast
cell lines, hypoxianduced NFe B g e n e s, -irmluced felrgptosesedaited genes using
intersectional analysis. Thisuggest a potential crosstalk between hypoxiFsB and
ferroptosis pathways in breast canaar aspect that requires future investigatioraddition,
we have identified genes regulated by RelB in hypoxia, a novel aspectaB Néntribution

to this stress response.

Moreover, our study unveiled the involvement of RedBNF-e B s ubuni t | I n reg
cycle progression, proliferation, and migration under normoxic and hypoxic conditions. RelB
knockdown led to decreased expressionofdNB t ar get genes, al tered
reduced proliferation, and impairegigration in breast cancer cells. These findings highlight



the multifaceted rolesof N B and Rel B i n breast cancer Dbi
potential therapeutic targets and strategies for improved breast cancer treatment outcomes.
Further exploration of the regulatory networks connecting hypoxiap NBSignalling, and

RelB in breast cancer cells is warranted to advance our understanding of tumour progression
and therapy resistance mechanisms.
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107.NaF- Sodium fluoride

108.NF-a B Nuclear factor kappaght-chainenhancer of activated B cells
109.NP-40- Nonidet P40

110.PBS- Phosphatduffered saline

111.PCR- Polymerase chain reaction

112. PMSF- Phenylmethylsulfonyl fluoride

113.PVDF - Polyvinylidene fluoride

114.RIPA - Radioimmunoprecipitation assay

115.SDS- Sodium dodecyl sulfate

116.siRNA - Small interfering RNA

117.TBS- Tris-buffered saline

118. TNF-U- Tumournecrosigactor-alpha

119.TPCA-1 - 2-[(Aminocarbonyl)aminos-(4-fluorophenyl}3-thiophene carboxamide
120. Tris - Tris(hydroxymethyl)aminomethane
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1.0 CHAPTER ONE

1.1. Overview
The NFkB (Nuclear Factor of kapplegght chain enhancer of activated B cells) pathway
is well known for its role in inflammationt h e bdefeltg dexhanism against infections,

which also facilitateghe healing of wounds and maintenance of tissue homeoRaS8is The

NF-kB pathway can be activated by several stimuli, some of which include: cytokines such as
TNF-U and I L1, Uuv and loni sing radiations,
bacterial products, cellular stress such as DNA damage and hypoxia, reactige sgggies,
amongst otherR]. Due to the roles of NKB proteins in several cellular functions, stringent
regulation of the pathway is required to maintain cellular integrity. However, dysregulation of
this pathway has been observed in many diseases, most especially in cancer where mutations
in NF kB signalling proteins were found4]. A good understanding of NEB subunit

function and NFkB pathway regulation in cancer could provide insights for the development

of novel therapies and better use of existing medications.

Hypoxia is known to be a common feature of solid tumours due to an increase in oxygen
demand as a result tiie uncontrolled proliferation of cancer cells. Additionally, mounting
evidence continues to link the oxygen level of tumour tissue to breast cancer metastasis
independent of tumour histology, clinical staging, presence or absence of certain regegtors
lymph node involvemen5]. Therefore, given the involvement of hypoxia and KB proteins

in tumour cells and tumour microenvironment, the current stadyseson an aspect of its
regulatory mechanisms, NkKB phosphorylation, as a possible means of obtaining therapeutic

insights into breast cancer management and control.

1.2. Gene transcription and control

The central dogma of molecular biology explains how genetic information is transferred
within a biological system. Deoxyribonucleic acid (DNA) which carries all the genetic
instructions necessary to regulate a large variety of processes, is transcobe@ssenger
RNA (mRNA), which in turn are translated into proteins. Thus, gene expression is a process in
which the genetic information stored in a gene (a nucleotide sequence in DNA) is processed
into a protein or noitoding RNA[6] . The human genome is composed of around 20,000
proteincoding genes, and this constitute2% of the human genonjé, 8]. These genes are
transcribed into mMRNA by the RNA polymerase Il and the transcription factors. Assuming the

hypothesis of one gene, one protein, we should haleastapproximately 20,000 canonical
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human proteins. However, this is not true as a single gene can code for as many as 100 proteins
due to a number ofsoforms derived fromalternative splicing, and posttranslational
modifications among othef8, 10]. Some of these proteins are transcription factors, proteins
that possess DNA binding ability, they are encoded by about 8% of the genes of the human
genome[11], resulting in around 2600 transcription factors that play important roles in both
physiological and pathological processes. Given the involvement of transcription factors in
several cellular processes, they must be properly regulated to prevent ahercion$ or

mutations that underlie various human diseases such as cancer.

1.3. Hypoxia

Oxygen is a key requirement in cellular energy production andaatsoas a cofactor
or substrate for many enzymes, making oxygen an essential element for both physiological
functions and metabolism in mammals. At sea level, oxygenq@stitutes around 21% of
air, O levels below this atmospheric value are termed hypfkid. However, oxygen
concentrations between 1% and 14% have been reported in human tissues such as the heart,
l ungs, Il iver, and kidney and this condition
Ol evel s below 1% are r ef ¢lR]riteasdcommon faa @argadismat h o | «
to encounter oxygen deprivation (hypoxia) in a variety of both physiological and pathological
conditions, and hypoxia can be transient or chronic. Changes in cellular oxygen levels can be
a result of an imbalance between oxygripply and metabolic demands, inflammation,
prolongededemaand vascular inadequafd3]. Depending on the severity, hypoxic stress can
have distinct effects on gene expression, protein folding, and several biochemical reactions that
require oxygen[13]. Therefore, as an adaptive mechanism, the organism engages
evolutionarily conserved responses to hypoxic stress. These adaptive responses include
changes in gene expression leadintp&expression of survival and proangiogenic factors, cell
cycle arresf14], metabolic reprogramming such as reduction in energy consumpiibh and

a shift from oxidative phosphorylation to glycolysis

1.4  The Hypoxia-inducible Factor (HIF)

The hypoxic response is regulated by several transcription factors, however, the
hypoxiainducible factors (HIFs) are the central mediators of hypoxia responsible for oxygen
sensing and adaptation and fluctuations in oxygen concentrations at the aalelld3S]. The
discovery of the HIFamily of proteins and their regulation by the prolyl hydroxylase enzymes
and the von Hippelindau (VHL) proteins, is a breakthrough in understanding cellular
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responses to fluctuations in oxygen concentration, warranted the Nobel Prize for

Medicine/Physiology in 2019 to Greg Semenza, Peter Ratcliffe and William Kaglié]Jr

HIF activity results in the upregulation of genes that control cell proliferation, apoptosis,
oxygen consumption, angiogenesis, cell invasion and metastasis, and mitochondria metabolism

[15], to maintain oxygen homeostasis.

1.4.1 Hypoxia Inducible Factor Alpha (HIF-1 U, -HU ,F -3HU)F

In mammals, three isoforms of the HIF s ubuni t have been iden
HIF-1U, the firzbl meimberc¢alHlde&d endot-ERASIHal PA.
which is structurally similar to HHEL U . -1kmdMFIF2 are the main transcriptidactors that
regulate the hypoxic response. FBFU (al so cal |l ed | nhi-lPAR)ory P
exists as multiple splice variants, some of which inhibit-tlIE an@ UHBEt i vi t vy
dominant negative fashida7]. HIFF1 U an-2UH$ Ebuni t s ar-depehdarhi | e a
and both require an obligatory oxygemlependent but constitutively expressed HIB
subunit[18].

HIF-1 was the first member of the HIF family to be identified in 1991 by Semenza and
coworkers[19]. They di scover e dRCGTGS ND N ARendadegrueddc e 5 N;j
of the erythropoietin (EPO) geifi20], which encodes the glycoprotein that regulates red blood
cell proliferation[21, 22] The DNA sequence was then ter me
(HRE), due to its role in transcriptional regulation of genes under hypoxic condRigjngt
was later discovered theliF-1 is the DNAbinding protein thainteractswith the HRE under
hypoxic conditiong24]. HIF-1Uis composed of 826 amino acids while HIFb has 789 am
acids. HIF1 (b -catnhdsublinit) is a prototype of the bHLH family, consisting of four
domains. HLH and PAS motifs located in the first half of subunits are both required for subunit
dimerizaton between HIFD a n d1 5l #6] Binding to HRE on the promoter of target
genes is mediated by the basic regions upstream oftérihal of HLH domain of both HH-

1 U a n-tl H2A] DRie to its ubiquitous expression in all mammalian cells,HB i s t he
most studied of all the alpha subunits. Biochemical analysis showetl HIF as a het er od
protein made up of a 120kDa HIFU a n dl1 fa sHU2Bw28]iHIF-1 U h a slifeaf hal f
about 5 minutes due to constant proteasategradation by the VHL complex in normoxia

[19].

HIF-2 U i s t h ealpbassabonit th beHdpdited and has been documented to be;
structurally similar to HIFL (30], induced rapidly in hypoxia like HH U, al so regu
through hydroxylation31], can both regulate common targ¢d2] and can have distinct
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biological functiong31]. However, unlike HIFL U whi ch i s ubi quitously
of HIF2 U is restricted to certain tisB384 such
endothelium, kidney, heart, and small intes{i3ts.

HIFF3U is the | east studied of the three
understood. However, splice variants of FHIFJ h av e b e e[86], dne ofwhich ist e d
the inhibitory PAS domain protein (IPAS). In hypoxia, this protein (IPAS) forms a non
functional complexwithHIL U i n t he nucl eus, r elgargetgenesng t h
[37]. Additionally, a study showed that IPAS gene expression is hwyoudiecible and
regulated by HIFL, constituting another level of feedback regulation in hyp[8a HIF-3 U
is in sharp c o pstbunissitthawtiatksthetTARtramsactivation damain
and could inhibitHIFL U an-2UHI3A) Fhows 57% sequehteandmil
53% with HIF1 B[39[. HIFF3 U al so f or ms a -lhbe.t-8BHIoFds mex p we ¢ &
the lung, heart, kidney, and thymus of matured mice in hyppiia. (

1.4.2 Hypoxia Inducible Factor 1 Beta (HIF-1b )

In additon tothe HIL U subuHiF1b , i s ha transcription |
hypoxia that also plays an important role in adaptation to cellular oxygen sttesth ( al s o
known asaryl hydrocarbon receptor nuclear translocator, ARNT) is a member of the basic
helix-loop-helix (bHLH) i PAS family of proteins, which are known to act as heterodimers
made of a sighal dependent and a signal independent s{ijnklIF-U andb HluFbuni t s
have structural differences in the second half of the protein which reflects their functional
differences.An acidic and hydrophobic amino agidh N- and Gterminal transactivation
domains (N-TAD, C-TAD) separated by an inhibitory domain (ID) motif are found only in
HIF-1 (42]. The GTAD provides a binding site for p300 and CREB binding protein (CBP)
which are transcriptional coactivators of HIFU under hypoxi c -TADndi ti o
domain regulates HIE U s t a H43]l An pxygendepandent degradation (ODD) domain
i s al so f ou-subuniband igtheisite fot Hydeoxylation by P{20Owhich targets
HIF-U for degradation via the pr ot ¢4d|sHFdedb i n t
lacks the ODD (which may be responsible for its insensitivity to oxgggendent
degradation) and N AD but has the AD domain.

HIF-1b i s a nuclear protein, stable and exp
levels are not affected by oxygen levels, unlike I8 whi ch is | abile and
[41]. Although HIFL1 b is an obligdtloryeqgpmarederd oof aHIf B n
response, HL b al so functions in the ariydpathwaydr ocar
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that senses xenobiotics from plants or pollutants like digdBgl7]. AhRs are transcription

factors that also belong to the bHIPAS domain protein family and localize in the cytoplasm.

AhR is activated upon binding of appropriate ligands, resulting in conformational changes and
subsequent translocation of AhR into the nucleus and formationef IF Ah R comp | ex v
binds to xenbiotic responsive elements (XRES) to initiate transcription of specific genes such

as phase 1 xenobiotic metabolism enzyés

DNA
Binding Dimerization Stabilization Transcriptional activity

HIF-10 leI.H PAS A |l PAS B (e1n] s BN TADM NLS cTAD]] 826aa

HIF 20 .bHLH PAs A il PAS B oDVENTAD] NLS ctap | s70aa

HIF-3a leLH N oDVENTADE NLS EZIP | 662aa

HIF-1p | m PASA | CTADl?89aa

(ARNT)
FigurieSchemaéprcesentation of .HISt rpurcatueria
represented in coloured boxes. The fun
Abbreviati on: bHLH= basi d edenli inal Ldopn 8¢
LZI P= |l euci ne Zipper domai mgnalNL S HNTARmM
Transactivati on DDbemae md e rOtDDB>o Mxiyrg;e nPAS= Per /[ |

1.4.3 The hypoxic response

Oxygen is a major requirement for energy production in aerobic organisms, thus
deprivation of oxygen is a stressful condition for living cells. Therefore, cells undergo a variety
of adaptive mechanisms such as cell cycle arrest, secretion of proangitaggois, and
reduction in energy consumption to maintain oxygen homeostasis. These events are mediated
primarily by the HIFsignalling pathway but with important contributions from others such as
NF-a H48], mTORsignalling pathway and unfolded protein respofi4].

In well-oxygenated environments, dioxygenases such as PHDs hydroxylate HIF at
conserved proline residues (Pro402 and Pro5@&4gufe 1.2A). These 2-oxoglutarate
dependent dioxygenases@GDs) require oxygen, iron (I), andaXoglutarate for catalysis
[17]. Factor inhibiting HIF (FIH) is another oxygen sensor that hydroxylates HIF on a specific
asparagine residue and this modification has been reported to disrupt the interaction between
HIF and its ceactivators, thus inhibiting transcriptional activjg®, 50] RNA-demethylases,

JumonjiC-domain containing demethylases (JmjC demethylases) (demethylate both histones
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and nonhistone proteins), and Tdfleven Translocation (TET) enzymes (mediators of BNA
demethylation) are otherQGDs that coordinates hypoxic respofts]. Hydroxylated HIF
attracts the von Hippdlindau E3 ubiquitin ligase complex which then targets HIF for
proteasomal degradation.

However, in hypoxia, inadequate oxygen availability inhibits PHD activity thus
preventing HIFU hydroxyl ati on and subsequend degr
stabilization and rapid accumulatigffigure 1.2B). HIFFU i's furt her stabi
phosphorylation by the mitogeactivated protein kinases (MAPK$$2] and afterwards
translocated into the nucleus where it heterodimerises witHHHdF. | n  C asigoatbingc al H

, the HIF heterodimer binds to the HRE on the promoter of genes to be transcribed, thus

Decreasing oxygen level

W ormoxia 3

0,

st

.;: z HiFa Cytoplasm
] . nucleus

Activation of
target genes

Figurr&chemfhati c represelhiagi eatlomwatih & pi @3

oxygenpr ée\Hdnlsst abi |l i zation throelUagrh mMryadd OX )

wi t hiox ytglleeap e deeggntadat i on domai-medhiatkedr eps

of hydr oxWalnadt ecdo nkslelquent pr ot el@Blolnails dee gdic
PHD, which al soUlhytdr orylIsgpteeced f HE F as p & rea gni
transactivati-créamaing aim KHidEUt é guladt il cenv.
hypoxi a, PHDs and HI F act nvisttiads | &rlan diari

translamcdatdiomeri zati on wi-ibhl hiet sh ed ceg malti enep

response el etmpaentosnotf dREpfomarget genes resul ti
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changing the gene expression pattern of the hypoxic cell. FIH protein activities are also
suppressed due to inadequate oxygen availability, resulting in the recruitment of coactivators
such as CBP/p300 to the target genes[S8e54]

Over 100 genes have been identified to be HIF target genes and are involved in a wide
range of cellular processefigure 1.3 such as angiogenesis, erythropoiesis, autophagy,
metabolism, apoptosis, and other physiological responses to hyjpékialhere is also the
possibility of a norcanonical HIFsignalling, as some HIF heterodimend HREindependent
mechanisms by which stabilized HIF influence the activity of other pathways have been
described56]. This noncanonical HIFsignalling has been documented to regulate aspects of
p5357], c-Myc [58], and NotcH59] signalling.

Angiogenesis
Vascular endothelial growth factor A,
Vascular endothelial growth factor
receptor (VEGFRI),
Plasminogen-activator inhibitor-1,
Urokinase plasminogen activator
Receptor (UPAR).
Nitric oxide synthase 2 (NOS2)
Tumour growth factor 83 (TGF- B3)

Growth and Apoptosis Energy Metabolism &

Insulin-like growth factor Hormonal Regulation
binding protein-1 Glucose transporter - |
Endoglin (ENG) Hexokinase-2. Leptin

Calcitonin-receptor-like-receptor 6-phosphofructo-1 kinase

. Glyceraldehyde-3 -phosphate
-Fet t Y yde->-phosp
¥ el\(l)lgr; B HIF dehydrogenase
NIX Aldolase A, Enolase-1
Phosphoglyceratekinase- |

Matrix and barrier function

Lactate dehydrogenase
Procollagen prolyl hydroxylase

Carbonic anhydrase-9

Intestinal trefoil factor Pyruvate kinase M
Ecto-5’-nucleotide Vasomotor regulation
& Cell migration
Endothelin- |

Adrenomedullin
Tyrosine hydrolase
Inducible nitric-oxide synthase
Endothelial nitric oxide synthase
Heme oxygenase-1
Chemokine receptor
C-Met
Atrial natriuretic peptide

FigurSadnde rect transcriptional targ
fun

i
unc.ti ons
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1.5 Hypoxia in health and disease

Although the ambient oxygen level is 21%, in metazoans, many tissues function
physiologically at oxygen levels between 1% and[68}. Therefore, the hypoxic condition is
one in which the oxygen level is relatively lower compared to normal in a given cell, tissue, or
organ(Figure 1.4). Hypoxia can be acute; reduction in oxygen level for a short time as seen in
ischemia, or chronic (continuous reduction in oxygen levels for a long time) as observed in

cancer and chronic kidney diseases.

Hypoxia regulates cell proliferation and changes in metabolism but also has a major role
in the regulation of various forms of programmed cell death (PCD). Organisms undergo various
kinds of PCD which include apoptosis, necrosis, autophagic death, pyspptasnecroptosis,
in response to a variety of insults to eliminate damaged[6&H83]. Hypoxia has a pleiotropic
effect on cell death with reports including apoptosis, necrosis, and autophagy. Accumulating
evidence has suggested that increased apoptosis in hypoxic conditions occurs both-in a HIF
dependent and Hihdependent manner. Follmg HIF1 U knockdown, hypoxi a
reduce embryonic stem cell proliferation but accelerated apof62isAlso, inhibition of
mitochondria activity under reduced oxygen, resulting in production of reactive oxygen species
(ROS) and mitochondrial damage, has been demonstrated to increase ap@dfosis
Additionally, in certain cells, p53 a tumour suppressor protein, is stabilized in the presence of
HIFF1U, consequent!| y66f egul ating apoptosis

The cancer cell microenvironment is hypoxic due to increased oxygen requirement as a
result of hyperproliferationrand metabolic activityof cancerand associateaells [67].
Therefore, the cellular hypoxic response is required to activate downstream genes involved in
angiogenesis, cancer cell invasion, proliferation, metastasis, and cell survival among others,
needed fotumour progressior{68]. Several studies have suggested the involvement of HIF
signalling in cancer cell biology68]. Clinically, HIF1 U an-@ UHhEBEve been | i
advanced cancer stages and poor survival outcomes in cancer gag8gnEairthermore, the
HIF system promotes cancer cell pathwd¥S], pathways such as the unfolded protein
response (UPR) and the mammalian target of rapamycin (mTOR) work with HIF to regulate
specific cellular functions.

Hypoxia regulates a variety of pathophysiological processes involved in cancer initiation
and progressionf69]. Angiogenesis is one such pathophysiological process regulated by
hypoxia and it involves the formation of new blood vessels frorrepigting oned70]. In

hypoxia, the formation of new blood vessels is required to meet up with cellular oxygen and
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nutrient demands (caused by hyperproliferation of cells) needednf@ur progressiorj71].
HIF-1 U/ HIBF bi nds t o -argiegenid RaEtars soch asp/E®F, plasminogen
activator inhibitorl (PAI-1), fibroblast growth factor (FGF), plateléerived growth factor B
(PDGFB), matrix metalloproteinases (MMPs) among others resulting ingkpnressiori72].
These proteins function in cell migration, cell proliferation and vascularizg#ig+v5],
extracellular matrix remodelling, and cancer cell inva§rdj.

Hypoxia has been associated with increased metastasis and patient mortality in many
human cancer§77]. Also, increasednRNA levels of HIF-1 U and#R2dr Hlafve bee
observed in the brain, head/neck, breast, lung, colon, gastric, kidney, pancreas, stomach, skin,
endometrium, bladder, rectum, cervix, ovarian, and prostate cgdbdgrslypoxia promotes
metastasis by regulating epithellmesenchymal transition (EMT). EMT promotes cancer
invasiveness by converting namvasive epithelial cancer cells to highly invasive and
metastatic mesenchymbite cells[15]. Additionally, hypoxia facilitatesumour progression
by upregulating the expression and activity of the metalloproteinases; MMP2 and MMP9 which
degrade collagefr8] in both breast and colon cancer in a HIBependent manngf9]

The circulatory system transports blood, oxygen, and nutrients which are required for
physiological tissue functions. Impairment in oxygen delivery to these tissues results in low
oxygen tension and thus tissue hypoxia. Hypoxia has been implicated iathlo@hpysiology
of various cardiovascular diseases such as heart failure, myocardial infarction, systemic and
pulmonary hypertension, obstructive sleep apnoea syndrome, and atherosclerosis amongst
otherg[80, 81] Cardiovascular diseases remain the leading cause of death woll82i&a]
and hypoxia is a major pathogenic factor for these dis¢84ed7]. HIF-1 U , whi ch maj
controls physiological and pathological hypoxia, is differentially expressed in the
cardiovascular cell system and thus affects cellular functi®ds89] ROS promotes the
expression of HHRU which in turn facilitates the ex
endothelinl (ET-1) which has a role in cardiovascular dise488f Activationof HIF1 U al s o
causes the expression of some-fibootic factors such as collagen I, I, and IV among others
which causes myocardial fibrog&l-94]. Transverse aortic constriction (TACa commonly
used model for pressure overload cardiac failure in mice, was used to demonstrate the roles of
HIFF1U in car di elnlyimnTA@induged mide IreBulted in inhibition of VEGF
expression, leading to acute heart failure as a result of reduced oxygen supply to the
cardiomyocyte$95]. Another study investigated therolesof HIU i n endot hel i al
muscle cellspecific HIF1 Umice and showed that aileek TAC causes chronic heart failure

phenotypg96]. These results demonstrate the caplio ot ect i ve ef fect of F
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angiogenic function. On the other hand, exposure to chronic hypoxia affects calcium handling
and consequently cardiac metabolism which could result in heart fi@ijre
1.6 Inflammation

Il nfl ammati on is the bodyds protective or
identifies and attempts to eliminate harmful foreign substances or organisms. These include
parasites, viruses, bacteria, fungi, and allergens among ¢#8erd89] The immune system
consists of organs, chemicals, and plasma proteins that facilitate vasodilation and recruitment
of immune cells to the site of injury or infectigh00, 101] There is a strong link between
inflammation and a family of transcription factors called-RB-proteins. Similar to hypoxia,
cells have evolved mechanisms by which they control the inflammatory response to injury or
pathogens. The NkB pathway is a master regulator of inflammatory responses and the
activation of this pathway has been investigated in several human and animal diseases. In
response to inflammatory signals, epithelial cells of the injured tissue trigger-a pro
inflammatory esponse via actiti@n of the NFkB pathway resulting in the upregulation of
chemokines and adhesion molecules which in turn recruit and activate effector cells that
facilitate the healing proce$$02]. Inflammation is a physiological process that benefits the
host, however, deregulated inflammation causes excess damage to tissues, which could
contribute to the development of acute or chronic inflammatory disggsesd cancergl 03,
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1.7 Nuclear Factor-kappa B (NFa B )

The Nuclear factor kappa B pathway was discovered over three decades ago by Ranjan
Senin the lab ofNobel laureate David Baltimorgl05]. Sencarried out mobility shift assays
on enhancers and found multiple factors binding to both the haawyd  achdiniemhanters
[106) He discovered a nuclear factor that bind
light-chain enhancer and is present only on extractsadBines[106], thus the name Nuclear
factor kappa light chain enhancer of activated B cells;aN& . Further more, i
discovered that the NKB is not specific to the Bell lineage alone but was present in Hela
cells, T-cells [107] and now it is evident that all cells have[li08]. Since its discovery,
considerable researdmas beendirectedto understand its mode of activation, functions,
regulation, and roles in physiological and pathological conditions. Thé&BNFamily of
proteins has been reported to respond to a wide array of stimuli including pathogens, cytokines,
injuries, and various cellular stress conditipt89]. NFkB proteins have been well studied
for their roles in inflammation, immune responses, cell growth, and cell development and are
attributed to regulating the expression of almost 500 geinesried functiong110-113]

171 NF-eB subunits

TheNF-kB family is made up of seven proteins, whichhae a highly conserved REL
homology domain (RHD) used for dimerization, DNA binding-t@dminal of RHD), and
inhibitor binding (eterminal of RHD) Figure 1.5). RelA, RelB, and-&el (also known as REL
subfamily) all have transactivation domains that mediate interactions with cofactors (such as
CREB binding proteins, CBP) and basal transcription factors such as-biitig proteins
(TBP)[114, 115] NFkB1 or p105 and N#¥kB2 or p100 are the other N€B family members
which are encoded as longer precursor proteins and are proteolytically processed into active
DNA-binding proteins p50 and p52 respectively through mechanisms involving post
translational modifications such as phosphorylatidi6]. NF-a B land NF-a B Jack
transactivation domains but have ankyrin repeat which allows them to act as inhibitors until the
ankyrins are removed through proteolytic cleavage. The fivekBHamily members are
capable of homar heteredimerization among members, except for RelB which does not form
a stable homodiman vivo but forms heterodimerd=igure 1.6) [117, 118] NF kB dimers
bind to kappa B ( oB)GCERNWYCCHDHt hwhbeesbBgu®&ncé
represent any base, purine, adenine, or thymine and pyrimidine respectively) on the promoters

or enhancers of target genes.
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RelA: also known as-rel avian reticuleendotheliosis viral oncogene homologM§-
kB3 or p65 is a ubiquitously expressed transcription factor encoded BREth&gene and the
most studied N#kB protein which functions in a wide range of cellular processes. RelA plays
an important role in mediation of immune responses (innate and ad4gpfi9¢and has anti
and preapoptotic functions depending on the stimulus, cell type, and copite9t 120]
Structurally, RelA has an #&rminal REL homology domain (RHD) and at&minal
transactivation domain (TAD) which is divided into TAD1 and TAPQ25]. RelA is often
found in complexes with p50 (RelA/p50) in an inactive state restricted to the cytoplasm by the
inhibitor of kappaBU kBU) pr ot BBUn.i sThehel pri mary-aBnd mo
inhibitor which binds to the nuclear localization signal of-8lB[121], thus preventing its
nuclear translocatiorHowever,investigations oi¢ BU r egul at i ecytoplasm t he
shuttle have revealedl transient or incompletmasking of p50 nucledocalisation signain
the cytoplasmThe martial exposte of p50 NLSallows entry of the NF& B / UddrBplexinto
the nucleuswhereasthe S BU NES f aci | i t acomplex otutlofehe hucleus s p o r t
This therefore suggestthe subcellular localizationf the inactiveNF-¢ B/ | ¢$BU compl e
dynamic continuously shuttling between the nucleus and cytoplb3655476 33224945
Four RelAvariants have been identified with the longest isoform having 551 amino acid
residues. RelA mice suffer embryonic lethality as a result of severe liver damage caused by
T N Fitduced apoptosig 22]. Deregulated RelA activity has been observed in inflammatory
disease§l23] and cancefl24].
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RelB has 557 amino acids, an-t8rminal RHD, and a ®@erminal TAD and is
structurally and functionally different from RelA aneRel due to the presence of a leucine
zipperlike motif in its N-terminal domain, required for complete gene transcription and a
putaive acidic transcriptional domain at itg@rminal[125]. RelB is often found as RelB/p50
or RelB/p52 dimer§l26]. Unlike RelA which is ubiquitously expressed, RelB is found mainly
in the bone marrow and lymphoid tissues such as the thymus, lymph nodes, and spleen,
confirming the important role of RelB in the constitutive nuclear R&-activity observed in
lymphoid organg127] and a substantial amount is present in other tissues such as the brain,
gastrointestinal tract, kidney and urinary bladder, connective and soft tissues (the human
protein  atlas https://www.proteinatlas.org/ENSGO000001048%ELB/tissud.  Earlier

researches showed thatilike RelA, RelB is not subjected to inhibition or sequestratiorkByJI,
IkBb  &BU[1R8-131] but inhibited by p10(132]. HoweverYincent and colleagues in 2013
observedassociation oRelB with p100,IkBU and IkBUbut not 1kBb and p105and further

demonstratedkBUrestriction of RelB:p50 in dendritic cellgl33]. RelB also differs from RelA

in their target genefd 34], for example unlike RelA, RelB is not an efficient activatorka@l

[125, 135, 136] RelB has been shown to play a critical role in limiting the expression of
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proinflammatory mediators in LPiBduced fibroblast$137, 138] giving it a role in acute
inflammation resolution. In Rel mice, organs suffer severe inflammatory stress caused by
inflammatory Fcells that contribute to premature detB9, 140] Analysis of RelBdeficient
mice revealed that RelB is required for the development of medullary epithelium, mature
dendritic cell function, and secondary lymphoid organ organizft@n).

c-Relis a 587amino acid protein made up of a highly conserveiinal RHD and
a cterminal TAD which is divided into TAD1 and TAD2, with a transactivation inhibitory
domain (RID) which separates the RHD and the TAD1-143]. c-Rel is a homolog of vel,
a mutated form of-Rel carried by retrovirugl44]. c-Rel is most commonly found as a dimer
with the p50 or RelA NFeB subunits but other combinations can occur (Figurd145] and
regulate many cellular processes such as cell survival and cell prolifejadish Several
studiesshowed that-&kel plays an important role in the repair of damaged DNA by controlling
transcription of Claspinan adaptor protein thas known to mediatethe activation and
phosphorylatiorof Chk1l by ATR146, 147] The Gterminal transactivation domain ofRel
may have a specific role in regulating genes involved in B cell proliferftdi 148] For
example, the addition of the-Rel transactivation domain to the RelA RHD creates a
transforming protein in avian lymphoid cells, but the addition of the RelA transactivation
domain to the-&Rel RHD does natl49]. Like other Rel/NFoeB proteins, eRel is also subject
to several posttranslational modifications in addition to its regulatiokBytoteins.

High-level expression of-Rel is found in a wide variety ofaamopoietic cell§136,
150] however, studies usingRel” mice have shown thatRel is not required for normal
haematopoiesis and lymphopoiesis as they did not show abnormalities in hematopoietic cell
developmenfl51]. Alterations of the €Rel locus resulted in several B anadll malignancies
andc-Rel” mice showed reduced proliferation of B anadlls and humoral immunitjd52-
154]. The human @Rel gene is a susceptibility locus for autoimmunity, including arthritis and
psoriasis, and is frequently alter@dexpression levels increased in B and T cell carjé&g.

NF-kB1 subunit is a 105kDa protein categorized as a class 1 member of tkB NF
family and the precursor of p50. LikkBU NF-a Bskquesters other NEB subunits in the
cytoplasm acting as an inhibitory prot§l®s5]. Proteolytic processing dfF-a B tb p50 occurs
co-translationally via the proteasome in the presence of[AB6). Like other NFkB proteins,
NF-kB1 has an Nerminal RHD and aC-terminal made up of ankyrin repeai$iese ankyrin
repeatsare usually degraded to produce the activeeshinal end either constitutively or in

stimulated cells but require a glycineh region which function as a stop signal for the
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proteasom¢l57, 158] The p50 subunit is mostly found as a heterodimer with RelA, though
other combinations can occur. In its hetdmnmeric form, p50 functions as an activator of
transcription, while it represses gene transcription in its hkdimeric form[159]. Due to the
lack of Gterminal TAD, the p50 function depends on the heterodimer formed.

RelA/p50 expressiors high in human higlgrade prostate adenocarcinomas, resulting in
constituive NFe B acti vity, and consequ=sBatgétgenesmatrxr eas e
metallopeptidase 9 (MMP9) and VEGF, which play importantsrate cell migration and
vascularizatio{160]. Several posttranslational modifications of p50 have been reported which
regulate its specificity and DNA binding affinity158]. Mice lacking p50 showed no
developmental defects, however, upregulation of certairinfl@mmatory factors was
observed, which suggests a role for p50 in-erfammation[161], and also, a defective innate
and adaptive immune response to infections was obs¢té@dl It was later revealed that
p105/p50 recruits HDAQ, a transcriptional repressor to the promoters ofiftammatory
proteins[161, 163] Mutations in p105/p50 have been observed in some human cancers such
as leukemig164].

NF-kB2 (p100) is another member of the class 1 subfamily, a precursor protein for p52
which isalsoprocessedn an ATP and ubiquithdependent manner to produce an active N
terminal, known as p52, the DNBinding form[165]. Proteolytic processing of p100 is mostly
induced, although constitutive processing is also posgibi]. Similar to NFe B NF-kB2
acts as an inhibitory subunit of NeB proteins while p52 forms complexes with other Rel
subunits, such as RelB aneRel [166]. Endogenous p52 has been shown to regulate cell
proliferation through direct control of Cyclin D1 expression and repression of p21, a cyclin
dependent kinase (CDK) inhibit¢167], giving p52 a role in the cell cycle. This study also
suggested a role for p52 in the regulation of p58jmour suppressor, implicating p52 in
tumour developmentNF-kB2/p52"- mice showed reduced-&ell proliferation and impaired
humoral responsfl68]. Aberrant p52 has been reported in human breast cfi&®rand

lymphocytic leuleemia[168].

30



C-Rel RelA RelA

RelA p50  RelA RelA

Transcriptionally
active

RelB (p50 RelB

C-Rel p50 C-Rel C-Rel

. C-Rel

pso P>° P50

Transcription

repressors l

Figure-oB. ubNRBRIits di mer configura
The aBFsubunits f-ormhettehedi mems t hrough
Rel A, ReRleB a&mdvec transactivation domai nsg
whereas p50 and p52 | ack thi s asontad mddin
can use BCL3 as a coacTheatertri ¢ alpioypsdsii Boel
aB di mer s Rehé&awe wenrl,y been reportedntly di2
B di mers are thought to exist in cells

172 1 aB proteins
Inhibitors of nuclear factekB (IkB) are a superfamily of proteins comprehensively

studied for their roles in masking the nuclear localization signalfékB proteins thus
preventing their activation. The discovery and mechanism of actions déBhgrdteins was
carried out many decades ago by Baltimore and his ). They observed a substantial
amount of cytoplasmibtlF-kB proteins in a form unable to bind to nuclear DNA due to their
association with thekB proteing[170]. Thus, theNF-kB proteins are held in the cytoplasm by
the kB protein in an unstimulated cell.

The kB superfamily can be divided into three functional groups; the typidal |
proteins namelydBU ,kBhl akBl Found in the cytopl asm
degraded and fgynthesized in a stimultdependent manner, the atypidaBlproteins BCl-

3, kBg, and kKBNS which are induced after being activated and function in the nucleus, and

theNF-a B @xdNF-a B,2he precursor proteins of p52 and p50 respectii€lg].

lkBU i s the most studi ed me mb e-kBinhibitortinh e
the canonical pathway, which is degraded via the proteasome following-sidneéd cell
stimulation consequently resulting MF-kB release. However, it is more appropriate to

consider theldB proteins as pleiotropic cofactors of NEB proteins or complex mediators of
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gene expression rather than just-RE- inhibitors. Several studies have demonstrated the
involvement of kB proteins in stabilizing DNAound NFkB dimers, influencing the type of
NF-kB dimers formed in a cell171], and also in transcriptional regulation by acting as
coactivatorg102].

B-cell ymphoma 3 (BCL3) is a member of the atypic&lB family of inhibitors which
was originally known as a pretincogengl172]. BCL-3 functions as a doubkedged sword; a
transcriptional activator and a repressoiNGtkB activity depending on the context. B&L
also requires pogtanslational modifications such as phosphorylation and nuclear localization
to be able to carry out its transactivating functifis3-175]. Unlike other kB proteins, BCL:
3 is mainly found in the nucleus and has a TAD dorflai]. p50 or p52 homodimers usually
have repressive roles because they lack TAD but take up transactivating activity when in
complex with BCL-:3. BCL-3/p52/p52 complex regulates the expression of cyclin D1, a cell
proliferation proteif176] while BCL-3/p50/p50 complex negatively regulates the expression
of IL-23, a preinflammatory cytokind177].

1.7.3 The NF-a Bactivation pathway

Generally, in a resting state, NdB dimers are sequestered in the cytoplasm by the
inhibitor proteins Figure 1.7). Once a stimulus binds to its corresponding receptor, upstream
kinases coordinate the phosphorylation and degradation of the inhibitory pvatéih,then
results in the release of bound 4B dimers, exposing nuclear localization domains and
subsequent translocation into the nucleus.-Rasaslational modifications play an integral role
in the transcriptional activity of NKB [178]. Three main pathways of NkB activation have
been described whichre canonical (classical), neranonical (alternative), and atypical
pathways, although crosstalk between all of them exists.

1 Canonical (orclassica)NFe B pat hway

The canoni cal pat hway, al s-depekderd wathwagt s t h e
medi ated by the | KK complex composed of I KK
IKK2, and NFkB essential modulator (NEMO) respectively. This complex is activated
through transautophosphorylation by the IKK partners or via the activities of upstream kinases
such asTransforming growth facteb  ( b GaEtivated kinase ITAK1) [179]. TAK1
belongs to the MAPK kinase kinase family and has roles in a wide range of physiological and
pathological process¢$80]. The canonical pathway responds to a wide array of endogenous

and exogenous stimuli and a wide range of physical and chemical stress signals. The most
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notablereceptorghat activate the NlkB pathway are the TNFR, LR, and TLR superfamily

while intracellular NFKB activating signals include DNA damage and ROS among others

[181]. The TNF family of receptors is made up of 29 receptors and more than 19 different
ligands which control an array of biological processes through activation of specific
transcription factors such as the KB proteins[182]. The recepteligand complex results in
theativation of the | KK compl ex, phosp-horyl a
terminal region on specific serine residues (ser32 and ser36), and consequently its
ubiquitination and degradation via the proteasofb@3]. NFe B h-comheterodimers are
released following | aBU degradati on, move in
genes to be transcribed. The canorseghallingis often viewed as a RelA activation pathway

as the RelA/p50 dimer is predominantly activated in the majority of cells and under most
conditions. However, this is not always the case as RelB/p50 dimer was activated in
inflammatory dendritic cells viatheK K/ | aBU acti vation route, su
RelB in canonicakignaling in that cell[133]. Additionally, overexpression of relB has been
demonstrated to inhibit expression of canonicald®Rarget genesuch as BekL and IL-2 in

DLBCL cell lines21873235further demonstratingrosstalkbetween the two pathways.

1 Non-canonical @lternative) NF-ae B pat hway

The noncanonical pathway (also known aléernativepathway) is an alternative pathway
to the canonical pat hway, activated -kBhndepen
induci ng Ki na s-dependemntSignalliguiathisl pktiivay is mediated by the
TNFR superfamily of receptors which include; BAR;-Lymphotoxinrb R, CD40, and R
among others, some of which are also involved in the canonical pathway acfiv84dr87]
The majority of the ligands implicated in initiating the amanonical pathway are factors
associated witimmune cell functiong188-190]. In the absence of stimuli, NIK is constantly
subjected to ubiquitination and degradation by a complex madetumofir necrosis factor
receptorassociated factor (TRAF) and cellular inhibitor of apoptosis (clAP) proteins
(TRAF/cIAP) to maintain NIK levels, where&BK stabilization and accumulatiaos observed
following receptorstimulation[191, 192] Stabilized NIK has two major roles in noncanonical
signalling first is to mediate the phosphorylation and subsequent degradation of the
IkBd domain of NFC B,Zonsequently releasing the B dimers for nuclear translocation
[193]. NF-€ B2 t h rlkBd gave been said to have inhibitory effects on both RelB and

RelA-containing dimers, suggesting the possibility of inducing either or both inflammatory and
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developmental responses. Secondlyp r ough act i vat N&medatés the KKU d
proteolytic processing MF-kB2to an active p52 via phosphorylationN#-kB2 on serine 866

and serine 871194, 195] The production of p52 is relatively low compared witkB2 and

is mainly found in dendriticells, macrophages, argtcell [166, 196] While unprocessedF-

kB2 becomes an inhibitor of NkB, active p52 heterodimerises with other-KIB subunits like

RelB, forming RelBp52 dimerd197]. p52cRel and p52RelB are required for differentiation

of B lymphocyteg198].

Though the canonical and noncanonical pathways are mediated by different kinases and
substrates, a certain level of crosstalk between the two pathways exists due to the large array
of shared components in the B signallingsystem. The nowganonical pathwagxerts a
level of control on the canonical pathway in different ways. The processing-bBRIFo p52
and degradationokBU i s triggered by NI K actkBXdctsy, wh
as an inhibitor of NFkB by trapping the NfkB dimers and reducing its association wkBU
[193, 199] As a result of the above, the roanonical pathway may affect the duration of NF
kB activation via the canonical pathwf00]. In inflammatory dendritic cells with elevated
nortcanonical activity, canonicalgnallingis altered both quantitatively and qualitatively. For
example, RelB/p50 dimers were observed alongside RelA/p50-Redp50 heterodimers in
TLR-mediated maturation agjranulocytemacrophage colongtimulating factor (GMCSF)
derived dendritic cells, due to the high level of wwamonical activity in these cel$33].

1 Atypical NF-kB activation pathway

The atypical pathway is another MB activation pathway. Thisignalling pathway is
termed datypi cal 0-kbBativaianpathways, ihis$ IKkkdepemdenh Ehis N F
pathway is activated by DNA damage such as ultraviolet radiation which causes
phosphorylatiorinduced proteasomal degradation kBU [201]. Casein kinase 2 (CK2)a
constitutively expressep38-activated seringhreonine kinase, was suggested to be
responsible for the phosphorylation &BIU in response to hypoxia, ROS, or DNA damage
[202, 203]

Research has shown that activation and nuclear translocationkd IéMmot limited to the
classical, alternative and atypical pathways alone. InterestirigdylUshuttles between the
nucleus and the cytoplasm and is capable of removing nuclekBNiem the DNA back to
the cytoplasm or acting as an{kB chaperone resulting in persistent activation of the pathway

[204, 205] For instance, in the context of RelA forming homodimers and heterodimers with
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p50, the strong binding affinity between RelA and p50 markedly decreases the prevalence of
RelA homodimers. Conversely, when levels of p50 decrease substantially, the formation of
RelA homodimers increases with the assistance of kB, which functions fzparcne or

stabilizer for dimer$206].
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1.7.3.1Regulation of NF kB signalling

The NFkB pathway is well regulated, and to prevent continuous or excessive
transcriptional response which can result in deleterious cellular responses, the pathway is
subjected to inhibition or termination at several levels along the pathvigyré 1.8). See

www.nf-kb.org under physiological mediators for a comprehensive listebNE i nhi bi t or

RegulationofNFe B acti vation through negative feedba
TNFU, L P 9,stimalation haslbeen reportD7]. Increased expression of soluble

decoy receptors such as sTLR4 splice variant of the Tollke Receptor 4 (TLR4), which is

alsoan NFe B t a r guppressioraof tdmorigenicity 2 (sST2)i a splice variant of ST2,
have been observed under Lipopolysac28l.ari de
STLR4 sequesters LPS at the receptor and or blocks LPS interaction witnateptors, MD

2 and CD14, thus preventing initiation of MFBsignalling Additionally, transmembrane

decoy receptors, which bind ligands but lack intracellular domains required to relay signals to
downstream proteins, have also been identified under LPS antl d$kimulation.
Radioprotective 105 kDa protein (RP105) is an {iR@uced protein that inhibit NkB
signallingby binding TLR4MD2 forming a norsignalling complex209]. Also, in response

to IL-1 and LPS, upregulation of a single Ig1Lreceptor (IkR)-related molecule (SIGIRR)
hasbeen observed, which forms a complex withlR1, IRAK, and TRAF6 to inhibit IL
1R1/TLR4 receptemediated NFe Bsignalling[210].

NF-a Bsignallingis also regulated at the level of thignabsomecomplex (SC). The
signdosomecomplex is the complex that coordinates the activation of the IKKs. Negative
feedback inhibition at this level is mediated by stimmtluced expression of dominant
negative splice variants of upstream receptors like IRAK and MyPBH, gene products that
interfere with the SC or deubiquitinates (DUBSs) that are expressed or recruited to remove
ubiquitin chains conjugated to proteins of the SC. Approximately 100 Dhiye been
identified but of importancetoN& B r e g u | a 21124 and QYL[2[213]. ABIN-1 on
the other hand is an ubiquitin binding protein known to regulateENBF act [RM]at i on
(Figure 1.8). The fate of ubiquitinated protedepends on the type of polyubiquitin linkage it
has. K48 and K63 are the most common polyubiquitin lingaitye former targets a substrate
for proteasomal degradation while the latter provides a docking site for proteins with ubiquitin
binding sites[207]. A20 also calledTumour necrosis factor, alphimduced protein 3
(TNFAIP3) is a DUB present at low levels in most cells but with increased expression under
IL-1, TNFU, or [RIB|SA2G prefera subsiratds with K&®iquitin chains and

36


http://www.nf-kb.org/

thus removes K63 ubiquitin chains from RIPRIL6], RIPK2[217], TRAF6[218], NEMO

[219], and TNFR1216], thus inhibitng NFe B act i vat i-bRp TCR,jaad TNARR, | L
through a negative feedback mechanism. Additionally, A20 blocks the physical interaction
between TRAF2, clAP1/2, TRAF6 (which are E3 ligases), and UbcH5c and Ubc13 (which are

E2 conjugating mzymes), thus inhibiting the activities of the fornj2R0]. Interestingly,
posttransl ational modi fication of A20 thr ouc
observed in THAL and MEFsunder TNE or LPS stimulation, which
DUB / inhibitory activity[221]. ABIN-1 (A20 binding inhibitorofNFe B) , al so cal | ec
is a ubiquitin-binding protein and a member of the A20 ubiquitin editing complex (AUEC)

which consists of A20 interaction partng287]. Only ABIN-1and ABIN3 r espond t o T
and LPSNFe B st i rj2a2, 228] ABIN-1 has been shown to function dependently on

A20 by recruiting A20 to its targef219], and also independently of AZZ24]. ABIN-1 binds
preferentially to polyubiquitinated RIP1, thus inhibitingdMB a c t [228].8Ahother DUB

which negatively interferes with N& Bsignallingis the Cylindromatosis (CYLD)Higure

1.8). Following stimulation of TNFR1, TCR, and TLR receptd@¥LD prefers substrates with

K63 and M1 linear polyubiquitin chaif226, 227] The first specific substrates from which

CYLD removed k63 polyubiquitin chains were TRAE and TRAF6 [228, 229] Other NF

@ Bsignalling components proposed as CYLD substrates include R[REQ, 231] TAK1

[232, 233] NEMO[234], TNFR1[235], TRAF2[228, 234] TRADD [235], TRAF6[236, 237]

and TRAF7[237].

Ubiquitin-dependent degradation of DN#ound RelA mediated by the E3 ligase
suppressor of cytokine signalling 1 (SOCS1gsbeen suggested to control the strength and
kinetics[238] of NF kB activation[238-241]). Stabilized RelA/SOCS1 association result in
ubiquitination and degradation of ReJA58, 242] Finally, a nuclear LIM domain containing
ligase, PDLIM2 also mediates polyubiquitination and degradation of nuclear RelA,
contributing tothetermination of RelA transactivatiq@43]

The best understood negative feedback loop occurs through-fiyathesis of the
inhibitory protein kB [244, 245] which enters into the nucleus to remove DNéund NFkB
protein and transport it back to the cytofbl8, 246, 247] This cycle of negative feedback
mechanism @B degradation and synthesis) makes the supply of /RBAdimers to the
nucleus for basal transcription possifdé45, 248] This can be considered as an upstream event

that helps to maintain RelA homeostasis between cytoplasm and nucleus.
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Another mechanism of shutting off the NEB response is through dephosphorylation,
which inhibits co-factor recruitment or binding. For example, protein phosphatase 2A
dephosphorylatéRelA Ser536 reduced its association with thefaotor p300, which resulted
in the inhibition of gene transcriptiofil58, 249, 25Q] In contrast, phosphatasgediated
dephosphorylation of RelA affects NkB function in acontextdependentvay. For example,
phosphatase 4 dephosphorylates-483% of RelA under cisplatin induction, resulting in
increased NFkB activation and not suppressiq@51]. RelA acetylation has also been
demonstrated to affect DNBinding affinity negativelyj252). For example, RelA interaction
with HDACs and HATs affectshe termination ofkB responsd102]. This is alsocontext
specific as deacetylation of RelA on Lys122, Lys213, Lys314 and Lys315 mediated by
HDACS3, increased the expression of inflammatory genes whereas deacetylation at Lys218 and

Lys 221 resulted in downregulation of MB activity [253].

1.7.4 Important components ofthe NFe B pat hway
1.7.4.11 o BINASE (IKK) complex.

Since the discovery of th&B kinase (IKK) complex over two decadagg immense
efforts have been made to understand the structure and function of the IKK complex in signal
transduction. IKK subunits form crosstalk with several pathways, thus increasing their
functional complexity. The search for a kinase responsibl&kdl phosphoryl ati o
following the discovery of @hosphorylatiorinducedNF-kB activation. However,kB is not
the only substrate of IKK but alsacludesseveralNF-kB pathwayinternal and external
components such as RelA, paBdTCS1 among others, thus the IKK complex creates a link
between théF-kB pathway and several other pathw§3s4, 255]

The IKK complex is made up of two serine/threonine kinase catalytic subunits namely,
| KKU (I KK1) an 85 kDa protein encoded by CHL
component of the IKK complex is a regulatory raatalytic subunit called NEMO also éwn
as | KKo, a pRI29Dal kKOtama | KKb are both kina
similarity. They both have an-iérminal kinase motif, a dimerization domain and-gefninal
domain where the regulatory protein, NEMO bir[@84, 255, 259] Phosphorylation on
serindl 76 and serinel80 of | KKU, and serinel77
kinase activities of the IKK complejg57, 258, 260, 261]0n the other hand, biochemical

assays have r ev e-helical grotéihEvithAwotcailed banairas fCCldomains),
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a zinc fingeregion located in the-terminal which is required fokB binding, a leucine zipper

region, a dimerization domain in thetBirminal region for oligomerizatiof255, 259, 262]

and a kinase binding domaikBD) found in amino acids 4411 region of NEMJ263].
Activation of the IKK complex is achieved either through trantophosphorylation or

through the activity of IKK kinases (IKKK) or both for maximum kinase actij2i§4, 265]

A number ofkinases have been identified as IKK kinases (IKKK), some of which include the
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(A) NF-8B inhibitory feedback downstream of TLR4 receptor. Activation of TLR4 by LPS leac
interaction with cereceptors CD14 and MD2 and subsequent formation of a signalling comple>
group of proteins called 6 Myddo spemnghdspharilatianian
activat i on.Upthosphotylation andjdedradefion, 8/ B di mer s ent er
9B sites in DNA and promote the transcripti
as soluble TLR4. Alternatessplicing leads to the generation of soluble TLR4 (STLR4) followingsN&
activation by LPS. This is secreted and sequesters LPS which is now not able to bind to full lengt
Consequently, all TLR4 signalling is disrupted anddNB a c t i v i (B) yollavg activation sf
TNFR1 by TNFU , downstream adaptor proteins are ¢
and activation of the IKK complex through TAK1, and consequently proteolytic degradatiaBUpf
release of NFeB dimer and trascription of BBUand DUBs such as CYLD and A20, which all ha
feedback inhibitory functions that regulates-8lIB act i vat i on. See tex’
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well-knownTAK1, a member of the MAPKKK family and a serine/threonine kinase which is
also involved in the JNKignallingpathway. Another suggested IKK kinase is MEKK3 which
phosphorylated IKKn vitro and cells deficient in MEKK3 showed redudesiactivation under
TNF or IL-1 stimulation[266, 267]

The main function of the IKK subunit complex is the phosphorylation of kige |
proteins, NFkB2 and NFkB1 [259]. However, the IKK proteins have other roles in addition
to their role inphosphorylatiormediateddegradation ofdB and NFkB release. For example,
| KKU and | KKb have been identified as kinase
of the NFkB subunits, RelAandBRe |l . | KKb phosphoryl ates Rel A
which is required for the recruitment of transcriptional cofactors needed for gene transcription
[268,269] Additionally, | KKU has been suggested
ofsomeNFe B target genes. Unl i ke I-Rekwhichpehharcgshor y |
transactivation potential, songtudies have reported K Knikdiatedattenuation of NFe B
signalling as a r es oflRelA and eRdl [R7R, 271]pSimilaslyy ighr vy | at i
levels of many NFBiregulated pranflammatory genes in embryoniwer-derived
macrophages of | KKU d@72. ciNerct emirc@acwaima | al § e
subsequent phosphorylation of chromatin components in response to a specific stimulus have
alsobeendocumentgb4. A st udy proposed the invol vemen
of histone H3 on serine 173, 274] Al s o, | KKU has been implicat
chromatin structure and subsequent binding and activation ByB\Rrough repression of
silencing mediator of retinoic acid and thyroid hormaaeeptor (SmrT) complex through
di rect phosph {275} Otlet stiudiehavé showh tiat IKK has additional roles
outsidethe NF-kB pathway ands involved in crosstalk with different pathways like MAPK,
and mTOR among otherf254, 276] which points to it involvement in diverse biological

processes.

1.75 NF-eB t arget genes

The NFKkB pathway regulates the expression of numerous and disetsef genes
which interestingly include chemokines, cytokines, apoptotic factors, immunoreceptors and so
on. Hundreds of genes have been identified akBlFegulated genes majority of which are
involved in the immune response of the host. A comprehensive list of genes regulated by the

NF-kB pathway can be found in the linkitps://www.bu.edu/nrkb/generesources/target

genes/ Some of these include about 27 cytokines and chemokines, immune recognition
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receptors, proteins that mediate antigen presentation and so on. Given the many pathogens that

induce theNF-kB pathway and level of involvement dfF-kB regulated genes in immune

responseNF-kBi s cal l ed the o6central [8mediator of th
However,NF-kB controls the transcription of other genes other than those involved in

immune response in a contaé@pendent manner. For example, wiNdRkB activation is

induced by physiological stress such as haemorrhagic shock, reperfusion and liver regeneration,

an array of stress response genes such as nitric oxide synthase (iNOS) and cycloo®ygenase

(COX-2) are activated244] which helps to alleviate the stres®everal factors have been

identified that contribute to the transcriptional activationofdNB t ar get genes, th

binding of different heterodimers or homodimersoftdllB t o t h e-kBcitegohigetee NF

to be transcribed and the recruitment of diverse basal transcriptional factors and coactivators to

the promoter siteR277]. Interestinglyvarious researches have highlighted the dual functions

of NFe B t arget genes i n tyumowgeresisithisgs represented mmpr e s s
Figure 1.9
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1.8 Crosstalk between Hypoxia and Inflammation

Transcriptionatesponset Hypoxia and inflammation primarily mediated by HIF and NF
kB are evolutionary conserved and interlink at several levels such as clinical, molecular and at
cellular level[56]. Hypoxia and inflammation have been reported to occur at the same time at
the site of infection or injury as a result of retention of fluid and recruitment of immune cells
to the site of infection leading to reduced oxygen delivery to tid&u&3 While hypoxia has
modulatory effects on inflammatory responses, inflammation also can induce HIF target genes
[278]. Hypoxia and inflammation crosstalk have been observed at the molecular levels with
HIF and NFkB sharing commonmargetgenes, common stimuli and common regulaf2vs,
280].
1.8.1 Hypoxia (HIF)andNF-a B | nt eracti on.

A direct interaction between HIF and NFB  p r drigwerd Inl§ haébeen reported
under different conditions. In addition to hypoxic stimulus, HIF expressionresgmnddo
other stimulisuch as TNFJ, R OI8,andLPS through its crosstalk withF-kB [48, 281
285]. In stimulated cells, NkB can directly bind to th&B-site ontheHIF-1 U pr omot er
induce HIF1 U e x p [2858]sThis hasibeen supported by sevstatlies for example, HIF
10U mRNA and protein expression welteBbteduced
recognised by IKK due to reducedF-kB nuclear translocatiof286-288]. Additionally,
physical interaction between NéB pathway componenend HIF2 U has al so been
in normoxia, inwhichHIR U i nt er a cihvitwio teinforéc¢ IMOU t r anscr i pt
activity [289]. Proteomics approaches have also demonstrated hydroxylatidifkd1 and
IkBU and OT U Bubjgutibase Ubiguitin Aldehyde Binding 1) by FIHR290, 291]
though their functional significance is yet to be identified. Additionahlig, ubiquitin ligase
enzymes Uvela and Ubcl3, thelL-1 b signalling pat hway, ar e
hydroxylation [290]. Other HIF andNF-kB physical interactions that have been reported
include interaction between HHEb wi t h b ot h R €293, intenaation pebv2ens u b u n
Epidermal Growth Factor (EGH)duced HIFL U a n d29R e | A

HIFand NFe B have also been shownFigure 1.1)hFar e conm
example, the IKK complex thae¢gulatedNF-kB translocation was suggested as a direct target
of PHDs, thus making hypoxia regulation of IKiKygendependentCummins and colleagues
in 2004 examined NKkB pathway components for the presence of LxxLAP motif for proline
hydroxylation and found out that both | KKU a
IkBU , p50 BERMHTh&efdreAin a condition of adequate oxygen availability, active
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PHD hydroxyl ates | KKB reléeabeufrom psr ihipitom leadimggto N F
transcriptional repression. However, since PHDs are inactive in hyporuitions NF-kB
translocatesto the nucleus resulting in upregulation of inflammatory ge288, 294]
However, other studies have demonstrated that hypoxia can adiv&tB independently of

PHDs (Culver, 2010).

Common activator / Common
Hypoxia, pH Regulator
Cytokine, ROS TRAF®6,
Hormones FBW7,
Virus/bacteria VHL
oncogenes HIF \
I & |
/ Protein / Common Target
Interactions Genes
HIF 20 <> IKKy BNIP3, VEGF,
HIF-1p «<—»>RelB:52 EPO, IL8
T—l a <> RelA
\

Figutit@l F. ankBc NB s sHtl &l ka.+kBli MtFer act-pradt eirr
are activated under the same condition
genes (common target genes) and are bo

1.8.2 Hypoxia induction of NF-*B

In addition to bacteria, viral and cytokines stimiE-kB pathway activatiomasbeen
reported to behypoxiainducible and this has been reviewed extensivgl§, 295, 296]
Hypoxia activation oNF-kB was first reported in 1994 by Koong et al. 19297], after which,

a comprehensive twway crosstalk between HIF and MB was confirmed296]. Culver and

team also demonstrated the modulatioNBtkB transcriptional activity in hypoxiaHgure

1.11) [295]. The activation of thé&\F-kB pathway in hypoxia is independent of HlFand

oxygen sensors such as the PHDs, but dependent on TAK1 and2B& In hypoxic
conditions, ROS are released from the mitochondria which consequently cause the release of
calcium (C&") from the endoplasmic reticulum (ER98]. Calcium as a second messenger,
regulates a wide range of cellular processes, thus cellular accumulatiorf*afe§ts in
activation of the enzyme €#Calmodulindependent protein kinase Il (CaMKII). CaMKII is

a member of the serirtBfeoninespecificprotein kinases which are capable of phosphorylating
transcription factors and therefore regulate target gene exprg28@jn CaMKIl has been
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reported to directly interact with apthosphorylatd AK1 leading to TAK1 activation in Toll

like receptor (TLR) signalling300]. In the classicaNF-kB pathway, activated TAK1
phosphorylates IKK resultingikBU phosphor yl a tNF-kBrproteimRelAetas e o f
the nucleus and subsequent transactivation of downstreani3gdijeWork from the Rocha

lab hasshown that hypoxi@nducedNF-kB activation is rapid (between 5 to 30 minutes) and

is IKK-dependent in primary cell lines, cancer cells and also conserv&rtosophila
melanogastej279]. This mechanismdiF-e B i nduct i o nubiquairgconjugagang t he I
enzymes Ubcl®95] and E3 ligase XIAR302]. Interestingly, they also observed that KKK

mediated phosphorylation #BU at serine 32 akBd @&&é&grdadatniodn,
to SUMOylation replacing ubiquitination iBU i n  H295. o x i a
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Figure 1.11 Mechanism of hypoxia induced Nuclear Factoe B  (aNBFThis schematic
diagram gives an overview of the mechanism behind hypoxia induceal BIF -3 NBiE
induced under hypoxia in the presence of Calcium, Transforming Growth fBaativating
kinase (TAKL1) and I nhibitor of aB ki
dioxygenases such as pretydroxylases (PHDs) and factor inhibiting HIF (FllkBve been
documented. Adapted from Culver et al 2010.

1.8.3 Hypoxia-induced inflammation; pathophysiological consequence

At the tissue level and at a short timesdaygoxiainducednflammation is an adaptive

mechanism which is required for cell survival and maintenance of oxygen homef@iagis

However, chronic hypoxia or deregulation of the hypoxia and inflammation pathways can be

maladaptive and contribute to several diseases including rheumatoid arthritis (RA),

inflammatory bowel disease and colorectal cancer (CR83, 304, 305] For example,

45



potential involvement of inflammatiohasbeen reported in the onset and progression of a
number of highkaltitude sicknessesuch as acute mountain sickness (AMS), fatitude
pulmonary hypertension (HAPHpigh-altitude pulmonary oedema (HAPE) or high altitude
cerebral oedema (HACE), observed among high altitude sojourners (>2,5808808].
While efforts are still being made to understand the pathways and mechanisms behind AMS
development, recent studies have shomareasedexpression of pranflammatory markers
such as @eactive protein, IE1 b a 6 d¢h indiiduals exposed to short time hypoxia or at
high altitude sojourner§309-311] Although the specific roles of these pnflammatory
markers are not yet clear, it is possible thgpoxiainducedrelease of inflammatory and
angiogenic mediators disrupt the blelmchin barrier resulting in vasogenic oedema.
Furthermore, prenflammatory cytokines were found to increase significantly in the brain
cortex of both mouse and rat models, after hypoxmsure[311, 312]

1.8.4 HypoxiaandNFe B i n breast cancer

Breast cancer remains a major cause of concern and a leading cause efetatecer
death in womer[313]. Unfortunately, despite recent advances in therapeutic procedures,
metastatic breast cancer remains incuradmel,results in resistance to therapy and complex
molecular interactions. This outcome may be due tdvéterogeneousature of breast cancer
cells. Although about 70%f breast cancer types havestrogenreceptors (ER i a receptor
targeted by most endocrine therapies for tumour growth inhigBib4), in many cases, breast
cancer ultimately progresses from a hormeassitive, confinedpoestrogen-dependent
phenotype, to a highly invasive, hormensensitive andherapyresistantphenotype315-
317]. Due to théneterogeneousature of breast carcinoma, the disease has been classified into
five subgroups based on their molecydesfile/patternof gene expression, DNA copy number
alterations and associated outcomes. Breast cancer can belong to the luminal A or luminal B
subtypes characterized by beingBRdshare expression markers with the luminal epithelial
layer of cells found in normal breast ducts. LumiAatype ll line (e.g. MCF7) typically
exhibit genetic simplicity and are associated witfawourableoutcome, while LuminaB
tumoursdisplay high proliferation rates, frequent DNA amplification, and a fi@gsurable
prognosis Basatlike tumours exhibit expression markers similar to the basal layer found in
normal breast ducts, are the most aggressive form, also calleghlr@egativebreast cancer
(TNBC) due to absence aiestrogerreceptor ER), progesterone receptoPiR) and human
epidermal growth receptor HER?2) expression, showing frequent chromosome segmental

gains/losses, and are generally associated with poor outcomes in most studies. The ERBB2
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(encodes HER?2) subtype are characterised by overexpression of the ERBB2 (aka neu/HER?2)
oncogene which encodes HER2, a member of the EGFR family with intrinsic kinase activity.
Lastly, there is the normdike breast cancer subtype which has a profile ihatose to the
normal mammary glang18, 319]

The hypoxiainduced HIF pathway regulates many biological processes including
metabolism, angiogenesis and cell proliferation required for the survival girtdgerating
tumour cells. Therefore, it is not a surprise that HIFs are involved in many tumouf32pgs
Mounting evidence continues to lirnke oxygen level of tumour tissue to breast cancer
metastasis independent of tumour histology, clinical staging, presence or absence of certain
receptors and lymph node involvem§B21]. Hypoxia is a common feature in solid tumours
arising fromincreasedxygen utilization as a result of uncontrolled cancer cell proliferation
[322]. The median partial pressure of oxygen {P@ breast tumours and normal breast tissue
are 10mmHg and 65mmHg respectivgB23]. Furthermore, compared with normal breast
tissue, human breast tumours have hypoxic regions where cells are located further away from
blood vesselandhave reduced oxygen amounts. Therefore, breast cancer cells have developed
a sophisticated adaptive mechanism by increasing HIF levels, consequently inducing cellular
processes such as angiogenesis, cell proliferation, glycolysis, resistance to apoptosis a
oxidative stress, cell invasion and metastasis, mediated by various HIF targgbyjenes

Studies have documented a strong link betweenHlF over expr essi on
outcomes or reduced survival in patients with breast cancer, irrespective of their lymph node
statug324-329) HIFF1 U has been identified as one of th
outcomes in more than 9086 cases of breast cancer examifi@@D, 331] Recently, specific
rolesforHIF2U i n breast cancer progression, medi a
FOXA1, and in angiogenesis have been identif3d®, 333]HIFF2 U has al so been
with breast cancer recurrence and poor survival outcomes in pd88a{s Recently, more
studies have associated some HIF target genes at every step of breast cancer metastasis. For
example, SNAIL1& 2 and TWIST are HIF targets that function in the EMT process. These
HIF-1 target proteins disrupt tissue architecture and ethasll-to-cell adhesion through
transcriptional downregulation of&adherin expressidB835, 336] In breast cancer cells, HIF
1 U r e gTWIST inducks metastasis in ndvasive phenotypes both vivo andin vitro,
TWIST deletionwas found to reverse this eff¢887]. Furthermore, hypoxia induces increased
expression of SNAIL1 and SLUG in breast cancer ¢8B8-340], giving hypoxiaand HIF a
role intheregulation of EMT and cell motility in breast carcinomas. Hypoxia and HIF also

regulatetheinvasion and intravasation of breast cancer cells. In solid tumours, highly invasive
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cells frequently have high HIE Uevels[341]. Researchers have demonstrated high levels of
matrix metalloproteinase$MMP-2 and MMR9) induced by hypoxia in a HiBependent
manner, resulting ithe degradation of type IV collagen which has been associated with poor
prognosis in breast cancer patigig, 342, 343]

A growing body of evidencéhas linked the NFs Bpathway to mammary gland
developmeni344, 345]and breast cancer tumorigend846]. However, it is not clear yet if
there is a difference in the composition of-BB di mer s observed i n n
epithelial cells and mammary carcinomas-kB-hasbeen reported to be constitutively active
or deregulated in breast cancer cafiglinvolved in treatment resistanf347-349]. Despite all
this evidence, the role played By-a Bactivation in tumour formation and the mechanisms of
NF-a Bactivation in mammary tumoursyet to be understood.

While normal mammary epithelial cells have been documented to express primarily
RelA, p50 and low levels of p52, high levels of expression obNEF2 ( bot h p100 a
were reported in mammary carcinoma cell lines and primary tunj@6es 350] NF-kB
activity and protein expression are well regulated at the different stages of mammary gland
development. For example, RelA, p50 ak®& lare expressed in the mammary epithelium of
mice during pregnancy, lactation and involution sta@ed]. However, mice with genetic
modification and altered NkB, kBU o r | KK proteins showed def
development351]. Furthermore, N/KkB binding to DNA increases in pregnant mice, is
reduced becomes almost undetectable in lactation and becomes reactivatedtituring
involution stagg351, 352] RelA/p50 and p50/p50 are the two predominant dimers found
during mammary gland developmef851, 352] Unlike in normal cells where NF-kB
activation isstimuli-dependentand transient, cancer cells usually have sustaMEdkB
activity which is required for cancer cell survij8b63, 354] NF-kB controls several genes
such as those involved in cancer cell proliferation-aptiptosis, angiogenesis and epithelial
tomesenchymal transition ( EMT)]J[355]whpricahy calr e al |
tumours, BCL3 was found in complex with p52 homodimers causing transactivation of cyclin
D1 gene and subsequently transition from G1 to S gid@é¢ Activation of cyclin D1 further
reinforces the evidence for NéB involvement in mammary tumorigenesis.

Overall, NFkB plays a controversial role in cancer development, as it has both tumour
promotion and suppression roles depending on the cdB&xB857]. NF~kB also has proand
antrapoptotic tendencies which has been documented in sestedi¢s[244, 358] NF-kB

induces the expression of anéipoptotic proteins such as BCL2 family members, XIaRg
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clAP1/2 (cellular inhibitors of apoptosis), and these could allow damaged DNA or abnormal
chromosomes containing cells to escape apoptosis or even escapeg&fd checkpoints

and thus encouraging cancer progresdi8h9]. Additionally, several cancerassociated
inducers of aberrant N& B a ¢ haverbeedn yidentified, these include inflammation
(cytokines and infection), DNA damage (genomic instability and cancer therapies),
carcinogens, tumour promoters (PMA and UV), genetic alteration (subunit amplification and
| aBU del etion), 0 nSc and eBCRABL)a ant iolv eourseo mmouf¢ R A
microenvironmentomponentsuch as hypoxig860].

NF-kB has been identified as a prognostic marker in breast cancer. In 2013, a pilot study
carried out in Indian patients revealed 71.9% activatioNf&kB proteins in human ductal
breast carcinoma and this activation correlated high-gradetumour, large tumour size, ER
and PR negativity, HER2 positivity and a high NPI vdB@&l]. NPl (Nottingham Prognostic
Index)is an index value used to predict the chances of survival from breast cancer over a period
of Syears. Low NPI (NPI<5.4) is associated wathood prognosis (about 70 % survival over
5 years) while high NPI (NP5B.4) has less than 50 % Syear survival rate.

Both canonical and necanonical NFkB pathways have been implicated in resistance
to therapy in breast cand862, 363] Removal obestrogemesultedn increased DNA binding
activity of RelA/p50 and increased cyclin D1 and B&Expression resulting in aestrogen
independentgrowth status[364]. Even in highrisk ER+ breast cancer, NéB mediated
increase in VEGF and cyclin D1 contributesdsistancéo hormone therapy. BGR, an anti
apoptotic protein is upregulated in response to tamoxifen, akmedln hormone therapy for
breast cancdB65]. Also, activation of the PI3BK/AKT/N#kB pathways axis in breast cancer
has been associated with resistance to treatid@dl The norcanonical NFkB pathway has
more roles in metastasis and resistance to therapy than tumour development. For example,
expression of RelB is high in endocritleerapyresistantbreast cancer cellf8367] and
suppressing RelB/p52 activity using fucoxantfdrcarotenoidound in the chloroplasts of brown
seaweedpas been demonstrated to revaasdocrinetherapy resistand868]

Hypoxia and inflammation are fundamental mediators of breast cancer progression, as HIF
and NF-kB pathways play some oncogenic roles that can be targeted for therapeutic
intervention. VEGF, p53, JmjC enzymes and TANIgr63, Axl, and Me), which are major
players in inflammation and hypoxia crosstalk signalling in cancer are also involved in breast

cancel[48]. For example, some JmjC enzymes which are HIF targets are deregulated in human
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breast carcinoma including KDM4 family membé&BM4A, KDM4B and KDM4C have
increased expression levels in breast caj3gg, 370]

Few studies have also identified roles for PHDs in breast cancer. For example, in breast
cancer cell lines, PHDL1 loss resulted in inhibition of cyclin D1 expression and consequent
reduction in cell proliferatiof371]. Cyclin D1 is a cell cycle protein that forrasieterodimer
with specificcyclin-dependenkinases (CDK) to enhance cell cycle progression. Also, PHD3
may be a good regulator of apoptosis in breast cancer as high expression of PHD3 in breast
cancer patients presentadavourable prognosif372). There is also evidence of Epidermal
Growth Factor (EGF) signalling enhancingdMB acti vi ty [373 br east can
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Figure 1.12 NF-a Bregulated genes involved in breast cancerPotential
contributions of NFe Bin breast cancer initiation, progression, metastasis,
chemoresistancé&dapted fromNakshatri2002
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1.9 NF-a B PRtarsslational Modifications

Posttranslational modifications anesually covalent attachments of chemical groups or
other proteinsthat occur in a protein following protein translatif8v4]. This could be an
addition of a functional group or modifications duriting folding and proteolytic processing
of the protein. Th&lF-kB protein activity is well regulated through various ptratslational
modifications occurring in several components of the pathway; IKE, theNF-a Bsubunits
themselves or adaptor proteins tfesdinto the pathway239, 353, 375]

Several studies have documented the crucial roles ob Bposttranslational
modifications in the transcriptional activity and regulation of-&NB Ubiquitination,
phosphorylation, methylation, acetylatiamdSUMOylation are some modifications that have
been reported to target NB activity either individually or in concerfForexample studies
have reported NHKB acetylation and phosphorylation as critical determinants of NB-
activity in both stimulated and unstimulated cells. Zhong and colleagues irsR6@2d that
in quiescent cells, transcriptionally inactive nuclearMexists as homodimers of either p65
or p50associateavith the histone deacetylase HDAKC Specifically, only the p58iDAC-1
complexes bind to DNA and inhibit NEB-dependent gene expression in cells that have not
been stimulated.(Figure 1.13. However, following stimulation p50 complexed with
phosphorylated RelAtranslocate to the nucleuslisplacing DNA-bound p50:HDAC1
heterodimers bringing about transcription of -BIBB t a r g €376]. Jhasn gusly
demonstrates the significance of 4B p hosphoryl ati on status as
kB binds a ceactivator (such as CBP/p300) or arepressor (such as HDAD. Furthermore,

CBP/p300 has been identified as a critical regulator6bN& t r anscr i pti onal a
recruitment of this coactivator requires phosphorylation 6bNB aapecific residue (ser276)
in a stimulated cel377].

Phosphorylation is one of the most studied {p@stslational modifications and it is
mediated by protein kinases. Protein kinases also induce optimalBIF act i vi ty by t
functional domainsof N B pr ot eins themsel vessGSK3eahdl s | ac
TRAF-associated Nl B a c tbinding kinase 1 (TBK1) have defectsinfdFB act i vat i ¢
despite | aBU phosphoryl at i on[378.rTdissuggegtsthat at i or
GSK3b and TBK1 HBndoaes pthoarsgpetor NFati on and i

potential.
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Figure 1.13: Phosphorylation determines Nuclear NFe B As s a dNF-a B
Associationwith either an activator (Histone Acetndnsferasesuch as CBP/p300) ¢
an inhibitor (Histone deacetylase, HDAG)etermined by its phosphorylation statu

191

NF-a Bsubunit phosphorylation
In addition to the phosphorylatienduced degradation okBs and other inhibitory

proteins, optimaNF-kB transcription requires activities of various protein kinasesténget

NF-kB functional domains. For example, cells in whi&B Iphosphorylation and degradation

occur but |l ack critical ki nas ekB activaton{37& s

379] This suggests a role for these kinases in transcriptional activation by{¥F88A381]

NF-kB phosphorylation profoundly affects their functions, associations witfaaors,

stability and transcription activityDetailed knowledge of such cell angkenespecific

regulatory functions of N8B may give insight into selective modulation F-€ Bactivity

for

therapeutic beneyt s. Several s t NFekiBe s

subunits at different phosphorylation sites andsbéyeralkinases such as IKK882], GSKs

[383] and PKA[384], [385], while for some the kinases responsible are yet to be identified.

Most of these phosphorylation sites are found within the Rel Homology ddB8&6hand
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transactivation domaif277]. The diversity of the RelA phosphorylation sites so far detected
suggests the possibility of addNFHCiBobugts. modi y

1.9.1.1RelA Phosphorylation

RelA undergoes a wide range of posttranslational modifications including
SUMOylation, acetylation, methylation, ubiquitination and more importantly phosphorylation,
which regulates most of its transcriptional activities and funcii®®s, 387, 388]More than
11 phosphorylation sites have been identified on RelA (Tablel.0) which causes changes to
RelA structure and functidi58]. These phosphorylation sites are present in the REIR2(5
thr254 ser276andser281), in the linker region (ser311 and ser316) and ircttegminal TAD
(thr435, ser468, thr505, ser529 and ser5SBigjufe 1.14). This phosphorylatioon RelA could
affect its stability, interactions with other proteif889], co-factors and its transcriptional
activity. Furthermore, several lines of evidence have suggested that RelA phosphorylation is
important fortheactivation of transcriptiof890] however, the physiological functionssdme
of these phosphsitesremainrelatively unexplored.

Serine 276 RelAas been documented to be phosphorylated by the catalytic subunit of
protein kinase A (PKA) a kinase which formsomplex with kB/RelA in an inactive state in
an unstimulated cell but becomes active upon stimulation of tHeB\Fathway, consequently
phosphorylating released RelA on ser276 in the nu¢a% 391] RelA phosphorylation on
ser276 by PKA occurs in the cytosol and has a role in promoting RelA interaction with co
activator CBP/p300 and displacement of p50/histone deacetylase complex {HDA®N
DNA thus enhancing transcriptional activif$77]. Additionally, RelA phosphorylation on
ser276 mediated by mitogen and strassvated kinase 1/2 (MSK1/2) in the nucld@92]
underIk1 U and TNFU st i mul 4393]andhahaarsle itbproenatithe b s e r v ¢
expression of stem cell factor and8Lduring inflammatiorf394]. RSK p90 was also reported
to phosphorylate RelA &er276 in an ERKdependent pathway, resulting in-8Lexpression
by intestinal epithelial cells after activation of proteiras@vated receptors (PAR395]. In
MEF cells, RelAp hosphoryl ation on ser276 under TNFU
be the most critical phosphorylated site for -kKB~regulated gene activatiofi396].
Furthermore, phosphorylation on ser276 appears to enhance the expression of ddtne NF
target genes by recruiting CDK9/Cyclin T1 complexes to targeted pronid®ils Similar to
PKA-induced phosphorylation of RelA on ser276 is a protein kinase C (PK&]jiated
phosphorylation of Rel A on ser 311[398nThis he RHI
modification on RelA alsmediategherecruitment of CBP and RNA polymerase lltbe|L -
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6 promoter resulting in enhanced RelA transactivation ac{i#@8]. RelA phosphorylation on
ser468 in r esqdn saeelindictidhhabeen repokted to be targeted by
| KKU, | KKb [32%4d1] Bh8sihdrylation on this site takes place in the cytoplasm
(I KKédi ated phosphoryl at i emmelliated rand hasra rotehne nuc
enhancing or repressing RelA transactivation potejil, 400] Phosphorylatioof the TA2
domain of RelAon thr505 by Chk1l inducible under cisplatin treatment or by ARF tumour
suppressor was reported to enhance association with HDAC1 resulting in inhibition of RelA
transactivation potential and thus repression of certain target genes sucimigration gees
like MMP3, thus inhibiting migration in fibroblasf$02].

Under Iklband TNFU stimul ati on, Rel A phosphol
casein kinase (CK) Il has been observed in the cytoplde8) 404] Phosphorylation at this
site has received a minimal level of attention and only @k#beenhighlighted as its kinase
thus far

RelA phosphorylation on ser536 has been intensively studied. Several kinases across
various signalling pathways have been i mpl.
phosphorylates Rel A on serfb 36t iumuleat i ToNF Uw hainl
responsible for the same phosphorylation under humeell Tymphotropic virus type 1 (Tax
1) stimulation[271, 405] Additional S6 kinase 1 reportedly catalysed RelA phosphorylation
on ser536 under doxorubicin or etoposide stimulation via adep&ndent pathwgy@06]. A
study also identified RelA phosphorylation on ser205 and ser281, both inducible by LPS but
catalysed byetto-be-identifiedkinase4407]. These sites were suggested to have modulatory
roles on RelA activity as mutations on these sites did not completely inhibit [R@IA
Phosphorylation othr435by an unidentified kinaskasalso been reported to regulate RelA

transactivation negative[251].
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Table 1.0: Phosphorylation sites orfiRelA subunit.

Stimuli Kinase Site Function of Reference (s)
modification
LPS PKAc Ser276 DNA binding [269, 376]
TNFU MSK1/2 Ser 276 zTranscr [392, 408]

Pim-1, RSK p90 Ser 276 zTranscr [395, 409]

TNFU / PKCC Ser311 zTranscr [398]
TNFU / GSK-3 b Ser468 cTranscr [401]
TNFULI b | KK b Ser468 ETranscr [399]
PMA/ionomycin | KKU  Ser468 zTranscr [400]
pl14TF ATR Thr505 ETranscr [410]
Cisplatin Chk1 Thr505 cTransecr [402]
TNFU-1 | CKll Ser529 zTranscr [404]
Invitro kinase CK2 Ser535 zTranscr [411]
TNFU-1LbBI CAMKIV Ser536 zTranscr [405, 412]
HTLV-1 , L | KKU Ser536 zTranscr [271]
IL-1 b I KKb Ser536 zTranscr [381, 400]
TNFU | KKU Ser536 zTranscr [381, 413]
IL-1 b Akt Ser536 zTurnov« [406]
DNA damage RSK1 Ser 536 Nuclear localization [270]
IL-1 b TBK1 Ser536 ENucl ear [234, 381, 414]
Constitutive GSK-3 b Four sites zTranscr
within
amino
acids 354
551
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Figure 1.14: Phosphorylation Sites onRelA and their significance This schematic
diagram gives an overview of the various phosphorylation sites that have been re
on RelA, the kinases responsible for the phosphorylation and the functional signifi
of these sites. All phosphoresidue written in black are phespé® that are TNF
inducible while those in red are not.

1.9.1.2RelB Phosphorylation

RelB undergoeseveralposttranslational modifications but few phosphorylation sites
have been identified on RelB in comparison with RelA (tablel.1). RelB phosphorylation on
mouse thr84 (human thrl03) and ser552imwitro kinase assays was first reported by
Marienfeldet al[415]. They went further to do an vivolabelingin murine T cells under TRA
ionomycin inductionpbservingRelB phosphorylation on thr84 and ser552 and a significant
decrease in RelB expressiondiarkatcells under TPAonomycin induction. They concluded
that phosphorylation of RelB at these sites is required fositir@aldependenproteasomal
degradation of RelB under T cell receptor activafbb]. However, RelB expression is not
similarly affected under TN\d®) st i mul ati on. Ser 552 has been r
GSK-3 b, suggesting a rol e f o-kBptotein activikydlblals e 1 n t
addition to controlling RelB stability, phosphorylation of RelB also regulates association with
IkBU and recr ui t me rref). Anathergstidy édenfifiedophospharyiason on
ser368 of RelB in the @rminal region of the RHD, which is conservechumans(ser390)

and Drosophila melanogastef417]. A significantly reduced transcriptional activity was
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observed in both phosphmimetic (ser368E) anghosphenull (ser368A) RelB mutants in

RelB-defective murineplasmacytoma cells compared to RelB wityghe, suggesting only

ser368 is critical for RelB transcriptional activity and not its phosphorylddaii]. RelB

mutation on ser368 has effects on its dimerization with othekBlBubunits including p100,

increased proteolytic cleavage of p100 to p52, and also causes a decrease in gifé0 half

Rel B is also phosphorylated in the nucl eus

stimulation in fibroblasts and this site has been reported to have a role in enlidgmoligst

migration as nuclear RelB binds to the promoters of migraigsociated genes like MMP3
[418]. As earlier stated, RelA phosphorylation on thr505 by Chmitiibits migration of

fibroblast cells as opposed to ser472-prigratory function in fibroblasts. These support the

different functions of RelA and RelB in the control of cell migrafiéit9]. RelB ser20, ser37,

serll6, serl3%nd ser217 have been highlighted by mass spectrometric analysis as possible

sites of phosphorylation (phosphosite.org).

Table 1.1: Phosphorylation sites oriRelB subunit.

Stimuli Kinase Site (s) Function Reference
Thr103 Degradation [415]
CD3/CD28, Unknown Ser368 Dimerization [417]
Ser390 Dimerization [417]
TPA/ionomycin GSK-3 b Ser552 Degradation [415]
Thr84, Thr254 Degradation [415]

| KKU/ | Ser472 Cell [270, 418]

GSK-3 b Ser573 migration [415, 416]

1.9.1.3c-Rel Phosphorylation:

Degradation

c-Rel plays a large role in cellular differentiation and immune response in B and T

lymphocytes. Like othekB subunits, cRel undergoeseveraposttranslational modifications

that affect its transcriptional potentials and regulate its functidreble 1.2. cRel is a

phosphoproteij420], with a PKA recognition moti{Arg-Arg-Pro-Se)) in its Rel homology

domain Sitedirected mutation of the ser residue in the PKA motif, which is similar to Ser276

of RelA, has beesuggested to affect its nuclear localizatjé®l1], howvever, phosphorylation

on this site has not yet been demonstrateeRel. Furthermoretheinteraction between PKA
Cb a-Rethashbeen demonstrated, thusP&AH i s
[422] which may have a role inRel nucleafocalizationas revealed by a study using phospho
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mimeticseR67Dmutant of eRel[421]. In 2006, Harris and colleagugse monst r at ed t hs
phosphorylates-8el within two regions of the transactivation domain and enhdheasclear
accumulation of @&kel independent of the classical IKKa B p a t hinwndtrg gandirbvivd h

| K Knigdiated phosphorylation ofR e | resulted i n eReg®oplek at i on
without affecting | aBU de g rRelduadidndnegulatEchby s e r e
di r e c-mediatédpBosphorylation and reveal a previously unrézed aspeabf NF-o B

regul at i ¢483]. Butherimerd fRel also undergoes ubiquitination which has been
reported to have a role in transactivatjé24].

C -Rel phosphorylation on different serine residues affects its transactivation activity in
astimuli-dependenmannef142, 425] Phosphorylation on certain residué c-Relhas been
reported to affect its binding to DNM26-428] and its Gterminal transactivation activity
[425]. Severalser residues located in the TAD are critical for transactivation-RglcFor
example, ser residues between 422 and 540 are importariRelr tcanscriptional activity
under TNFU and PMA (phorbol myristate acet a
residues between 540 and 588 in the TAD region are important in basal trans¢4@ioin
T cells, NIK (NFkB inducing kinase) phosphorylatedel between amino acid residues 460
and 540 resulting in activation of the IL2 gd480,431] | KKU and | KKb bot h
c-Rel on ser52n vitro, mutation on this site in B cell ymphoma has been reported to reduce
c-Rel activity in reporter assagy32). Fur t h e r-imucee apoptbdisFras inhibited
following mutation of ser525, suggesting a role for this site in the development of human B

cell lymphoma.

Table 1.2: Phosphorylation sites on-REL subunit.

Stimuli  Kinase Site (s) Function Reference(s)
Invitro PKA Ser267 Nuclear Localization [421]
PKA-C b Ser267 Transcriptional [422]
TNF-U  P13K/PKC / Sers471, Activity [142, 425]
G-CSF NIK Ser503 zZ Transcr i [420]
unknown unknown - [433]
TNF-U PKC Unknown z Transcr i [433,434]
Invitro | KKU Ser525 Degradation [423]
| KKU/ | KI Ser557 z Transcri
| KKO / T 1 Unknown z Nuclear

translocation
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19.14NF-e B1 anredB2NFphosphoryl ati on

The NFkB1 (p105) and N¥B2 (p100) proteins also undergo a variety of posttranslational
modifications. Although they share a lot of structural similarities, they are subjected to
posttranslational modifications in different pathwaysl differ in functional outcomes. The
two precursor proteins; N6 B1 afB2NF both undergo proteol yt
their active proteins, p50 and p52 respectively under specific conditions. Studies have identified
some phosphorylation sites bhetGterminal region of NFkB 1 (Figurel.3) tht are important
forNFFe B1 p r o382 435]iPmogphorylation on ser residues 893 and 907 eé NEHiy
a yet-to-be-identified kinase has been reported to be required fooNE1 p r o[436l.s si ng
| KKb al so phe3B3dhomylsetr®@® 7NRnd ser 93243whi ch i
437] and consequently, p105 ubiquitinatip38]. Studi es havmedateé por t e
phosphorylation of N/e B 1  tcamtexispecificand therefore may result in either complete
or limited NFe B1 d e g [382d4&87] whammay be dependent or independent of SCF
bTr @3] G Sha8afso been reported to phosphorylate®NB 1 on ser 903 anc
[383]which playsaroleinN®e B1 stabilizati on.

Similar to other NFKB proteins, several posttranslational modifications, especially
phosphorylation has been reportedondNB 2, however , mesiéesfoundont hese
the RHD seem to have significantrolesondB 2 pr ot eol yti c p-eB2essin
can be condgtitively processed to p5R39], signatinducedprocessing is more common.
Proteolytic processingof N6 B2 t akes pl-camoeical\NFkB pathwag in the n
presence of bot h N thése kinasgs are kst Wesponilnenferd\B 2
phosphorylation on ser866 and ser870 observed during the proddeihg Howev er | I K
phosphorylation on other ser residues such as ser99, serl08, serll5, aedl188r872,
requiredforNFe B2 pr ocessi ng [4413 vesulting e dr€P receupineeit @4k d
and subsequently ubiquitination of NFB 2 v i a lysB56[@42]oAnstudy also reported
NFFeB2 phosphoryl ation by GS K3 knhancasthest@al 707 a
degradation of Nf® B2 me d theRbw7dibiduitin complex443].
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Table 1.3: Phosphorylation sitesonNf®e B1 aredB2NFsubuni t .

Stimuli Kinase Site (s) Function Reference
NF-2 B 1
TNFU PKA Ser20 DNA binding [444]
Chk1 Ser328 specificity [445, 446]
PKAc Ser337 DNA binding [384, 385]
specificity
z DNA bind
affinity
Invitro CDK Ser894, Ser908 pl105 processing [436]
kinase GS K3 Ser903, Ser907 Stabilization [383]
Constitutive GS K 3 Ser903, Ser907 Ubiquitination [383]
TNFU | KKb Ser923 Ubiquitination [382, 437]
TNFU I KKb Ser927, Ser932 Processing into p50  [435]
TNFU Tpl2 Indirect Processing into p50  [447]
Unknown phosphorylation
NF-2 B 2
CD40, | KK U Serl08, Ser115, Processing into p52  [185, 186]
BAFF, | KK U Serl23, Ser872 Processing into p52  [184]
[443]
Fow7 GS K3 ser707,ser7ll pl00 degradation

1.9.2 Other Posttranslational Modifications of NF-e B Pr ot ei ns
In addition to phosphorylation theasbeen identified, NF& Boroteins also undergo other

posttranslational modifications, some of which are discussed below.

RelA also undergo acetylation and seven lysine residues have been identified to be acetylated
in RelA. Generally, histone acetyltransferases (HATs) and histone deacetylases (HDACS)
regulate acetylation reactions. RelA acetylation has been demonstratedjulate the
activation or deactivation of RelA transcriptional activity. For example, RelA acetylation on
lys221andlys218increases DNA binding by enhancing RelA dissociation fraBslwhile
acetylation onysl22andlys123reduces DNA binding252, 448] Acetylation of RelA on
lys310is required for complete transcriptional activiBb3, 449]but does not affecDNA

binding. Other_ys residues acetylated on RelA dys31Q lys314andlys315and they are

p300 target site39, 253]

Some methylation sites have also been identified on Réthylation involves the
transfer of methyl group from-&lenosyl-methionine to eithathearginineor lysine group of
a protein, catalysed by methyltransferg8&8]. Methylations of RelA on botlysandarg have
been reported and also affect RelA transactivation poterjd&l0]. The histone

methyltransferase, Set9 methymteelA on lys314 and lys315 causing the induction of
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ubiquitination and consequent degradation of DbbAINd RelA [451], whereas Set9
methylation onlys37 resulted in increased binding of RelA and enhanced transcriptional
activity [450]. RelA methylation oys218andlys221 haalso been reported to enhance RelA
transcriptional activityf450, 452]

RelB also undergoes other types of posttranslational modifications such as
ubiquitination and SUMOylationA ubiquitinatiordependenincrease in RelB activity not
associated with increased RelB nuclear accumulation or DNA binding was reported in 2008
[453]. Also, RelB phosphaites discussed above were not associated with RelB
polyubiquitination[453]. Analysis of RelB ubiquitination using48 andlys63HA-ubiquitin
defective mutants still resulted in RelB polyubiquitination, suggesting polyubiquitination of
RelB involves a different type of ubiquitination cha#54]. While the nature othe
polyubiquitin chain is yet to be understood, mapping of the ubiquitination sites showed several
lysresidues thascceptubiquitin, out of whicHys273274 andys303308 have been identified
as critical for ubiquitinatiordependent increase in RelB transcriptional actifd5]. RelB
transcriptional activity is also modulated by SUMOylation, which involves the conjugation of
SUMO proteins td.ys residueq456], catalysed by SUMO enzyme complex made up of E1
(SUMO-activating protein), E2 (SUMO conjugating protein) and E3 (SUMO ligases. Analysis
of variouslys mutants of RelB showed SUMOylation of RelB is possible on many sites and
mutation oflys387 lys388 lys39Q lys41] lys415andlys4l16affect RelB SUMOylation.

Overall, itis clear that PTMs dwF-a Bsubunits are an important regulatory mechanism
to controlNF-a Bactivity in a variety of cells and conditions, however much is still unknow

regarding the function of some of these PTMs.
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1.10 Aims and Objectivesof the Research

Despite recent advances in therapeutic procedures, metastatic breastremanes
incurable and results in resistance to therapy and complex molecular interactions. A growing
body of evidence has linked the MFB. pat hway t o mammary gl and
cancer tumourigenesj862, 457] Also, the roles of hypoxia in breast cancer tumourigenesis
have been well documentgthb8, 459]

In a bid to better understand the mechanisrhygioxiainducedNF-aB activation in
breast cancer cells, this project aims to investigate if hypacieceNF-aB activationin breast
cells. This study utilises amestrogemnreceptorpositive breast cancer cell line, MCF, an
oestrogerreceptornegativebreast cancer cell line, MDMB-231 which is a triple negative
cell line and a nowancerous breast cell line MCF10At. is believed that a proper
understanding of the NKB regulation through phosphorylation will contribute to the available
knowledge and could provide sontestapeutic interventionfor breast cancer management
and treatment. Therefore, it is necessary to investigate novel driving factors such as hypoxia,
that modulateancerlinked pathways like as NikB.

The specific objectives in breast cancer cells include:
i. investigate NFkB pathway activation in hypoxia
ii. investigate if hypoxia alters the expression ofRB-subunits.
iii.  determine if hypoxia induces NEB phosphorylation on known sites.
iv.  investigate the mechanism behind these phosphorylation events in hypoxia.
v. determindhe role oNF-kB subunitRelB, in the control of the transcriptional response

to hypoxia
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2.0 MATERIALS AND METHOD
2.1. Cell culture
2.1.1. Cell lines and Growth Conditions

Al cells were maintained in Dul becco0s
supplemented with 10% fetal bovine serum (FBS, Invitrogen), supplemented with 1%
penicillin-streptomycin (Lonza), and 1%glutamine (Lonza) at 5% CG@nd 37°C for no more
than 30 passages. Cells were routinely tested for mycoplasma contamination using MycoAlert
Mycoplasma Detection Kit (Lonza).

Human breast adenocarcinoma MD#B-231, MCF7, MCF-10A, and Human
embryonic kidney HEK293cell lines were obtained from the American Type Culture
Collection (ATCC).MCF-10A cells werecultured inDMEMT1 H a m 6-52 médiasupplemented
with 5% FBS (Invitrogen), 1% penicillistreptomycin, and 1%-glutamine 10 pug/ml insulin (Sigma),
20 ng/ml epidermal growth factor (Sigma), aneyml hydrocortisone (Sigmalll experiments were
performed on these phenotypically ageneticallydifferent cell lines due to the interest in
investigating novel mechanisms regulatingthedNB pat hway i n breast cal

2.1.2. Cell Transfection
2.1.2.1. siRNA Transfection and Table of siRNAs

Small interfering RNA (siRNA) oligonucleotides were purchased from Eurofins
Genomics and used in a final concentration of 27nM. siRNA transfections in the two cell lines
were performed using Interferin (Poslewelll us) a
plates were seeded with 1.25%tells per well 24 hours prior to SiRNA transfection and media
change. Cells were harvested 48 hours-frasisfection. Oligonucleotide sequences used for

siRNA knockdown are shown ihable 2.1below.

Table 2.1. List of oligonucleotide sequences used for siRNAediated knockdown.

SiRNA Sequence 506Y
Control CAGUCGCGUUUGCGACUGGTT
RELB_A AAUUGGAGAUCAUCGACGAGU
RELB B GGAUUUGCCGAAUUAACAA
NEMO (1 Kk ACAGGAGGUGAUCGAUAAG
CAMK?2 UCAAGGCUGGAGCUUAUGA
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TAK1 UGGCUUAUCUUACACUGGA

All of these siRNAs have been previously validated and publig®&d
2.1.2.2. DNA Plasmid Transfection:

DNA plasmid overexpression in HEK293 cellgas performed using the calcium
phosphate transfection method. 24 hdgforethe transfection, cells were seeded at a density
of 1.5 x1G into 35 mm plates containing 2 ml medfde transfectiomomplex was prepared
by adding 1 ¢eg DNAwhichwas ptepaded dsingdistillét] stéfile Gatel. |
Af terwards, 200 eL 2X HBBGO,QOMMHEPESHMH NOAWas , 0. 7
added to the mixture before evenly pipetting onto the cells. Cells werslapncubator and
media was changed after 24 hours gomtsfectionCell lysis was performed 48 hours post
transfection. DNA plasmid overexpressiontie MCF7 cell line was performed usirggene
juice (EMD Millipore) accordingtdghemanuf act urer s i nstructions.
with 1.5 x 1@ cells in a 2 ml media, 24 houssforeDNA transfection. Cell media was changed
after 24 hours, and cells were harvested 48 hourstaostfection. Plasmids used in this study

are listed inTable 2.2

Table 2.2. List of DNA Plasmids used for transfection.

Name Plasmid vector/ tag Source

Control pcDNA3.1/ HA-Flag Addgene (52535)

RelB Wildtype pEBB/ HA-RelB Gift from Dr, Niall
Kenneth

2.2. TREATMENTS
2.2.1 Hypoxia Treatment

Hypoxia treatments were performed by exposing cells to 124nGan InVIVO 300
hypoxia workstation (Ruskin, UK) for short and letigne course experiments. To avoid

reoxygenation, cells were lysed in the workstation for subsequent analysis.
2.2.2Compound Treatment

The proteasome inhibitor MG132 was obtained from Merck/Millipore and used at the

final concentr at i o ntocellflysi£ DMSO Mas used as B hidleacantros pr i
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To stimulate the inflammatory response, human recombinartT REprotech) was dissolved

in sterile PBS and used at a final concentration of 10 ngiftdr media change. To study

kinases responsible for observed-BiIB p hosphoryl ati on, cell s we
inhibitor purchased from Selleckchem;TBiophenecarboxamide, 2[(aminocarbonyl)amino]
5-(4-fluorophenyl) [TPCAlJandu s ed at a f i nal c oncHb2ilforaat i on
GSK3b inhibitor used at &521iwhiohavhs akiodrgiftBZomt r at i c

Boehringer Ingelheim as part of its opaMrogram fittps://opnme.cor)/

2.3 BIOCHEMICAL ASSAYS
2.3.1. Protein Lysis

Cells were washed with PBS and harvested RifRA buffer (50 mM Tris pH 8, 150
mM NacCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM NaF, 1 mpWQa
and 1 Pierce Protease Inhibitor Mini Tablet (EDTA Free, ThermoFisher Scientific) per 10 mL
of buffer). 100uL of lysis buffer was used for-@ell, 300 uL for 10 cm plate, and 600 pL for
15 cm plate. Upon collection, cells were kept on ice for 30 minutes before centrifugation at
13,00@ in the cold room for 10 minutes. The supernatant was collected and ste88dGt
Cell lysatesrom RIPA lysis were used throughounlessotherwise stated.

2.3.3. Western Blot

Protein concentration was determined ugimgBradford (BioRad) method. 2860 ¢ ¢
of protein was prepared in 2x SDS loading buffer (100 mM-HIf@3 pH 6.8, 20% glycerol,
4% SDS, 200 mM DTT, and Bromophenol Blue), and incubated for 5 minutes at 95°C. Briefly,
samples were loaded into an SP&ge gel (Tis-HCI poly-acrylamide gel) previously prepared
and run at 8a.20 volts in Running Buffer (25 mM Tris, 0.195 M glycine, and 0.1% SDS). The
gel was then transferred either throaghort transfer for 30 minweor in a semdry transfer
(BioRad) into a PVDF/Nitrocellulose membrane (Millipore) for-2.hours at 15 volts/0.80
mA in Transfer Buffer (50 mM Tris, 40 mM glycine, 0.001% SDS and 10% methanol). Then,
the membrane was blocked with 10% Milk 66% BSA n TBStween buffer (20 mM Tris
pH 7.6, 150 mM NacCl, 0.1% Tween) for 10 minutes, followed by three 5 minutes washes with
TBS-tween buffer. Membranes were incubated with primary antibodies for 1 hour at room
temperature or overnight at 4°foJlowing primaryant i bodi es® manufacture
antibodies used in this research are listedable 2.3 Membranes were then washed three
times with TBStween and incubated with the appropriate secondary -e&tRRigated

antibody After washes, membranes were developéy adding the enhanced
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chemiluminescence (ECL) @he super enhanced chemiluminescence (Super E@ujion

(Pierce) and then developed in the darkroom or using a chemidoc developer

Table 2.3- List of Antibodies, Species, Dilutions and Manufactures

ANTIBODY MANUFACTURER SPECIES DILUTION
HIF-1 U BD-Trans, #610958 Mouse 1:1000
IKK-U Cell Signalling, #2682 Rabbit 1:1000
IKK -b Cell Signalling, #2678 Rabbit 1:1000
IKK-2 Cell Signalling #2685 Rabbit 1:1000
| o-B Cell Signalling, #4821 Rabbit 1:1000
p-IKK U b(ser176/18p Cell Signalling Rabbit 1:1000
pIKK-U (ser 180) CellSignalling, #2681S Rabbit 1:1000
IKK-b (ser181) Cell Signalling, #2681S Rabbit 1:1000
pl e-B( ser 32/ 36) CellSignalling, #9246S Mouse 1:1000
RelA / p65 Santa Cruz, Sc372 Rabbit 1:1000
RelB Cell signalling, #10544 Rabbit 1:1000
c-Rel Santa Cruz, 71 Rabbit 1:1000
p105/50 (NFKR) Santa Cruz, s¢178 Rabbit 1:1000
p100/p52 (NFKR) Millipore, #05-361 Mouse 1:4000
p-RelA (ser536) Cell Signalling, #3031 Rabbit 1:1000
p-RelA (ser276) Cell Signalling #3037 Rabbit 1:1000
p-RelA (ser468) Cell Signalling, #3039 Rabbit 1:1000
p-RelB (ser552) Cell Signalling #5025S Rabbit 1:1000
p-RelB (ser573) Antibodies.com #A12469 Rabbit 1:1000
NFIL3 Proteintech #11773-AP Rabbit 1:1000
BHLH40 Proteintech #1789%-AP Rabbit 1:1000
TNIP Proteintech #15104-AP Rabbit 1:1000
C-IAP2 Cell signalling, #3130 Rabbit 1:1000
A20 Cell signalling, #4625 Rabbit 1:1000
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BCL-2 Cell signalling, #2870s Rabbit 1:1000

p21 Abcam #ab109199 Rabbit 1:1000
Caspase3 Cell Signalling, #9665S Rabbit 1:1000
Caspase7 Cell Signalling, #128275  Rabbit 1:1000
PARP Cell Signalling, #9532S Rabbit 1:1000
Cleaved caspase 3 Cell Signalling, #9664S Rabbit 1:1000
Cleaved caspase 7 Cell Signalling, #8438S Rabbit 1:1000
Cleaved PARP Cell Signalling, #5625 Rabbit 1:1000
Cyclin D1 Abcam, ab137875 Rabbit 1:5000
Cyclin E Cell Signalling Mouse 1:1000
GSK3 b Cell Signalling #12456P Rabbit 1:1000
b-Catenin Cell Signalling Rabbit 1:1000
p-b-Catenin (S33/37) Cell Signalling Rabbit 1:1000
Vimentin (#5741P) Cell Signalling Rabbit 1:1000
E-Cadherin (#3195P) Cell Signalling Rabbit 1:1000
b-Actin Proteintech #6600%-1g Mouse 1:10000

2.34 Immunoprecipitation

For Mass spectrometry and other i mmunopre
of whole cell lysates were incubated overnight at 4°C with either agarose Rek@dntibody
(RelB (D-4) AC, Mouse Monoclonal Antibody, INSIGHT Biotechnology) or mouse IgG with
rotatingat 2528 rpmin Lysis buffer 50 mM Tris pH 8, 150 mM NacCl, 0.25% NFD, 5 mM
EDTA, 1 PHOSTOP and 1 Pierce Protease Inhibitor Mini Tablet {EDTA Free, ThermoFisher
Scientific} per 10 mL of bufferpr RIPA buffer 60 mM Tris pH 8, 150 mM NaCl% NR40,
0.5% sodium deoxycholate, 0.1% SDS, 10 mM NaF, 1 mMVNa, and 1 Pierce Protease
Inhibitor Mini Tablet {EDTA Free, ThermoFisher Scientific} per 10 mL of buffédprmal
mouse IgGAC (INSIGHT Biotechnology) was used as a negative control. Theanghbody
mixture was centrifuged at 109@or 1 minute the supernatant was gently removed and used
asaflow-through. The precipitates were washed three times with cold PBS. 2x Loading buffer

was then added to the samples, which were boiled-idr inutes at 95°C and analysed by
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standard Western Blotting procedure (as desc
lysates) were used as input material. Antibodies used for immunoprecipitation are listed in
Table 2.4.

Table 2.4: List of IP Antibodies used in this project

ANTIBODY MANUFACTURER AMOUNT SPECIE
RELB-AGAROSE CONJUGATED INSIGHT #s¢48366AC 2 ¢ g/ O Mouse
ANTI-IGG AGAROSECONJUGATED | INSIGHT #se2343 2¢eg/ O Mouse
ANTI-GS K 3 b Cell Signalling #12456P 1:1000 Rabbit
ANTI-P100/P52 Cell Signalling #12456P 1:1000 Mouse

2.35 Coomassie staining

Following SDSPAGE, gels arencubated in Coomassie staining solution (0.05% (w/v)
Coomassie Brilliant Blue R50, 40% (v/v) ethanol, 10% (v/v) glacial acetic acid and 50%
(v/v) water) for between 30 min and 2 h with gentle shaking or alternatively bake in microwave
for 30se®mnds The stained gels were-gtained overnight in a eé&aining solution (40% (v/v)
ethanol, 10% (v/v) glacial acetic acid and 50% (v/v) water) with shaking overnight until the

background becomes clear. Proteins appear as blue bands against a clear grlrdackg
2.36 Luciferase assay

Luciferase Reporter Plasmids with Cyclidil / BCL2 promotes were transiently
transfected into 2 x 2@ells in 6well plates. and transfected with appropriate SiRNA or DNA
plasmid, according to procedures previously described (see section 2.1.2). Then, cells were
transfected with the reporter plasmids alongside other plasmids without any stimulation and
harvested with 400 €L of Passive Lysis Buffe
according to the manuf act ur esteins Promega)f and ct i o
normalised to protein concentration (Bradford, BioRad). All experiments were performed a

minimum of three times before calculatitige means and standard error of the means.
2.4 MOLECULAR BIOLOGY ASSAYS
2.4.1 RNA extraction andReal Time quantitative PCR analysis

Total RNA from mammalian cells was extracted usitngeqGOLD total RNA kit

(Peglab), according to the manufacturer's directions. RNA was converted to cDNA using
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Quantitect Reverse Transcription Kit (Qiagen). For quantitative PCR, Brilliant I Sybr green
kit (Stratagene/Agilent), including specific MX3005P 96 well sskiited plates, were used
to analyse samples on the Mx3005P gPCR platform (Stratagene/Agiletit) was used as a

normalising gene in all experiments. The primers used feqRTR are shown ifiable 2.4

Table 25 - List of primers used for real-time quantitative PCR

Gene Sequei86é6 H&orw SequelY8é Hodeve
18S AAACGGCTACCACATCCAAG CGCTCCCAAGATCCAACTAC
A20 ACAGCTTTCCGCATATTGCT TTGACCAGGACTTGGGACTT
Actin CTGGGAGTGGGTGGAGGC TCAACTGGTCTCAAGTCAGTG
BHLHE40 CCTTGAAGCATGTGAAAGCA TTCAGGTCCCGAGTGTTCTC
BNIP3 ACCAACAGGGCTTCTGAAC GAGGGTGGCCGTGCGC
CAIX CTTTGCCAGAGTTGACGAGG CAGCAACTGCTCATAGGCAC
C-REL CTGCCTTCTTCAAGCTGGTC CGCTTCCATTCCGACTATGT
Cyclin D1 TGCCTTCCAACTCTCGTCTT AAGGACGCTGATGAAGGAGA
EDN1 GGAAGTGTGGACACAC AAA GTGAGGGATTGGCAAGAAA
TF/F3 CATCCAGTGTCACAGCATCC ATGGTCCCAGTGTTGCTTGT

GADD45B GCCAGGATCGCCTCACAGTGG GGATTTGCAGGGCGATGTCATC
HO1/HMOX1 ATGACACCAAGGACCAGAGC AGACAGCTGCCACATTAGGG
IAP2 GTCAAATGTTGAAAAAGTGCCA GGGAAGAGGAGAGAGAAAGAGC

IL-8 CCAGGAAGAAACCACCGGA GAAATCAGGAAGGCTGCCAAG
laB-U AAAGCCAGGTCTCCCTTCAC CAGCAGCTCACCGAGGAC
p100 AGCCTGGTAGACACGTACCG CCGTACGCACTGTCTTCCTT
p105 GCACGACAACATCTCATTGG TCCCAAGAGTCATCCAGGTC
PGK1 TTCTTTCCTCCACATGAAAGC AGGGAAAAGATGCTTCTGGG
RANTES GTCGTCTTTGTCACCCGAAAG TCCCGAACCCATTTCTTCTCT
RelA CTGCCGGGATGGCTTCTAT CCGCTTCTTCACACACTGG
RelB TCCCAACCAGGATGTCTAGC AGCCATGTCCCTTTTCCTCT

VEGFC AGCTGCGCTGATAGACATCC CTACCTCCACCATGCCAAGT

2.4.2.Site-directed mutagenesis of RelB phosphorylation site

Mutagenesis was performed using the KOD polymerase kit (Millipore) following

manufactureguidelines. 20uM primer mix containing 10uM of forward primer and 10uM of
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reverse primer was prepared from 100uM stock. PCR machine was set up as follows: Stepl:
(denaturation step) 9% for 2min, Step2: 98C 30 sec, Step3: (annealing step) gradient from
55°C to 65°C 30 sec, Step 4: AT for Y min (20 cycles of Steps®), Step 5: 76C for Y+4

mins (Y= 8 mins for plasmids that are >7.5kb, for smaller plasmids refer to KOD manufacturers
guidelines). Depending on the number of samples, 200 uL PCR tubes were set up with the
following components: 100 ng plasmid, 10x KOD buffieom kit), 5 uL MgSQ (from kit), 2

ML dNTPs mix (2 pM each, from kit) 5pL, 20 uM primer mix (2pL), 2 yL DMSO, 1 yL KOD
polymerase (from kit) and made up to 50 pL with MQ water. The PCR tubes were set up at
different annealingemperatureganging between %8 to 65C and PCR was carried o&elB

sites mutated are shownTiable 2.6below.

Table 26 - List of RelB primers used for site-directed mutagenesis

PRIMER MUTATION

NAME POINT SEQUENCE 506Y3060 (FSEQUENCE 30Y506 (

RELB S573A CCTTTGGGGGCGGCCTCCTA CGTGGCTTCAGGCCCCGGGGC
GCCCCGGGGCCTGAAGCCACG TAGGAGGCCGCCCCCAAAGG

RELB S573E CCTTTGGGGGCGGCCTCCTA TACGTGGCTTCAGGCCCCGGT
GAACCGGGGCCTGAAGCCACGTA TCTAGGAGGCCGCCCCCAAAGG

2.4.3 Competent Cell and Plasmid Transformation

Escherichia colist r ai n DH5 U theymopagation erttl cangiruction of all
plasmid constructs. Chemically competént coli cells were made in house following an
adapted version of the Hanahan et al. protp480], using RF1 solution (100 mM RbCI, 30
mM Potassium acetate, 10 mM CaCl2.2H20, 50 mM MnCI2.4H20, 15% v/v Glycerol) was
adjusted to pH 5.8nd RF2 solutions (10 mM MOPS, 75 mM, CaCl2.2H20, 10 mM RbCI 15%
v/v Glycerol, solution was adjusted to pH 6.8). For each transformaties() h§ of DNA were
added to 25 eL of chemically competent <celll :
by hed shock at 42°C for 90 seconds and incubation on ice for 90 seconds. Cells were allowed
to recover i nniBrotd(LBebtoth:l1% Bact igpond, B6 NaCl and 0.5%
BactoYeast extract) and incubated for 1 hour at 37°C with shaking 3280 pm, Multitron
Infors-HT). Cells were plated on L-Bgar plates containing appropriate antibiotics and

incubated at 37°C owveight to select the transformants.
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2.4.4. DNA Plasmid Isolation

Formini preps a single bacterial colony from an agar plate was picked and transferred
into 4 mL of LB media containing the required selection marker antibiotic in a round bottom
15 mL falcon tube. The culture was incubated on a 37°C shaking incubator overnightd Plasmi
DNA was then extracted from the bacterial culture with a miniprep kit (Qiagen, QIlAprep Spin
Miniprep Kit #27104) followingthemanuf act urer 6s i nstructions.
bacterial colony from an agar plate was picked and trandfente 4 mL of LB media
containing the required selection marker antibiotic in a round bottom 15 mL tube. The culture
was incubated on a 37°C shaking incubator for 8 to 10 hours. The culture was the transferred
to 250 mL of LB media containing the requireelection marker antibiotic in a 2 L conical
flask and incubated on a 37°C shaking incubator overnight. Plasmid DNA was then extracted
from the bacterial culture with a maxiprep kit (Thermo Scientific, PureLink HQ Mini Plasmid

DNA Purification Kit # K210@1) followingthema nuf act ur er 6s i nstruct.
2.4.5. DNA Plasmid purification

Plasmid DNA purification was done using The QIAquick PCR Purification Kit (Qiagen
#28106), following thenanufacturer'grotocol. Buffer PB was added tiee PCR reaction and
mix at 5:1. To bind the DNA, the mixture was applied to the QIAquick column placed in a 2
mL collection tube, centrifuged for B60 econdsand the flowthrough was discarded. The
column was t hen Buffes REe dentrfugad or 3BG €conddand flow
through discarded. The QIAquick column was further centrifuged in the provided 2 ml
collection tube fod minto remove residual wash buffd@io elute DNA, each QIAquick column
is placed in a clean 1.5 ml mi crocentrifuge
or water (pH 7.08.5) was added to the centre of the QIAquick membrane and centrifuged for

1 min at maximum speed.
2.5 CELL FUNCTIONAL ASSAYS
25.1 Flow cytometry analysis of cell cycle profile

Cells were harvested, pelleted and washed once in PBS before fixing in ice cold 70 %
ethanol. Cells were then washed with PBS and resuspended in Guava Cell Cycle reagent
(containingPBS,ribonuclease A, propidium iodide, triton200 ad sodiunazidg(Millipore).

After incubation at room temperature for 30 min, cells were analysed for their cell cycle profile

with Guava easyCyte HT software. Red fluorescence was evaluated on a linear scale and pulse
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width analyses were used to determine cell doublets and cellular aggregation. Cells with DNA
content between 2N and 4N were designated as beihg (81, S or G2/M phase of the cell

cycle. The number of cells in each phase was expressed as a percentage of the total number of
cells counted.

2.5.2. Colony formation assay

A total of 5002000 cells were seeded in a-giell plate one dayefore sSiRNA
transfection withRelB siRNA oligonucleotides. After 24 h of treatmeinle media was
changedand cells were further incubated for one week. Cells were washed with PBS twice and
stained with 0.005% (w/v) crystal violet in 25% (v/v) methanol for 10 min at room temperature.
The staining was washed off with water and plates were left to dry overRigités were

scanned and Colony numbers were assessed using ImageJ quantification.
2.5.3 Cell Migration Assay

For scratchwound cell migration assay, confluent cells cultured-imefl plates were
wounded wusi ng gRiAgeise toppnepmawide @netper pedl., The ablated cells
were washed out with PBS. After that, cells were treatedweitirclesor chemicals of interest
in 1% FBS DMEM. Images of wounded areas were taken wamngVvVOS digital inverted
microscope atagc e b ar mpaftimd 2&2r0. neages of the same areas were fueken
every 12 hours of incubation.

2.6  RNA-Sequencetranscriptome analysis.

2.6.1. Sample Preparation

MDA-MB231 cells were seeded in 35 mm dishes one ligre transfection with
Control orRelB siRNA. Twentyfour (24) hours after transfection, cells were either kept in 1%
Oz 0r in 21%0- for 24 hours. RNA extraction was performed as in section 2.4.1. with an
additional step of DNAse treatment as instructed by the Manufacturer. Experiments were
performed in three replicates with a total of eight samples per replicate for the two céls. Cel
were also seeded for protein analysis, from which lysates were collected alongside the RNA
extraction process. RNA samples were frozen and sebiotoarker Tehnologies (BMK)
Germany for sequencinddoth Cell lysates collected and RNA extract were processed to

confirm hypoxia treatment and RelB knockdowas successful
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2.6.2. Data Analysis

Relevant publicly available RNAeq data were downloaded from the National Centre
for Biotechnology Information (NCBI) Sequence Read Archive (SRA) using the SRA toolkit
(https://www.ncbi.nim.nih.gov/sra). These were reads for breast cell lines kept @ eith
normoxic condition or exposed to 0.5% oxygen for 24 hours. Downloaded Reads for both
experimental and downloaded datasets were aligned to the human genome version hg38
(GRCh38, Ensemble) using Spliced Transcripts Alignment to a Reference (STAR) @wl. Re
counts for each transcript were generated using the feature Counts function of Subread using
the method of (Liao, Smyth, & Shi, 2014). Differential expression analysis was performed
using R Bioconductor package DES¢4@81] with filtering for effect size (log2 fold change >
0.58) and statistical significance (FDR < 0.05). A log2 fold change > 0.58 was chosen to set a
minimum value for the effect size whilst avoiding discarding potentially biologically relevant
data points tat result from applying a higher eaff. Quality control andsampleto-sample
comparisonwere analysé using rlog transformed read count data generated using R
Bioconductor packages DESeq2 and heatmap. Differential expression analysis generated using
the R Bioconductor package wassualizedusing volcano plots. Enrichment analysis was

performed using WEBased GEne SeT AnalLysis ToolKititps://www.webgestalt.org/

Database for Annotation, Visualization and Integrated Discovery (DAVID)

https://david.ncifcrf.goy/ and Enrichrhttps://maayanlab.cloud/EnrichrRaw dat a i mpo

feature count, gene normalized read count, a

Mi chael Bati e.

2.7 MASS SPECTROMETRY
2.7.1 Immunoprecipitation of RelB

RelB antibody conjugated to agaro&®eIB (D-4) AC, Mouse Monoclonal Antibody,
Santa Cruz Biotechnologyyvas incubated overnight with 500ug Cell lysatel’a, 25-28 rpm.
Lysis buffer (25 mM TrisHCI pH8, 0.15 M NaCl, 0.1% NRO, 1 mM EDTA, 1 mM EGTA,
10 mill pcerophosphate, @ mM mMMFheBDODmMiedi Me,
mini EDTA-free protease inhibitor cocktail tablet and 1 mM DTT) was added to make up 400
ul incubation volume. Antibody cell lysate mixture was centrifuged at 10§)Gsupernatant
was collected for quality control. Beads were washed 2x inuB@is buffer, 2x in 20Qul IP
buffer (40 mM TrisHCI pH 8, 0.1% (v/v) N”10, 1 mM EGTA, 6 mM EDTA6 mM DTT, 0.5
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M NacCl , 1 mM benzami diglyerophdsghatenuMNPMEF, 30 M m M
Na3VvO04, mini EDTAfree protease inhibitor cocktail) and then 1x in H061.0.

2.7.2 Sample preparation for LCG-MS/MS analysis

Twenty-five micrograms of protein from each samplere transferred into separate
tubes and each sample was made up to 85 pL using 25 mM Ammonium Bicarbonate JAmBic
Cysteine reduction was performed by adding 5 pL of 11.1 mg/mL DTT in 25 mM AmBic and
incubated at 60 eC for 10 min with 450 r pm.
5 uL of a 46.6 mg/mL iodoacetamide in 25 mM Bia and incubated for 30 min in the dark.
lodoacetamide was quenched with 4.7 pL of IgmL DTT in 25 mM AnBic. 250ug of
SP3 beads were gently added to each sample by pipetting, followed by 440 uL of Acetonitrile
to a total volume of 80% Acetonitrile and shaken fon8Autes 1000g at room temperature
to bind the protein to the beads. Samples were then placed onto a magnetic rack and left to
settle for SGminutesand the supernatant was removed. Samples were washed 3 times with 400
puL 100% Acetonitrile, leaving the sample to stand for 5 minutes before removing the wash
solution. Insolution digestion was carried out by adding 2.5 pL of 0.2 pg/pL trypsin and
incuba ed at 37 e C goSamplenwerg blacedaomnto almaxghétic rack and left to
settle for 5 min. The solution wasmoved and retained. The solution was acidified to a final
TFA concentration of 0.5%, which was achieved by adding 1uL of 50% TFA and then

incubated for 30 minutes at 37 eC. Samples w

at 4 e C, ntdollected ang refrigeratéddor 15 minutes.
LC-MS Method for Sample Runs

Samples were analysed using an Ultimate 3000 AESL@anesystem (Thermo
Scientific, Hemel Hempstead) coupled to a Q Exactife Quadrupoleérbitragt mass
spectrometer (Thermo Scientific). The sample was loaded onto the trapping column (Thermo
Scientific, PepMapl100, C18, 300 &em X 5 mm),
at a flow rate of 12 L/ min widodnth®andylical( v/ v)
coumn(Eassspray C€C18 75 e€m x 500 mm 2 em col umn)
formic acid) 3.8% B (79.95% acetonitrile, 19.95% water, 0.1% formic acid) to 50% A 50% B
over 30 minutes at a flow rate of ®3L / mihour grabram). The dat@ependent program
used for data acquisition consisted of a 60;(#¥blution fullscan MS scan in the orbitrap
(AGC set to 3e6 ions with a maximum fill time of 100 ms). The 5 most abundant peaks per full
scan were seleddor HCD MS/MS (30,000 resolution, AGC set to 1e5 ions with a maximum

fill time of 100 minuteg with an ion selection window of 2 m/z ancharmalizedcollision
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energy of 30%. lon selection excluded singularly charged ions and ions with equal to or a
greater than +6 charge state. To avoid repeated selection of peptides for fragmentation the

program used a 68econd dynamic exclusion window.
2.8 Bioinformatics

28.1 Evolutionary analysis

Evolutionary analysis of RelA and RelB proteins in vertebrate and invertebrate
homologs were performed. Jalview and thElultiple Sequence Comparison by L-og
Expectation (MUSCLE) web tools were used to align protein sequences, allowing visualization

of conserved residues using CLUSTALX.
2.8.2 Kinase Prediction

Three different kinase prediction systems were employed to predict kinases responsible
for observed RelA and RelB phosphorylation sites. NetPhos3.1
https://services.healthtech.dtu.dk/services/NetFhbs PhosphoSitePlus v6 7.1.1 kinase

prediction https://www.phosphosite.org/kinaseLibraryAction.actioand Group based

prediction system 5.0 (GPS 5J@}p://gps.biocuckoo.crRelevant kinases were selected,

in some caseslefault settings were used.
2.9. Statistical Analysis

3.0 Statistical Analysis for guantitative PCR, quantitative western blud luciferase assay
were perfor med -testsfunctign inSMicuodoét Exce. d-or @ll statistical

analysis, pvalues with * = p<0.050; ** = p<0.010 and *** = p<0.001.
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3.0CHAPTER THREE
3.1INTRODUCTION

NF-a Bproteins play essential roles in the regulation of innate and humoral immunity,
however, this pathway is also activated and functions in other organs besides the immune
systems, where they exhibit functions based on the genes targeted. More than 500 genes
transcriptionally requlated by N6 B have been i dent i {FigwedlOwi t h d
in both physiological and pathological conditions.-8lB pr ot ei ns have been
active roles at different stages of normal mammary gland developmmaammals, where they
display a regular pattern of activity during pregnancy, lacta@om involution stages of
mammary gland developmejdt62, 463] Also, NFa B a cHasbeen dbgerved in diseases
associated with the mammary gland such as Mastitilammation of the mammary gland
[464], and aberrant N Bactivity has been observed at different stages of breast

carcinogenesig362]

The Rocha laboratory with othenasproposed a mechanism foypoxiainducedNF-o B
in some mammalian cell ling&79, 295]andin the context of a whole organism (dmosophila
melanogaster Here, wefurther demonstrat¢he activation ofthe NFF-e B pat hway un«
hypoxic stimuli across three phenotypically and metabolically different breast cell lines,
namely; MCF10A, MCF7and MDAMB231. MCF10A areémmortalisednorrtumorigenic
human epithelial breast cell lines mostly used ais aitro model for normal breast functions
[465], while the MCF7 are neaggressive, neginvasive and poorlynetastatic breast cancer
cell line, with a molecular profile of being positive testrogen receptor (ER) and
progesterone receptor (ARON the other hand, MDMB 231 is classified as a triple negative
(ER, PR and HER2 breast cancer subtype which is highly invasive, maligaat metastatic
[466].

NFFeB is a transcription factor that contro
binding to aB sites of its target genes. On e
activities of transcription factors is changes in protein phosphmwylatatus mediated by
protein kinases or phosphatases, which in turnegplates or dowanegulates the activities of
the transcription facteror affects aspects of its function, stability, interactionkboalization
[467]. Previous studies have demonstrated inducible phosphorylation @& BIF pat hway
components in acontextspecific manner. This study also demonstrates inducible

phosphorylationoNF-a B p at h way amdNRspBorotens in Bypoxia in breast cell
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lines.An exampleighei nduci bl e phosphoryl ation of <canon
| KK compl ex which eithe[#68lopes ubB&d sdeperding BY adt e
on the stimulus and subsequent release of theBF di mer . Du rsigmallingi nt r ac
NFFeB subunits themselves undergo phosphoryl a
such as TNRJ[469], Interleukinl [381], LPS [470] PMA and ionomyciff471], and so on.
TheNFe B proteins have many serine and threoni
(RHD) and transactivation domains (TA[4) 2], which serve atargetsites for various protein

kinases, most especially the sefthesonine kinases. WhileN&B phosphoryl ati on
siteshasbeen reported to be predominantly cytoplasmic, a few have been found to occur in the
nucleus, which suggests a role in transactivg00]. In addition, NFeB phosphorylatiomas

been demonstrated to regulate its transcription activity, recruitmenamftis@tors and nuclear
translocatior{394], protein stabilityf158], change in conformatioand interaction with other
proteins[389]. To the best of our knowledge, little is known about®B phosphor vyl at
hypoxia.

Therefore, in this aspect of the studye analysé the levels of NFe Bprotein expression
(RelA, RelB, cRel, NFe B, andNFe B2) at basal |l evel s and und
investigated\F-e B acti vati on p alkk WK -l @@Bip o nemBtls) (am d
additionalNFe B t ar get genes ( ABIl Nand BHNLHA)linthe@we | i n D1
breast cell lines under hypoxia stimulation. We furtbbBaracterizedthe mechanism of
hypoxiainduced NFe B a s I K,Kand CAMKH Idependent. We also showed the
alterations in N B pr ot ei 8 at shorp ané Brg ihypoxia time courses and the
modulatory effects of hypoxiaon N&B t r anscr i pti oveeportecaddlfoeBvi ty.
subunitphosphorylation thas inducible in hypoxia through immunoblotting techniques using
antibodies of already validated NFB  p h -gite9 Ancattempt was also made to decipher

the kinases that target these phosphorylation sites in breast cell lines.

3.2Characterisatonof NFe B subunit | evels across breast
Most cells exhibit low nuclear levels of \bNB pr ot eins due to the p

such as the prototypi eaB ilns BtUhe wchyitcohp | saesgmu easr

inactive [473]. However, constitutive expression of dFB pr ot eins from nucl

both transformed and untransformed breast cell lines have been reported and has been linked

to increased breasitmorsize[361], metastases, evasion of apoptomngl resistance to therapy

[474]
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It was previously shown that hypoxactivates the N B pat hway in U20S
MB231, and MCF10A cell$295]. To furthercharacterizehis pathway, with a focus on breast
cell lines, we decided to examine the basal levelseéNB= pr ot eins and its ce&
| aBU. We performed both gPCR and western Dblo
lines; MDA-MB231, MCF7 and MCF10A in normoxic conditi@and the relative mRNA and
protein levels of RelA, RelB-Bel, NFe B1 ,-a BJ&End | a BU we rFigure3dt er mi n
A, B).

The result shows high expression levels oféNBpathway components in breast cancer
cell lines in the absence of any stimulation both at mRNA and protein levels. Interestingly,
MCF7 cells have the highestlevel of RelARel,land | aBU but very |l ow | e\
(Figure 3.1 A, B. On the other hand, MDMB231 cells show high levels of constitutive RelB
expressionand moderatelevels of ¢-R e | but l ow | evels of Rel A
(Figure 3.1 A, B. MCF10A cells which are netransformed cell lines have the least amount
of NF-e B p rs oompared to transformed cells. Furthermore, MBB231 and MCF7 cells
have constitutively active NB B1 a+#®®B2NpPr ot eins which were pro
and p52 respectively, whereas MCF10A has low levels 66NB-1 a B 2NRvhi ch app:

to be hactive, thus unprocesséeigure 3.1 A, B).

Overall, these findings highlight the dysregulation of thedNB pat hway (cons
activation, high expression levesnd differential expression among cell lines) in breast cancer
cells, even under basal conditions. Understanding these baseline expression and activation
patternsof N B subunits in different breast cancer
the molecular mechanisms underlying breast cancer pathogenesis and may have implications
for the development of targeted therapies aimech@dulating NFe Bsignalling in breast

cancer.
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33NFeB i s activated foll owing hypoxia treat me

Activation ofthe NFe B pat hway has been repl@95;t287d bot h
475] and in the context of a whole organi$279]. Althoughseveralmechanisms have been
proposedforNFe B act i v at iseveral questiohsyremeaimbe answered. To further
understand the mechanism of hypexiduced NFe B wi t h a f ocus on mami
lines, in this reportwe demonstrated the activation of the-BIB pat hway wunder
stimuli in MDA-MB231, MCF7, and MCF10A cell lines. These cells were exposed to short
hypoxia time courses; 5, 38nd 60 minutes of 1%0Qand the protein levels of the key NFB
pathway activation compents: IKK, pl KK, ,and®B & B U anatysee

TNFU, a typical activator of theBpatthwayytwa
and HIFL U | e v e lanalysd as a pdsitive control for hypoxic stimulation. Western blot
analysis of the treatemkllsshowed aontinuous increase of FHEU i nd u ¢ tminates f r o m
upwards only in breast cancer celsgure 3.2A and B), whereasnoHI L U i nduct i on
observed in MCF10A cells at the times indic&téidure 3.2C). Also, phosphorylation of IKK
(ser176/180) and | aB Umifuesfolomng hydd tresdmentwas e ar |
observed in the breast cancer cell lirégre 3.2Aand B . I nterestingly, a
phosphorylation independent of the total protein was observed at 60 maiutgpoxia
treatment in the three cell lineshis could result from feedback inhibition or activities of
phosphatase#dditionally, as opposedto TNB t r eat ment thédegradatiane s ul t «
of 1aBU, hypoxia stabilizRgdre32ABAdBi n t he cel l

Given the activation ofthe N6 B pat hway in hypd8x mRNAanalvyed
was investigated at short hypoxia time coursesoAtinuousncreasedn ReB mRNA levels
was observedcross the times courses considered whereas RelA oscillates between the time
courses andl a Bignificantly peaked &80 minutesof hypoxia treatmentRigure 3.2B). the
decreased phosphorylationlofe Baulier observed at 60 minutes could be a result of reduction
in MRNA levels ofl & Bdhis time.

Overall,this aspect of the stutke monstrated early induction
lines as opposed to naransformed cellghe activation of the NB B p a vidlMkd ly @ B U
signalling, and the stabilization df @ Budder hypoxic stimulatiorin both normal and

cancerous mammary breast cells.
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3.4Hypoxia altersNFe B pr ot ein expression in breast ce

Several studies have demonstrated the effects of both intermittent and sustained hypoxic
stimulation on specific N6 B me 9% 475, 476]

In light of the activation of the NB Bpathway in hypoxia in breast cell lines, we set to
examine the response of theddFB pr ot ei ns -REIREARaMB,BndRNFE B2 ) ct o
hypoxic stimulation in breast cell lines at both protein and mRNA levels. NBA231,

MCF7, and MCF10A cells were exposed to both short and long hypoxia {jLl66@ courses

and lysed within the InVivo 300 controlléd chamber to prevent reoxygenation. Western

bl ot analysis of whole cel |l niinutesaFigere 3s3A)o we d i
which increasesp untl 4 hoursonly in breast cancer cellBigure 3.3B). However, we could

not detect HIF1U in 2MaBdf hypoxia exposuseH ufm vais | af t
drastically reduced following prolonged hypoxia treatment (at 24 hours), suggestatipack
mechanismthat downregulatesHIF1U expression to maintain cellular homeostadise

expression levels of RelB increased rapidly at 2 and 4 hours after which it decreased at 24
hours. NFe B 1 ,-a BJ&nd cREL protein levels were also increased following 2 ahduis

1% O treatment RelA protein levels were induced atrbnutes hypoxia and thesscillatedat

2, 4, and 24hours 1%Q (Figure 3.3A). NF-a Biucleari cytoplasmic oscillation is a common
phenomenon which has been attributed to be r

To further characterizBlFF-e B e x pr es si on ,iquantithtiveePLR analyses| | [
were carried out to determine if transcriptional levels ofdNBsubunitgenes are affectday
hypoxia. MRNA was extracted from breast cell lines exposed te &)dR4-hour hypoxia
treatment, and quantified through gPCR. Transcriptional analysis by qPCR demonstrated
significant changes in MRNA levadis a cell and hypoxia durationdependent manneNF-

9 B2 a ndereRignifiéantly increasad MDA-MB231 cellsacross the time coursesgith

NFFe Bl mMRNA | evels signi fat2dehoutsbfyhypaxibtteagmeatd i n
(Figure 3.30.

Overall, this study demonstrates that breast cancer cells respond to hypoxia by altering the
expression of proteins and mRNevels ofNF-a Bamily members, further demonstrating the
crucial rolesof NF-a Bsubunitdan cellular responses to stress and inflammation. These findings
alsoshed light on how cancer cells adapt to low oxygen conditions, potentially contributing to

tumor growth and survival.
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Figure 3.3: Hypoxia alters NFa B
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3.5Hypoxia-inducedNFe B i s transcriptionally active

Previous works from the Rocha laboratory have demonstrated induction-afBORA
binding, accumulation of RelA in the nuclea@d NFe B t ranscri ptional ac
hypoxia treatmen{295]. The study identified the hypoxiaduced andRelA-dependent
upregulation of IAP2 and H8 and downregulation of PTEN mRNA through qPCR analysis in
U20S, MDAMB231, and MCF10A cell$295]. They concludethathypoxiainduced NFs B
both activates and inhibits target genes.

Following the activatonof N B pat hway andoBl peotéionasiofl
we investigated the transcriptional activity of the activated pathway in the three breast cell lines.
MDA-MB231, MCF7 and MCF10A cells were treated with 1@ for 2, 4 and 24hours and
subsequently processed to determine the protein levalsnoé previously validateNF-a B
targets] AP1, A20, TNIP1 (ABI N1), NFIFigde348HLH40,
The results showed alterations in the levels of these praaeitie different hypoxia time
courses, with most of the protein levels increased ah@ 4hoursof hypoxia treatment, and a
general decrease in protein expression ah@4rsof hypoxia exposureThis suggest these
genes are all hypoxigesponsiveCyclin D1, NFIL3, BHLH4Q and elAP1 protein levels were
robustly increased in MDMB231 and MCF7 breast cancer celsmparedo MCF10A.This
observation further explains the significant functionbslBfe Bsignalling in apoptosis and cell
survival (IAP1), in cell cycle regulation and cell proliferation (cyclin D1), and in regulation of
gene expression in response to various stimuli, including stress and irsigiaiéng(NFIL3
and BHLHEA40).

Additionally, gPCR analysis was carried out loypoxiatreatedMDA-MB231 cells to
determine the modulatory effects of hypoxia on-&Btargetgenes at transcription levels.
MRNA levels of A20 and IAR were significantly upregulated followingh®ursof hypoxia
stimulationwhile BHLH40wasupregulated at Aours(Figure 3.4B). similar to protein levels,
a general reduction in mMRNA levels was also observed following prolonged hypoxia treatment
(24hours)

Overall, the above results show the modulatory effects of hypoxiaenBIF t r anscr i pt

activity in breast cell lines.
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3.6 Mechanism of Hypoxiainduced NFa B

Multiple mechanisms have been proposed for the induction éd®BF i n | ow o0XYy
concentrationf295, 477]NF-a B a c t hasheen deraomstrated to require IKK, TAK1 and
CAMKII but not PHDs or HIF1 J295] in mammalian cellsLikewise, ird5 which is the
homologue of IKK inDrosophila melanogastehas also been shown to be cruciahigpoxia
inducedNF-s B Dirosophila[279].

Previous works have shown that a member of the mitagéwated protein kinase kinase
kinase (MAP3K) family, called MAP3K7al s o known as transforming
b Jactivated kinase 1 (TAK1), phosphorylates and thus activates IKK on serined gérine
181[179, 255] These family of kinases upstream of the IKK complexhgy@oxiainducible
[478, 479]and have been demonstrated to activate IKK in response t&JTNF i nt er | euk i
(1'L1b) and |-likgracepdoss[180]f t he t ol |

Since we have shown earlier that-dFBactivation under hypoxia stimulation is IKK
dependent Kigure 3.2A), we hypothesize that hypoxiaduced IKKKNF-a B i s TAK1
dependent. To investigate this, MEMIB231 and MCF7 cells were then treated with sSiRNA
that targets TAK1 oligonucleotidebefore shorttime hypoxia treatment and cell lysis.
Knockdown of TAK1 in these cells resulted in inhibition of IKK phosphorylation on serine 171
and serine 181, and also inhibition of IKK activity as revealeddyr ast i ¢ reducti o
phosphorylation on ser32/&6the two cellsFigure 3.5A). Given the observed effect of TAK1
knockdkownonNFeB acti vation, and a report in 2010
activation through CaMKI[295], thereby playing a role in the activation of B under
hypoxic conditions, we then decided to inves
abol i s N epHosphdfykatibron serinel76/180and consequenthpeBU phosphor vyl a
on serine 32 and 3@-igure 3.5B). Taken together, inhibition of the activities of the major
players of canonical N B acti vation pat hioleving CAIMKIL1I Gand
knockdownsuggesthypoxiainduced NFe B act i vati on i n breast (o
CAMKI I 0 and TAK1.

In conclusion these resultprovide insights into the molecular mechanisms underlying
NF-eB activation i n r éeseewam orunderstanding the bialogy,of whi c

breast cancer
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3.7Hypoxia induces phosphorylation on specific serine siiesonN&B pr ot ei ns

Previous work from the Rocha lab has demonstrated hypaciseced phosphorylation of
RelA on ser468 and ser536 in U20S and Hela ¢elliswing a short time hypoxia treatment
[279]. They observed increased RelA phosphorylation on ser536 and ser468 independent of the
total protein.

We investigated hypoxinduced phosphorylation on both RelA and RedBbunits
following long time hypoxia treatment in MCEOA, MCF7 and MDAMB231 cells. These
cells were exposed to,24- and 24hours hypoxia treatment, lysed on ice to prevent loss of
phosphorylation that could result from activities of phosphatases, and the total protein was

analysed using selected antibodies for ser276, ser468 and ser536 of RelA, and ser573 of RelB.

The results presented kigure 3.6 arerepresentatives dhree biological replicates of this
investigation in MDAMB231 andwo biologicalreplicatesfor MCF7 and MCF10A cell lines.
In MDA-MB231 cells, as expected, the positive control for hypoxia;HF was st abi | i
2- and 4 hours hypoxia treatment but reduced following 24 hours hypoxia, attributable to
various feedback loopprolonged hypoxia which decreases stability of #HIE  m Raid\ ,
other regulatory factors that regulates HIF signallingesponse to hypoxia, we observed an
early and a robust induction of phosphorylation on ser536 of RelA at 2 hours hypoxia, which
further oscillates at-4and 24 hours independent of the total prokégure 3.6A The observed
oscillations suggest a dynamic and regulated response to hypoxia stimulation. Additionally,
ser468phosphorylation was observed mainly atd 4 hours hypoxia which becomes almost
nondetectable at 24 hours when compared to ser536. Hypoxia also induced the
phosphorylation of RelA on ser276 following, 2- and 24 hours hypoxia, with decreasing
level of phosphorylation as hypoxia progresgegure 3.6A). Furthermore, we observed
phosphorylation of RelB subunits on ser53&%520f mouse) which decreases with increasing
hypoxia exposure and also dependent on the total protein Fegal€ 3.6A). Ser276, ser468
and ser536 phosphorylation were also observed in MCF10A and MCF7 cells following hypoxia
exposure igure 3.6B) but these are only preliminary observations
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residue in breast cell lines MCF10A, MDA-MB231 and MCF7 cell lysates wer
subjected to immunoblotting with selected phosahtibodies (as shown) followin
2-, 4 and 24 hours hypoxia treatment. A robust hypomduced NFs B
phosphorylation were observed on serine residues 536, 468 and 276 of Re
RelB in the three breast cell lines.
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3.8Protein sequence analysis of hypoximduced RelA and RelBphosphosites

To gain more insights into the functional importance of the identified hypoaisced
phosphesites, an analysis of their protein sequence and evolutionary conservation was carried
out. Homologous protein sequences of the RelA and RelB were obtained éwgdnisms
comprising ofMammals (Humani H. sapiensMousei M. musculusRati R. norvengicus
Lion i P.leo, Pigi S. scrofa Olive Baboori P. annubis Dogi C. lupus Guinea pig C.
porcellusand Goai C. hircug, fly (Fruit fly i D. melanogastgr Fish (Zebrafishi D. rerio)
andBird (Chickeni G. gallug from the UniProt proteome database using their UniProt entry
identifiers as presented fiigure 3.7AandFigure 3.8A. The sequences were then aligned with
Clustal O in Jalview?2.11.2.7. Using the Human RelA and RelB sequence as a reference, the
full length of the proteins and the percentage identities of RelA and RelB in the other species
were determined using NCBIprotein BLAST website.

Among the species considered, Olive Babd@ap{o anubi¥ has the highest sequence
similarity of 99% and 98% for RelA and RelB respectively compared to human RelA and RelB,
whereas fruit fly Drosophila melanogastgrand Chicken Gallus gallu3 have the lowest
percentage sequence similarities of 48% and 49% respectively compared to Higoaa (
3.7A andFigure 3.8A). This percentage similarity scores can be attributed to evolutionary
divergence or distance among this species. Although located at diferamd residues on the
Rel homology Domain, Human ser276 of RelA is fully conserved in all the 12 organisms, while
ser468 and ser536 which are both located in the transactivation domains of igeta g&7B)
were absent only iB. melanogasteandD. rerio Figure 3.7A Therefore, ser276, ser468 and
ser536 RelA have evolutionary conservation scores of 100%, 70% and 59% respectively across
the 12 organisms considered.

Similarly, protein sequence alignment and analysis of RelB showed that the human
phospheser573 located on the TAD of RelB is conserved at different serine residues in 9 out
of the 12 organisms studield. melanogasteandD. rerio lack RelB homologue, while ser573
RelB is not conserved iB. gallus,given ser573 RelB a conservation score of 43% across the
12 organisms considereligure 3.8; A and Q.

In summary, the domain location and level of conservation of ser276, ser468, ser536 of
RelA and ser573 of RelBcross different species, suggest the functional conservation of these
phosphesites and also gives insight into the evolutionary history of these proteins in a wide

range of organisms.
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A
Uniprot Organism Sequence Phosphasite

(RELA) Length Identity position

_-_---

Q04207 Mus musculus (Mouse) 88%  S276 S467 S534

_-_---

E1JHK3 Drosophila melanogaster (Fruit fly 677 48%  S312 -

_-_---

AOABC8WTZ8 Panther leo (Lion) 93% S276 S470 S538

_-_---

AOA2I3LDS3 Papio Anubis (Baboon) 99%  S276 S467 S535

_-_---

P98152 Gallus gallus (Chicken) 49%  S281 S467 S542

_-----

| AOA452EPSS | Capra hircus (Goat) 90%  S302 S488 S556

3276 5453 5535

RELA
(p65) 1 —[ REL homology domam ]—| TAD2 |_| TAD1 |_551
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Figure 3.7: Phosphoeser276,serd68 and ser536 of RelAare evolutionarily conserved

(A) A table of evolutionary conservation of RelA protein sequence in seleweunals

(Human, Mouse, Rat, Lion, Pig, Olive Baboon, Dog, Guipigaand Goat)fly (Fruitfly),

Fish (Zebrafish) andBird (Chicken). This table shows the protein sequence length
percentage identity of RelB in the different organisms with referentieetduman RelA
protein sequence, and the positions of phogpiteins in the different organisms. (i
Schematic illustration of Human RelA protein structure showing phosphorylatio
serine276 on the Rel Homology Domain (RHD), seringd4&8d serine536 on th
Transactivation domains (TADs). (C) protein sequences of the organisms ligteddre
aligned using Jalview software. The residues shown include the phosphosite 5 re

0* 0 dasnion gelse , fully conserved residue,
semticonservative mutations respectively.
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Organism Uniprot (RELB) Sequence Phosphosite
Length Identity Position

Homo sapiens (Human) Q01201 579 100% S573
Mus musculus (Mouse) Q04863 558 88% Sbh52
Rattus norvengicus (rat) D4A8H1 559 87% S553
Drosophila melanogaster (Fruit fly) - - - -
Danio rerio (Zebrafish) AOABMIP750 590 57% -
Panther leo (Lion) AOABCBWRG3 | 581 93% S575
Sus scrofa (Pig) AO0A2862S25 574 93% S568
Papio Anubis (Baboon) AOAOAOMXI1 574 98% S568
Canis lupus (Dog) AOABCOS9K6 578 92% S572
Gallus gallus (Chicken) P51509 549 58% -
Cavia porcellus (Guinea pig) AO0A286XEUO 544 86% S548
Capra hircus (Goat) AOA452ED92 645 91% S639
B
5573
?
RELB 1 — 1Z —[ REL homology domain ]— TAD [=579
125 440
C
ser573RelB

RelB Human GGGLLSPGPEA
RelB Mouse GGGLLSPGP

RelB Rat GGGLLSPGP
RelB Zebrafish SSVKEENNP

A
A
L
RelB Lion GGGLLSPGPEA
RelB Pig GSGLLSPGPEA

RelB Baboon GGGLLSPGPEA

RelB Dog GGGLLSPGPEA

RelB homolog Chick - - -« ... ...

RelB Guinea pig GGGLLIPGPEA
RelB Goat GGGLLSPGPEA

Figure 3.8 Protein sequence analysigor Phosphoser573 of RelB (A) A table of
evolutionary conservation of RelB protein sequence in selected mammals (Human, |
Rat, Lion, Pig, Olive Baboon, Dog, Guinpsy and Goat), fly (Fruifly), Fish (Zebrafish)
and Bird (Chicken). This table shows the protein sequence length and percentage
of RelB in the different organism with reference to Human RelB protein sequence, a
positions of Ser573RelB of human in the different argms. (B) Schematic illustratioof

Human RelB protein structure showing phosphorylation on ser573 residue (S573)
amino acid sequence of the Transactivation domain (TAD). (C) protein sequences
organisms listedni A were aligned using Jalview software. The residues shown includ
phosphesiteN5 r esi dues. 60*06 denotes singl e,
denote conservative and seocoinservative mutations respectively.



3.8.1 KINASE PREDICTION FOR RELA AND RELB PHOSPHOSITES

In other to understand the biology of cellular control by a specific phosphorylation
event, it is important to identify the specific kinase(s) that targets the phegpbhoSeveral in
silico techniques have been designed to attempt to predict phosphorylation sites and kinase (s)
that may be responsible for a particular phosphorylation event; some of these techniques depend
on kinase inhibition profil¢480], while some such as NetPhos and DIPHOS utilize substrate
specificity [481]. Due to limitations of some of the available kinase prediction systems, we
utilized three different kinase prediction systems; NetPhos3.1
https://services.healthtech.dtu.dk/services/NetFhbs PhosphoSitePlus v6 7.1.1 kinase

prediction https://www.phosphosite.org/kinaseLibraryAction.actioand Group based

prediction system 5.0 (GPS 50}p://gps.biocuckoo.cto predict kinases that target ser276,
ser468 and ser536 of RelA and ser573 of RelB, which we have found to be hiyyloxidle
phosphorylation sites={gure 3.6). Netphos 3.1 is a server that utilises neural networks to
predicts phosphorylation on serine, threonine and tyrosine residues and also predict kinases
targeting these residues in eukaryotes. Netphos3.1 makes predictions from 17 kinases, namely:
ATM, CKI, CKII, CaM-II, DNAPK, EGFR, GSK3, INSR, PKA, PKB, PKC, PKG, RSK, SRC,
cdc2, cdk5 and p38MAPKI82]. PhosphoSitePlus kinase prediction utilised synthetic peptide
libraries to profile the substrate sequence specificity of 303 Ser/Thr kinases, comprising more
than 84% of those predicted to be active in hunjd@8]. GPS 5.0 is an updated version of
Groupbased Prediction System constructed to predict phesipd®for 44,795 protein kinases
in 161 eukaryotes based on these protein classes: AGC, Atypical, CAMK, CK1, CMGC, PKL,
RGC, STE, TKL and OTHERS which includestiKK group. GPS 5.0 also supports the
prediction of DUAL-specificity kinasespecific phosphaites [484]. Although the latest
webserver version of GPS is GPS 6.0 whiah predicé4,046 Protein Kinases in 185 species,
including 500 human protein kinases is availd#&5], GPS 5.0 gave a wider coverage, more
experimentally confirmed kinases and higher level of agreement with the other prediction
systems utilised in this study than GPS 6.0 for the serine sites investigated.

For each of the prediction systems, the predicted kinases were areageding to
their Scores/percentile rank and the first 10 kinases with the highest scores were chosen. This
is because the higher the score, the more the potential the residue is phosphorylated. Results
are presented ihables 5.1 NetPhos, PhosphoSitePlus and GPS 5.0 predicted ser276 of RelA
to be targeted by the AGC group of kinases; (PKA, PKG and PKC). Other predicted kinases
include CaM kinases, MSK, RSK, GSKb and ot h#atios of RedPAlbo @16 bhas
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https://services.healthtech.dtu.dk/services/NetPhos-3.1/
https://www.phosphosite.org/kinaseLibraryAction.action
http://gps.biocuckoo.cn/

been experimentally validated to be catalysed by the catalytic subunit of486pand by
MSK1 [392] under LPS and TNf& stimulation respectively.

Predicted kinases for ser468 of RelA inclitdel KK group (b and U0),
kinases, MAPKs and otherBreviousresearcthasshown ser468RelA phosphorylation to be
medi ated by | KKU uiMlgG6SRETRE I phecopsho mull antt é ® nRe
vitro, al so inhibition of GSK3b by Li Cl preve
inhibitor) 7 induced RelA phosphorylation on ser468, whaggestshe involvement of
GSK3b in ser 468 R41]Reld phasghprlationyyn serb636 ¢ nhe most
studied and a long list of kinaskasbeen ascribed to this site. Our prediction result showed
| KKU, | KKb, | KKU, TBK1l, GRKs, CKI , Tdleésl and
3.1 A list of someexperimentallyalidated kinases th#étrgetRelA on ser536 is presented in
Table 1.0 Similarly to RelA phosphorylation site prediction, possible protein kinases that
target RelB on ser573 were also investigated using Netphos3.1, GPS5.0 and PhoshphoSitePlus
Kinase library. The three prediction systems predicted different CDKs (CDK5, CDK6, CDK9
and K19) as kinases that phosphorylate ser573 RelB, other kinases préutitidel K K U,
GSK3b, CKIIl and others.
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TABLE Kinase prediction for RelA and R
PhosphoSitePlasd ki®%osre elaicbhr acrayt egor vy,
hi ghest scoN8I KBK8 Bhd | K&EB. bath refer
Position Sequence GPS5.0 Phosphosite+ Netphos3.1
REI-Q04206 |
276S LRRPSDRE PKCa RSK2 PKA
276S| LRRPSDRE GRK6 CAMKI1A PKG
276S| LRRPSDRE SRPK1 RSK4 RSK
276S LRRPSDRE CLK1 PIM2 CaMill
276S| LRRPSDRE PRKAA2 DAPK1 GSK3
276S| LRRPSDRE PKG PKACA CKII
276S LRRPSDRE ROCK1 SGK1 CKIl
276S LRRPSDRE DYRK1A CAMK1D ATM
276S| LRRPSDRE AURKA CAMK1G DNAPK
276S| LRRPSDRE PRKCzZ PIM1 cdc2
468S| TDLASVDN GSK CK1G1 CKII
468S| TDLASVDN IKBKE CK1G3 PKC
468S| TDLASVDN DYRK2 PLK2 CaMil
468S| TDLASVDN MAPK13 CK1A GSK3
468S| TDLASVDN IKBKB GRK6 P38mapk
468S| TDLASVDN PLK3 DSTYK cdc2
468S| TDLASVDN IKK CAMK2G CKI
468S| TDLASVDN GSK3B GRK3 ATM
468S| TDLASVDN PIM3 IKKB DNAPK
468S| TDLASVDN GCNZ2 DLK RSK
536S EDFSSIADN CHUK IKKA cdc2
536S EDFSSIADMN TBK1 CK1G3 CKII
536S EDFSSIADN BARK GRK1 CaMill
536S EDFSSIADM GRK2 IKKB GSK3
536S| EDFSSIADN IKBKE CK1G2 CKIl
536S EDFSSIADM PRKCZ GRKS3 DNAPK
536S| EDFSSIADI IKBKB GRK6 ATM
536S EDFSSIADM ROCK1 GRK4 P38mapk
536S EDFSSIADN PRKCH IKKE RSK
536S EDFSSIADM NKF2 GRK2 PKG
RELR Q01201 |
5735 GGLLSPGF CHUK P38D P38mapk
5735 GGLLSPGF MAPK9 P38G GSK3
5735 GGLLSPGF MAPK12 PRP4 CKIlI
573S| GGLLSPGF CDK6 P38B cdk5
573S| GGLLSPGF IKBKE JNK2 CaMill
573S| GGLLSPGF CMGC ERK1 cdc2
5735 GGLLSPGF MAPK11 P38A CKIl
5735 GGLLSPGF MAPK13 CDK19 DNAPK
5735 GGLLSPGF CDK9 JNK1 ATM
573S| GGLLSPGF RPS6KB. KIS RSK
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3.9 Investigating kinases responsible for the hypoxitnduced NFe B phosphoryl at i

Several kinases have been identified to phosphorylatee BF s ubuni t s at
phosphorylation sites under a wide range of stimuli conditions andelt@ependenmanner
(see section 1.9)1The IKK group of kinases are not only involved in-AlB  act i vati on
have been implicated istimuli-inducedphosphorylation of all N B pr ot ei n me mb e
specific residuesT@ble 1.0 1.3) . | KKU has been reported to p
ser472 of RelB, ser525 and ser557-&al, serl08, serl23 anerl872ofNFe B2. On t he o
h a nd, haksbked Hbemonstrated to phosphorylate ser468 and 536 of RelA, ser 472 of RelB,
ser557 of eRel and ser923, 927 and 932 of M 1 . | KKU has also be
phosphorylate RelA on ser468 and ser§3@ble 1.01 1.3). Additionally, the phospho
prediction results also identified IKKs as a possible kinasetdngetsNF-e B pr ot ei ns

phosphorylatior{Table 3.1).

GSK3b i s an o thashbeen dhown toeospholylate most-8lB pr ot ei ns
GSK3b phosphoryl ated R@0lJandumdeTsNeRr 4 GtBhulationn st i t u
[487]. G S KikosphorylatedRelB on ser573 (ser552 in mouse) in response to
TPA/ionomycintreatmen{416, 488] G S K Jlfiosphorylated serine 903 and 907 of&iB 1
constitutively and383] 66 KGlbotdigeted sert07 and 11a-NFo n
a B fr phosphorylation as a result of the interaction betwee NB-a2nd Fbw7489].

We therefore set to investigate t-indacedpossi b
NFFeB phosphorylation on ser536 RelA and ser?5
MB231 and MCF7 cells were either treated with -Thiophenecarboxamide,
2[(aminocarbonjamino}-5-(4-fluorophenyl) [TPCAL] i a direct dual inhibitor oboth NF
CB and [490[ APCALlinhibitst KKabt a final concenG®8kK3bon o
inhibitor (5521). Cell lysates of treated and control samples were analysed for the presence of

the phosphorylation earlier observed in RelA and RelB under hypoxia stimyEitjome 3.6).
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3.9.1 Hypoxia-induced serb36RelA but not ser573RelB phosphorylation is IKK-

dependent

Following the kinase prediction resultsettion 3.8.] above which predicted CKIl,
GSK, Ca MKI | (Netphos 3.1), | KKU, | KKU and TB
536, we attempted to investigate the specific kinasetiadphorylateser536 RelA in hypoxia
using inhibitors that target | KKb. To inve
MB231 and MCF7 cells were treated with TPQA (3 Thiophenecarboxamide,
2[(aminocarbonyl)amine}-(4-fluorophenyl)) at a final concentration®f ¢ M mmutes 3 0
prior to TNFU or hypioxiantekehémenve dRCAsel ¢
with an IC50 of 17.9 nM, and morethanaf2d | d sel ecti vity owé&r | KKI
signallingandinhibits the production of preinflammatory cytokinesn vitro andin vivo[490,
491]. Thus MDA-MB 231 and MCF7 cells were either treated with DMSO or with TRICA
and 10 ng/ el TNFU.

INTPCA1 treated cells, we unexpectedly obse
on ser170/180 of IKK independent of the total protein followingn@@utesof T N Ftkgatment
(Figure 3.9A) . Additionally, I nhi bition of | KK ac

phosphoryl Bt sbabahdzabBon was al slaneahdnisner v e d .

of inhibition does not affect kinases upstream of IKK and or, IKK serine residues

phosphorylated may not be required for 1aBU
Similar to what we report &iduesS2A) |, i dra BWi twa s

degraded in MDAMB 231 cells following30 minutesof T N F tekatment(Figure 3.9A),

|l nterestingly, | aBU I-evehdeweTNF BiguseB.bAnubkz atdi b

which confirms the known fadghat TNFU i nduced | aBU degradati on
Following the successful inhibition of IKK activity by TPCH MDA-MB231 and MCF

7 cells were then exposed to 1% oxygen for 2 and 24 hours following 30 mdiEEA-1

or DMSO treatmentSimilarly, t o t he TNFU treated experi men

stabil i zaandiomhiobfi tlisoBnU,of | aBU phosphorylatio

nomoxic and hypoxic TPCA treated samples compared to the DMSO control samples

(Figure 3.9B).Additionally, and most importantly, we observbatphosphorylatiorof RelA

on ser536 was abolished in both cell lines independent of the totalé¥ell&(Figure 3.9B),

which suggests that hypoxiaduced RelA phosphorylation on ser536 may be mediated by

| KKb i n buBt2B1 aMIDMKCF7 cells. On the contrary, we observed s&&B3

phosphorylation in both treated and control samdégu¢e 3.9B), which suggestghis site

may not be an | KKb site under hypoxic sti mul
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392 Ef fect of GSHKn8urteddliRa Bh.y po xi a

Gl ycogen synthase kinase 3 (GSK3b) is a s
regulate glycogen metabolism through phosphorylation of glycogen syntteaggycogen
synthesizing enzym@92][493JHo wever , GSK3b is now known to
of more than 100 proteins throughvitrok i nase assays a@di,gwiBgK3 b i n
GSK3b roles in many @I Ipuloarei mrsRetdexseseepsa. fAolrl
reported to be GSK3b TPablekQTamerlyandTableolB.In ar get
vitro phosphorylation of a GSPp65(354551) by recombinarES K3 b and an endo
phosphorylatiorhighlighted by calyculin Atreatment(a phosphatase inhibitor) which was
inhibited by LiClia GSK3b i nhibitor h[d0i]eG SaK Issalsddbeeean d o c
shown to target ser536 of RelA bathvivo andin vitro [380][381]. Addi ti onal |l vy,
forms a complex with RelB n resting <cell s, and treating
inhibitors or with siRNAhasbeen shown to prevent sigratuced RelB proteolysigi16,
488]. Interestingly,in mice, ser552 (ser573 ihuman$ of RelB has been identified as a site
targeted[4y GSK3D

Following theaboveand the kinase prediction result which also showed ser276, 468
and 536 of Rel A and ser 57 3JabR8N)B &SK@Bds s inthli e
was carried out to investigate its possible role in RelA and RetBphorylation under hypoxic
conditions. Bi5521, a norcovalent, ATPcompetitive pharmacological inhibitor which
i nhi bits GSKS3 Boofald nM,\andtitsnalegtie B&-4181IwBichservesas a
negative control with an Kg of greater than 10,0000 M agai ns {495,GSK36b
https://www.opnme.com/molecules/g3ki-5521, were usedAfter optimization (result not
shown), MDAMB 231 and MCF7 cells were treated with either48B1 (control) or B5521
(treatment) at a final concentration of 10 nM forrBidiutes before hypoxic treatment.

We observedB6 521 has no effect on GSK&8dnint ot al
phosphorylation by GSK3b in bot telllinesrwmemx i ¢ a |
compared to BH481 treated cellg-igure 3.10) We al s o o0 b s@atemvrealelsi ncr e ¢

foll owing GSK3b inhibition i suggbstabhfbitiomofr mo xi c
GSK3b -b§2 Bl al s o -Catenie degnadateonl as fmbserved in LiCl treated cells

[496]. However,the detection of ser536 RelA and ser573 Rellh t he absence of
both adequate and low oxygen conditions was obsdRigdre 3.10) Thus, this excludes a

rol e for GS-KdugedReA addR@Bphdsmhorylation at these sites in NMBA

231 and MCF7 <cell l i nes. | n t5820 appeiars to gtdbijize | n hi
RelB both in normoxia and hypox{&igure 3.10)
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3.10 Functional analysis of ser573RelB phosphorylation

Earlier in this study, we identified phosphorylation on ser573 of RelB following 2 and
4 hours ofhypoxiaexposuréFigure 3.6). We also showed that this site has a 43% conservation
score among th&2 organisms considere&i@ure 3.8A). As an initial step to elucidate the
significance of this phosphorylation site, ser573 residue was mutated into alanine (RelB
S573A) and glutamate (RelB S573E) to generate phesploand phosphonimetic
phenotypes respectivelydble 3.2. We then assessed the effect of this single mutation RelB
transcription activity, and subcellular localization. Due to relative difficulty in transfecting
MDA-MB 231 cell lines[497], beforethis study, we examined transfection efficiencies of
MDA-MB 231 and MCF7 using three different transfection reagents; genejuice, turbofect and
Lipofectamine. These cell lines were transiently transfected with GFP plasmid usgenthe
juice and turbofect transfection reagents followitte manuf act urer &8s i nstr
transfection reagents produced high GFP plasmid transfection efficiency in MCF7 cells, but
low efficiency was observed in MDMB 231 cell linesFigure 3.11 A and B. Lipofectamine
wasfurther used to transfect GFP into MEMB231 cells and the transfection efficiency was
also very low Figure 3.11C). Due to the low transfection efficiency observed with MDIB

231 cells, these cells were not used for transfection.

Following site-directed mutagenesis and maxi preparation, RelB wildtype,
phosphoserine 573 mutants A and phosphoserine 573 mutant E were validated through agarose

gel electrophoresid=(gure 3.11D)

Table 3.2: RelB Serine573 mutation information

Mutant Description Abbreviation
1 - RelB wildtype RelB WT
2 Phosphedeficient RelB serine 573 loss of function. RelB S573A
3 Phosphemimetic RelB serine 573 mimic of function RelB S573E
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MDA-MB231
MDA-MB231 MCF7 cells

Marker RelBWT pS573A pS573E  Marker

gy, Tt
S [T

FI GURSE :1Qe | | transfection osprnth M3 s P
val i datMD2 34AnMCF7 celtlrsanBdreet ed w
usi ng Turbofect, Genejuice and Li
transfection eVMBizZz3knay 4$hawmn MDY t I
, B) . Foll owing site directed muemn
573 mutants A and E were validated
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3.10.1 RelB Ser573 mediates differential patterns of gene expression.

To further determine if RelB ser573 phosphorylation is required for activation of a
subset of validated hypoxiaduced RelB target genes, MFand HEK293 cells were
transiently transfected with 1 pg each of RelB wildtype and mutants in normoxic coradition
analysed for RelB targets; cyclin D1 and BCL2, through immunoblotting and luciferase activity
assay Following RelB wildtype and mutant overexpression in MCF7 and HEK293 cell lines,
whole cell lysates were probed for cyclin D1 and BCL2 and blots sueastified using image
J.

In MCF7 cells, both proteins were significantly reduced in the mutants compahed to
wild type, with the phosphanimetic (S573E) having the least gene expresst@u(e 3.12 A
and B). Cyclin D1 was not detectable in HEK293, however, BCL2 showed a slight increase
with S573A while we observed a decreased expression with the S573E rhigare 38.12 C
and D). Furthermore, HEK293 cells transfected with RelB plasmids (wildtype and mutant)
were cotransfected with BCL2 and CycliD1l promoterluciferase plasnais. Following lysis
with passivelysis buffer (PLB), RelB transcription activity on Cyclirl and BCL2promoters
was measured in a luciferase assay luminometer. RelB ser573 mutation did not have any
significant effect on BCL2 transcription, howeyeaffected Cyclin D1 transcription as it
showed a significant 6% and 19% decrease with S573A and S573E respectively compared to
the wildtype Figure 3.12 A and B.

In summary, phosphorylation of Ser573 of RelB alters the transcription of RelB targets
in a gene andell-type-specificmanner. The differential expression of genes observed could

also result from interplay with other signalling pathways affected by Reiation.
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3.11 Discussion

Transient (acute) and chronfarélonged hypoxia both occur in tumour environments and
both have been associated with HIF anddNB acti vati on and changes
[498]. In this chapter, we investigated the effecslodrt and prolongellypoxic stimulation on
NF-eB pat hway -a28tsubuinons NRosphoaybeti genasd

In most cells, NFoe B i s present at l ow | evels i n
constitutive/aberraritiF-a B | ev el s h a v sevebakeed Imesrarel pissued péagingi n
both physiological and pathological functigd33]. Previous studies have shown a correlation
between decreased NFB | evel s and increased wihabight osi s
constitutive NFe B | eswck lass lymphocyte$499], mammary tumourg500], non
transformed mouse hepatocy[g81], adenocarcinomdd73]. This suggests high constitutive

NF-eB | evels is required for cell #13ar survi va

This aspect of the study revealeda@nstitutive expression of N6 B pr ot ei ns,
higher expression levels in breast cancer cell lines (MIBR31 and MCF7) compared to the
untransformed breast cell line (MCF10A). This is not unexpected as earlier studies have shown
constitutive expressiorf NFFe B pr ot ei ns i [347,6562n50%and vereldw i ne
expressionsof @B proteins in nuclear extracts of wu
[500]. We reported annexpectedhyhigh level of eR e | addi hoaBCF7 cell I i
might be dug¢o the ER+ status of MCF7 cells. ER has been showntoinhibds BF vi a sever
mechani sms which include; I nhi biti onandf | KK
blockage of NFo B DNA {504} diEhRU sup-pBessedwdfogeni n an
dependent manner when exposed to nanomolar concentratiorstajgenacross different
cell lines[505-507] including MCF7[508]. Severalstudiesh ave al so document e
exerts an inhibitory influence on N&B  a c 506y 507%] Y\nother study reported that
oestrogere nhanced | aBU mMRNA a nteaten quescent RASMGCs gellsl s i n
t hrough | a[B09] Irsthatstudy,eestiogerd i d not i nhibit-12aBU

induced degradation but t oestraden Tl NeRtdaied cells f | @B
compared with T NIBOB]. dhey cygncluded ehaieseoderadecs NFso B

activity by increadi mgRNAhanexpression dheile
| aBU observed in MCF7 cells coul doestmgenl t fr

Unlike the nortumorigenic cell line, MDAMB231 and MCF7 cells have high constitutive
expression of RelB andRel, with significant levels of RelA, N B1 amB2NRt both
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MRNA and protein leveldgure 3.1A, B). The roles of RelB in cell proliferation, cell survival
and inhibition of apoptosis through upregulation of-apdptotic genes such as IAPs and Bcl2
[503, 510]and downrregulation of preapoptotic genes such as Bim and BME1] have been

well documented. A study in 2019 reported high expression of RelB in tissues of patients with
triple-negativebreast cancer (TNBC) and involvement of RelB in cell migration and invasion
through upregulation of MMP1. Deletion of RelB in these cells resulted in inhibition of G1 to
S transition and upregulation of p21 and &¥3]. Similarly, Studies with animal models have
associated-&el with malignant progression in sotigdmours more specifically in breast cancer
[154]. c-Relwas also found to be egggulated in 35 primary inflammatory breast canfEs9].
NF-aB2 alsohas a role in cell proliferation and cellular invasion. Overexpression eiB®F
resulted in upregulation of Cyclin D1, cyetxygenase (COX-2), matrix metalloproteinase

2 (MMP-2) andmatrix metalloproteinas® (MMP-9) in the mammary gland of a transgenic
mouse mode]512]. All these put together partlgxplainthe malignant phenotypic features
observed in breast cancer cell lines, most espedialyTNBCGlike MDA-MB231 cell line.
Also, thesefindings highlight the heterogeneity in NFBpathway activation among breast
cancer cell lines and underscore the potential significance -& Bfgnallingin breast cancer

progression and pathogenesis.

Furthermore, w observed N B acti vati on i n breast ce
stimulation via the signalosome complex (I KK
both canonical (I KKUcahkKbcahd (I-KEY}i gK&Uhior
[513]and their critical roles in mammary epithelium proliferation and aberrant activities in
breast cancer have been well documefiad]. Earlier studies showed
and | KKb activities i n pandhureamandnbouse l@readtcancers s u e
cell lines, inhibition of which resulted in decreased®B a c [#63,\6151 Several IKk
targeted blockers have been used to inhibiteNB si gnal |l ing in breast
which resulted in inhibition of breast tumorigend8i$3, 516] In the current studyhypoxia
induced KK compl ex resulted in phosphorylation o
stabilization as opposed to | aBU de€igureadati o
3.2A). This step is an irreversible and the primary regulatory step that contre& BNF
signalling[468, 517] Fr ee | aubdihbléeasd itk riapidrdéggadation is controlled by
its PEST domain. However, in unstimulated cells, bindingofoNBE t o | aBU masks
domain and prevents its degradatif5i8]. Upon stimulati on, | aBU

ubiquitinated and degraded via the proteasomes, leading-aBNfathway activatioj468,
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519]. However, similar to previous wofR95], we observed | aBU stabil
stimulation in breast cell linefigure 3.2A).Inducible IKK-me di at ed phosphoryl a

on ser32/ 36 appears to be a main t[46B]lget f o

Phosphorylation of |1 aBU on Tyr42 have been d
and degradation under pervanadate stimuld@dlwh er eas | aBU st abi |l i zat
under RO -induced phosphorylation on Tyr4221]. | @BU stabilization o

has been ascribed to SUMOylation activagidition of SUMO (small ubiquitiiike Modifiers)

proteins to specific lysine residues on target proteip22]. SUMOylation is
hypoxia/reoxygenaticinducible[523] and SUMO1 has been reported to competitively targets
Lys21 of 1aBU, which is also the site for 1|a
[524]. Studies have shown differential regulationofdlB si gnal |l i ng as a r es
SUMO2/ 3 <c onj u[§28,526]Far exaraple) oseBekpression of SUMO1 prevented

| @BU degr adai amHsiinhubton in fibidiFast cell lines but inhibited NF

aB act[b2Blati on

We observed rapid and robust response of dFBsubunits to hypoxia stimulation as
shown byanincrease in RelA and RelB levels as early asriutes of 1%, exposurgFigure
3.3A). This rapid response may be becauseaNBE pr ot ei ns are prefor me
cytoplasm, bound to inhibitor proteins and so do not go through the process of protein synthesis
[527]. We observed changes in the mRNA and protein expression levels of RelA, fRdB, c
NFFeBl avdB2NFn response to hykgorg3.3B, @ fThisisonger
not unexpected, as breast cancer is an inflammatory disease amdBNFa c- bding pré y
inflammatory, is constantly observed in breast ca[8&2]. With theavailable evidence, there
is a strong correlation between the -NFB di mer composi ®Bon, I
expression/activity and the level of invasiveness, malignancy, breast tumour size and hormone
sensitivity of breast cell line@B61, 463] Downregulation of the NBB subunits at longer
hypoxia exposure times could be attributeddback inhibition. For exampléje inhibitor
proteinlaB Us an NFaB pathway targetwhich translocateso the nucleus following itsle
novo synthesis,removing DNA-bound RelA, thus causing a rapid repression ofaNB
transcriptional activitf183]. In addition, early experimentsi t h | aBU showed t ha
efficient in competing with DNA for binding NB B[528]. It is also important to note that
exceptRelA,allNFe B pr ot ei ns areeB tpaartghestasy .of t he NF

Additionally, we demonstrated that hypoxia modulateseNB act i vi ty i n a

mannerAs expected, HIF1U, a positive control
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minutes hypoxia stimulation and peaked at 4 hours. Prolonged hypoxia resulted in
downregulation of HIF1U0. Uchida and coll eagl
HI F1U and HI F2U e x[528].dlseg founchthaHIR-1 A 5 @ duodten@NAN s
levels diminished after 6 h and fell to bdsee levels at 12 h of hypoxiavhereas induction of
HI F2U remain the samd Itpatowedm 4 eared 1 th dHU rFs
these times pointsThey further suggested thaetreductioninHIFL U mRNA | evel s ob
during prolonghypoxic conditions primarily stems from diminished HHRI mRNA st abi |
while the elevation in HR U mRNA | evel s under prol ongec
transcriptional actiation rather than alterations in mMRNA stability.

Additionally, hypoxiainducedNFe B t r anscri ptionally altere
cl AP1, NFI L3, ABIN 1(TNI P1) ,Figire3h),TheBedherd E4 0 a
all found to be upregulated in hypoxia at 2 and 4 hours. So far, hundredsscoBNFt ar get s h
been identified which are mainly involved in inflammatory response {ONF-1), NFs B
pat hway regul ation (Cyl d, AFg 0APs), Afllcélicycle | 8 BU)
(Cyclin D1, Myc)[120. Some of these targets such- as A2
8 Bpathway through negative feedback mechanistinss is oftenthe reason for the observed
oscillations inNF-a Bsignalling dynamics. We have shown for the first time Bidt. HE40
and NFIL3 areegulatedby hypoxiainduced NFa Bsignalling. BHLHE40 (basic hel#oop-
helix family member E40) is a transcription factor that is rapidly emerging as a master regulator
of immunity and inflammatory conditiorjf530]. BHLHE40, which was recently added to the
NFFeB target gene | ist and pBalfwasaelsmfoundtabeda t o b
downstream target of hypoxia and endoplasmic reticulum g688% In T-lymphocytes and
Jurkat cells, overexpression of BHLHE40 attenuated the expression ehfemtimatory
factors, including MiR146ai a microRNA that negatively regulates N#B transcription
through inhibition of p65 phosphorylati¢s33]. NFIL3- nuclear factor interleukin regulated 3
is another transcription factor thagulatesmmune functions an mainly found in immune
cells[534]. A study in 2022 observexthigh expression of NFIL3 in TNBC compared to normal
breast tissues and other breast cancer types. Overexpression of NFIL3 resulted in suppression
of | @aBU, acdB vaitgmwmal loifngNFand i ncreased cance
binds directly tothg r o mot er  eupprekssaiB tansariptibn and protein expression
[535]. AnumberofNFe B t argets genes identified i n bre
immune systems and inflammatory responses, thus, these all reinforeeBNFs i gnal | i 1
mediatedi cancerassociatednflammation. In summary, this aspect of the study has shown
that hypoxiainduced NFe B i s CAMKI | and TAKl1l dependent,

108



were abolished following CAMKII and TAKL1 silencing respectivehigure 3.5 A, B). In
chronic hypoxiayoltagegatedcalcium ion channels are opened resulting in influx &f @eo
the cytoplasm, activation of CaMK2, polyubig
activation of the IKK/NFe B s i g[29§, K79]iActigated CAMKII also induces SUMO2/3
conjugation to lysine 21 of -2alBoRIU288stsabi | i si n
Furthermore, we investigated the phosphorylation ofeNBE s ubuni ts i n |
Protein phosphorylation involves the reversible addition of a phosphate group from ATP to an
amino acid residue of a protein mediated by protein kinases and phospHat&es
Phosphorylation, which is the most studied and one of the most essential posttranslational
modification [537], may alter protein function, localization and stability of a profB8].
Phosphorylatonof N B pr ot eins i s an i mportant posttr.
a critical rolein NFeB activation and target gene regu
conditions, phosphorylation of RelA, RelB, NFB 1 a redB 2N Fh a vreportedean n
various serine/threonine and tyrosine residues, with RelA being the most studies and modified
subunit{158, 247] Previous researches have shown that phosphorylation of RelA facilitates its
nuclear translocatiof271, 539] is required for activation of a subset of §FB dependent
geneq397, 540, 541]determines whether RelA associates with thaatorator- CBP/p300
or the cerepressor HDAC-1 [376] and also facilitates its binding to specific promd&et2,
543], depending on stimulation condition, cell type, kinase involvedaamiho acid residue
targeted Although not as much is known about the functional significance of RelB
phosphorylation, signahduced RelB phosphorylation has been shown to alter RelB stability
[415], regulate RelB promoter specificigl8] and to be required for RelB dimerizati@i7].
Additionally, NFaB phosphorylation has been reported to both positively and negatively
regulate NFeB biological functions such as cell migrati¢4i8], cell proliferation and cell
survival [419]. Most of the identified NFe Btargets play important roles in enhanced
angiogenesis, cell proliferation and aatioptosis which are hallmarks of canf&55]. Thus,
agood understandingof N\&+B p hosphoryl ation alongside the
is required to effectively control N8B acti vities and its <contr
phenotypes.
Despite the vast number @fsearchesn signal dependentN&B p hosphor yl ati
much is known regardingNdé B phosphoryl ation i n -imdugedxi a.
phosphorylation of RelA on ser276, 468 and 536, and on ser573 of RelB in cancer cells MDA
MB 231 and potentially also in ®F7 and nostransformed (MCF10A) breast cell lines
independent of the total N& B p r drigueei316 8 , B. Among the three cells considered,
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MDA-MB 231 cells had a more robust MFB p h 0 s p hFigure 3.6t Inteyestingly,

RelA phosphorylation on ser536 was found to oscillate with hypoxia time course independent
of the total RelA level. This can be attributed to a number of reasons. Firstly, oscillations in
RelA expression which dictates the dynamics ofe¢tirgene expression have been widely
reported under different stimulatiof®44-546]. This oscillations have been attributed to
negative feedback loops caused by targets of the path@44is Additionally, it could be as a
result of changes in kinase/phosphatase balance as hypoxia time changes, since in addition to
kinases, a number of phosphatases have been linked-8oBNF s i g[B4&,1548]amdghe
activities of these phosphatases have been shown to be modulated by B4 0] Our
findings are in tandem with a recent work by Hwang and colleagues, who showed hypoxia
induced phosphorylation of N& Bon ser536, which they also demonstrated is required for
NF-eB nucl ear tr add%cells[s54]tProtin sequaencefaRaRdts using NCBI
BLAST website and Jalview revealed a higkiel conservation of these phosgsites in a

wide range of organisms including mammals, fish, fly and tirgufe 3.7, 3.8. Interestingly

we discoveredPapio annubis(Olive baboon) has the highest percentagesNBsequence
similarity with homo sapiengHumans), with 99% and 98% sequence homology of RelA and
RelB respectively Kigure 3.7 and 3.8. Baboons and Humans share numerous anatomic,
physiologic, and genetic resemblances which allows translation of findings in baboons to
humans[552, 553] This evolutionary conservation among several species of organisms
explains the diverse cellular function that have been documented for these psitsphboth

in physiological and pathological conditiofb4].

To further understand the mechanism of&Bohosphorylation in hypoxia, following
the results of kinase predictions from Netphos3.1 PhosphBisekinase library and GPS 5.0
(Table 3.7), we investigated the kinases titatgetRelA and RelB in hypoxia through kinase
inhibitory studies. Given t haanonicdatcamonichi | KKDb
NFFeB signalling, respectivel vy, various inhib
The majority are designedo s peci f i c adltHoygh doraer atp@ e@xhiblt & ¢eftain
| evel of affinity for | KKU. These chndimgounds
site, as ATP is essenti al for | KKb 4363 i vat i
555]. TPCA1 competes fothel KKATP binding site and select,|
IC50 of 18 nM[491].Ser 536 of Rel A but not ser573 of Re
(Figure 3.9), as phosphorylation of the site was inhibited under TPCAL treatment. As expected,
TPCA1l induced inhibition of | KKb activity i
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ubiquitination and degradati on, resulting ir
stimuli (Figure 3.9 A and B, thereby blockingNle B acti vati on and phosp
scenari o, the phosphorylation of |l aBU by 1K
phosphorylation of RelA by a distinct kinase. This model aligns with experimental observations
indicating that di sruption of | K#oh [B56]ct i vi t
Similarly, inhibition of TNFU i nduced | aBU degr a-d 8gathvapn and
inhibition was observed in hTCEpi cells following TPQAreatmen{557].

Similarly, we i n h-b5B1 - ta endnrcovalsri, 3AhPcompetitive B |
phar macol ogi c a [49550We/ér the detéctiob of sen586 RelA and ser573
RelB revealed no significant changes in the presence-66B1 compared with cells treated
with BI-4481 (control) Figure 3.1 . Thus, this excludenduced r ol e
RelA and RelB phosphorylation at these sites in MRAB231 and MCF7 cell lines. However,
i nhi bi tion 05521 gpdard bo sthbylize BR¢IB both in normoxia and hypoxia
(Figure 3.10.

GS K3 b aanBhterbbRnect in several ways and this relationship involves the regulation

of key playersinNfe B pat hway. The speci {faiBc imateuraec tafor
have varied outcomes which are dependent on specific molecular and chtexts In
canonicalNFe B si gnalling, GSK3b has been reported
8,17,31and43under TNF st i nfs68]abi pnomote | KK compl ex a
degradation, similarly nhi bi ti on of GSK3b haaB dceteinv asthioomn
inflammation in diabetic micgs59]. Buss et al showed GSK3b med
RelA on ser468 which resulted in RelA degradalitiii]. InterestinglyG S K hibits a dual

impact on pl105: it promotes the stabilization of p105 in unstimulated cells but facilitates the
priming of p105 for degradation upon cell stimulation TMB83]. However, i non-canonical

NF-a B signalling, GSK3b does not onl vy i nt el
phosphorylation on ser573¢b520f mouse) resulting in Rel B&6s
cell [416, 488] Also, GSK3b phosphoryl ates NFaB2 on ser7C
ubiquitination and consequent degradation by FBX{W3]. In summary, an overexpression

of GSK3b resulted i n i recdrdeceasadd oBel/ Red 8graad atvii d

increase in NFaBl/Rel A activity.

To better understand the role of phosphorylation in modulating RelB transcriptional

activity and subcellular localization, we generatgdosphomull and phosphomimetic
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mutations of ser573 of RelB through sitieected mutagenesisn MCF7 cells, cyclinD1 and
BCL2 expressions were significantly reduced (p<0.001) in mutant cells compared to RelB
wildtype (Figure 3.12 A, B. Luciferase assay also revealed a significantly lower CyclinD1
gene transcription in the mutants compared totiebtype in HEK293 cells Figure 3.12B).

Although the mechanism of hypoxiaduced NFe B s i gnal | beingy IS
investigatedin this section we have shown that hypoxia activates NBignalling in breast
cell lines via the CAMKII/TAK1/IKK axis and modulates N&- Bsubunitexpression in a time
dependent manner. Additionally, we found out that hypoxdaicedNFe B i s transcrip
active, as the expression of some-diBtargetswere altered in a temporal manner. We also
reportedhypoxa nduced phosphoryl ation of Rel A medi a
We also showed thathypoxian duced Rel B phosphoryl amayon i s
regulateNF-e B pr ot e i n |activitg im acontektgependemnanner. Consequently,
this information may be helpful to combat breast cancer progression and treatment. The
IKKINF-e B pat hway is not onl vy i nhasalso/beethlinkedtobr e as
resistance to chemotheraf®60] and radiotherapy362] in breast cancer. Consequently, the
IKK/NF-kB signalling pathway has attracted much attention as a target for cancer drug
development[514, 516] Several natural compounds and synthetic drugs tdrget the
IKKINF-ae B proteins, most especially | KKU and | K
progression and improve the efficacy of cheraad radiotherapy516, 561563]. Further
investigation is needed to elucidate more the mechanism and kinetics by which Hypoxia
@ B p h o s p hegulayestheit stability, transcriptional activities and nuclear import in

hypoxia.
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4.0 CHAPTER FOUR

4.1INTRODUCTION

RNA-sequencing (RNAseq is a highthroughput process that involves extraction of
RNA from the tissue or cell of interest following a specific treatment or condition, construction
of cDNA libraries followed by sequencing of these libraries using agextration sequencing
instrument. The introduction of caesffective methods of reading millions of base pairs in a
single run has been made possible through the development ehhigighput sequencing
technology[564]. Also, the availability and free accessibility of published transcriptome data,
which are archived in the Gene Expression Omnibus (GEO) and the ArrayExpress (AE)
databases, have made ddtaven research possible and uncomplicgb&b]. This technology
and databases allow ftireelucidation of the expression profiles of cells that have been treated
with specific conditions, using quantitative reads or counts of sequences that correspond to
genes of interest. Through RN#eq, researcheixsn detect already known and even novel
genes in a single assay and also identify features of these genes such as variants, isoforms, gene
fusions and others without prior knowledé6, 567]

An integral part of obtaining meaningful information from Ri§@q data is performing
Gene ontology analysis. This is an essential tool to study functional interactions in the genome
but also can give important information on key processes in differenasese Unlike
microarrays, RNAseq does not require prebpecific hybridization but allows unbiased
detection of new transcripts including transcripts with low abund&é83. RNA-seganalysis
helps to understand the global changes of cellular transcripts under different conditions,
identifies new regulatory units and how the various pathways involved coordinate gene
expression to resolve stressful conditions such as hypoxia.

A comprehensive list of all reported \NFB t ar get genes has been

group of Thomas Gilmore in Boston Universityhttps://www.bu.edu/nkB/gene

resources/targaienes). This list does not discriminate between cell typestionuli used, so

to the best of our knowledge, no study has investigated the RF t ar get s i nduc
hypoxic conditions shared across different cell lines. Given the interest of this thesis in hypoxia
induced NFe B s i g nlardastcancey, we performed RNA sequence analysis following
depletion of RelBin breast cancer cell lines in normoxic and hypoxic conditions. We also
compared our dataset withsimilar publicly available RNAseq datasstto study the gene

expression profiling of human breast cancer cell lines.
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4.2 RNA Sequencingi Screen for hypoxiaresponsive genes in human breast cell lines

To characterise hypoxia signature genes in breast cancer cells, an unbiased
transcriptome approach was used. MD¥8231 and MCF7 cell lines were transfected with
either RelB siRNA or nottargeting control, followed by24-hour hypoxia or normoxia
treatmentTable 4.1A). The experiment was set up as showkigure 4.1. RNA was extracted
from three independent replicatesinga Qiagen RNA extraction kit and they were sent to
BiomarkerTechnologies (BMK) Germany for sequencing. For quality control, additional plates
were kept forprotein expression analysis through immunoblotting. Concurrently, relevant
publicly available RNAseq data were downloaded from the National Centre for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) using the SRA toolkit

(https://www.ncbi.nim.nih.gov/sry. These breast cell lines were either kept in normoxic

condition or exposed to 0.5% oxygen for 24 houfab{e 4.1B. For the two datasets
(experimental and downloaded), reads were aligned to the human genome version hg38
(GRCh38, Ensemble) using Spliced Transcripts Alignment to a Reference (STAR) tool. Read
counts for each transcript were generated using the featungt<Cfunction of Subred869].
Differential expression analysis was performed using R Bioconductor package OEGE|g2

with filtering for effect size (log2 fold change > 0.58) and statistical significance (FDR < 0.05).
Alog2 fold change > 0.58 was chosen to set a minimum value for the effect size whilst avoiding
discarding potentially biologically relevant data pointgttresult from applying a higher eut

off. The RNA Seq workflow is summarisediigure 4.1 Raw data import up to transcriptome
mapping was carried out by Dr Michael Batighe SR lab.
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Table 4.1 Summary of treatment conditions and RNé&quencing dataset information for (A)

experimental dataset and (B) downloaded dataset in cell lines.

(A).
Treatment | Treatment Il
MDA-MB231 siRNA (RelB) OR Non | Hypoxia (24 hours, 1%0) OR
MCF7 targeting control Normoxia
(B).
Cell line Tissue Type NCBI GEO ID Conditions
MCF10A Breast normalignant  Epithelial GSE104193 Normoxia
MCF7 Breast adenocarcinomi Epithelial GSE71401 (21% Q)
or
MDA-MB231  Breast adenocarcinomi Epithelial GSE104193 (25‘5020(“155 Hypoxia
us7 Brain - Glioblastoma GSE77307
A549 Lung adenocarcinoma Epithelial GSE145108 Normoxia
AsPC-1 Pancreatic Epithelial GSE139673 (21% Q)
adenocarcinoma
iPSC-CMs Induced pluripoten Stem cell GSE108676  Or
stem cells
HEB Blood GSE77307 24 hours Hypoxia
HCT116 Colorectal carcinoma  Epithelial GSE68297 (1% Q)
H460 Lung GSE145108
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4.2.1SampleQuality Control Analysis

It was important to analyse the quality of our experimental dataset and the dataset
downloaded from SRA. The quality of theplicates for each condition (normoxic control and
24 hours hypoxia) and siRNA RelB ntargeting control and knockdown were determined by
a sampleto-sampledistance comparison heatmaps using rlog transformed read count data,
generated using R Bioconductor package DESeq?2.

The results show clustering by treatment (hypoxia or normoxia) in the three breast cell
lines (Figure 4.2. The experimental data are presentedFigures 4.2 A to B while
downloaded data are presentediguifes 4.2 C to E The higher the intensity of the colour the
lower the variation is between samples. In the downloaded dataset, MCF7 data were of
excellent quality, as the replicates within the same conditisstervery well and the level of
disparity between normoxic and hypoxic replicates is ovéstartce score of 30. In MCF10A
the normoxic replicates are more similar than the hypoxic replicates, whereas the level of
dissimilarity between the two conditiomsbetter than those observed in MCF7 cells. MDA
MB231 presented higher variability between replicates but these still clustered together well.
This analysis is important as higher variation between replicates will reduce the confidence in
the results leadnto potential false positives but also missing important targets.

To check fotheefficiency of RelB knockdown and hypoxia treatment, g°PCR was used
to quantify mRNA levels of RelB andag as positive controls foRelB knockdownand
hypoxia respectivelyHigure 4.2F. As shown, hypoxic stimulation was efficient in both cells
with Ca9levels more than 50% highar hypoxia compared to the norxio control RelB
knockdown was efficient in MCFBoth in normoxic and hypoxic condition, whereas RelB
silencing inNMDA -MB231 cellskept in normoxic conditiowas not successful, soisdata was

not included in further analysis.
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Figure 4.2 17 RNA-seq data quality
control.
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4.3 RNA sequencing: Screnfor hypoxia-responsive genes in breast cell lines
After the reliability of the replicates were ascertained for both datasets, differential

expression analysis was performed, where normalised read count data were used to quantify
changes in gene expression levels of hypoxia treated samples compareddioarohRelB
knockdown samples compared to control in both normoxia and hypoxia conditi@os.0f
based on an FDR<0.05 and log2 foldchange (FC) >0.58 for upregulated genes and40¢g3-C<
for downregulated genes was set. The list of total hyp@spnsive genes observed in each
cell line and the list of statistically significant genes afteg cutoff for each treatment
considered are presentedTiable 4.2 The list of genes in each cell line for the downloaded and
experimental datasets are presented in grey and white rows respettieatyymber of hypoxia
responsive genegashigh in boththedownloaded and experimentidtasets, howeveredpite
subjecting boththedownloaded and experimentidtaset$o the same statistical conditions, the
experimental dataset gafar more statistically differentially expressed gertasugh they share

alarge poportion of genes, with over 90% similarjtyior to theapplication ofcut-off.

Table 4.2 Summary of differentially expressed genes in each cell line for the two datasets
This table shows the total number of genes

downregul ated (¢g) in each <category. Gr ey

0

an

downloaded and experimentally performed data set respecti¢/&®y. r e pr esent O6knoc

Hypoxi e Rel B KD Rel B KI
responsi Nor mo x i hypoxi
MDAMB 2 3 1 13919 N/ A N/ A
of whi «
93z and
MDAMB2 31 14961 8059 15030
of whi of whi of whi
1151z anc Ozand 3 3z and
MCF 7 13578 N/ A N/ A
of whi
400z and
MCF 7 19190 13180 13052
of whi of whi of whi
2000z and 62z and |31z and
MCF10A 15510 N/ A N/ A
of whi
499z and
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This may be due to the difference in the degree of hypoxia the cells were expdssaeo (
4.1 A, B). This suggestghat the quantity of hypoxieesponsive genes within a cell might be
influenced by the extent or severity of the hypoxic conditiowslcano plots showinghetotal
number of genesndgenes upregulated and downregulated in each category are also presented
in Figure 4.3,where significant genes are represented by wine (experimental dataset) and blue

(downloaded dataset) dots, whereas grey dots represent tsgnditant genes
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Figure 4.3 Volcano plot for hypoxia-responsive genes in breast cell linegolcano plots
were generated for differentially expressed hypoxia regulated genes in MCF7, MCF1(
MDA-MB231 cells, using the log2FC (>0.58 for -tggulated genes and <0.58 f
downregulated genes) and FDR .09 values for each gene in R studio package. T
numbers of pregulated genes (right side) and downregulated genes (lefastdayicated

A - F and Gi | represent experimental and SRlAwnloaded dataset respectiveGrey
colours represent nesignificant genes while blue and wine represents significant genes.
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Earlier in this study, we identified some proteins which were induced under hypoxic
conditiong(Figure 3.4), a manual search on the list of hypekiduced genes of the experimental
dataset was carried out to ascertain the level of induction of the genes that encode the hypoxia
induced proteins earlier identified. Additionally, we also searched for genesletsito be
highly and frequently wpegulated in hypoxiaNDRG1, BNIP3L, BHLHE40, LDHA, KDM3A
[570] and the hypoxic control gené H1 F1 U. As expected, HI F1U
downregulated, whereas other genes were upregulgigdre 4.4). To further characterise
hypoxic response in breast cancer tekts we compare the hypoxigpregulated genes in the
experiment al gene set with 6écored hypoxia ge
60 c or e 6 -regwated genesathrough a matzalysis performed on 430 RNA seq diatd3
different cell lineg570]. The 295 genes identified, (of which 181 and 141 wereang down
regulated respectively) correspond to genes that are consistently and significantly regulated in
hypoxia across theellsconsidered. They also identified NDRG1, BNIP3L, BHLHE40, LDHA,
KDMS3A as the top most frequently upgulated geneand NOP2, NOP56, RRS1, NOLS,
GPATCHA4 as the top most frequently devagulated genes in hypoxia respectively.

KDM32A |

1
1
LDHA | -
TNIPL | :
TNFAIP3 | ;
RELB | :
RELA i MCF7
REL ! MDA-MB231
NFKB2 | ]
NFIL3 | !
NDRG1 | !
HIFIA | :
BNIP3L | :
BHLHE40 | E
3 2 1 0 1 2 3 4

log2(Foldchange)

Figure 447 Analysis of previously validated hypoxiaresponsive genesThe graph
shows some O6topdé and pespensiveoganed ity MCFa ar
MDA-MB231 cells, obtained through a manual search ofetterimental datase:

An overlap of hypoxiaupregulated genes of our experimental datasét core
hypoxiaupregulated genes uncovered 115 (65%) and 143 (79%) significant hypdxced
genes in MDAMB231 and MCF7 respectivelfrigure 4.5A). Also, the top five most frequently
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up-regulated hypoxia genes identified bye Peso group were all significantly upregulated
(p<0.0001) in our experimental datadeiglre 4.4).

A MDA-Hx- A-1151 Core Hx A-181 MCF7-Hx- A -2000 Core Hx A -181
1858
Overlap Overlap
B MCF7 Hx- A -2000 MDA-Hx A-1151 MCF7 Hx-¥-1063  MDA- Hx V¥-1882
Hx upregulated HX downregulated
genes in both cells genes in both cells

Figure 4.571 Intersectional analysis of hypoxia responsive genes in breast cell line

In (A) hypoxiaupregulated genes in MDRMB231 and MCF7 (blue circles) cells we

each overlapped with Core hypoxipregulated genes identified by Del Peso grt

(pink circles). In (B) hypoxiaipregulated and downregulated genes in MCF (k

circles) andMDA -MB231 (pink circles) were each overlapped to get the list of com

UP- and DOWNregulated genes in both cells. Interactivenn was used for the anc

Next, we investigated the functional significance of the upregulated and

downregulated hypoxia genes in the experimental dataset. We overlapped hyparid
downregulated genes in MCF7 and MEMB231 cellsseparately(Figure 4.5B), andgene
enrichment analysis was carried out on the 428 and 349 genes commemigdugown
regulated in the two breast cancer cells. Interestingly, enrichment analysis for cell type using
cancer cell line Encyclopaedtfaoteomic020 identified these genassignificantly emiched
for breas{MDA-MB231), kidney, prostate and pancreas cancer cell lifigsie 4.5A). The
Molecular SignaturdDatabasgMSigDB) Hallmark 2020 showed the hypoxuaregulated
genes are significantly enriched for hypoxia as expected, and other biological processes and
signallingpathwayssuch as glycolysis, NEB si gnal |l ing via TaNF U, mT

p53 pathwayKigure 4.6B).
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Figure 4.61 Functional annotation of hypoxiaresponsive genes in breast cell lines
Hypoxia Upand downrregulated gene overlap in both MEMB231 and MCF7 cell
lines were subjected to functioreinotation. (A) and (B) represent enrichment res
for hypoxiaupregulated genes while (C) and (D) represent enrichment resuli
hypoxiadownregulated genes obtained from cancer cell line encyclopaedia (C
proteomics which identifies cancer cellpg/ enrichment and molecular signallii

database (MSigDB) for Hallmark.
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On the other hand, enrichment analysis for hypoanregulated genes in the two
cancer cell lines showed significant enrichment for urinary tract and bredstez(lcancer cell
line Encyclopaedia)Rigure 4.6C), G2M checkpoints, E2F targets, mitotic spin@ed Myc
targets (MSigDB 2020)Higure 4.6D) which are celtyclerelatedprocesses/pathways

In summary the identification of over 13,000 hypoxi@sponsive genes in the breast
cell lines under investigatisuggestéirstly a substantial cellular response to hypaaoaditions
in these cells. Secondly, it also indicates that a wide array of genes is involved in restoring oxygen
homeostasis and cellular adaptation to the hypoxic condition. Furthermore, the numbers of genes
significantly up and downregulated suggest the cellsigely managehe challenges caused by
insufficient oxygen by adjusting their moleaulprocesses. The significant downregulation of
HIFA, and the upregulation of NDRG1, BNIP3L, BHLHE40, LDHA, KDM3A, RelA, REL,
RelB,[NF-e Bl - BNA, NFI L3, TNIP and TNFAI P3, furth
experimental RNA seq data. Additionally, the identification of 65% and 79% ofhym@xia
upregulated genes in our experimental dataset for NMBR31 and MCF7 cells resptvely,
suggest a significant overlap. This significant overlap indicates a degree of commonality in
transcriptional respoeso hypoxia in different cell lines, as a substantial number of consistently
upregulated genes in hypoxia identified by the Del Peso group, also respond to hypoxia in MCF7
and MDA-MB231 cells.

Interestingly, the functional enrichment analysis for genesand dowrregulated in
the two breast cancer cell lines revealed that these genes are significantly enriched in breast
cancer cell lines (MDAVIB231 and T47D)This suggestshat these genes can be referred to as
the -hgpoxi a gene signatured for breast cancer
in other cancer cells such as U87MG, P&g]639V furtherindicatesthat these genes are not
limited to breast cancer but have roles itlutar hypoxic response in other cancer cells.
Hallmark enrichment revealed that the hypoxisanpd dowrregulated genesre associatedith
different pathways and cellular procességoxia-upregulated genesgulatecellular processes
such as metabolic adaptation (dNFyBosiygnhallinm
cell cycle (p53 pathway) and tumour invasion (EMThis observation underscores the
multifaceted nature of cellular responses to low oxygen levels and highlights the importance of
these genes in cancer biology, particularly in tumor growth, invasion, and metaAtsgjs.
hypoxiadownregulated genesere enriched ircell proliferation (MYG targets), cell cycle
control (G2ZM checkpoi nt s, E2F targets), and anti vi |

O r es pons esuggestng duppressigni obthese processes in hypoxic condition

124



4.4 RNA Sequencing: Screen for Hypoxianduced ferroptosisgenesin breast cancer

Several types of programmed cell death (PCD) have been documented which include;
apoptosis, pyroptosis, autophagy, necroptosis, ferroptosis, and cupr¢pidgiserroptosis
represents a distinctive form of PCD triggered by -4dependent accumulation of lipid
peroxides, characterised by unique morphological, physiological, and molecular features.
[571]. This process holds significant relevance in various diseases, inclusimayirsand
inflammatory conditions. Ferroptosisasbeen documented to play a crucial role in breast
cancer progression, and induction of ferroptosis could enhance the effectiveness of breast
cancer therapy571]. Triple-negativebreast cancers such as MBAB231 cells have been
documented to be highly sensitive to ferroptosis, which could be a result of the unique balance
in the metabolic profile of iron and glutathione in TNBC cf8l82]. This could potentially be
exploited for therapeutic interventions targeting these cancer cells. Recently, ferroptosis has
become an emerging player in breast cancer initiation, progression and treatraenteas
researchers have investigated the roles or significance of ferroptzged genes in breast
cancer(ref). Mounting evidence suggests that ferroptosis has the potential to hinder the growth
of breast cancer cells, enhance the responsiveness to chemotherapy and radiotherapy, and
suppress distantetastasefp73-575]. The curated ferroptosis database (FerrDb V1) was first
published in 2020, however, due to rapid progress in ferroptosis resarddb V2 was
published in 2022 with over 300% increase in curated articles, in addition to other unique
features, compared to FerrDb YBI/6]. This database consists of genes that promote (drivers),
prevent (suppressors), or indicate the occurrence of ferroptosis (markers), small molecules that
can cause (inducers) or restrict ferroptosis (inhibitors) fanptosisassociateddiseases

http://www.zhounan.org/ferrdb/currentFunctional enrichment analysisas shown that

ferroptosisrelated genes are enriched for Hignallingand othesignalling pathwaygelated

to breast cancer progressi&73].

We therefore set to identify possible hypergsponsive genes that are ferroptosis
genes in breast cancer cell lines under investigation. We overlapped 484 (Driver: 264;
suppressor238; marker: 9) ferroptosielated genes with hypoxiaduced differentially
expressed genes in the two cell lines. In this dataset, 46 and 78 genes were identified as
ferroptosisrelated genes in MDAIB231 and MCF7 cells respectively, of which 25 and 46
are inducers and 21 and 32 are suppresbagarg 4.7, Table 4.3.
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Table 4.3 Hypoxia-responsive genes that are ferroptosigelated in breast cancer cells

Shows Ferroptosieelated genes in MDAIB231 and MCF7 cell lines present in the list of
hypoxiaresponsive genes for each cell line. Asterisked (*) genes represent ferroptosis markers,
genes in black and red respectively represent ferroptosis drivessippeessors while genes

in green are both drivers and suppressors of ferroptosis.

Ferroptosis | Ferroptosisi related genes irbreast cancer cells
MDA - AKR1C1, AKR1C2, ALOXES3, ANOG6, ATF3, BACH1CA9, CARS],
MB231 CDKNI1A, *CHAC1, CYGB, EGFRENO3 EPAS1 FURIN,
GABARAPL1, GCH], HILPDA, IDHZ2, IL1B, JUN, KDM6B, MIB2,
MUC1, NDRG1,NEDD4, NEDDAL, PLIN2, PPARA PPARD, PPP1R13L
*PTGS2, PVT1, QSOXIRPTOR SESNZ SIAH2, SLC16A1, SLC3AZ
SMAD7, TGFB1, TLR4, TNFAIP3, TOR2A, ULK1, WIPI1
MCF7 ABCC1, ALOX12, ANO6, ATF3ATF4, ATG5, BACHL, CA9, CARS1],
CAV1, CDKN1A, *CHACL1, CISD2 CP, EGR1, EGFR, EPAS1FTHI,
FTL, FZD7, GABARAPL1,GCLC, GDF15 GJAL, H19, HILPDA,
HMOX1,HSPAS5 IDH2, JUN, KDM4A, KDM6B, KLF2, LIFR, LONP1,
MAP3K14, MDM4, MIB2, MEF2C, MIR9-3HG, MMD, NDRG1,NEDDA4,
*NFE2L2 NR1D1, NR1D2NUPRIJ, PA4HB, PANX1,PANX2, PEDS]
PHF21A,PLIN2, PRKAAZ, PRKCA, PTEN, PVT1, QSOXERBMS],
RRM2, SAT1,SCD, SESNZ SIRT2, SLC16A1 SLC3AZ SLC39A14,
SLC7A11, SMAD7, TGFBR1,TFAP2A, TFRC, TMSB4X, TNFAIP3,
TOR2A,TRIB2, ULK1, ZFAS1

Enrichment analysis of these ferroptosis genes was conductedhetiteGG pathway
database. In MDAVIB231 cells, ferroptosis genegere significantly enriched for pathways
HIF-1,NFa B, F O X-6ignallindyJ dxytocin, NOElike signalling and pathways in oear.

While in MCF7, ferroptosis genes were enriched for ferroptéBIs-1 signalling glutathione
metabolism, lipid and atherosclerodisgure 4.7). These findings suggest potential molecular
mechanisms linking hypoxia signaling pathways, ferroptosis regulation, and cancer progression
in breast cancer. The enrichment of specific pathways in each cell line may reflect distinct
cellularresponses to hypoxia and ferroptosis, highlighting the complexity of tumor biology and

potential differences in therapeutic vulnerabilities.
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4 5RNA Sequencing: Screen for Hypoxianduced NFe B genes i n breast ¢
To understand the gene expression profiling of human breast cell lines under hypoxia as it
relates to NFe Barget genes, the list of differentially expressed genes in hypoxia obtained from
the downloaded and experimental datasegseeo ver | apped with Gil moreds
of NFFe Bt ar g ehttps:/guevwnbel.sdu/rkB/generesources/targaienes). Following

overlap, the experimental dataset generated 59 and 41 hypduized NFe B genes i n MC
and MDA-MB231 cells respectively while the downloaded dataset has a total of 22, 11 and 17
hypoxiainduced NFe B genes i n-MB28lRaid MCHMLIDAAcellines respectively

(Figure 4.8A). An overlap of hypoxiaipregulated N6 B genes in MCF7 (59)
MB231 cells (41) in the experimental dataset gave 26N genes commonly upl
both cells under hypoxigF{gure 4.8A). Ofthe 22 and 11 NBB genes found 1in
MDA-MB231 cells of the downloaded dataset, 19 and 8 of them were present respectively in our
experimental dataseFigure 4.8B71 in red). A comparison of hypoximduced NFe B f r o m
MCF7 and MDAMB231 of the experimental data with MOBA of the downloaded set showed

eight (8) commonly upregulated NB g drigures4.8B1 in green asterisk).

To further understand the link between hyperdaponseand N8 B si gnal | i ng,
also gain more insight into how breast cell lines compare with other cell types in hymdad
NFFeB signalling, RNA slaapstckldlines eosdadtofeither nosmoxiae n (7
or 24hours 1% oxygen were downloaded and processed. These cell lines are U871, AsPc
H460, HEB, HCT116 A549 and iPSCMs (Table 4.1). Gene set enrichment analysis (GSEA)
wasperformed on the differentially expressed hypoxia denest f or each cel l
NF-a Hist as the functional database. A positive normalised enrichment score (NES), which is
also statistically significant for all the cell lines except iPSK2s was obtainedFHgure 4.8C).
A positive NES indicate N B genes are enriched at the top
hypoxiaresponsivegenelist andsuggestsa positive correlation between hypoxipregulated

genesandNe B t arget genes in the cells considerec

Next, to further gain insight into the functional significance ofNB genes 1 ndu
under insufficient oxygen, analysis of pathway and GO enrichment for the 24 commonly
upregulated Nl B genes i n bo t-NB23U@a&s tarriachadit udhig ShinyGO
0.762 (http://bioinformatics.sdstate.edu/yjcand DAVID. As expected, these genes were

enriched for HIFL U  a n esign@lIMdF pathways and others such as pathways in cancer,

especially breast cancer, biosynthesiamafno acidand so onX0).

128


https://www.bu.edu/nf-kb/gene-resources/target-genes/
http://bioinformatics.sdstate.edu/go/

MCF7-Hx- A -2000 Gilmore’s list-510 MDA-Hx- A -1151 Gilmore’s list-510 MCF7-NF-kB A -59 MDA-NF-kB A -41

Hypoxia upregulated Hypoxia upregulated NF-kB A in both cell lines
NF-xB genes NF- kB genes
Hypoxiainduced NFe B genes i n Breast C
MCF7 (59) GCLC, *PRDM1,*EDN1, TGM1, HMOX1,PDGFB *PGK1, RELB,

Experimental data  HAS1, CAV1, SERPINE1l, ALOX12,CCND1, *ENO2 NR3C],
UPK1B, FN1, *F3, TNFAIP3, DUSP1l, EGR1, INHBA, SDC:
CDKN1A, IRF1,S0OX9, GAD1, SAT1, ASS1,SLC6A6 SERPINEZ2,
MYC, PIM1, *IER3, TLR2, TRPC1TNIP1, EGFR VEGFC,KLF10,
SLC16A1, F11R,ELF3, I1L15, RAG1, FTH1l, SLC3A2, PTAFR
WNT10B, FOS JUNB, PTEN,*BNIP3, UPP1, S100A4;S100A1Q
S100A6,ASPH, HLA-B.

MDA-MB231 (41) *PRDM1, PTGS2,*EDN1, IL11, GADD45B, PDGFB, *PGK],
Experimental d&n = TNFSF13B, AMH, TFPI2, SERPINE1, IL23A*ENO2 *F3,
TNFAIP3, DUSP1, TNFSF10, INHBACDKN1A, IL1B, PAXS,
OPN1SW, GAD1, ASS1, SLC6AGERPINEZ *IER3, TLR2, EGFR,
VEGFC, NR4A2, SLC16A1, SLC3A2, FOS, KISSHPSE,*BNIP3,
TNFSF15, IRF7, AKR1CI$S100A10

MCF10A (17) *PRDM1, *EDN1, HMOX1, *PGK1, *ENO2, IL1A, *F3, TREM1,
Downloaded data  *IER3, PTX3, *BNIP3, AKR1C1l, GCNT1, S100A4;S100A10,
TGM2, HLA-B

us7
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MCF7
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MDA-MB231

HCT116
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| iPSC-CMs

-1I.5 -1 -0I.5 0 DI.S i 1I.5 I2
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Figure 4.81 Screening for Hypoxiainduced NFe B genes i n Db(A)e
Gil mor-e8s gRe | i st 0 v eupregulated egenesvini MCR7 ar
MDA-MB231 cells. The result of the overlap was then compared to get list of hypoxia
upregulated genes common to both cell lin€3.ghows hypoxiaupregulated genes i
each cell line; asterisked (*) genes are hypaxticedNFe B genes ¢ o mrm
cell lines, while genes in red represent hyparduced NFe B genes i n
datasefound in the experimental dataséf)( s how GSEA comp®mB
genes to a list of hypoxigesponsive genes from RNgequencing in the indicated ce
lines. The graph depicts normalised enrichment scores from GSEA in the indicat
lines. Green and white bars represent sta#ilyi significant and nosignificant data
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Figure 4.97 Functional annotation of Hypoxiainduced NFe B genes |

lines. The Charts presents the gene enrichment analysis result for the 28ijhes
commonly upregulated in MCF7 and MBMB231 cells following 24 hours o
hypoxia. KEGG pathway analysis (lollipop) and Gene ontology for Molecular funt
(Orange bars) and biological process (blue bars) were performed using KEGG p:

and DAVID ddabases respectively.

Legends: increasing circle size indicates nt

of genes in each enrichment term, coloured rectangles reprxgi(FDR) values
indicating level of significance of each enrichment term.
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GO molecular function showed enrichment for identical protein binding, enzyme,
protease, protein, growth factor binding and catalytic activity. GO enrichment for biological
processeshowed enrichment for response to xenobiotic stimulus, hypoxic response, glycolytic
process, regulation of transcription and sofigyre 4.9). Taken together, these results show
that NFe B g are associatedith specific pathways, molecul&mnctionsand biological
processesinder hypoxicconditions Enrichment of these ges for HIF1 andTNF-signalling
pathways is expected as these pathways are known to regulate cellular response to hypoxia and
inflammation respectively. Enrichment for pathways in cancer and specifically breast cancer
aligns with expectations as hypoxia is a common feaititte micreenvironment of solid

tumoursandNl® B has been i mplicated in various asp

A proper study of the roles of the three genes found to be enriched for breast cancer
(Figure 4.6A); Fos proteoncogene, ARL transcription factor subunit (FOS), TNHpha
inducedprotein 3(TNFAIP3) andbll-like receptor ATLR?2) in breast carcinogenesis is highly
recommendedto further understand their specific and combined function in breast
carcinogenesi€Enrichment in aminacid biosynthesis furtheuggestaroleforNFe B gene s
in metabolic activity which is required for cellular adaptation in kygo Functional
enrichment for molecular function suggests diverse roles for these BIF genes i n dif
cellular processe#cluding enzyme activities, proteprotein interactions and growth factor

binding.

45.1 Crosstalk betweenHIFandNFe B t ar get genes

A level of crosstalk has been established between HIF ard RF pr ot ei ns , i n
they share activating stimuli, regulators and downstream tg&2f8s 577] However, not all
hypoxiainduciblegenes have HIF binding siter are HIF target gen§s78]. For this purpose,
we utilized a database comprising 569 HIF target genes, acquired through a genomic approach
that integrated computational analyses and experimental validation under hypoxic conditions
[578]. An overlap of this coreéllF target genes with hypoxidF-e B t ar get-andgenes
downregulated) generated from the RM&qg experimental dataset produced 22 SDE genes
thatarebothHIHandNFe B t ar get s cels Theseear presentediiabteet 4

alongside their functions
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Table 4.47 HIF and NF-a Bcrosstalk. List of differentially expressed hypoxiaduced NF

132

9B genes that are also HIF targets, with the

Gene symbol Gene Function Reference(s)
ASPH Aspartytb-hydroxylase [579]
BNIP3 Autophagy, Apoptosis [580, 581]
CCND1 Cell cycle progression [582, 583]
CDKN1A Cyclin-dependent kinase inhibitor [584]
EDN1 Vasoconstrictor peptide/mitogen [585, 586]
ENO2 Glycolytic Enzyme [582, 587]
FNI Extracellular attachment [588]
GAD1 Neurotransmitter synthesis [578, 589]
GADD45B  DNA repair/cell cycle [590]
HMOX1 Anti-apoptotic factor [590-592]
IL1B Interleukinl b [593]
IRF1 Interferon regulatory factet [578]
KLF10 Transcriptional repressor of T@¥Fsignalling [578]
NR3C1 Glucocorticoid receptor [578]
PDGFB Growth factor [594]
PGK1 Glycolytic enzyme [595, 596]
PIM Ser/Thr kinase [578]
PTGS2 Cyclooxygenase [578]
SERPINE1 Plasminogen activator inhibitor [597]
SLC16Al Monocarboxylate transporter isoform 1 [578]
SLC6A6 Taurine Uptake Transporter [578]
TGM1 Cell proliferation [598]



4.6 RNA-Sequencing: Screen foRelB-regulated genes in hypoxia

Earlier in the studywe analysé gene expression changes in response to hypoxia in other
to identify hypoxiaresponsive genes in breast cancer céllg an attempt was made to
understandyene expression changes in responsidlB knockdownandto identify RelB-
dependent/ regulated genes in hypoxi&rom the experimental datasdtat compared
Hpx_RelB_vs_Nx_Contro{using Nx_Control as the calibrator) a total of 1934 and 1242
genes weréound to have increased expression lewsltereas total 0f1978 and 1168enes
weredownregulateih MCF7 and MDAMBZ231 cells respectivelfpllowing RelB knockdown
and hypoxia stimulatianThis large set of genesonsistsof genes upor downregulated
following two conditions; hypoxia stimulation and RelB silenciNgxt, an overlap of these
genes withgenesup- or downregulatedfollowing hypoxia stimulatiorONLY in MCF7 and
MDA-MB231was carried out ananalyse to give information orhe functional significance
of RelB-regulated geneis each cell lineAs presented ifigure 4.1Q A and B show 361 and
278 genes whose level of expression increased following RelB knockdown in hypoxia (red
circleg. The upregulatiorof these genefllowing RelB knockdown suggests that they are
normally suppressed WBelB and may be involved in pathways controlledRsIB. Similarly,
C and D show 458 and 255 gerfesredcircle§ downregulated following RelB knockdown
Also, thedownregulationof these genefollowing RelB knockdown suggests that they are
normally maintained or upregulated IRelB, and are thereforesuppressed wheRelB is
silenced, suggesting RelBpotentially contribugs to their downregulation under hypoxic
conditions.Furthermore, genes in black rings are exclusive to hypoxia stimul@idiny,
whereas gnes in the intersectioepresengenes with changes in expressievelsfollowing
RelB knockdown and hypoxia stimulatiesuggesting thesgenes are likely regulated by both
hypoxia andRelB signallingpathwayqFigure 4.10.
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MCF-Hx- V¥ -1882

Figure 4.107 RelB 1 dependent hypoxiaregulated genes in breast cancer cell lines
In each category of intersection analysis, (A and B) the total numbers of hypdoced
genes were overlapped with total number of genes upregulated in hypoxia following
knockdown and hypoxia stimulation in (A) MCF7 and (B) MI#8231 cell line.
Similarly, the total number of hypoxiepressed genes was overlapped with total nun
of genes downregulated in following RelB knockdown and hypoxia stimulation ir
MCF7 and (D) MDA-MB231 cell lines. Genes in red rings represent genes w
expression levels changed following RelB knockdown in hypoxia, whereas genes ir
circlesrepresent genes with change in expression following hypoxia stimulation onl

Next, functional annotatianwere carried out onRelB-dependent hypoxia upregulated
(Figure 4.11) and downregulated gengBigure 4.12 in both cells, genesp and down
regulated followingRelB knockdown and hypoxia stimulatiofgenes in the intersection)
(Figure 4.13, and genes identified to be upregulated following hypoxia stimul@hY
(Figure 4.14. Theseanalysesidentified tissues in which these genes are enrichiedir

biological processes, molecular functippsthwaysand hallmarks using DAVIDshinnygo

and Enrichr databases
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Figure 4.117 RelBi dependent HypoxiaUP-regulated genes in breast cancer cell lines
Enrichment analysis for Hallmarks, Biological processes, molecular function and
enrichment for genes upregulated following RelB knockdown in hypoxia in (A) MCF7
(B) MDA-MB231 cells. Green and white bars represent statistically significanh@md
significant enrichment category respectively. Databases used: Enrichr and DAVID
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Figure 4.127 RelB i dependent HypoxiaDOWN-regulated genes in breast cancer cel
lines. Enrichment analysis for Hallmarks, Biological processes, molecular function and
enrichment for genes downregulated following RelB knockdown in hypoxia (A) MCF7
(B) MDA-MB231 cells. Green and white bars represent statistically significanhamd
significant enrichment category respectively. Databases used: Enrichr and DAVID
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Figure 4.137 Analysis of RelB/Hypoxia common genes in breast cancer cell line
KEGG pathway analysis of (A) 1573 bBgulated genes and (B) 1520 DOW@gulated
genes, following RelB knockdown and hypoxia stimulation in MCF7 cells only. Thes
genes in the intersection in figure 4.10 A and C. Legends: increasing circle stcada!
number of genes in each enrichment term, coloured rectangles repiégéf{FDR)
values indicating level of significance of each enrichment term.
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Figure 4.147 Functional Analysis of geneaup-regulated in hypoxia ONLY in breast
cancer cell lines Enrichment analysis for Hallmarks, Biological processes, molec
function and tissue upregulation for genes with increased expression following hy
stimulation only in (A) MCF7 and (B) MDAIB231 cell lines. These are genes in ble
circles in figue 4.10 A and B. Green and white bars represent statistically significar

nonsignificant enrichment category respectively. Databases used: Enrichr and DAVII
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The result for the functional annotation suggests adeglendent function for thep-and
downregulatedgenes FFigure 4.11, 4.12 While upregulated genes in MCF7 were enriched
for hallmarks such as unfolded protein response, myogenesis, fatty acid metabolism, apoptosis,
MDA-MB231 genes were enriched for hypoxia, IL2/STA3ignalling early response to
oestrogenp53 pathwaysand so on. Similarly, functional annotation for biological processes
showed enrichment for differentiation, transcription regoigt apoptosis, glycogen
metabolism and so on in MCF7 cells while MDMB231 is enriched for cell adhesion,
osteogenesjsind pregnancyHigure 4.11). While RelBdependent hypoxia upregulated genes
are enriched for the brain, erythroleukemia, fetal kidaegmuscle in MCF7, genes in MDA
MB231 are enriched for foreskin, dermoid cancer, cerebrospina) #indispleen. These also
demonstrate a wide array of cellular processes regulated bydephdent genes in hypoxic
conditions However, analysis of ReiBependent hypoxia downregulated genes showed
similar enrichmentfatternsfor both cell lines. For exampléhe functional annotation for
Hallmark showed these genes are enriched for MYC targets V1 and V2, interferon alpha
response, fatty acid metabolisand adipogenesis in both cell lines. Similarly, the genes are
enriched for oxidoreductase, helicasead chaperone (molecular function), liver, skamd

placenta (Ugissue). These further suggest a wider role for RelB in hypoxia.

We furtheranalysed the 428 and 183 genep-regulatedin MCF7 and MDAMB231 cells
following hypoxia stimulation ONLY. The results of the functional analyses correlated well
with thefunctional annotation of hypoxi@sponsive genegported inFigure 4.6. This showsthe

consistency of the data ahdther confirmghe quality and validity afheexperimentatiataset
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4.6.1 RNA-Sequencing: The effect of RelB knockdownon NB B subunits and t
To further understand the roles of RelB in hypeXigs Bsignalling in this €ction

we examined the effect of RelB knockdownMFR-a B s u;RelA, Re¢lBs cRel, NFa B,1

and NFa B iad both normoxic and hypoxic conditiomsMCF7 cell lines A manual search for

the five genes was carried out from the list of hypoxia or normoggponsive genes (genes

up and downregulated following hypoxia stimulation or in normoxic condition), and the list of

RelB-dependent genes in hypoxia and in normdgenes up and dowregulated following

RelB knockdown in hypoxia or in normo)idigure 4.15 Acompares the foldchange values

of RelA, RelB, eRel, NFa B 1 , anBl2 NgFenes i n normoxia versu

normoxia, whileFigure 4.15 Bpresents the foldchanges in hypoxia versus RelB knockdown

in hypoxia. As observed earlier, hypoxia incretite proteinlevels ofalltheNF-e B subuni t s

at both mRNA and protein levels in a cell and tidependent mannefFigure 3.3). The RNA

seq datalsoshowed upregulation of all N8B subunits at 24 hoursf hypoxia stimulation

except NFe B This is not unegected as we have earlier reported a maximum upregulation of

these proteins at 4 hours of hypoxia stimulation, with a decrease in expression level following

prolonged hypoxia treatmerfs expected, RelB levels were reducedilRELB-treatedcells,

however,RelB knockdown was more efficient in hypoxiampared to normoxiaith a 90%

and 50% decrease in RelB level in the two conditions respect@iypared to their nen

targeting controlsThis also aligns with earlier observations of better knockdownesffty in

hypoxia at mMRNA levelsHigure 4.2F). ConsequentlyRelB silencingeducedhe expression

levels of RelB, RelA, NFa B,land NFa B,2more significantly in hypoxi¢han normoxic

conditions This is not unexpected as these proteins form h@ndheterodimers to regulate

gene expression. Thube reduction ifRelBlevels upon knockdown may disrupt the formation

or stability of NFe B compl exes, | eading to -dBcfamseéd

members. Additionally, given the crucial role FB genes pl ay in cell L

hypoxia, including inflammatiorsurvival, and adaptation to low oxygen conditions, the more

significant reduction in N6 B f ami | y nRelB kneakdownunphgpoxia suggests

that RelB may play a more critical rolén regulating NFe Bsignalling under hypoxic

conditions.

Finally, analysis of the log2foldchange values of sopmeviously identified NFo B
targetsin hypoxia; CCND1, BHLHE40, TNIP1, TNFAIP3, BIRC2 and NFILBiqure 3.4
showed a significant reduction following RelB silencing in hypoxic condiffaguie 4.150.

This suggests th&elB directly or indirectly contributes to the regulation of these genes.
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In summary, th@bservation of reduced levels of MFB f a mi | yandhMrearBametss
upon RelB knockdown, particularly more significantly in hypoxia, highlights the intricate
regulatory mechanisms controlling NFBsignalling and cellular responses to changes in
oxygen availabilityand underscores the functional significance RéIB-mediated NFo B
signalling Further mechanistic studies are warranted to elucidate the specific ralei8and

NF-a Bsignallingin hypoxia and their implications for cellular physiologyatisease

4.7 RNA-Sequencing Validationdifferentially expressed genes

RNA-segresults were validated by quantifying the mRNA levels of selected genes from
cells treated witt24-hour 1% oxygen (hypoxia) usingeattime gPCR. From the downloaded
dataset, six genes were randomly selected for validation in MIB&31, namely; ABIN1,
BNIP3, CDKN1A, EDN1, PGKland VEGF, six genes in MCF7 cells namely ABIN1, BNIP3,
GADDA45, KFL10, MYC and PGK1 and five genes in MQBA cells; BNIP3, EDN1, F3,
HMOX1 and PGK1. As shown iRigure 4.16, the mRNA levels are similar to those obtained
from RNA-seq results as all the genes validated were upregulagéedept ABIN1 and
GADD45B in MCF7 cells, whichappeardownregulatedAlso, five ferroptosigelated genes
(CA9, KDM6B, NDRG1, HMOX1 and A20) upregulated following hypoxia stimulation in
MCF7 and MDAMBZ231 cells were selected from the experimental dataset for validation. All
these genes were found to have higher mRNA expression levels with hypoxia stimulation
except KDM6B in MCF7 cell¢Figure 4.17). NDRG1 and CA9 were significantly upregulated
in both cdl lines. These validation results further confirm the accuracy and reproducibility of
the RNAseq dad Lastly gPCR analysis was carried out to validate the levels of mMRNA-of NF
9B genes following Rel B knockdown iFkguremor mo X i
4.18 corresponds with the result of the analysiséttion 4.6.1 which suggests that RelB
knockdown resulted in downregulation of some-&IB s u b igure 4t15. Siikar to the
RNA-seq data analysis, we observedhgpoxia induction ofalNFe B subuni t-s exceEe
8 B However, dllowing RelB knockdown, Ca9, RelB and NFB2 wer e downr egu
both normoxic and hypoxic conditions, whereas RelA, cRel ands N1 wer e onl

downregulated in hypoxia following RelB silencing.
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4.8 Mass Spectrometryi Screen for RelB interactomes in MDAMB231 cells

Earlier in this study, we reported expression levels of RelB in MCF10A, M&ky
MDA-MB231 cell lines, with MDAMB231 having the highest RelB levels both at protein and
MRNA levels Figure 3.1). Furthermore, RNA sequence analysis also revealed a large amount
of RelB-dependent hypoxia upregulated genes, genesdpmownrregulated following RelB
knockdown in the breast cancer cell lines studied. Enrichment analysis and literature searches

showedhese genes are involved in a vast array of molecular arajjlmal processes.

Additionally, aberrantRelB expression has been observed in breast cancer most
especially in thdriple-negativebreast cancer subty@ed has been shown to facilitate cell
migration and confer more highly invasive characterigb8, 599] Furthermore, Wang and
colleagues previously demonstrated a negative correlation between RelB expression levels and
ERU status, in which ERU positive breast <can
of Rel B whil e ERU n démpsasuchaseMDEVIBE21lxxtpressaximighe r ¢ e
levels of RelB[432]. Interestingly, some scholars have also demonstthse&elB depletion
resulted in increased apoptosis, decreased cell migration, invasidroverall decrease in
breast cancer progressif03]. Thus, a report has associated RelB activation and expression
with poor prognosis and worse survival outcomes most especially-meg&tivebreastcancer
patient§600] and even the Human Atlas project identified RelB as an independent prognostic
factor for breast canc@s01].

Therefore, to further characterise the roles of RelB in hypoxia, we decided to investigate RelB
further through immunoprecipitation and mass spectrometry (MS). An attempt was made to
elucidate RelB interacting proteins using affinity purification followdxy liquid
chromatographyoupled with MS (LEMS). Understanding of the RelB proteome in MDA
MB231 cells could give further insight into understanding the mechanisms of actions of RelB

in breast cancer.
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4.8.1 Introduction to Mass Spectrometry and Proteinprotein Interaction

Mass Spectrometry (MS) is a highly sensitive and rapialytical tool developed to
analyse both pure and complex mixtures of proteins, fatty acids, nucleic acidsalipid® on
[602]. MS detectsidentifiesand quantify ions produced from chemical substances based on
their masgso-c har ge ( m/ z) rati o, where O6mbé represet
Daltons and 6éz6 is the number of <chammagses on
spectrum, which is a plot of relative ion intensities / relative abundance aj&nstz ratio.
MS is an essential analytical tool in various clinical applications, drug disgoaad/
proteomicqd603, 604]

Mass spectrometers are composed of; an inlet system, an ion source, a mass analyser
and an ion detector which are designed based on the purpose of the mass spedtnemeter,
properties of the sample to be analysed tiedype of data to be generateéiqure 4.19).
Through the inlet system, sampteathave been separated through techniques such as Liquid
chromatography (LC/MS) or Gas chromatography (GC/MS) are introduced into the mass
spectrometeionizationtakes place in the ion sourf&®5], where molecular and fragment ions
(mainly cations) are produced from molecules by knocking off electron(s) from samples under
investigation using differembnizationmethods. The variousnizationmethods available such
as Chemical lonization (Cl), Electrospray (ESI), Matrix Assisted Laser Desorption (MALDI),
andElectron Impact (El) also gave rise to different MS subtyfe6, 607] The ESImethod
is mostly used for studying complex protein mixtures because the ionization it provides is
6gent | ed e n oaovplent interactiof®@8p Anothemadvantage of this method is
that the electrospray needle can be coupled to a liquid chromatography column which allows
the entry of peptides separated by LC directly into the mass spectr¢d@&ieiThe energetic
ions formed then pass through the nmasalyse which analyses the ions as a function of their
m/z ratio as they are deflected in a magnetic {@0®]. The detector only detects and quantifies
cations while other ions are removed via the vac{@if] and a mass spectrum is generated.
Different kinds of masanalyser with different strengths and weaknesses and which can be
coupled to MS or used independently have been developed. Some of these are Orbitrap,
Tandem mass spectrometry (Tandem MS), Time of Flight (TOF), lon Trap (IT), and
Quadrupole (Q)611].

MS is the method of choice for studying ptsinslational modification and protein
protein interaction (proteome system) due to its high sensitivity and versatility. There are two
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main approaches to this, the bottom approach involves digestion of protein of interest with
enzymes such as trypsin which cleaves peptides at ther@inal of arginine and lysine
residueg612], generating enzymatically digested peptides which are separated using LC. The
masses of intact peptides produced through the digestion process are measured in the first MS
procedure, followed by a second MS (tandem MS/MS) in which the peptides are further
fragmented to break their peptide bonds and generates information about the protein identity,
sequence, modifications and interacton®&s, 613] The alternative approach to bottap is

the topdown approach which does not involve sample digestion but protein complexes or intact
proteins are injected into the MS. In this method,-oowalent interactions are maintained
between proteins and alloar the identification of protein isoforms and interacting partners
[614]

MS has a wide range of clinicakein fields such as proteomics, metabolomics, drug

discovery and drug testing, protein identification, detection of food contamination,

lonization lon Sorting lon Detection Data Processing
Source Analyzer Detector Signal
H processor

<---- Vacuum ----- _
\-.‘\\ Pumps ”’,’ L
1T

Sample Mass Spectrum

Figure 4.19 A schematic representation of Mass Spectrometer componentd mass
spectrometer is essentially made up ofialet system through which samples a
introduced, armon sourcewhich converts samples to a gaseous statapalyser which
resolves ions based on their m/z ratiojandetector which detects and records relati
abundance of the resolved ions converting them to electric signals detd aystem
which processes the signals. Results are viewed as mass spectrum which is a
relative abundance against m/z ratio.

Similar to genome project, protein interactome mapping has become a point of focus in
present day biol ogical research. 0l nteracto
established and potential protgirotein interactions that can occur in an organ[615],

giving insights into unique and unknown functional roles for known proteins. In 2010, De Las
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Rivas defined proteini pr ot ei n i nteraction as Ophysical
molecular docking between proteins that o¢owivod[616]. This suggests that protgmotein
interactions (PPIs) is an intentional or specific connection between or among proteins which
could be transient such as in binding of transcription factors to promoter regions to regulate
gene expression, or permanestfaund in enzyme complexes made up of protein subunits
[617, 618] However, this definition excludes contacts made with other proteins during protein
synthesis, folding and degradation, which he considegeisric function$616]. Generally,
proteins rarely act in isolation but usually achieve their functions, mediate cellular processes,
signalling and metabolic pathways through interactions with other biomolecules such as RNA,
DNA and other proteins. In living organisms, ~80% dfpabteins interact or function as part

of a protein complex or protein netwdi1L9]. Therefore proteisprotein interaction is critical

in regulating various cellular and molecular mechanisms that occur in both physiological and

pathological conditionf520].

Numerous approaches have been identified for investigating PPIs which include small
scale experiments, computational meth@isl Highthroughput technique$21]. These all
have their strengths and limitationsThey include in vitro techniques such as <o
immunoprecipitation (CdP), protein microarray, -xay crystallography, Tandem affinity
chromatography coupled with MS, NMR spectroscfi®2] andin vivotechniques such as the
high-throughput binary mapping by Yeast tlgbrid (Y2H) which detect direct physical
interaction between two proteif@21, 622] and variousn silico methods such as gene fusion,
gene expression, ortholdmased sequence approaches, strudtased approach, phylogenetic
tree and so of622]. Recently, therdasbeen a rapid increase in the rate at which PPIs are
generated most especially through higloughput techniques like M8ndY2H as a result of
technological advancement. One major drawback to thesethmghghput techniques is the
high level of false positives and noise they gendé28, 624] However, certain reliability
verification methods have been developed to test the authenticity of the PPI results and to
counter the errors. Some of these include; paralog verification methods [E2%)
expression profile reliability index (EPR$26], protein localization methods (PLMand
interaction generalities measures (IdB27]. These verification methods explore the
characteristics of already identified PPIs, such aswmution patterns, cexpressionand
protein celocalization[628].

Due tothe high level of experimental PPl data being generatedj)putefsreadable

databases have been constructed to better organize and process these data. some of these include
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Biomolecular Interaction Network Database (BIND), Biological General Repository for
Interaction Datasets (BioGRID), IntAct Molecular Interaction Database (IntAct), Database of
Interacting Proteins (DIP), Agile Protein Interaction Datelyser (APID), Protein Interaction
Network AnalysisPlatform(PINA), Human Protein Reference Database (HPRD), Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING). Some of these databases with their
links are presented iffable 45. Among the common proteiprotein interaction curated
databases, BioGRID https://thebiogrid.org/111903 and IntAct
https://www.ebi.ac.uk/intact/search?query=id:Q01201*#interadiaxe the highest number

of validated RelB interactors in Human, documented to be 75 and 98 respectively.

Table 45: List of some common Proteprotein interaction curated databases with links

Database link

BioGrid http://thebiogrid.org/

IntAct http://www.ebi.ac.uk/intac

BIND http://bind.ca/

PID http://dip.doembi.ucla.edu/dip/
APID http://cicblade.dep.usal.es:8080/APID/init.action#ta
PINA http://cbg.garvan.unsw.edu.au/pina/
HPRD http://www.hprd.org/

HitPredict http://www.hitpredict.org/

Pathway commons http://www.pathwaycommons.org/
STRING http://string.embl.de/
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4.8.2 Immunoprecipitation of RelB

MDA-MB 231 andMCF7 cells were either kept at 21% oxygen (Normoxia) or exposed
to 2 hoursof 1%0O, (Hypoxia) in a hypoxia chamber. RelB immunoprecipitation was carried
out as described in section 2.5.1 using RelB4JDAC, Mouse Monoclonal Antibodyand
normal mouse IgeAC was used as IP contrdlo deplete RelB from cell lysates, we optimized
the IP protocol by increasing the amount of RAB antibody used from 1pg to 2.5ugigure
4.20). In each experiment, 500 g of cell lysate was incubated with vaayimuyintsof ReB-

AC antibody or with the IgG control overnight. Following overnight incubation,
immunoblotting was performed with input as indicated in the réBigure 420) , whi | e 20
of the flowrthrough was used for the three replicates. We observed that the amount of RelB
depleted from the lysate increased véthincreasan antibody amount, and with 2.5 pg RelB

Ac antibody, RelB was depleted from tietract(Figure 4.20A).

We also performed Coomassie staining following SEXS5E to check for RelB in the
IP and IgG samples. SDS gel was incubated in Coomassie brilliant {166 Bndafterward
de-stained. We observed visible bands for RelB in the input lanes for both cell lines but not in
the IP lanefkigure 4.20B). The RelB interactdr p52 was also visible in the IP lanes but absent
in the IgG lanes in both cell@~igure 4.20B).

Investigation of the presence of binary interaction between RedBsome previously
identified interacting partners using ttafinity-purified samples was also carried out.
Following immunoprecipitation of RelB, antibodiescognizingp 1 00/ p52 and GSK3
used andnalysedt hr ough i mmunobl otting. pl00/ p52 and
However, we also observed some |l evels of p1l0

be due tarossreactivityresulting from IgG, p1l00/52 nd GSK3b being mouse
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Figure 4.20 RelB Immunoprecipitation in MDA -MB231 and MCF7 cell lines
[A] optimisation of RelB immunoprecipitation protocol to completely deplete RelB f
cell lysate. Varying amount of RelBC antibody was used and 21§ antibody completely
depleted RelB. [B] Following SDS PAGE, RelB IP gel was stained with Coom.
brilliant blue R-250 RelB was visibly seen in the input lane but not in IP in both ¢
Whereas RelB positive control, p52 was visible in the IP lane ford®thines. Western
bl ot analysis of already validated Re
with RelB in MDA-MB231(C) and MCF7 @) cell lines. IN (Input), IP
(immunoprecipitatedandFT (flow through)
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4.8.3 Investigating RelB Interacting Proteins in Normoxic and Hypoxic Conditions

using Mass Spectrometry.

Limitations to this study: The initial aim of this investigation was tharacterize
possible novel phosphorylation sites on RelB in normoxia and hypoxia in-MB231 cells.
Even thoughRelB was detected through immunoblotting of the IP samples in the three
biological replicates submitted for MS runs, MS could not detect RelB in the
immunoprecipitated sample but only a peptide of RelB (SAGSILGESSTEASK) was detected
in normoxic sample ione of the three biological replicates. However, MS generated numerous
possible RelB interacting partners, which we then decidaddtyseand report. Unfortunately,
there were no IgG controls for the interactomes as no IgG was needed for the phospho

investigation initially planned.

In this section we investigated RelB interacting proteins in atmospheric oxygen
conditions(Normoxia) and under a deprived oxygen state (Hypoxia) in MBR31 cells.
MDA-MB were either left iranincubator at 5% Cg&and 21% Qor kept inahypoxia chamber
at 1% O, for 2 hours. RelB was immunoprecipitated from the two conditions UREIB
agarose conjugated (RelB #4) AC), Mouse Monoclonal Antibody from INSIGHT
Biotechnology. Followinghis RelB was eluted and processed as described in sectioA 2.5.
bottomup agproach was employed in which-solution digestion of RelB was done usihg

ug/uL trypsin. Digested peptides wemaalyse usingthe LC-MS techniqueKigure 4.19).

E E Affinity purification ioacti \" '
yp Digestion LC/MS/MS | |
Cell |y5|s — — ' 1
(Immunoprecipitation) (Trypsinization) |
With RelB AC ! !
s ﬁ "R
%0, 100 b
24 hrs e

Figure 4.21 RelB Mass Spectrometer workflow A bottomup / Labelfree
quantification approach was used in which the samples under the two dif
conditions (normoxia and hypoxia) were separately lysed, purified with-Rg#Bose
conjugated antibody (RELB.C) to extract the protein complex of émest, followed by
digestion with trypsin. The digested samples were then fractionated using
chromatography and then analysed through tandem MS/MS.
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For the purpose ajfuality control, eluted samples alongside the input and flow through
were analysed by immunoblotting. Immunoblotting results for the three biological replicate
samples submitted for LC/MS are presenteligure 4.22. We observed that in replicate I, 50
mM Tris with 4% SDS gave more eluted RelB than 50 mM Tris with 2% $dftie 4.22A).

In replicates 1l and Ill, the presenceof HB1L i n t he hypoxi c but not

confirms the 2 hours 1% oxygen treatment worked.

A
REPLICATE |

INPUT BEADS ELUTE FLOWTHRU BEADS ELUTE  FLOWTHRU

- e

RELB 60KDA

Eluted with 50mM Tris Hcl with 4% SDS Eluted with 50mM Tris Hcl with 2% SDS

Lysate: Img Input: 100pg
Elute: 20p! Flow through: 20yl

B REPLICATE II

NOMOXIA HYPOXIA

IN BEADS ELUTE FT IN BEADS ELUTE FT

- - 120KDA

e RO Sy e SIS st

HIF1-a

RELB =~ E— | — . 60KDA
Lysate: 2mg Input: 20ug
Elute: 10ul Flow through: 10ul

Eluted with 50mM Tris Hcl with 2% SDS

C REPLICATE 111

NORMOXIA HYPOXIA
IN Beads ELT FT IN Beads ELT FT

HIF1 .‘
[ — - ——  —
Reld -. “

Lysate: 2mg Input: 20ug
Elute: 10pul Flow through: 10ul

Eluted with 50mM Tris Hcl with 2% SDS

Figure 4.22 Immunoblotting of Eluted RelB: RelB was immunoprecipitated fron
MDA -MB231 cell lysates and eluted. [A] Elution in replicate one was performed
50 mM Tris HCI with either 2% or 4% SDS. Elution was better with 4%SDS. In
and [C] which represent replicate 1l and replicate I, eluti@s \werformed on botl
Normoxic and Hypoxic samples with Tris 50mM Tris HCI + 2% SDS.
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For the MS experiment data, MASCOT search was done using the uniHuman database,
to generate list of protein matches, and generated list were processed and analysed using

Progenesis Q1 software.

The number of features in each of the replicate generated before and after pre
processing by Progenesis Q1 software are graphically represetiggiia 4.23A and B. In
the unprocessed data, replicate 1 had the highest number of features due to a lot of noise
introduced by the presence of kerattiglure 4.23A). Following preprocessing, normoxia and
hypoxia samples respectively had 381, 415 features in replicate 1, 431, 431 features in replicate
Il and 415, 416 features in replicate Ill. Finally, a taBX61 proteins were identified to be
upregulated RelB interactomes, out of which 110 were not classified as normoxia or hypoxia
(23) or are missing in one or more replicate (87) and so are categorised as NIL since their
foldchange cannot be calculatddgure 4.23C). Thus, a final 351 proteins were identified as
upregulated RelB interactors in baibrmoxicand hypoxic samples. The raw abundance values
for each of the 351 proteins in hypoxia were normalised against the raw abundance values of
their normoxa counterparts to generate foldchange (FC). Out of the 351 proteins, 255 proteins
have FC values >1 and are listed as RelB interactors in hypoxia, leaving 96 proteins with FC<1
as RelB interactors in Normoxi&igure 4.23C). Proteins classified as NIL are proteins either
with no raw abundance at all, or missing in at least one replicate in either normoxia or hypoxia

condition, therefore FC cannot be calculated.

A search through BioGrid and IntAct PPl databases showed that 33 out of the 461
proteins identified are previously validated RelB interactors. To gain further insights into these
lists of already validated RelB interactors captured in the MS experimen(Tadtle 46),

KEGG pathway  analysis  was performed using ShinyG@®.76.2

(http://bioinformatics.sdstate.edu/§jo/ and Database for Annotation, Visualization and

Integrated Discovery (DAVIDttps://david.ncifcrf.govto analyse functional connections

between these genes. We performed KEGG pathway analysis, Gene ontology (GO) Enrichment
for Biological Process (BP), Molecular Function (MF) and Cellular Components (CC),
Enrichment analysis for proteprotein interactionusing STRING, enrichment for tissue

distribution and postranslational modification.

The top significantly enriched terms for each category is presenkggure 4.24 and
Figure 4.5 as a lollipop bar plot and bar chart respectively. Pathway analysis revealed

significant enrichment for Legionellosis, antigen processing and presentation, ribosomes,
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oestrogensignalling pathway, thermogenesis, MAP&ignalling and so. Fotthe Biological
process, the top enriched terms include regulation of nucleotide excisiatoablkdstrand

break repair, regulation of metaphase/anaphase transition, chromatin remodelling and
transcription regulation. Analysis of Molecular function revealed binding to folded, misfolded
andunfolded proteins, and binding to DNA, RNA, chromatin and soFagufe 4.25). The
majority of these proteins are significantly enriched in the nuclear matrix, macromolecular
complex and the SWI/SNF complex. Aspected91% of these proteins are RelB interactors
according to IntAct enrichment analysis, additionai2%, 79% and 76% of these proteins
interact with cystic fibrosis transmembrane conductance regulator (CFTR), Cullin 3 (CUL3),
GABARAPL2 (GABA Type A Receptor Associated Protein Like 2 (GABARAPLRg(re

4.26A). These proteins are highly enriched in erythroleukemia, cervical, colomnargnand
ovarian carcinomasF{gure 4.26B). STRING analysis of proteiprotein interaction among
these 33 proteins revealed interesting interactions among the SWI1/SNF1 family of proteins,
actinlike protein 6A (ACTL6A) and Double plant homeodomain finger 2 (DPFxQyure

4.26C). These proteins are all involved in chromatin remodelling, regulation of DNA repair,
regulation of developmental processes, positive regulation of T Cell activation and so on
according to gene ontology enrichment analysis for bioldg process
https://maayanlab.cloud/Enrichr/enrichlso, RPS5, RPS1RPS14, RPLP2ANdRPL30 form

a string cluster which is enriched for cytoplasmic translation, i.e they regulate the various

reactions and pathways involved in protein synthesis from mRNA in the cytoplasm. The heat
shock proteins (HSPA5, HSPA6, HSPA8, HSPA9 and HSPALL asm fa cluster of
molecularchaperonesvolved in protein refolding. All the proteins interact at one level or the
other except for a binary interaction observed between the two keratin proteins; KRT15 and
KRT2, whereas Carbamoefhosphate Synthetase ZAD did not interact with any protein
(Figure 4.26C).
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Figure 4.23 RelB Mass Spectrometer Data SummaryA stacked column char
showing the numbers of features [A] of unprocessed data generated by MA
search for the number of proteins matches in each condition and in each replic
Identified following preprocessing in both hypoxia and Normoxia séesdC] A

venn diagram showing numbers of proteins upregulated in normoxia and hy
following normalisation. Proteins with Foldchange >1 are grouped as

i nteractors in hypoxia, whereas prc
normoxia. Uclassified proteins and those with no raw abundance in at leas
replicate, and therefore no foldchange values are grouped as NIL. Interactivel
used for overlap analysis
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Table 46: RelB interacting proteins in breast cancer cell linesList of Previously
identified RelB interactors generated from BioGRID and IntAct interactome databases, found

in the hypoxia/normoxiaMS experiment data.

Accession Gene Protein name Fold

Change
olclsic/ekl SMARCE1 SWI/SNFrelated matrixassociated actidependent 21.98
regulator of chromatin subfamily E member 1

Q92785 eIz Zinc finger protein ubd4 11.95
Yy X N RPS14 Small ribosomal subunit protein uS11 10.21
ovitis i RPL30 Large ribosomal subunit protein eL30 8.52
oxwi vzl SMARCB1 SWI/SNFrelated matrixassociated actidependent 6.08
regulator of chromatin subfamily B member 1

Ol°[SoNI* N ACTL6A  Actin-like protein 6A 3.68
olepZiiclomm DD X1 ATP-dependent RNA helicase DDX1 3.16
P02768 [AME] Albumin 3.05
ool CALMI1 Calmodulinl 2.98
oyviVl RPS11 Small ribosomal subunit protein uS17 2.78
NN HSPAS Heat shock cognate 71 kDa protein 2.27
Q00610 NeimYe: Clathrin heavy chain 1 1.96
SXYZIE SFPQ Splicing factor, prolineandglutaminerich 1.95
NNy HSPAS Endoplasmic reticulum chaperone BiP 1.57
olopicySll SMARCD2 SWI/SNFrelated matrixassociated actidependent 1.51
regulator of chromatin subfamily D member 2

oZRii* Al NUDT21  Cleavage and polyadenylatigpecificity factor 1.50

subunit 5
SR KRT2 Keratin, type Il cytoskeletal 2 epidermal 1.33
XISy RPLP2 Large ribosomal subunit protein P2 1.28
P15924 @EbEIE Desmoplakin (DP) 1.18
YL YKKEN NONO Non-POU domaircontaining octamebinding 1.16
protein
yadviam CAD Carbamoyiphosphate synthase 2 1.12
olsfersXi*Il HNRNPU Heterogeneous nuclear ribonucleoprotein U 1.04
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Figure 4.24 Pathway analysis of RelB interactors Result of KEGG pathway
enrichment analysis for top significantly enriched terms of the thrge
previously validated RelB interactors found in the hypoxia/normoxia

experiment data is presented with corresponding fold enrichment vafjie(FDR)

are presented as a colour gradient and numbers of genes in each enrichmer
are presented as circles / dots of different sizes (see legends)
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Figure 4.25 Gene ontology Enrichment Analysis of RelB interactorsResult of
enrichment analysis for top significantly enriched terms of the tthrge previously
validated RelB interactors found in the hypoxia/normoxia MS experiment de
presented with correspondindogio(p-value). GO enrichment terms consider
include Biological Process, Molecular Function and Cellular Component. Enrich
for posttranslation modification is also presented.
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