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Abstract

Atherosclerosis is prone to developing at bends and branches of arteries exposed to
disturbed flow and low shear stress. These mechanical conditions alter endothelial cell

(EC) function, by promoting inflammation, proliferation, aather processes. Shear

stress regulates various transcriptional programs, such as those controlled bysthi NF

family. Despite the fact thatsomeNFB s ubunits have been reveal
stress, the effect of this force orRel and its rolein atherosclerosis have not been

described.

En facestaining revealed thatiRel was enhanced at the inner curvature (low shear stress)
compared to the outer curvature (high shear) ohtirenalmurine aortaTotal deletion

of c-Relresulted in decreasedmession of the inflammatory molecules Veanand E
Selectin and reduced proliferation at low shear regions of the mouse aorta. Moreover,
total c-Reland ECspecificc-Reldeletion led to a reduction in atherosclerotic lesions in
mice treated with AAVPCSK®9, indicating that totatRel and endothelial-Rel induce
atherogensis. Consistent with this;REL protein was enriched in human umbilical vein
EC (HUVEC) and human conary artery EC (HCAEC) exposed to low shear using
vitro flow systens. Similarly, silencing ot-REL in HUVEC under low shear stress led

to reduced expression of inflammatory molecules and proliferation. Microarray studies in
HUVEC and subsequent vadition experiments using HUVEC aed facestaining of
mouse aortas showed thatRel controls the expression of genes implicated in
inflammation, such as TXNIP and p38, and proliferation, including RANK, NIK,
p100/p52 and p21.

These data demonstrate thaRel is enriched under low shear and that it promotes
atherosclerosis by inducing EC inflammation and proliferatlanvitro and in vivo
studies show that-Rel activates a number of genes implicated in inflammation and
proliferation, providing a potentiamechanism for &Rel proinflammatory and pro

proliferative activity.
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1.1 Atherosclerosis

Cardiovascular disease is a leading cause of death worldwide, cAU€0Q0 deaths
each year in the UKan estimate@8% of all deathgBritish Heart Foundation, 2019).
Atheroscleosis, a chronic inflammatory diseaseis the main underlying cause of
cardiovascular diseasé#. is characterised by the development of plagues inside the
arteries, and it can ldao anginaheart attaclor stroke(Warboys et al., 2011Although
atheroscleosis is often associated wighmoderndiet and asedentary lifestyle, it is not a
modern diseasé. has been identified ithe remains oéarly sociaeswith different diets,
genetics and geographic locati@uch as Egyptian and Alaskan mumn{es3@0 BC

to c. 15@-2000 AD) suggesting thatomerisk factors (including smoke inhalation and
chronic infection or inflammationjvere relevant in ancient societi€ehompson et al.,
2013; Zimmermanl1993) These findingglenonstratethat atherosclerosis is a complex
diseasgrocesghat is dependent on multiple risk factomsany of which have yet to be
identified

Atherosclerosis is triggered when the endothelianfayer of celldining the arteries,
becomes dysfunctionapromoting an inflammatory response. This process can be
triggered by several eventscluding high blood concentrations of low density
lipoproteins (LDL) presence of reactive oxygen species (ROS), or hypertgiBaotzon

et al., 2@4; Libby, 2002; Libby et al., 2019a)Vhen endothelial cell&EC) are activated,
proinflammatory cytokines, such as monocyte chemoattractant prbt@MCP-1) and
tumour necrosis factofTNF), are secretedpitiating the recruitment of circulating
leukocytes to endothelial cellsThe expression deukocyteadhesion molecules on the
endothelial surface, includingascular cell adhesion moleculdMCAM-1), endothelial
selectin (ESelectin) platelet selectin (fSelectin)and intercellular adhesion molecule 1
(ICAM-1), also contribute to the attachment of leukocytes to the vesselleaaling to

the leukocyte adhesion cascadéby, 2002; Weber and Noels, 201Dnce the clis
haveadhered to the activated endothelium, monocytes transmigrate to the innermost layer
of the artery, where they acquire characteristics of macrophages andxgtadsing
scavenger receptors, promoting the uptake of oxidised LDL[Y. Following the
uptake of oxLDL, macrophages differentiate into foam cells, which contain lipid droplets
within the cytoplasm(Bentzon et al., 2014; Witztum, 1994hese cells then release
cytokines, readive oxygen spcies (Rajagopalan et al., 1996and matrix

metalloproteinases (MMPg§alis et al., 1995)amplifying the inflammatory response
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andinitiating the atherosclerotic lesipteading to the formation of fatty streakishe
inflammatory esponse generated by foam cetiduces further endothelial activation,
monocyte infiltrationand also, foam cell proliferatiditibby, 2002) Besides, vascular
smooth muscle cells (VSMCs) start migrating from the media to the intima, where they
proliferate and start producing extracellular matrix molecidesh axollagen), causing
thickening of the intimal layeand forming theibrouscap(Stoneman and Bennett, 2004)

As the atherosclerotic lesion progresses, foam cells undergo apoptosis and accumulate
generating the necrotic core of the atherosclerotic plaque, further sustaining the
inflammatoryresponsdfigure 11) (Bentzon et al., 20140ver time, the atherosclerotic
lesion and the fibrous cap can continue growing, narrowing the vessel lumen (aortic
stenosis) or occluding ignd hence, decreasimgxygen supplyto downstream tissues

This aortic stenosisaused by a thick fibrous capuldlead to conditions such as angina

or abnormal heart rhythifBando et al.2015; Stoneman and Bennett, 20@Qnversely

some atherosclerotic lesions pnetsa thin fibrous cap, which @one to plaque rupture.
Activated leukocytes can release MMPs, resulting indbgradation of extracellular
matrix (Galis and Khatri, 2002)n particular MMP9 and MMP2 hag been shown to be
relevant to the pathogenesis of atherosclerasisse their expression is known to
correlate with plaque stabiliffHeo et al., 2011b)n addition proinflammatory cytoking
(including interferom (-b FN can i nhibit coll agen produ
disruption (Libby, 2002) Plague rupture leads to exposure of the plaque core to the
bloodstream, triggering coagulation and thrombus formation due to the presence of tissue
factor and activated platelefBhis thrombus formation camave severe consequences,
occludingthe vessehndresulting inacutemyocardial infarction, stroke or ischemighe

severity of this last condition is higher than when a more stable plaque is genanated

it can lead tesudden oronarydeath(Libby et al., 2019a)

The formation of a thrombus can also oceuthout plaque rupture, andhis process
involves superficial plaque ersion Currently, up to one third of acute coronary
syndromes could result from plaque erosion instead of plaque ryptaret al., 2013)
Lesions that are linked fdaque erosion are morphologically distinct to those that present
a thin fibrous cap and are prone to plaque ruptitbough hey presena large amount

of extracellular matrix and smooth muscle cells, they exhibit low levels of lipids and
macrophages, as well as scarce foam ¢kllsby et al., 2019b; Virmani et al., 1999)

Furthermore, eroded plaques contain high levels of proteoglycans, glycosaminoglycans
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and type 3 collagen, whereas ruptured plagloesot present abundant collag&alk et

al., 2013; Kolodgie et al., 2002; Virmani et al., 2Q00has been suggested that eroded
plaques localise to atheroprone regions exposed to disturbed blood flow, ardsthey
present loss of endothelial ceflsranck et al., 2017; Quillard et al., 2015)

Toll-like receptor (TLR)2 has been suggested to contribute to endothelial dysfunction,
causingsuperficial erosion. Some studies have shown that -‘BLR upregulated in
regions exposed to disturbed flqdfeldt et al., 2002; Mullick et al., 20Q8nd that
deletion of TLR2 reduces atherosclerosis in mo(igeilllick et al., 2005) Hyaluronana
glycosaminoglycan that is typicallyodind in eroded plaques, can bind to TER
(Scheibner et al., 2006 Both TLR-2 and hyaluronarare known to contribute to
endothelial activation by promoting the expression of adhesion molesulds as E
Selectin and VCAML, the production of RQ@&ndeventually EC apoptosigQuillard et

al., 2015) Hence, flow disturbance enhances FRRxpression and glycosaminoglycan
levels, triggering EC dysfunction, apoptoaisd desquamation, andtimatelyleading to

superficial erosion.

Further research should now focus on investigating other mechanisms of superficial
plaqgue erosion Understanding the underlying biology could lead to novel therapies to
treat acute coronagyndromes caused by erosion, which are likely to be different to those

provoked by plaque rupture.
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Figure 1.1. Early atherosclerosis and lesion progressiorEndothelial cell (EC)
dysfunction, which can be triggered by events such as high btowentrations of LDL,
presence ROS, or hypertension, initiates atherosclerosis. When EC are activate
releasecytokines (e.g. MCH and TNF. This, together with the expression of leukoc!
adhesion molecules on the endothelial surface (e.g.VQAKIAM-1, E-Selectin), lead
to the adhesion of leukocytes to the EC layer and subsequent monocyte infiltrat
the intima, monocytes acquire characteristics of macrophages and start taking
LDL, leading to macrophage differentiation into foam cefleam cells then releas
cytokines, ROS and MMPs, amplifying the inflammatory response and inducing ft
endothelial activation, monocyte infiltration, and migrationsafooth muscle cells
(SMQ) into the intima. After SMC migration, SMC proliferate asthrt producing
collagen, generating the fibrous cap. In addition, foam cells undergo apoptos
accumulate generating the necrotic core of the atherosclerotic plaque, further pro
the inflammatory response.
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There are several riskactors that hve beenassociated withthe development of
atherosclerotic plaquesnd most of them have also bemked to endothelialcell
dysfunction(Davignon and Ganz, 2004)ligh cholesterol levels and smoking are both
critical for the initiation of atherosclerosisince high levels of LDL promote the uptake
and accumulation of thisiolecule by macrophagesid smoking induces ROS release,
leading to LDL oxidation and promoting inflammatory signall{@gordas and Bernhard,
2013) Other risk factors that contribute to this disease gpettensionobesity gender
and age Although hesecontribute to the progression of atherosclerosithen entire
artery tree atherosclerosisnainly occurs in specific regionsncluding curvatures,
branchesandarterial bifurcations. On the contrasgraightvessesegments argenerally
free from the diseag®lalek et al., 1999)

1.1.2Atherosclerosis is a focal disease

In the 1% century, Leonardo da Vingerformed human and animal dissections that
allowed him to studythe heart and blood vessels. Although the concepbl@dd
circulation was not introduced until 162§ W. Harvey da Vinci wasalreadyaware of

the potential role of haemodynamics time cadiovascular system. In his numerous
drawings, Leonardo compared the blood flow in arteries and veins to the flow of rivers
and water around obstacles, and he thought both were suligesteular forcegMartins

e Silva, 2008) In the 19" century, Virchow (Virchow, 1860) and Rokitansky
(Rokitansky, 1952)locumented that atherosclerosis mainly occurred in specific areas of
the arterial tree, suggesting that mechanical forces could play a role in thugifanm
distributionof the diseaséDavies, 1995)

In 1969, Caro et al. observed that atheroprone regionsratettedegions were exposed

to dfferent blood flow patternsThey observed thagéndothelial cells inatheroprone
regions wee exposed to neaniform and disturbetloodflow, whereas straigtdrterial
segments were exposed to steady and unidirectional flow. The fact that atherosclerotic
lesions occurred in regions exposed to altered blood flow suggestéd¢mabvdynamic

forcesinduced by blood flownfluence the distribution of plaquéSaro et al., 269).

The influence of flow onesiondistributionhas beerxplainedby two differentbut not

mutually exclusivanechanismsmass transpodandshear stress theory of atherogenesis
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Mass transport theory: It suggests thahe transport of moleculésom the bloodstream

to the endotheliums different in regions exposed to steady flow and regions with
disturbed flow Several studies have shown thifiteroprone regions exposediisturbed
flow have increasecendothelial permeability that facilitatesthe accumulation of
lipoproteinsand moleculesuch asitric oxide (NO), and this is suggested to thae to a
prolonged contact betwedine endotheliumand blood(Herrmann eal., 1994; Jo et al.,
1991, Staughton et al., 2001)

Shear stress theoryThis theoryinvolvesthe effect of blood fla-dependent forces on
the vascular endotheliyminceit is directly exposed to flowit specificallydescribes the

effect of shear stress on the vasculafivalek et al., 1999)

It has been shown that there is a functional interaction betweermmuaathanismsand
that theyaffectthe development adtherosclerosidiVhile shear stress is responsible for
altering endothelial permeability, this permeabijlity turn, controls the transport of
moleculegJo et al., 1991)

1.2 Shear stress

Endothelial cells are exposed to several physical forces that are exerted by blood flow,
modulating their response. Some of theces that have been shownitdluence EC
function are cyclic circumferential stretch, which depends on cardiac cycle and changes
in vessel diameter, hydrostatic pressure, which is also known as compressive stress and
is influenced by blood pressure, attkar stresdapadaki and Eskin, 199Bhear stress

is africtional force per unit area that is essential for maiming endothelial physiology

It is exerted by blood flow and iteagnitude and directiois dependent on theascular
geometryand cardiac cycleand it has been suggested to influence atherogenesis
(Cunningham and Gotlieb, 2005)his haemodynamic forcean be calculated using

Poiseuill:ebs equation
Shearstress 4 e3Q/ " r

This shows thatshear stresss directly proportional tdblood flow velocity Q) and

viscosity(e ) andinversely proportional tthe vessel radiug) (Malek et al., 1999)

Several comptational fluid dynamicsnodels have been generated in the last few years,
in order to model how blood flowcirculates through vessels. This enables the

characterisation of forces generated by flow in different areas of the aorta, producing
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shear stress maps in numerous spe(iesntuch et a). 2007; Lantz et al.,, 2012;
SerbanovieCanic et al., 2017)Atheroprone sites, whetdood flow is disturbed and
slow, areknown to beexposé to lowshear stresd.SS)(e.g.4 dynes/crhor 0.4 P3. In
theseregions, n addition taa variation in magnitudahear stress direction is also altered.
In contrast, straight arterial segments thatex@osed to unidirectional floexperience

a highemagnitude oshear(e.g.15 dynes/crhor 15 P3 and areathergrotectedDavies,
2007)(figure 1.2).
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Figure 1.2. Focal distribution of atherosclerosis.Atherosclerosis m@inly

occurs in specific areasf the vasculature, which include the inner wall
curvatures and theuter wall of bifurcations. Endothelial cells atheroprone
regions are exposed todshear stress and disturbed flow, and are characte
by low production of eNOS and increased inflammation, apoptosis
proliferation. However, straight arterial segments that are exposed to high
stress and unidirectional flow are protected fathrerogenesis, and they prese
increased eNOS production and decreased endothelial cell death, prolife
and inflammation.
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1.3 Therapeutic targeting of endothelium

Since endothelial dysfunction has an essential role in the initiation of atherogenesis and
is an early predictor of this disease, targeting this therapeutically could lead to the
treatment and prevention of atherosclerosis and other cardiovascular égeseveral
studies have shown the importance of endothelial dysfunction in the development of
atherosclerosigCelermajer, 1997; Panza et al., 1990; Vita et al., 199@ny of the
current therapies for atherosclerosis are focused on targeting oxidative stress and
inflammatory responses, which are critical processes for endothelial fu(@tagignon

and Ganz, 2004; Heitzer et al., 20089pme of the established drugs that Hzeen shown

to improve endothelial dysfunction include angiotensin Il t§peceptor antagonists and
angiotensirconverting enzyme inhibitor&Caspritz et al., 1986; Soehnlein et al., 2005;
Warnholtz et al., 1999¥ktatingLaufs et al., 1998and endothelirl receptor antagonists
(Clozel, 2003; Thorin and Clozel, 2010) addition to these, there are a number of new
molecules that are currently in preclinical and clinical trials, which have thatdt®
become new therapeutic options. Some of these, such as canakinumab, which blocks
i nt er | &ulkpb{Riwkerdebal.,, Q017; Ridker et 22011) and methotrexatdverett

et al., 2013) target inflammatory markers. Epigenetic approaches have also shown
beneficial effects, including microRNA (miR)1818un et al., 2014nd miR924Daniel

et al., 2014; Loyer et al., 20159)here are other molecules, such as resver@alet al.,

2017) and silforaphane(Bai et al., 2015; Evans, 2011hat are naturally occurring
compounds and act as antioxidant mediators. Also, targeted antioxidant therapy has
become a new attractive therapeutic option. It is characterised by the inhibition of
oxidative stress and inflammatory signalling specifically in the endothelium, which can
be targeted using antibodies and other ligands that bind to endothelial cell adhesion
molecules such as platelet endothelial cell adhesion molecule (PEGANbod et al.,
2011)and ICAM-1 (Atochina et al., 1998)it has been shown that antioxidant enzymes
conjugated to antibodies against the adhesion molecules {ICAMI PECAML1 bind to

the endothelium, preventing endothelial dysfunction induced by ROS accumulatio
(Shuvaev et al., 200,7and also, protecting the endothelium freaperoxidgShuvaev et

al., 2007)and HO2 (Sweitzer et al., 2003 he use of these new potential therapies may
lead to an improvement of vascular function, and therefore, the prognosis of

atherosclerosis. Since the activationtloé endotheliums a critical step in numerous
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cardiovasculadiseasegCelermajer, 1997)targeting endothelial dysfunction is still an
interesting approach that could lead to a decline in cardiovascular disease mortality.

1.4 Endothelial responses to shear stress

A large number ofstudies have yietled evidence supporting thmfluence of
haemodynamic forcagponendothelial physiology ahgene expressiaiiNi et al., 2010;
Passerini et al., 2004yvhich haveallowed the identification ofiew mechanoreceptors
and signalling pathways that respond to shear sti®bhsar stress is sensed by
mechanorecdprsthat are expressed by EC, which, in turn, transform mechanical forces
to activate signal transduction cascades. Shear stress acts at the apical surface of EC,
deforming them in the direction of the flowhere are several molecules that have been
proposed to respond to this mechanical force, sugadaslet endothelial cell adhesion
molecule PECAM-1), vascular endothelial growth factor recept&/EGFR) and
vascular endothelial cadheriWE-Cadherin (which are found on the lateral surface of
EC), andthe glycocayx, G proteins and caveolae (at the apical surface). Besides, shear
stress camegulate the induction of ion channels, and ¢htoskeletonhas also been
proposed to act as a shear stress sefismtioning as a link between the apical surface

of EC to where the activation of transduction cascades oft¢ahs and Schwartz, 2009;

Li et al., 2014; Tzima et al., 200Q5)fter the activation ofsignal tansduction cascades

by these mechanoreceptorsendothelialgene expressios eventually regulatedy
activatingtranscription factorgKwak et al., 2014)While areas exposed to high shear
remain diseas&ee, bw magnitudes ofthis haemodynamic forcactivate specific
mechanoreceptorthat trigger the activation ofpathways thalead to atherogenesis
(Chatzizisis et al., 2007jigure 1.3)

Experiments usingultured EC exposed to floand studies using mice revealed that low

shear stress induces endothelial apoptosis, and that this induction is linked with
atherosclerosigDardik et al., 2005; Zeng et al., 200%) vivo studies showed that
prolonged activation aK-box binding protein 1 (XBP1), a moleculth pro-apoptotic
propertiesled toEC death and atheroscleroéffeng et al., 2009p53(Heo et al., 2011a)

c-Jun Nterminal kinase (JNKfChaudhury et al., 200§ nd pr ot ei n Kkinase
(Magid and Davies, 2005aresignaling pathways that havalsobeen revealed to be

involved in theinduction of apoptosis low shear areadn contrastunder high shear

stresqHSS) there is an activation of ardpoptoticsignallingpathwaysjncluding those
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involving endothelial nitric oxide synthaseNOS and superoxide dismutag@immeler
et al., 1999)

Endothelial proliferationand senescence have alsgen showrto be induced under
disturbedflow (Foteinos et al., 2008; Warboys et al., 20 4bpliferation is regulated by
proteins that control the cell cycland the relationship between theseteinsand stear

stress is still not well understood. However, it has been revealed that JNK1 induces
proliferation under disturbed flawwherea€EC under laminar flow present a quiescent
phenotype that is promoted by the growth arrest and DNA damage inducible gene 45
(GADD45) (Lin et al., 2000)

In high shear areagroinflammatory responses are inhibited by different molecules,
which include transcription factors such as Krugpe family 2 (KLF2) (van Thienen

et al., 2006)and nucleafactor erythroid Zelated factor (Nrf2)Zakkar et al., 2009)
However, n regions undedisturbed flow, inflammation igromoted via increased
expressionof adhesion molecule¢e.g. ESelectin and VCAM1), which promote
leukocyte recruitmeniHajra et al., 2000; Nagel at., 1994; Ni et al., 2010; Partridge et
al., 2007; Passerini et al., 2004; Zakkar et al., 2008¢ main pathways that have been
shown to induce inlmmatory responses in atherosclerosis are the miagemted
protein kinase (MAPK) pathway, and nuclear factor kaBgilF-a B(Bryan et al., 2014;
Cuhlmann et al., 2011)
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Figure 1.3. Flowmediated endothelial mechanotransductionSeveral molecules
have been proposed to act as mechanoreceptors irmehaotells. These includ:
platelet endothelial cell adhesion molecule (PECGAM vascular endothelia
growth factor reeptor (VEGFR) and VEadherinwhich are adhesion molecule
that are fourd on the lateral surface of EC. Othessch ason channels, integrins
glycocalyx, G proteins, cilia and caveolae, are found at the apical surfac
response to flow, mechanoreceptors activate downstream signalling patt
These, in turnactivate transcription factors, regulating target genes and modul
processes such as endothelial inflammation, proliferation, senescence and ap
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1.5 MAPK signalling pathway

The MAPK signalling pathwagnd its regulation of activator protelfAP-1) mediate
shear stresdependent inflammation, and als$bey are known to haveaitical role in
atherogenesi@Cuhlmann et al., 2011; Ricci et al., 200@nder high shear stress, there
is an induction of KLF2 that, in turn, inactivates the proinflammatorylAH his
inactivation occurs vidNK andits downstream target activated transcription factor 2
(ATF2), by inhibiting their nuclear localisation and phosphorylatidoon et al., 2010;
Fledderus et al., 2007)n addition to this, KLF2 also induces Nrf2 by praoting its
nuclear localisatioiiFledderus et al., 2008and Nf2, in turn,has been shown to have a
key role in tle regulation of MAPK signalling. One of the mechanism by which Nrf2 has
been shown to regulate MAPK signalling is throughmession of the p38 activators
MAPK kinase 3 (MAPKK3) and §Zakkaret al., 2009)Also, Nrf2 induces the activity

of MAPK phosphatase 1 (MKR), which negatively regulatedNK and p38, leading to

a reduction in VCAML expressiorfZakkar et al., 2009)

Under low shear stress, thioredoxmteracting protein (TXNIP) has also been shown to
influence MAPK signalling. TXNIP is induced by low shear stress bothtro andin
vivo, and it promotes the expression of VCAMN regions under disturbed flofwang

et al., 2012) One of the mechanisms by which TXNIP induces inflammatiothese
regions is through transcriptional empressin of KLF2. Additionally, TXNIP
downregulates thioredoxiiTRX), which inhibits the activity of apoptosis sigral
regulating kinase 1 (ASK1ASK1, in turn, is a MAPK kinase kinase that is upstream of
JNK and p38, promoting an inflammatory responséder low shear stre¢Saitoh et al.,
1998) Under high shear, TXNIP expressias dowregulated in endothelial cells,
inhibiting inflammation through repression of MAPK signalliiysamawaki et al., 2005)

PKCeg¢ i s a wepéendemtrmolschlestlaest upregulated by disturbed flowand it

is also known to influence MAPK signallinglagid and Davies, 2005; Nigro et al.,

2010) Under high shear st nteatsncatdd Kofnsthatchasn n ot
been shown to promote kinase activity and JNK activation, reducing inflamn(Gaoin
etal.,2007) Al s o, P KCaexpresidninigh shear adddiy&@igh inhibitory
phosphorylation oéxtracellular receptor kinase BRKD5) (Nigro et al., 201Q)

Shear stress has also been shown to influence crosstalk between theakid\Rike B
signalling pathways. One example of this crosstalk is the induction of inflammation by
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RelA in low shear stress areas, through activation of JNK signd(linglmann et al.,
2011)Additionally, TNF receptofassociated factorsTRAFs), which are known to be
upstreamoftheN® B s i gnal | i regpondto humar@uyrecaptods, have been
shown to activate both N& B a nIdtran&d?iption factorsvhich are directly regulated
by theMAPK signalling pathwayWajant et al., 2001)

1.6 Nuclear factor-kappa B (NF-2 B

NF-a Bhas acritical role in innate and adaptive immunifyhis is supported by the fact
that the NFe B pat hway can be induced upon bact
inflammatory cytokines, among others. In addition to these, this transcription factor also
responds tatimuli such as physical stress, including{Adiation, oxidative stresand

physiological stres§{Hayden and Ghosh, 2011pince NFe B h as maj or r ol
inflammation (e.g. cytokines and adhesion molecule®ll proliferation and survival
(Oeckinghaus and Ghosh, 200@ypaired NFe B act i vity can | ead to
including cancerinflammatory, metabolic and autoimmune disedBaker et al., 2011;

Karin, 2006; Kumar et al., 2004)

TheNF-a Bransciption factor consists of five family members that BedA/p65, ReB,
c-Rel, p50 and p52These family members can combioeeform homo o heterodimers,
whichallows them to bind to DNAMonaco et al., 2004)n EC, the most abundant dimer
is p50/RelA(Cuhlmann et al., 2011NF-a Bsubunitsare classifiedinto two different
groups p50 and p52encoded byNFeB1 and N F &Bbelong to class, land class Il
comprisesRelA, RelB and €&Rel (which are encoded bRRela, Relband Rel/cRel
respectively. Class | members are characterised by being synthesised as precursor
proteins p10%nd p100and these precursarentain severatopies otheankyrinrepeat
thatallow them to act as inhibitory proteins. P105 and p10Qheme processedndthe
mature proteins p50 and p5Z2are releasedwhereas lass || membersare directly
synthesised aactive RelA, RelB and &Rel (Hayden and Ghosh, 2004All NF-a B
subunitspresenthe Rel homology domaiat the Nterminus which mediates important
processes such asmer formation,DNA binding and nuclear translocatioiowever,
only class Il membensresenttranscription activatiodomainlocatedat the Gterminus
(Perkins, 2007{figure 1.4)

NF-a Blimersremainin the cytoplasmn an inactive forndue to theirassociatiorwith
inhibitor of B proteirs (1aB). The 1aB family, which comprises BCI3, 1aB6 ,aB b ,
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laB 2 9B U, p 1 0 0 pravendl thegranBlacation adpecificNF-a Blimers into the
nucleusby blocking the nuclear localisation sequence (Nla®y therefore, inhibitislF-
@ BDNA binding (Perkins, 2007)NF-a Bcan beactivated via the canonical or non
canonical pathway and NF-e B s u b u riranslecateto @he nucleusfollowing

ubiquitination and proteasomal degradati on
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Figure 1.4. Members of theNF-a B f aAlliiNF-y B subunits
homology domain (RHD) at the -dérminus. This domainmediates dimer
formation, DNA binding and nuclear translocation. Additionally, RelA, RelB .
c-Rel present a transcription activation domain (TAD), which activates
transcription and is located at thet€@minus. NFe B subunits a
two groups. p50 and p52 belong to class |, and class Il comprises RelA, Rel
c-Rel. p50 and p52 are synthesised as precursor proteins p105 and p100.
include several copies of the ankyrin (A) repeat. p105 and p100 are then pro
and they form thenature proteins p50 and p32n the contrary, class Il membe
are directly synthesised as active RelA, RelB afitel
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1.6.1 Canonical pathway

In response to a cytokine stimul(esg. TNF, IL-1), the canonical pathwagctivateshe

IaB kinase complex (IKK), which includes IKK, KbK and | KKahis( NEMO) .
pathway has been shown to be NEMO ahdK kdependent triggering the
phosphorylation ofeB6 andtargetingit for ubiquitination. Following$Bé pr ot eas o mal
degradationNF-a Blimers are releasento the nucleus, where they can bind to DMA.

is mainly associated with the nuclear translocation of RelAtaining dimers, but is

also involved in the translocation 6Rel and p50 dimerShih et al., 2011(figure 1.5).

There are numeraueceptors that are involved in the activation of the canonical pathway,
swch as TLRIL-1 receptorglL-1R)and TNF recepto@NFR) (de Winther et al., 2005)
Althoughtheir mechanismof activation areslightly different due to the recruitment of
different adaptor proteins, they allsgk the same downstream signalling pathwélyen

these receptors are activated, they bind to specific adaptor proteins, such as TNFR
associated death domain protein (TRADR@ich binds to TNFR; andioll interacting

protein (TOLLIP), myeloid differentiatio primary response prote88 (MyD88) and I
1R-associated kinase (IRAKyvhich bind to TLR and I£1R. Then, TNFR alsobinds to

TRAF2 and receptoeimteracting protein 1 (RIP1) whereas TLR and HLR activate
TRAF6 (Hsu et al., 1996; Hsu et al., 1995; Lomaga et al., 1999; Naito et al., Ba@9)
RIP1and TRAF6 then becom#iquitinated and it is known that the complex containing
TRAF2 and cellular inhibitors of apoptosis 1 and 2 (clABnd 2) is responsible for the
ubiquitination of RIP{Bertrand et al., 2008; Vince et al., 2008he polyubiquitin chains

then link NEMO, and hence, the IKK complex, with the receptor, leading to the
recruitment and activation efansforming growth factor betctivated kinase ITAK1)

through the adaptor proteins TAKinding proteins 1 and 2 (TAB1 and TAB2)
(NinomiyaTsuji et al., 1999; Wang et al., 2001) TAK1l t hen phosphoryl
activating the IK comp |l ex andd tde ggrgaaduging goenducear
translocation of RelA, p50 andRel containing dimergHayden and Ghosh, 2008his
classical pathway has been associated with inflammatory responses and innate immunity,

but also, with the regulation of cell survidlonaco et al., 2004)

1.6.2 Non-canonical pathway

In contrast to thelassicalpathway,which requires the NEMO regulatory subunit, this
alternative pathway seents be NEMQindependen{Monaco et al., 2004)n addition

to this, its activation isalso independedn | e B degr adati on, and in
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to occur, p100 needs to be processed to generatgSphzand Ley, 20085timuli such

as lymphotx i rand6D40activateNF-a Bnducing kinase (NIK)which is essential for

the activity of norcanonical NFe BIKK 6 is then activated by NIKand his activation
inducesthe phosphorylatiorand proteolytic processingf p100, generating p52 and
p52/RelB dimergSenftleben et al., 2001The unphosphorylated p100 calsoform
dimers with RelBbut these dimers localise to the cytoplasm and are not transcriptionally
active(Fusco et al., 2009figure 1.5).

Although p105 to p50 processing has been shown to be constitutive, p100 to p52
processing barely occurs in the absence of-caonical activation. This is due to
continuousproteasomal degradation of NIKvhich maintains NIK levels low. The
TRAF2/3/clAP ®mplex, which is a ubiquitin ligase complex, is responsible for NIK
degradatior{Skaug et al., 2009Yhe importance of this regulation has been shown using
Traf3" mice. These mice have increased NIK levels that trigger excessive@ p10
processing into p5and constitutive norcanonical activity, leading to mouse death
shortly after birthNIK deletions in mice, however, led to phenotypic req@agnegar et

al., 2008)

There are several receptors that are involved in the activation of theanonical
pathway, such as the receptor activaibNFa B (R AQIDKO)and lymphotoxinb
receptor, which include a TRAF binding sif®un, 2011) Whenthese receptors are
activated, the TRAF2/3/clAP complex tramshte to the receptor cytoplasmic domain,
resulting in TRAF3 degradation in a clARRpendent manner. Following TRAF3
degradation, the TRAF2/clAP complex is no longer able to interact with NIK, preventing
NIK degradation. Therefore, an upregulation of Néeéls leads to the activation of p100
processing, triggering the formation of RelB and p52 dinf¢edlabhapurapu et al.,
2008) The noncanonical NFe B pat hway has been | inked
maturation and adaptive immunity, and it has been shown to target proliferative genes
and also, to regulate B cell proliferativionaco et al., 2004; Ramachandiran et al., 2015;
Schumm et al., 2006)n addition to NIK activation of the necanonical pthway, it has
been observed that NIK cahosphorylate-Rel transactivation domaitgading to its

activation(Sanchezv/aldepenfas et al., 2010)
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1.6.3 Crosstalk inNF-a Bsignalling pathways

There area number ofupstream regulatorthat moddate both canonical and neon
canonicalNF-a Bsignalling pathways, such as TRAFs and RIPs, whrginvolved in
IKK activation (Ea et al., 2006; Tada et al., 200Iheactivity of thecanonical anehon
canonical signalling pathwaynvolves crodalk, and one of the mechanisms of crosstalk
that has been identified is the upregulationNoF &2 Bexpression by the canonical
signalling pathway, producing more p1p62(Dejardin et al., 2002)nterestimgly, it has
alsobeen observed th#te activated canonical pathway can inhitsie noncanonical
pathwayin immune cell{Gray et al., 2014)

In addition to this, there is also crosstalk betweereNE s i gnal |l i ng pat hway
signalling networkgOeckinghaus et al., 2011Jhe IKK complex and its crosstaltith

nonNF-a B p at h wesrywadelhstudied. For instance, Notchas been shown to

interact directly with IKKb , a c t i-& BSomgretgal., ROB8)AIso, it is known that

the expression of some N\B s u b u n i-degendetsand\Niatt the franscriptional

regulation of specific Notch components is dependent ord NBFOsipo et al., 2008)

Furthermore, IKKh as been | on g-cdemio wamoting its stabilisgtert b
(Carayol and Wang, 2006%iven the importance of N& B p ay$ ih eell survival,

inflammation and immunity, studying the interaction betweereNBE and ot her si gn

networks will help us elucidate howNFB me di at es so many cel | ul :

1.6.4 Negative regulation of NFe B

The presence of aegative feedlk loop is necessary to prevent letegm NFa B

activity, and hence, to terminate its respoifsawrence et al., 2005)The negative

feedback loops affect aifferentlevelsoftheNFe B si gnal | i ng pat hway,
on the level, it will silence the entire N\+B s i gnal | iomlygspecife sagetd e or
geres(Natoli and Chiocca, 2008)

At the receptor level, one of the mechanisms that negatively regulatesBNFs i gnal | i ng
involves the radioprotective05 (RP105) protein. This protein is a TLR4 homolog and,

unlike TLR4, is signalling defectiveHigh levels of TLR4 lead to a temporary

upregulation of RP105, and hence, enhanced RP105 levels block the binding between

TLR4 and lipopolysaccharide LPS), inhibiting LPSdependent N B activity
(Divanovic et al., 2005)
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Othernegative regulators target pdsanslational modifications, revengj them These

includethe deubiquitinating enzymes A20 and Cezanvtach have been shown to be

involved in this process. A20 is synthesised uporaNB st i mul ati on, wher e
is upregulated in response to TNF stimulati®daoth A20 and Cezanne tardi€K activity,

inhibiting it by deubiquitination. Therefore, when these molecules are induced, B\F
cannotbereleade f r om | 8 B a n dEnesaeatna.,i2008; Knkos @t@alt, 1992¢

Wertz et al., 2004)

There are otharegative regulatorthattarget nucleaNF-e B act i vi ty. One exa
IaB family member #Be. In contrasto other bBs, which are degraded, this molecule is
upregulated biNF-aB-inducing stimuli (e.g. LPS, TNF and-1). Located in the nucleus,

laBg inhibits RelA DNA binding and transactivati¢fotzke et al., 2006)

Another regulator that also targets nucld&a B a cit § \liTaaBscription of the

| 6B gene, whi ch iasB, d elpeeanddse ntt o otalBeNFr emo vt ahle
nucleusleading to reduceblF-a Bactivity (Nelson etal., 2004)(figure 1.5). Although

most studi es h aiwthe negativeregslation ofiNEBl d ®tBieBbat i o n,
and bBUalso play a rol¢Brown et al., 1993; Budde et al., 2002; Demartin et al., 1993;

Scottet al., 1993; Sun etal.,, 1993)a BU has been sheaevteadbatko pr ovi
on ¢Rel and RelAand itseems to act only on cells on the hematopoietic lineage. This
supports the idea that speci fiaB |roeBssp ognesneesr
depending on the cellular scenaffdves et al., 2014; Oeckinghaus and Ghosh, 2009)

Although there are more negative regulators that have already been discovered, we still
need to elucidate many of the mechanisms underiifgp B t e r midentiying o n .
these mechanismswill be important to better understand the function of Nfea B

signalling pathway.
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Figure 1.5. Canonical and norcanonical NFe B s i gnal | i Stiguli

such as TNE lead to the activation of theanonical pathway. The IKK complg»
which incluces NEMO, IKKUa n d | i& thén,activated and leads tos B
degradationThis results irthe nuclear translocation dimers that contain RelA
p50 or eRel. The norcanonical pathway is triggered by stimuli such as CD40. |
and IKKO are then activated, leading to the formation of p52/RelB dimers. Bet
the canonical and necanonical signalling pathways, there are also mechanisr
crosstalk, such as upstream regulators that modulate both pathways. Beside
are negative redators of NFe B (e. g. Cezanne and
activity by deubiquitination.
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1.6.5NF-a Band atherosclerosis

There are different lines of evidence that suppiwdt NF-a Bplays a role in
atherosclerosis. FirshF-a Bcan inducehe expression gbroinflammatorygenes that
contribute to the initiation and development of atigenesis, such as cytokines, E
Selectin, VAAM-1 and ICAM1, and it is also activated by factors that are believed to
influence this disease (e.g. angiotenigjnntegrin signallng and oxidised lipoproteins)
(de Winther et al., 2005)nterestingly, most of thetudiesthathavestudied the role of
NF-2 Bin atherosclerosidiave focused on the involvement of the canoniBio B

pathwayin this disease

Experimentsn vitro using human aortieC (HAEC), have shown thatroinflammatory
NF-a Bsubunits p50 and p@taveincreased activation undiEw shear stress, compared
to HAEC exposed to high she@viohan et al., 1997)The presence of activaté-a B
(p65)in atherogenic lesiain humans was first shown in 19@8rand et al., 1996)and

it was latesuggested thadF-a Bactivity driving atherogenesigvolved p65, p50 and-c
Rel (Monaco et al., 2004)Another studydemonstrated that thiehibition of NF-a B
activationin the endotheliunted to reduced lesion formatiammice This inhbition was
achieved either by depleting the NEMO regutatsubunit or by expressiraggdominant
negativel o Baddit suggestedhatNF-a Bnfluencesthe progression datherosclerotic
lesions(Gareus et al., 2008)t has also beenhswn thatarterial regions exposed to
disturbed flow in mice have increased levelsN#-a BsubunitRelA and regulatory
subunits $B6  a aBd(Hdjra et al., 2000)Thisinduction of p6&RelA underdisturbed
flow is known to bemediated byc-JunN-terminal knase land the downstream ATF2
(Cuhlmann et al., 2011however althoughp65 was shown to be induced under disturbed
bloodflow, it was inactivein the majority ofEC, which suggests that p65 is primed for
activation in response to a proinflammatory stimuins regions susceptible to

atherosclerosis

Although most studies that associbife-a Bvith atherosclerosisavefocused on the role

of the camonicalNF-a Bpathway P a u | groBpvhasirecdntly investigated the effect

of shear stress amon-canonicaNF-a Bactivity. In human umbilical veiieC (HUVEC),

they observed that protein levels of p100, p52 and RelB were increased under low shear
stresscompared to high shear stress, and that the expos@®46L, a norrcanonical

NF-a B st jdramdtiaally increased the generation of these proteidsr low shear

stress(Bowden et a| data not published)urthermore, theyeportedthat cepletion of
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pl00and p52ed to a decrease EC proliferation under low shear stress, which suggests
that the norcanonical NF-a Bpathway contributes to atheroscleiso by inducing
endothelialproliferation Althoughp52had already been described asgutator of cell
proliferation its role in the endothelium had not been investigated before. In human
osteosarcoma cells, it was shown that p52 regulated cell proliferation by modulating
Cyclin D expressiomand repressing p2A5chumm et al., 2006Yhus, p52 regulation of

Cyclin D and p2I1could explain the link between p52 and EC proliferation in arteries

In addition to the regulation of atherosclerosis development by the canonical and non
canonicalNF-a Bpathways, negative regulatorsiF-a Bhave also been shown to play

a role inthis diseaseThe expression of the negative regulator Cezanne has been observed

to be decreased in regions exposed to disturbed flow in the porcin¢Ressarini et al.,

2004) Also, increased levels of A20, a negative regulatddiéfe Bhavebeen revealed

to decreaselesion sizein mice whereas A20 haploinsufficiency led to increased
expression of proinflammatory genes involved in atherogenesis, such as XL Gl

ICAM-1 (Wolfrum et al., 2007)Another study showed thatippressiomf the necative
regulatormiR-10ain HAEC, promotedinflammation under disturbed blood flotay
inducing | aBU degradat i ¢rangatalgd20®el A nucl ear

Although moststudies havalescribedhe atherogenic effects dfF-o Bthis family of

transcription factordasalso been shown to indu@mtiapoptotic, cytoprotective and
anti-inflammatory geneéWarboys et al., 2011fxperimens usingculturedEC showed

thatNF-a Bnduction ofantiapoptotic and cytoprotectivaolecules such a8cl-2, Al,

mangaese superoxide dismuta@dnSOD)andG A D D 4§ @naltered by high shear

stress whereasNF-a B i n d u proinflammatooyimolecules(e.g. VCAM-1, E

Selectin and IL8) is syppressed by high shear stréBsartridge et al., 2007Therefore,

this suggests thdtigh shear stress prevents inflammation by redusifgp B i nduct i on

of inflammatory nolecules while NF-a Bdependent cytoprotection is preserved.

The NF-a Bmediated suppression of inflammatory responses may be related to the
induction of the transcription factor KLFan EC exposed to high sheakKLF2
downregulate&-Selectin and/CAM -1, preventingendotheliakell activation. KLF2 has

been revealed to sequester cofactoié Branscription(e.g. p300)and hereforejt

could limit proinflammatory responses by redudiiga Bdependent transcription under
high shear stregSenBanerjee et al., 2004; Wang et al., 2006)
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In spite of an increasing amount of data about the role of the transcriptionN&etoB
in the pathogenesis atherosclerosighe role of theNF-a Bsubunit eRelin endothelial

cell biology andthe effect of shear stress oiiRelis still unclear
1.7 c-Rel

1.7.1 Overview ofc-Rel biology

c-Rel playscritical roles in mammalian lymphoid cell activity and in different diseases
(Gilmore and Gerondakis, 2011yuch as cancer and lymphomdshrosis and
autoimmune diseasel was first identified as the cellular homologue eRel (Rice et

al., 1986) an oncoprotein that is encoded by avianTesetrovirus and that generates
leukaemiaand lymphoman birds (Zhang et al., 1991-Rel, although less aggressive,
hasalso been shown to produtransformation of chicken cella vitro, leadng to the

formation of tumour¢Gilmore et al., 2001)

c-Rel structure isotably similar to both RelA and RelB, since they all present-a C
terminaltransactivatiomomainanda N-terminal Rel homologgomain(Perkins, 2007)
c-Relalsopresents aentraltransactivatiorinhibitory domain andhuman eREL protein
presents 587 amino aciqigure 1.6) It has been shown to fornmomodimers and
heterodimers with RelA and p32ytin most cellsjt is associatewith p50(Gilmore and
Gerondakis, 2011 Althoughseveral protein modificationsf c-Rel have beerdentified

it is still not clearwhetherthesehave any effect om-Rel function.Posttranslational
modifications in eRel include phosphorylation in both thetékrminus and transactivation
domain (Martin and Fresno, 2000; Mosialos et al., 19%ihce theycontain serine
phosphorylatiorsites and uloquitination (Liu et al., 2016)Alternative splicingcanalso
modify ¢Rel function ly partially remowng c-Rel transactivation inhibitorglomain

increasinge-Rel activity and DNAbinding (Gilmore and Gerondakis, 2011)

Although cRel has many important functiona the regulation of apoptosis and cell
growth, c-Rel knockout (c-Rel’ ) mice are viable and have aeemingly normal
development, although they showleficiency in lymphocyte proliferaticeind activation
(Kontgen et al., 1995a)his allows the studof c-Rel in the immune system and in

multiple disease processes.

38



1.7.2 c-Relfunction in B cells and T cells

Upon stimulation, €Rel induces prolifetton and activation of B cells. Consistentty,
Rd knockoutmice show defects iB cell proliferationthat has been associated with a
cell cycle arrest in G1 phagEeng et al., 2004; Grumont et al., 1998his could be
mediated byrf-4, a progin that bindsdrel/p50 dimers, inducds cell proliferation, and
that is also downregulated irc-Relknockoutmice (Grumont and Gerondakis, 2000)
Other molecules thabuld regulate-Rekinduced proliferation include E2F3a and cyclin
E (Feng et al., 2004)-Rel also regulates 8ell apoptosis by inducing expression of Al,
a Bcl-2 homologue(Grumont et al., 1999bBcl-2 and BcixL can also rescue-Rel
knockout B cells from apoptosigGrumont et al.,, 1998; Owyang et al., 2001)
conclusion, eRel protects B cells from teleath via A1, Bcl2 and BeixL and pronotes

proliferation via Irt4, E2F3a and cyclin E.

Upon stimulation, €Rel regulates proliferation and actiia of T cells(Bunting et al.,
2007). IL-2, a cytokine involved in T cell activation, is upregulated4®etby enhancing
IL-2 transcriptior(Kontgen et al., 1995a; Rao et al., 20@8)d therefore;-Rel knockout
mice present impaired {2 productiorandimmunodeficiencyKontgen et al., 1995a}-
Rel has also been involved in the developmenthdf7Tcells. This can occur via {21
(Chen et al., 2010although other mechanisms that involvRel but notL-21 have also
been observe(Ruan et al., 2011aBesides, 4kel has beemvolved in the regulation of
Foxp3 transcriptionin regulatory T cell§Tregs) by increasingroxp3 expressiotogether
with JunB (Son et al., 2011)

Sinee ¢Rel is important for both T cells anddglls, abnormal expression eRel might

lead to immunological disorders such as lymphonidse REL gene is located at
chromosome 2pl&ndthis region has been shown te amplified in many different B

cell ymphomagBarth et al., 2003; Li et al., 2015; Weniger et al., 20B8ésideshigher
levels of nuclear-®REL have been associated with a worse outcome in specific subsets
of patientswith this disordefLi et al., 2015)figure 1.6).

Furthermore, recent analysesing conditional knockout micehave provided new
insights into the functions diF-a Bsubunits in B and Eell subsetsln B cells,B cell
specificc-Reldeletion has been demonstrated to impair the formation of germinal centres
(GC), which produce memory B cellnd plasma cellshat generate highffinity
antibodiegMaja et al., 2016)GC-specific deletion ot-Reltriggered the collapse of GC,
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due to impaired activation ahetabolic programngethatinducecell growth. On the
contrary, while RelA is not necessdoy GC maintenance, was shown to beequired

for the generation of G@erived plasma cell@Heise et al., 2014)5C-specific deletion

of bothNF-a B @1dRelB,but not of the single genes, also triggered the collapse of GC
(De Silva et al., 2016)which is similar to what happens wheiRel is deletedThese
studies show thanhdividual NFe B s u bavendifférent roles in GC and B cells, and
therefore, understanding geroles could provide an insight intow individual NFa B

subunits contribute tthe development of B cell tumours.

In T cells, onditional deletion ot-Relin Tregs has been shown to compromise thymic

Treg development, whereas RelA is critical for maflireg identity(Oh et al., 2017)

Also, Tregspecific c-Rel deletion has been observed to impair the maintenance of
activated Tregs, a saét of cells that is present at sites of tumours, leading to a reduction

in melanoma growtliGrinbergBleyer et al., 2017)Conditional deletion oNF-a B &

Tregs, however, has revealed a criticalroleofdNB2 i n mai ntaining Tr ec
achieved through the inhibition of Relf#®ntaining complexefGrinbergBleyer et al.,

2018) Altogether, these studies sholat an appropriate balance of dFB act i vi ty i
necessaryfor the maintenance of Tregell function and activity demonstrating its

importance for an adequate immune response

1.7.4 cRel and autoimmune diseases

There is some evidence that suggests ¢Hael plays a role invarious autoimmune
diseases. la mousemodel ofinflammatory bowel disase, it has been shown thdRel
knockoutmice do not develop the disease due to a lack of production28 (WWang et
al., 2008) c-Rel has also been suggested to contributseotoe types of rheumatoid
arthritis by inducing IL-21, which promotes cell proliferatidiNiu et al., 2010)On the
other handpverexpression of-Rel protects against diabetes by inducing +2IR which
decreases islet apoptoghdokhtari et al., 2009; Ruan et al., 2011fhgure 1.6).

1.7.5 c-Rel and @ancer

c-Rel may influencesometypesof breast cancer. This diseds®#s beerassociated with

increased &kel expession and nuclear localisati@elguise and Sonenshein, 200F)

Rel has also been shown to increase proliferative genes taat lead to aberrant

proliferation, such as cyclin D(Belguise and Sonenshein, 200&Is0, in some head and

neck carcinomas, thd aexpprB3edsaimond yofmeqg¥es63d a
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suppressor) is decreased bRel, leading to uncontrolled proliferati¢bu et al., 2011)
However, eRel has also been suggested to inhibit tumour formation. Infepiypies of
gastric cancerg-Rel knockoutmice are more susceptible to tumorigesgdeveloping
lesions that showed increased proliferaiiBorkitt et al., 2013)This was also observed
in somecolon adenocarcinomas, wher&el knockoutmice presented more afarger
lesions compared to witgpe (WT) mice, and they also had increased proliferation
(Burkitt et al., 2015) The molecular mchanisms underlying the tumeprromoting

versus tumouprotectingeffects of eRel remain unknown (figuré.6).

1.7.6 c-Rel and fbrosis

c-Rel has been implicated in fibrosis in several systems, including liver, heart and skin.
After chronic liver injury,c-Rel knockoutmice have been observed to present reduced
fibrosis(Gieling et al., 2010)Also, hepatocyte proliferation was decreaseth@sé¢ mice
following toxic liver injury, due to dcreased generation of FogMCdc25 and cyclin B
(Gieling et al., 2010)Altogether, these results suggest thRiet plays a role in botliver

fibrosis and regeneration after an injury.

In the heart, /el has been shown to influence fibrosis and cardiac hypertrophy after
chronic treatment with angiotensin mice, by conwlling both Gatd and myocyte
enhancer factor 2A (Mef2A)GaspaiPereira et al., 2012 orrespondinglyit has also
been observed thatREL nuclear localisatiomcreasesn failing human heart€Gaspar
Pereira et al., 2012)

c-Rel has also been implicated in the induction of skin fibrosis in mice, by inducing
keratinocyte proliferatio. In this study, skin samples from humans with psoriasis and
systemic sclerosis also®hed altered expression REL compared to healthy samples
(Fullard et al., 2013{figure 1.6).

1.7.7 c-Rel andthe nervous system

c-Relhas been shown to play a role in neuronal survival and neuroinflammation. Unlike
RelA, which contributes to neuronal apoptogisgrassia et al., 2012)xc-Rel has
protective effects by preventing neuronal cell dedah, inducing Bcl-xL and the
transcription of MnSOBernard et al., 2001; Sarnico et al., 208930, ¢Rel has been
observed to limit ischemic injury, and its deficiency has led to neurodegeneration in mice

(Baiguera et al., 2012Besides, som&gudieshaveshown that €Rel is important for long
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term memoryas well as other genes to whiecRel can bind, such as F&grl and Mkp
3 (Ahn et al., 2008; Levenson et al., 2004gure 1.6).

1.7.8 c-Rel andatherosclerosis

In 2012, a study usingA\poE knockout mice suggested that suppression ceRel
expression bysmall interfering RNA ¢iRNA) led to reduced stressduced
atheroscleotic lesions by inhibiting priaflammatory gene expressidijuric et al.,
2012) However, the authordid not validate sSIRNA-suppression ot-Rel in vascular
tissue, which complicates the interpretationtloéir data Thus, he siRNAs effects
observed irthis study could be due to affrget effects, aridr genesilencing could be
affecting other tissue@.g. liver) and influencing atherosclerosis indirecilfis study
does however generatamerous questions about the role-¢fa in atherosclerosisnd
hence further investigation is clearly needed to determine whettields involved in

this disease.
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Figure 1.6. The role of eRel in the immune system and disease-Rel presents a
N-terminal Rel homology domain (RHD), a Rel inhibitory domain (RID), and &
terminal transactivation domains (TADI/TADII). Itontrols proliferation and
activation of Band T cellsand it has been showmhave a key role in theevelopment
of Tregs and the germtion of Thl7. GRel is also involved in a number of
autoimmune diseasesych as rheumatoid arthritis and inflammatory bowel dise
as well as in several &Il lymphomasMoreover it has been linked to different type
of cancer, bysuppressinge.g. gastric cancegnd promoting tumour formation (e.
breast cancer, head/neck adenocarcinoma). In the nervous system, it is esse
long-term memory and it induces neuronal surviceRel alsoplays a role inseveral
fibrotic processes, contributing to hepatic/skin fibroarsd cardiac hypertrophlyy

promoting cell proliferation
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1.8 Project rationale and hypothesis

Here,| haveanalysedchow shear stress regulatine expressioand activityof NF-o B
transcription factorsin EC during atherosclerosiAlthough various studies have
implicatedNF-a Bn the development of atheroscleroésand et al., 1996; Cuhlmann
et al., 2011; Monaco et al., 2008t allNF-a Bsubunits have been studied in detail. The
role of RelA and p50 in this disease has been extensively sii@idtmann et al., 2011,
Mohan et al., 1997and also, our group has recentiyportedthat p52 ang100induce
proliferation under low shear stre®o(vden et a| data not published). Howevéhave
focused on the potential role oRel inendotheliamechanobiologynd atherosclerosis,

a subject that was poorly understood

Since ®veralNF-a Bsubunits respond to shear stress and contribute to atherosclerosis,
and cRel plays a role in the control pfoatherogenic processes suchkealsproliferation,

apoptosisaand inflammationn numerous cell types hypothesise that-Rel is regulated

by shear stress ithe endotheliumand that it influencesC physiologyandatherogenesis

by alteringEC survivalandinflammation

1.9Project aims
The aims of the project are to:

-1. Investigatahe effect of shear stress @rRel expressiorin vitro usingcultured EC

-2. Define the effect of shear stress ofRel expressiomn vivo in murine and porcine

models.

-3. Elucidatec-Rel functionin EC exposed to shear str@swvitro andin vivo.

-4, Assessvhether eRelinfluencesatherosclerosiby genetic deletion approaches using

a murine model
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2.1 Mouse licensing

All animal work was performed in the UK under the Animal (Scientific Procedures) Act
1986 (ASPA).The experiments were licensed by the UK Home Office (Project License
Number P5395C858).

2.2En facestaining of murine vascular endothelium

2.2.1 Mousesacrifice

C57BL/6J mice between 42 weeks of agaere given intraperitoneal injections of 100

pl pentobarbital. When animals stopped showing pedal withdrawal reflex, the mouse
chest was dissected using forceps and scissors in order to reveal the heart and other
organs. The vasculature was then perfusigd 10 mlphosphate buffered salineBS

and then fixed by injecting 4%w/v) pardormaldehydgPFA) (VWR Chemicals) in PBS
through the left ventricl®y cardiac punctureAfter perfusion fixationa cut was made
around the ribcage and through the diaginn, and the ribcage was placed into a bijou
tube containing 4%w/v) PFAfor 30 minutes.

2.2.2 Aortic dissection

Using fine forceps, the murine aorta was gently lifted and detached from the spinal cord,
moving along the spine towards the top of the glec&urrounding organs such as lungs,
oesophagus, trachea, thymus and heart were removed by blunt dissection, using a Petri
dish containing PBS. Fat and connective tissue were then removed in order to expose the
aortic arch, and the vena cava was alsorsépd from the aorta. Once cleaned, intercostal
vessels were cut using spring scissors, and the adventitia layer was also removed. The
aorta was dissected into two segments, the aortic arch and the descending aorta. The
brachiocephalic artery was cut frahe aortic arch segment making ssWaped cut, and

the aortic arch was then opened by cutting along the outer curvature. After opening the

aorticsegments, they were stored in PBE%C until staining (figure 2)1
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Figure 2.1 Aortic opening/dissection for en face staining of the murine

endothelium. After aortic dissectiorthe brachiocephalic artery was removed from
aortic arch. Theaortic arch, which presents an inner curvature exposedstorbed
flow andlow shear stss (LSS) and an outer curvature exposed to high shear

(HSS), wasthen opened by cutting along the outer curvature. Once opened,
segments were staineding antibodieand mounted for confocal microscopy.



2.2.3 En face staining of murinezascular endothelium

Aortic segments were placed within separate wells of -wébplate, and they were
permeabilised using 0.5%/v) triton-X (SigmaAldrich)/ 20%(v/v) goat serum (Sigma
Aldrich) in PBS at 4°C overnighthe segments were then washaeétimes in PBS for

10 minutes, and they were incubated with 1 pg/ul of the selected primary antibody (see
appendix 1) and 1 pg/ul CD31 antibody in 58/v) bovine serum albumin (BSA)
(SigmaAldrich)/ 0.1% (v/v) triton-X/PBS at 4°C for three days. Simul&ously, other
segments were incubated with 1 pg/pl isotype IgG control antibodies (S\pnah),

to control for unspecific binding. Segments were washed three times in PBS for 10
minutes, and they were incubated with the selected secondary antiboxly FAler 568

goat antirabbit IgG and Alexa Fluor 488 donkey ardt IgG) (Life Technologies) diluted
1:300 in 5%(w/v) BSA/0.1%(Vv/v) triton-X/PBS at 4°C overnight, protected from light.
Aortic segments were then washed three times in PBS for 10 miaatestained with
TO-PRO3 iodide (Life Technologies) diluted 1:300 in PBS for 2 h at room temperature
for nuclear stainingBy using Prolong gold antade reagent (fiermo Fisher Scientific),
aortic segments were mounted on a microscopy slide and cowvihed coverslip, and

nail polish was applied on each corner of the glass coverslip. Microscopy slides were left
overnight at 4°C weighted with a small weight in order to keep aortic segments flat while
drying. A Confocal LSM510 NLO inverted microscope i&& with a 63x (numerical
aperture 1.4) oil immersion objectivas then used to image Alexa Fluor 568 (543 laser),
Alexa Fluor 488 (488 laser) and TRRO-3 nuclear stain (633 laser) at the outer and inner
curvature and the descending aorta. Results n@maalised to the isotype IgG control.
ImageJ software was used to calculate mean fluorescence intensity in various cells in

different fields of view.
2.3Mouse breeding

2.3.1 Genotyping

DNA was extracted from ear tissue in order to analyse the genotype of mice. To do this,
50 pl of ear clip lysis reagent (1M T#i4ClI (pH 8.5), 10%(v/v) Tween 20, 0.5M EDTA

(pH 8.0)) and 300 pg/ml proteinase K (Thermo Fisher Scientific) were added teagach
notch, followed by incubation at 56°C overnight. After incubation at 56°C, ear notches
were incubated at 100°C for 10 minutes to inactivate the proteinase K. 600 pul of sterile
distilled water was added to the samples, and a standard polymeraseaittan (ECR)

was then carried out. The PCR reaction mix had a total volume of 25 pl, and it contained
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1X PCR buffer (Qiagen), 100 uM dNTPs (Thermo Fisher Scientific), 0.15 uM of forward

and reverse genspecific primers (table 2.1), 0.75 units/25 pl Tag MNolymerase

(Qiagen) and a variable volume of earclip DNA and sterile distilled water. Using a

thermal cycler (VerifiM 96-well Thermal Cycler, Thermo Fisher Scientific) the reaction

mix was incubated at 95°C for 5 minutes, which was followed by thermetihg (35

repeats) at 95°C for 30 s, an annealing stage at 56°C for 30 s and an extension stage at

72°C for 1 minute. The finaltep consisted ofL0 minutes at 72°CPCR product was

analysed by electrophoresis using an agarose gel{29 agarose in 1Xris-acetate

EDTA (TAE) buffer with ethidium bromide (Sigma)) submerged in TAE buffer. Samples

were loaded using DNA loading dye (Thermo Fisher Scientific) and ran alongside quick

Load Purple Low Molecular Weight DNA Ladder (New England BioLabs). The gsl w

run for 80 minutes using the following settings: Volta§8, Current 200 mA, Watt

200. It was then imaged using the InGenius3 gel imaging system (Syngene) and analysed

using the Genesys software (Syngene).

Frimer Primer sequence Expected productsize

name

(?OF:\?V'aY\éT GTACTGCATCAACTGCATGAC

Rel WT c-Relfloxed: 661 bp
ere CAGAGACTAACACGTGGTA

Reverse

-Rel floxed c-RelWT: 324 bp
¢ € GACCACTACCAGCAGAACAC

reverse

CdnSCre AGTGCGTTCGAACGCTAGAG

forward Cositiy
CdnSCre TCGATGCAACGAGTGATGAG

reverse

Table 2.1 PCR genotyping information. After extracting DNA from ear tissue

genespecific primers were used amalyse the genotype of mice.

2.3.2 Cdib-Cre-ERT transgenic model

The Cdh5-Cre-ER' transgenic mouse model was generateR m | f

(London Research Institut€porensen et al., 20Q9h order to generate this transgenic

Adamsé6

model, a trasgene which included@dh5promoter fragment fused to a GER" cDNA

was injected into mouse C57Hl] embryos, and these were then backcrossed with

C57BL/6Jto develop heterozygous mice for théh5Cre-ER' gene Cdh5 which is also

known as VEcadherinjs an endothelial ceBpecific gene. Therefore, in order to obtain

mice expressing tamoxifenducible CreERT recombinase specifically in the
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endothelium, a model expressing a Cre recombinaseuBer the control of th€dh5
gene promoter was used. 500f 40 mg/ml tamoxifer{T5698, SigmaAldrich) dissolved
in 9:1 corn oil (C8267, Sigm&ldrich): ethanol mixture ratiavas then given to the mice
by intraperitoneal injection for 5 days, leading to the activation otERe The

activation of CreER' leads to a Cranediated excision at the LoxP sites.

2.3.3 Breeding of Cdh&-ReKO (c-R e-EE ¢ 9 mice

To generate anditional ECspecific c-Rel knockout (KO) mice, c-Rel floxed
homozygous female mice-Ref“ ), which contains loxRnd FRT sites flanking exon
loftheRelgere (from Ul f KI ei n &ith hdteeobygousdh5Cirey )
ER" male mice ¢-Rel”*; Cdh5CreER' *"). Genotyping of thesmice (as above 2.B)
revealed that this breeding step generated 5084af-"*; Cdh5Cre-ER™" mice, which
are mice that are heterozygous for ¢thieelallele and also for th€Edh5Cre-ER'allele,
and 50% ot-Ref“*; Cdh5Cre-ER™ mice.c-Ref“*; Cdh5Cre-ER™" male mice were
then used for the second breeding gfigure 2.20).

In the second breeding stepRef“*; Cdh5Cre-ER™" male mice were back crossed
with c-Relfloxed homozygous female mioce-Ref“f\) in order to obtain mice containing
both Rel alleles floxed, andhiene, to ensure loss ofRel functin in the endothelium.
The progeny generated was 2%%Ref“ - Cdh5CreER" * mice (mutants), 25%-
RefY*; Cdh5CreER™" mice (heterozygous); 25%-Ref‘*; Cdh5CreER™" mice
(experimental controls) and 25%-Ref“F-; Cdh5CreER™ mice (experimental
controls)(figure 2.2B)

Once thee mice were generated:Ref“ -; Cdh5CreER™" mice and experimental
controls were treated wittamoxifen as explained in22, leading to the activation of
Cre-ER'. Since the LoxP sites flank exarof theRelgene, LoxP sites deletion generated
an endotheliaspecificc-Rel null allelg giving rise toCdh5c-Ref® mice ¢-R el &9
(figure 2.2C)
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A Breeding step 1

oF

FL/FL S .
c-Rel Cdh35-Cre-ERT positive

5

G g

Cdh5-Cre-ERT= 350 bp

C—R€f+/+,'
Cdh5-Cre-ERT 7

Progeny
c-Rel-flox = 661 bp

50% c-RelF*: Cdh5-Cre-ERT+- c-Rel-WT =324 bp

50% c-RelF*; Cdh5-Cre-ERT -

B Breeding step 2

C- Re[FL/Jr;
Cdh5-Cre-ERT -

oF

C-R(?IFL/FL

Cdh5-Cre-ERT positive

= %

Progeny

25% c-RelFVFL; Cdh5-Cre-ERT 7~ (mutant)

25% c-Rel’*; Cdh5-Cre-ERT - (heterozygous)

25% c-Rel™~; Cdh5-Cre-ERT - (exp. control)  c-Rer27:

25% c-RelFLFL; Cdh5-Cre-ERT - (exp. control)
Tamoxifen

c (G
=

/
Rel locus Tamoxifen  /

h-' Exonl h-' Bon2 |Bon3 g w Exon1 h-' Exon2 |Exon3

c-RelPLFL: Cdh5-Cre-ERT- l

h" m Im Cdh5-c-Rel°
xon xon (C-R@l—ECKO)

Figure 2.2. Generation of Cdh5c-ReK® (c-R e €9 mice. A) c-Rel”*; Cdh5Cre-

ER™" males were crossed withRef“- females, generating an expected progeny
50% c-Ref“*; Cdh5CreER™" mice and 50%c-RefY*; Cdh5Cre-ER™ mice.

Genotyping of this miceevealed that all mice were heterozygote for ¢tieel floxed

allele, containingthe WT allele (324bp) and thec-Rel floxed allele (661bp).

Approximately 50% of the progeny expressedhs-Cre-ER' ( 350 bp).B) When the
second breeding step waserformed c-Ref“*; Cdhs-CreER" *" males were
backcrossedvith c-RefF- females, giving rise to 25%-Ref“F; Cdh5-CreER" *"

(mutants), 25%c-Ref**: Cdhs-Cre-ER™" (heterozygous), 25%-Ref“*; Cdhs-Cre-

ER™ (experimental controls) and 25%RefYF: Cdhs-CreER' 7 (experimental
controls).C) Following tamoxifen injectionsCdh5Cre-ER' activity was switched on
This led to a Cremediated excision at the LoxP sites flanking exon 1 oRblgene,
deletingc-Relspecificallyin endothelial cellsnd generating-R eB ¢ ®mice.
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24 Induction of hypercholesterolemia inC57BL/6J mice

12 week oldC57BL/6J mice were injected 6 x 1®pfu of an adenassociated virus
(AAV) which contained mutated proprotein convertase subtilisin/kgpm 9 (rAAVE
D377Y-mPCSK?9) by a single intraperitoneal injection. This version of PCSK9 contained
a gainof-function mutation, leading to the induction of hypercholesterolemia. 5 days
after the singd intraperitoneal injection, CBL/6J mice were exposetb a high fat
Western die{SDS, 829100jor 6 weeks (diet content is described in téhl®.

Diet components BAEIEIE
percentage

Sucrose 33.9
Anhydrous milk fat 20.0
Casein 19.5
Maltodextrin 10.0
Cellulose 5.0
Corn starch 5.0
AIN-76A-MX 3.5
AIN-76A-VX 1.0
Corn oll 1.0
Calcium carbonate 0.4
L-cysteine 0.3
Choline bitartrate 0.2
Cholesterol 0.15
Antioxidant 0.01

Table 2.2 Western diet compositionC57BL/6J micavere given a high fat Wester
diet for 6 weeks, followingnjection of an adenassociated virus containing PCSK

2.5Analysis of plasma lipids

C57BL/G] mice treated withAAV -PCSK9were killed by intraperitoneal injections of
100 pl pentobarbital. Following this, cardiac puncture was performed to collect blood
using a heparitoated syringe, and it was kept in individual 1.5 ml Eppendorf tubes until
plasma collection was performed @btain plasma samples from the collected blood, 1.5
ml Eppendorf tubes were centrifuged at 2000 g for 5 minutes. After centrifugation, the
supernatant (plasma) was collected and keg@C until analysis of triglycerides and
cholesterol was performed the Clinical Chemistry Department at the Royal Hallamshire
Hospital (Sheffield).
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2.6 Oil red O staining and lesion analysis

C57BL/& micetreated withAAV -PCSK9werekilled usingpentobarbitaas aboveAfter

mouse and aortic dissectidas describedn 2.2), the aortas were cut along the outer
curvature, they were fixed in 2f&/v) PFA overnight, and they were kept in PBS at 4°C

until oil red O staining was performed to analyse lesion covefagprepare Oil Red O

stock solution, 0.3 g ORO powderig8aAldrich) was dissolved in 100 ml 1000@/v)
isopropanol. The solution was filtered using Whatmamber1 filter paper and 0.22 pm

filter, and it was kept in the fridge until the working solution was prepared. To prepare
Oil Red O working solution (which should be used within two hours of preparation), the
stock solution was diluted 6:4 using sterdestilled water and it was left at room
temperature for 10 minutes. Once this was prepared, each aorta was incubated with 60%
(v/v) isopropanol for 2 minutes and then stained using 6@%) Oil Red O working
solution for 1615 minutes. Aortas were themsied in 60%(v/v) isopropanol for 2
minutes, followed by distilled water. Aortas were stored in PBS at 4°C until imaging was
performed. To perform imaging, aortas were placed on plates covered with wax, and they
were imaged through a Stemi 2000 C microsc@eiss) using a Canon PowerShot A650

IS digital camera. Once the images were taken, the lesion area of the aorta was measured

using the imaging software NHSlements BR (Nikon).

2.7 Partial ligation of the left carotid artery (LCA) in ApoE knockout mice

Partial ligation was carried outlyndr eas Schober 6 Maximdidnor at or y

University of Munich, Munich, Germany).

In order to establish causal relationships between flow and genes of imeresipartial
ligation of the left carotid artg was performed iPApoE knockout C57BL/6J mice
between 8 weeks of age as previously descrilpdm et al., 2009)Mice were given
intraperitoneal injections of 10 mg/kg xylazine/80 mg/kg ketamine, and after disinfecting
the areaof interest, a ventral incision of 5 mm was made in the mouse neck. Partial
ligation of the left carotid artery was carried out by closing the external, internal and the
occipital artery impeding blood outflow with silk suture, whereas the superior dhyroi
artery was left open. The right carotid artery was used as a control and wassrated,

and the ventral incision was then closed (figure 2.3). Mice were fed echaésterol
(0.15%) diet for 6 weeks and they were killed by-G@halation. After peusion with

PBS with 10 U/ml heparin (Sigmaldrich) through the left ventricle of the hedtie left
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and right carotid artery were cleaned from
lysis reagent (Qiagen) was then injected into the carotid luoresefreral seconds, and

mi RNeasy mini kit (Qiagen) was then used t
protocol.C-RelmRNA expression in the left and right carotid artery was then compared

and assessed by quantitative reverse transcriptase PCRP@RT c-Rel mRNA

expression was normalised by measurement of hypoxarjhis@ne

phosphoribosyltransferasegrt).
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Ligations

(ligate

operated)

Figure 2.3. Partial ligation of the left carotid artery (LCA) in ApoE knockout
mice. The external (EA), internal (IA) and occipital (OA) carotid artery on the L
were ligated and closedwhereas the superior thyroid artery (STA) was left of
Partial ligation induces disturbed fleand low shear stress the LCA However, the
shamopeatedright carotid artery (RCA) is exposed to high shear stress.
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2.8 Endothelial cell isolation from porcine aortas

Porcine aortas from approximately 6 month old pigs were collecteddriocalabattoir
within 30 minutes of slaughter. They wenemediately transported to the laboratory in
ice-cold transport media, which contained 500 ml of Dulbecco Modified Eagle Medium
(DMEM) (Lonza), 100 U/ml penicillin (Gibco), 100 pg/ml streptomycin (Gibco) and 100
pg/ml gentamycin (Gibco).

Prior to aortic tssection, RNaseZap Solution (Thermo Fisher Scientific) and (WD%o
industrial methylated spirit (IMS) (Fisher Scientific) were sprayed onto laboratory
surfaces and dissection tools. Porcine aortas were washeecwldcdPBS and they were

then cleanedrom surrounding adipose and connective tissue using forceps and scissors,
avoiding direct manipulation to prevent aortic damage. The aortic arch was then cut along
the outer curvature in order to expose the lumen, and a shear stress map generated in the
Evans laboratorySerbanovieCanic et al., 201 Ayas used to identify low and high shear
stress areas. Low and high shear stress regions were dissaoted scalpel blade, and

they were put lumeside down onto 1 mg/ml collagenase (Roche) in M199 medium for

10 minutes at room temperature. The collagenase solution was then collected into a tube

and the endothelial layer was scraped from the lumen usicglpel blade (Figure 2.4).

After transferring the scrapes into the tube containing the collagenase solution, EC were
centrifuged for 6 minutes at 1000 rpm and supernatant was then removed. Trizol reagent
(Thermo Fisher Scientific) was used to isolatmltRNA from the EC pellet, according

to manufacturerds protocol
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Figure 2.4 EC isolation from porcine aortas. Shear stress maps were used
identify high shea(HSS)andlow shear (LSS) regions of the porcine aorta. After tl
regiors exposed to different shear pattemusre dissected using a scalpel bla
Arterial segmentgxposed to HSS and LSS were incubated in 1 mg/ml collage
solution in M199media for 10 minutes.rglothelial cells were then isolated from LS
and HSS areas Iscraping the endothelial layer from the aortic lumen.
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2.81 RNA extraction from porcine endothelial cells

Porcine endothelial cells were lysed immediately after collection usiizglTeagent
(Thermo Fisher Scientific). Aftgripetting up and down to homogenise the samples, cells
were incubatedor 5 minutesat room temperature arid0% (v/v) chloroform (Fisher
Chemicals) waadded to the tube. The sample was then incubated for 3 minutes at room
temperature and centrifuged HBOOO rpm for 15 minutes at 4°C. This generated an
aqueous phase with RNA, which was transferred into another tube and (¥680%
isopropanol (Sigma&ldrich) was then added. Following incubation for 10 minutes at
room temperature, the sample was centrifuae14000 rpm for 10 minutes at 4°C. After
centrifugation, the supernatant was discarded and(VA%@ethanol was used to wash the
pellet (SigmaAldrich), and after this, it was vortexed and centrifuged at 8000 rpm for 5
minutes at 4°C. Following centuidation, the supernatant was discarded and RNA pellet
was let to akdry for 510 minutes. It was then resuspended in Rifissewater (Qiagen)

and incubated at 57°C for 12 minutes.

RNA purity and concentration were then determined using a NanoN®1000
(Thermo Scientifiy, and samples were stored -80°C until cDNA synthesis was

performed.
2.9 Primary endothelial cells

2.9.1 Isolation of Human Umbilical Vein Endothelial Cells (HUVEC)

HUVEC were isolated from umbilical cords or purchased froonfCell. Umbilical
cords were collected from the Maternity Ward at the Royal Hallamshire Hospital
(Sheffield, UK, ethical approval REC 10/H1308/25) and kept in HBSS (SAjavéch)

at 4°C before HUVEC isolation. Prior to isolation, AzoWipeipes were usetb clean
umbilical cords. The umbilical vein was cannulated using a 2.0 x 45 mm cannula (BD
Venflon), which was secured using clamps. To remove blood clots, 10 ml of M199
(SigmaAldrich) was flushed through the umbilical vein. After clamping the distélogn

the cord, 10 ml of sterile filtered 1mg/ml type IV collagenase (Roche) in M199 (Sigma
Aldrich) was injected into the vein and incubated for 15 minutes. Following incubation,
the clamp was removed. The isolated cells were collected in a 50 ml tuberdniliged

at 12000 rpm for 5 minutes prior to cell seeding in T75 flasks coated witbwl%p

gelatin.
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2.9.2 Human endothelial cell cultureand maintenance

T75 flasks and 6vell plates were coated with 18&/v) gelatin (SigmaAldrich) before

cell seedingAfter isolation from umbilical cords or purchase from PromoCell3200),
HUVEC were maintained in M199 (Sigrsddrich) supplemented with 20%/v) foetal
bovine serum (Sigmaldrich), 100 pug/ml streptomycin (Gibco), 100 U/ml penicillin
(Gibco), 4 mmolL L-glutamine (Gibco), 10 U/ml heparin (Sigmddrich) and 30 pg/mi

EC growth supplement (Siga#drich). Human coronary artery EC (HCAEC) were
purchased from PromoCell {€2221) and they were maintained in endothelial cell
growth medium MV2 (PromoCell) pplemented with 0.05 ml/ml foetal calf serum, 10
ng/ml basic fibroblast growth factor, 5 ng/ml epidermal growth factor, 20 ng/ml irsulin
like growth factorl € g/ ml ascorbic acid, 0.5 ng/ ml
165 andO . 2/mlehgdrocortisone (all from PromoCell). HUVEC and HCAEC were
incubated at 37°C in 5% G@cubators (Leec, Touch 190 S), and the media was changed
every 2 or 3 days. Cellsere split 1:3 using trypsiBEDTA (Serox) when they reached

confluence and they weused at passage§ 3
2.10Flow systems

2.10.1 Orbital shaker system

In order to assess the effect of flow on EC, HUVEC or HCAEC were seeded onto a 6
well plate coated with 1%w/v) gelatin, at a density of 250,000 célgll. Cellswere

then incubatedwernight at 37°C and 5% G@ reach confluenceising 2 ml of complete
M199/well. Media was changed the next morning and 3 ml of complete M199 (Sigma
Aldrich) was added. Cells in thevéell plate were then exposed to flow for 72 h using an
orbital shakefGrantBio PSU10i) set at 210 rpm in a 37°C and 5% (xubator. The
orbital shaker was used to generate -dmturbedflow and high shear stress (~13
dynes/cm) at the periphery of the wells, and ostiky flow/low shear stress (=5
dynes/crm) atthe centre of the wellShearectells were assessed for cell alignment to
flow and they were washed in iceld PBS twice. Using a shear stress map generated by
Evans laboratoryWarboys et al., 2014xells were then scraped from the centre and
periphery of the well wit the end of a 1ndyringe piston (BD) (Figure 2). They were
collected in PBS and centrifuged for 5 minutes at 1500 rpm.
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Figure 2.5 Orbital shaker system.Human @dothelial cellavere seeded onwell
plates. An orbital shaker set at 210 rpi@as then used to generate flow. Endothe
cells at the periphery of the wells were exposddrtonar flow/high shear stress (3-1
dynes/cd), and endothelial cells in the centre of the wells were subjectet
oscillatory flow/low shear stress §~dynes/m?). After 72 h of flow, cells were
scraped from the centre and periphery of the snedingthe end of a 1ml syringe
piston.

60



2.102 Parallel plate system (lbidi® system)

An lbidi® pump system was used to test the effedtaré magnitude and frequenon

human endothelial cell@\fter coating the Ibidds | i des wi t Kw/vigelétin € | of
for 30 minutescells from a confluenT75 flask wererypsinised using trypstEDTA

and they were centrifuged at 1500 rpm for 5 minutes@n temperature250000 cells

in 16Mi9%8wWwer e seeded ®stitodeés4 amdl R54I000 cel
M199wer e seeded o rCellswee infubaBed avennightina 87°C and 5%

CQ; incubator and M199 media was then replaceellsGvere exposed tfhow using

Ibidi® syringe pump system fahe next72 h. The flow parameters were set as foltows
Laminar high shear stress (dgnes/cm) andlow shear stres (G dynes/crf). After 72 h,

pumps were stopped and cells weoHlectedf r o m -didesaising PBS They were

thencentrifuged for 5 minutes at 1500 rpm.

2.11 Immunofluorescence staining of HUVEC

Glass coverslips were adhered tavéll plates using DPX mounting medium (VWR
chemicals), and they were left overnight in a 37°C incubator. Once DPX mounting
medium was dry, wells were coated with 18/v) gelatin andafter 30 minutescells

were seeded. féer 72 h of flow, cells were washed thréienes for 5 minutes with ice

cold PBS, and fixed with 4%v/v) PFA (Alfa Aesar) for 12 minutes at room temperature.
Cells were washed three times for 5 minutes in PBS and permeabilised witiiMD/1%
triton-X (SigmaAldrich) in PBS at room temperature for 15 minutes, and then, cells were
blocked with 20%v/v) goat serum (Sigmaldrich) in PBS for 1 hour, to prevent non
specific interactions. To allow dual staining of &dherin (EC marker) and a protein of
interest, cells were stained stepwise with mouse-\dBtcadherin antibody, then goat
antFmouse secondary antibodies and then with another primary antibody followed by an
appropriate secondary antibody. In detail, cells were incubated with artadiierin
anibody (1:300 in 5% (v/v) goat serum in PBS overnight at 4°C, aetls were washed
threetimes for 5 minutes in PBS. Cells were incubated with Alexa Fluor 488 goat anti
mouse IgG (1:300; Life technologies) in 54v) goat serum in PBS for 3 h at room
temperature protected from light. After stainfogVE-Cadherin and washing thremes

for 5 minutes, selected primary antibodies (see appendix 1) were diluted at the desired
concentration in 5%v/v) goat serum/PBS and applied to cells. Alternative®yisovere
incubated with isotype IgG control antibodies (Sigaddrich) to control for norspecific

binding. Primary antibodies were incubated overnight at 4°C, and after washing the cells
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threetimes for 5 minutes with PBS, they were incubated with apm@tgsecondary
antibodies in 5%v/v) goat serum/PBS for 3 h at room temperature protected fghm li
Cells were then washed thrigmes for 5 minutes, and they were incubated with 4 ug/ml
DAPI for 15 minutes at room temperature. Prolong gold-fawii eagent (Invitrogen)
was used to mount coverslips on microscopy slides. A Leica DMI4000B inverted

microscope with a 20x objectiveas then used to image the cells.
2.12Western Blotting

2.12.1 Protein isolation

EC were isolated from the centre and penglad 6-well plates as described 2.1Q1.

They wee centrifuged at 14000 rpm fomainutes and resuspended in 40 ul (centre) and
200 pl (periphery) of 1x loading buffer (62.5 mM TFHECI pH 6.8, 10%(v/v) glycerol

(GPR Rectapur), 2%w/v) sodium dodecykulfate DS (GE Healthcare), 0.002%w/v)
bromophenol blue (Sigmaldrich)) with 10% (v/v) b-mercaptoethanol. Lysates were
incubated at 100°C for 10 minutes, transferred on ice for 5 minutes, and centrifuged for 8

minutes at 14000 rpm at 4°Cysates were then stored-80°C.

2.122 Gel preparation and electrophoresis

In order to cast gels, cassette sandwiches were made usin@ROIEAN® 1 mm
spacer plates and short plates (Biad 1653311), and a casting frame and stand were
used to enser alignment between the two..® was then poured into the cassette
sandwich to detect potential leaks. A separating gel was then made (0.375MNCTris

pH 8.8, 7.5%v/v) acrylamide (BieRad), 0.1%w/v) SDS (GE Healthcare), 0.10&/v)
ammonium persulphat solution (APS) (Sigmaldrich) and 0.01% (v/v)
tetramethylethylenediamine (TEMED) (Sigmddrich)). It was poured into the cassette
sandwich using a Pasteur pipette once t5@ Was removed, and 800#/v) isopropanol
(SigmaAldrich) was added on top ofi¢ separating gel in order to remove bubbles. To
polymerise, it was incubated at 37°C for 10 minutes, and a stacking gel was then made
(0.15 M TrisHCI pH 6.8, 4%(v/v) acrylamide (BieRad), 0.1%(w/v) SDS (GE
Healthcare), 0.1%(w/v) APS (SigmaAldrich) ard 0.01% (v/v) TEMED (Sigma
Aldrich)). After removing 80%(v/v) isopropanol (Sigm&ldrich) from the cassette
sandwich, the stacking gel was poured over the separating gel, a comb was inserted to
form the wells, and it was incubated at 37°C for 10 minW&sen the gel was set, the

cassette sandwich was inserted into the electrophoresis chamber, adding 1 L of running
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buffer (200 mM glycine (Sigmaldrich), 25 mM TRIS base (Fisher Scientific), 0.1%

(w/v) SDS (GE Healthcare)). The comb was then removed artdipreamples were
pipetted into the electrophoresis wells. Precision Plus Protein Dual Color Standard (Bio
Rad) was used as a molecular weight marker. The chamber was connected to a PowerPac

power supply (BieRad) and it was run at 100 V for 1.5 h

2.12.3 Membrane transfer

A nitrocellulose membrane (Immobild?) was activated using 100%/v) methanol

(VWR chemicals) for 2 minutes, washed and kept in distilled water until use. After the
electrophoresis, the gel was removed from the cassette sandwichwarsdpitaced over

one piece of sponge and one piece of filter paper, soaked in transfer buffefv(2P%
methanol (VWR chemicals), 200 mM glycine (Sigdlarich), 25 mM TRIS base
(Fisher Scientific). The activated membrane was then put on top of the @edred by

one piece of filter paper and a sponge, avoiding bubbles. Transfer was induced by

application of 96100 V for 60 minutes (PowerPac power supply ¢Riad))

2.12.4 Antibody staining

After blocking the membrane in 108/v) milk in TBST (20 mM Trs-HCI, 137 mM

NaCl and 0.1%(v/v) Tween20 (Sigm&ldrich)) for 1 hour at room temperature,
membrane segments were incubated in 1:1000 selected primary ar{sbedppendix

1) and 1:3000 PDHX or Calnexin antibody (control) in B&6v) milk in TBST overnidnt

at 4°C. Membrane segments were then washed four times in TBST for 5 minutes and they
were incubated in secondary goat aabbit Horseradish Peroxidase (HRP) antibody
(P0448, Dakodr goat antimouseHRP antibody (P0447, Dako) in 584/v) milk powder

in TBST for 1 hour at room temperature. Membrane segments were washed four times in
TBST for 5 minutes, and, in order to visualise protein bands, they were placed onto
chemoluminiscence blotting substrate (ECL) reagent (Roche) or high sensitivity ECL
(GE Healthcare) for 3 minutes. In a dark room, membrane segments were placed in a film
cassette and after exposing the membrane to the film (GE Healthcare), the film was
developed using developing solution (liford PQ Universal), washed with water and fixed
with liford Hypam fixer. Alternatively, membranes were imaged using the ChemiDoc

Imaging system (BidRad.
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2.13 RNA extraction from cultured ECs

Cells were centrifuged at 1500 rpm for 5 minutes and RNA was isolated usRiy¢asy

Mini Kit (Qiagen).After removing the supernataned | s wer e | ysed with 3
RLT cont ai ni nmgercdpt@ethanol/(Sigmalodir i bc h pf.70%3\avp ¢ |

ethanol (Sigm&ldrich) wasthenadded to the lysate. After transferring the sample to an

RNeasy spincolumand centri fuging for 15 s at 13000
added and centrifuged for 15 s at 13000 rpr
with 70 ¢l of buffer RDD, and the | ysate we
at room temperaturd f t er DNase | i ncubation, 350 ¢l 0
column and iwas centrifuged for 15 s at 13000 rpgn0 0 ¢ | of buffer RPE
and catrifuged for 15 s at 13000 rpm, and afterthiseat r a 500 ¢ | of buffe
added and centrifjed for 2 minutes at 13000 rpm. The column was then transferred into

a 1.5 ml tube and the sample was eluted 53D ¢ |  drée wRté&F.aRdA purity and

concentration were determined using a NanoDrop1DO0 (Thermo ScientificRNA

samples were stadleat-80°C.

2.14cDNA synthesis

cDNA Synthesis Kit (BieRad) wasused for cDNA synthesis of 780 ng of RNA in a

total volumeo f 20 ¢l . I n addition to a vasoi abl e ¢
contained% (v/v) iScript reverse transcriptase (BRed), 20% (v/v) 5x iScript reaction

mix (Bio-Rad), and nucleadece water. The reaction mix was then incubated at 25°C for

5 minutes, 46°C for 20 minutes, and 95°C for 1 minute. The cDNA generated was stored
at-20°C and it was used to perform ¢iRCR.

2.15Primer design

Ensembl kttps://www.ensembl.org/index.htinend he Primer3webhttp://primer3.ut.ee/

wereused to design all PCR primers. In order to test for primer specificity and to prevent
binding in other places of the genome, the priBeAST web
(http://www.ncbi.nlm.nih.gov/tools/primeslast) was also used. gRFPCR wasfirst

performed to test primer efficiency and primers were purchased from Inte@st&d

Technologies. The table 2sBows the primers used in this study.
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Organism Gene Forward p3d)me Rever se poroi)m Purpose
H.sapiens| HPRT TTGGTCAGGCAGTATAATCC GGGCATATCCTACAACAAAC Housekeepe
gRT-PCR
H. sapiens| c-RELREL CTCCTGTTGTCTCGAACCCAA CCTCCTCTGACACTTCCACAAT
H. sapiens ENOS TGAAGCACCTGGAGAATGAG TTGACCATCTCCTGATGGAA
H. sapiens MCP-1 GCAGAAGTGGGTTCAGGATT TGGGTTGTGGAGTGAGTGTT
H. sapiens KLF4 GAACCCACACAGGTGAGAAA CCCGTGTGTTTACGGTAGTG
H. sapiens| VCAM1 CATTGACTTGCAGCACCACA AGATGTGGTCCCCTCATTCG
H. sapiens ICAM-1 CACAAGCCACGCCTCCCTGAACCTA | TGTGGGCCTTTGTGTTTTGATGCTA
. E-
. GCTCTGCAGCTCGGACAT GAAAGTCCAGCT
H. sapiens SELECTIN ACCAAGGGAAT
H. sapiens TXNIP CCTTCGGGTTCAGAAGATCA TTGGATCCAGGAACGCTAAC
. 38/
H. sapiens p TGATTGGTCTGTTGGACGTT CCATGAGATGGGTCACCAG
P MAPK14
RANK/ EC
. i TTCTGCTTCTCTTCGCGTCT CTCATTGAT expression:
H. sapiens TNFRSF11A CCAGTGCCACA P
RT-PCR
: TWEAK/ g
H. sapiens ATCAACAGCTCCAGCCCTCT AGCCTTCCCCTCATCAAAGT
TNFSF12
. INK2/
H. sapiens MAPK9 GTCATCCTGGGTATGGGCTA CAACCTTTCACCAGCTCTCC
. ERK1/
H. sapiens MAPK3 ATCTTCCCTGGCAAGCACTA AGGTAGTTTCGGGCCTTCAT
. ERK2/
H. sapiens MAPKL CATTATTCGAGCACCAACCA TGGTCATTGCTGAGGTGTTG
H. sapiens p21 GATGTCCGTCAGAACCCATG TTAGGGCTTCCTCTTGGAGA
H. sapiens NFKB2 GCCGAAAGACCTATCCCACT TTAGTCACATGCAGGACACCC
. NIK/
. GGAATACCTCCACTCACGAA TGTGAGCAA
H. sapiens MAP3K14 CCTCCACTCACGAAGG CTGTGAGCAAGGACTTTCCCAG
S. scrofa B2M GGTTCAGGTTTACTCACGCCAC CTTAACTATCTTGGGCTTATCG Hg;ﬁ_ell;(e:el:\?er
S. scrofa REL TGGAAGTGTCAGAGGAGGAGAT GGTGTACATCGGCTTGTGAA
S. scrofa ENOS CGCTACAACATTCTGGAGGA ACTTTGGCCAGCTGGTAACT EC
S. scrofa MCP-1 TCACCTGCTGCTATACACTTAC ATCACTGCTTCTTTAGGACACTTG expression:
S.scrofa CD31 TCAATGCTCCGTGAAAGAAG CCTGGGTGTCATTCAAAGTG gRT-PCR
S. scrofa SMA CGATGAAGGAGGGCTGGAACAGGG | CGTGACCACTGCCGAGCGTGAGAT
M. Housekeepe
Hpr AGTCCCAGCGTCGTGATTAG TCTCGAGCAAGTCTTTCAGT!
musculus prt CTTTCAGTCC gRT-PCR
M EC
muséulus Rel TGCCGTGTGAACAAGAACTG GGCTTCCCAGTCATTCAACA expression:
gRT-PCR

Table 2.3 PCR primer sequencesGenespecific primers were used for gHPICR
Geneexpressionvas assesseaa endothelial samples frorlomo sapiens, Sus escrpf
andMus musculus

2.16Quantitative RT-PCR (qRT-PCR)

CFX384

forward primer
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T o u-TirheEPCR Patelction System (BRad) was used to assess
MRNA expression by using geseecific primers.cDNA was combined with
SsoAdvanced SYBR Green Supermix (5¢9v); Bio-Ra d )
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The gRFPCR process was initiated with a denaturation of 3 minutes at 95°C, and the

cDNA was then amplified for 40 cycles. These cycles consisted of 5 seconds at 95°C and

45 seconds at 60°C. The final dissociation stage consisted onualgddsfC increment,

from 65°C to 9%C. HPRT was used as a houkeeping gene in murine and human

samples, whereas expression of porcine samples was normalised2entietaglobulin

(B2M) expression. In order to assess primer quality andspenific birding, primer

di ssociation curves were used. Relative mRN
method, which starts with cDNA normalisation. The normalisation process consists on
subtracting the Ct value (number of cycles that are necessary to thossheld amount

of PCR product) of the houdsee e pi ng gene from the Ct wvalue
Then, in order to compare cDNA samples from two different experimental conditions and
express them relative to eac htracted fioemthe t he
second (mpCt). The fold change " ds then obt

2.17 HUVEC siRNA electroporation using Neon transfection system

siRNA oligonucleotides were used to knockdown specific genes in order to assess gene
function table2.4). Confluent HUVEC from a T75 flask were washed twicehwitBS

and trypsinised usingrypsin/EDTA. Following trypsin neutralisation usingnsplete

growth media, HUVEQvere centrifuged at 1500 rpm for 5 minutes at room temperature.

Cells were themesuspended in PBS and centrifuged at 1500 rpm for 5 minutes, and this
process was repeated further two tinAfger the last centrifugatiotjUVEC pellet was

resuspended iR buffer HUVEC were transfected withO nMc-Rel and scrambled nen

targetng contol siRNAs using the Neon Transfection Syst@roltage: 1200 V, Pulse

width: 40 ms, pulse number. 1 pulséd)o!l | owi ng t he manuf actu

(https://tools.thermofisher.com/content/sfs/manuals/neon_device _man.pdf

Gene SiRNA Company purchased from
ON-TARGET plus Nortargeting Control
Scrambled SiRNA Dharmacon

D-001810601-05
StealthRNAI siRNA

c-REL RELHSS109157 Thermo Fisher Scientific
StealthRNAI siRNA ) L
c-REL RELHSS109158 Thermo Fisher Scientific

Table 2.4 siRNA oligonucleotide information. siRNA oligonucleotides were use
to knockdown specific genes to assess gene function.
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2.18RNA microarray in HUVEC

HUVEC fromdifferent donors were electroporated and transfectedS@tRandc-REL
SiRNA as described i8.17. Following siRNA transfection, cells were seeded omei

plates coated witth% (w/v) gelatin, and incubated overnight at 37°C and 5%. @@er
addition d 3 ml of complete M199 (SigmaAldrich), cells were exposed to flow for 72 h
using an orbitathaker (GranBio PSU10i). RNA extraction wa performeds described

in 2.13, andthe integrity, purity and concentration of the RNA generated was assessed
using a NanoDop ND-1000 (Thermo ScientificRNA samples werthenstaed at-80C

until the microarray was performetlo confirmc-RELsilencing inc-RELsIRNA-treated
HUVEC, gRT-PCR was carried out before performing RNA microarray. RNAsas

were labelled and hybridisl to the Huma Cl ari omE S Assaaa ( Affym
werethen analysed using Transcriptodealysis Console Software (Afinetrix). Once

this was performed, funcal annotation using DAVIDh{tp://david.abcc.ncifcrf.ggv

was used to revegene enrichmenDifferential expression of specifigeneswas then
validated by gqRIPCR,western hbtting, and a facestaining.

2.18Statistical analysis

The average of at least three independent experiments is shown with the standard error of
the mean. When gRPCR is used to measure gene expression between low and high
shear stress aredlse expression &w shear stresggiors was expressediative to that

at high shear regions (High shear strd3sWhen gRFPCR is used to measure gene
expression betweeBiICRandc-REL-treated HUVECexpression it-RELsSIRNA-treated
cellswas expressed relative to thaS@Rtreated HUVEC $CRsiRNA=1). Differences
between two or more groups that are normally distributed were assessed by performing
two-tailed paired Studenttest, one or two way ANOVA. Statistical tests were carried

out using the software GraphPad Prism (La Jolla, CaldotaEA). A pvalue<0.05 was

considered significant.
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Chapter 3. c-Rel protein levels are

enriched at low shear stress regions
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3.1 Introduction

Numerousstudieshave shown the influenag haemodynamic forces upon endothelial
cell physiology and gene expressi@ndalso,their contribution to the development of
atherosclerosig¢Caro et al., 1969; Malek et al., 1®9Ni et al., 2010; Passerini et al.,
2004) Atherosclerosiss known to occur aspecific regions, including curvatures and
arterial bifurcationswhich are areas exposediisturbed blood flow and low shear stress.
In atherosusceptiblereas,dw shear stress alters endothelial cell physiolpgwming EC
for proliferation, apoptosis and inflammatiddowever, EC in atheroprotected regions
remain in a quiescent state, due to the influence of high shear stress diretctional
flow on the endotheliuniMalek et al., 1999)

Different patterns oftsear stresaresensed by mechanoreceptors that are expressed by
EC. These mechanoreceptors, in turn, lead écatttivatiorof signalling cascades, which
eventually activate specific transcription factors that are responsible for the regulation of
gene expressiofKwak et al., 2014)Among the multiple transcriptional programs altered

by shear stress, this haemodynamic force has been shown to regulate the activation of the
NFFeB family of t(C@himana etalpa0ilpoPetzofd atalt, 20008

9 B critisal for the regulation ohumerouscell responses, sincé controls genes
involved in inflammationgell proliferation and survivgDeckinghaus and Ghosh, 2009)

but also, there are different lines of evidence that support that Bientributes to the
development of atherosclerogBrand et al., 1996; Cuhlmann et al., 2011; Gareus et al.,
2008)

Some studies demonstrating the influence of shear stress-enBNF i n gperimeérgs e
in vitro using HAEG which showthatthe proinflammatory NFe B s u Reimand s
p50haveenhancedctivation under low shear strgddohan et al., 1997)Other studies
haverevealedhat arteriabitesunder low shear stress in mice preseghlevels of RelA
and theinhibitory componentd a6B a n d (Hhja RBtbal., 2000)and that RelA
overexpression undéow shears mediated by JNK1 and its downstream target ATF2
(Cuhlmann et al., 2011)

Despte most studies haviavestigatedhe effect of mechanical forces on the canonical
NF-eB pay hwPaul E v a n s 0 dtheinfluanpeofithes faeraddymamics t udi e
forceon noncanonical NFe B. | n theyY Mgo@dhat proein levels of p100 and
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p52 were upregulated in EQunder low shear stressompared to high shear stress

(Bowden et al data not published).

Althoughthere are several studies that show that shear stress plays a role in the activation
of NF-a B subunits, including RelA, p50 and p100/p52 the influence of this
haemodynamic force onrRel in endothelial cellhias not beedescribedldentifying a
potential regulation of -Rel by haemodynamic forces will help us gain a better

understanding ahe molecular mechanisms underlylB@ responses to shear stress.

3.2 Hypothesis and aims

Since shear stress is known to activateNRee B si gnal | i ng paaBway
subunits are already known to respdndshear stress, | hypothesibat shear stress

differentially regulates # expression of-Rel in ECs.
To test this hypothesis, | aim to:

1. Investigate the effect of shear stress dRet protein levels in the mouse aorta by
en facestaining.

2. Investigate the expression ofREL at the transcript level at low and high shear
stress regions in the porcine aorta.

3. Investigate the effect of shear stressceRel mMRNA expression by performing
partial ligation of the left carotid artery (LCA) ApoEknockoutmice.

4. Investigate theeffed of shear stress onREL transcript and protein levels
cultured EC (HUVEC and HCAEC), usimg vitro flow systems.
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3.3c-Rel protein levels are enriched at low shear stress regions of the murine aorta

The localisation of atherosclerotic lesions has been widely studighin the murine
vasculature, atherosclerosis has been shown to develop at the inner curvature of the aortic
arch where cells are exposed to disturbed blood flow and low shear &teas$erLaan

et al., 2004)In order to investigatevhetherc-Rel protein levelsarecontrolledby shear
stressin vivo, en facestaining of the murin@ortic archwas performedAfter aortic
dissection of 8 weeks oldC57BL/6J mice, areaexposed tdifferent patterns ofhear

at the aortic arch were stained feRel usinga specific antibodyCD31, an EC marker,
determined high shear and low shear regions, revealing that cells under high shear (outer
curvature) are alignednd elongated, whereas cellsthé inner curvature present a
cobblestone appeance When cRel expression was assessed, it was foundctRal
proteinlevelswere significantly ugegulated at thanercurvature (low sheaqcompared

to theouter curvaturelfigh sheastres$ of the murine aortadowever, eRel signas were
heterogeneouslinder disturbed flow, some cells showed nuclear staining, whereas others

showed perinuclear and cytoplasmic stair(iingure 3.1)

In order tovalidate these results anddesess-Rel deletion andhe specificity of eRel
antibody,a new batch of wildgye andc-Rel knockoutmicewerestained for eRel. This
revealedthat fluorescent signals were absentciRel knockout mice, validating the
specificity of cRel antibody(figure 3.9. c-Rel fluorescence intensity from wildtype mice
wasthennormalisedagainst background signal from nspecific antibody binding c-
Rel knockout mice, confirming that &kel protein levels are enriched at low
sheafdisturbed flowregions of the murine aorta compared to regions expimsédyh
shear(figure 3.2C). An isotype rabbit IgG antibody wasalso used for staining aa
negative controin wildtype andc-Relknockoutmice (figure 3.3. From these results, |
conclude that-&el protein levels arepregulatedat low shear regionsompared to hig

shear regionsf themurine endothelium

71



%

aK

A 3K

100+ 1

80

=
LL
O |
& 404 E "
b *
201 hd
0 T T
shear stress High Low

Figure 3.1. cRel protein levels are enriched at low shear stress regions of tr
murine aorta. A) En facestaining at low shear and high shear stress regions ¢
mouse aorta was performed in C57BL/6J female wildtype mice betw@eveéks of
age, in order to assessRel protein levels (red) by confocal microscopy. ADb31

antibody (green) was udeas an endothelial marker and -RRO 3 was used fo
nuclear stainingB) Quantification of eRel fluorescence intensity at the inner (Ic
shear stress) and outer (high shear stress) curvature of the mouse aor
normalisation against the isotype rablgG antibody. Mean values are shown wi
standard error of the mean; n=5 independent experiments. **p<0.01, using pai
test.
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Figure 3.2. Validation of c-Rel deletion in mouse En facestaining at low and higf
shear stress regions of the mouse aorta was performed in C57BL/6J f&m
wildtype andB) c-Rel knockout(KO) mice between 8 weeks of age, in order t
assess the specificity ofRel antibody. AntiCD31 antibody (green) was et as an
endothelial marker and @RO 3, for nuclear staining) Quantification of eRel
fluorescence intensity at the inner (low shear stress) and outer (high shear
curvature of the mouse aorta after normalisation ageiR& knockout mice. Man
values are presented with standard error of the mean; n=5 independent expel
***n<0.001, using paired ftest.
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Figure 3.3. Negative control foren facestaining of the mouse aortalsotype rabbit
IgG antibody was used to control foonspecific bindingat low and high shear stre:
regions of the mouse aorta, usipwildtype andB) c-Relknockoutmice. AnttCD31
antibody (green) was used as an endothelial marker arBR@ 3 was used fo
nuclear staining.

74



3.4 Shear stress does not regulate REL mRNA expression in porcine aortas

In order to assesshethershear stress regulation oRel isconservedetween porcine
and murine modelporcineEC were isolated from regions exposed to fsgkatand low
oscillatory shear stress using collagenase. Following RNA extraction, cDNA was

synthesised and a seriesqofality controls were performed.

To control for selection of mechanicaliystinct regions,the expression of two
established shear stressluced genes was iastigated.The expression df1ICP-1 and
eNOS which aregenesinduced by lowand high shear @ss respectivelyBao et al.,
1999) was assessedRT-PCR analysisevealedthat MCP-1 expression i€nrichedat
disturbed flow/low shearegionsof the porcine aortawhereaseNOSexpression is
enhancedt the outer arvature exposed to high shear stresmfirming that the regions
selected are exposed to the defined shear stress pdftgume 3.4A). Samplesthat
showed enrichment ofeNOSat high shear regions amdCP-1 under low shear stress
wereselectedor analysisof c-REL

In order to test whether RNA predominantly originated from the endothelndmot
from smooth muscle cell€D31, an endothelial marker, and smooth muscle a@&iM g,
aVSMC marker, were measured and compared by-8&R.qRT-PCR results revealed
that CD31 levels werehigher thanSMAlevels, suggesting that cells isolated origidate
from the endotheliunffigure 3.4).

Subsequently, gRPCR analysis using porcine gesgecific primers did not reveal
significant differences betweerRELMRNA expressions at low shear compared to high
shear stress regions of the adult porcine aorgmré 3.4C) due to a high variability
amongdifferent samples Hence the upregulation of-Rel protein at low shear stress
regions of the murine aorta is not conserved in pigs at the mRNA levelR#it protein

levels at the porcine aorta have not been assessed
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Figure 3.4.Shear stress does not regulate REL mRNA expression in porcine
aortas.EC were isolad from high and lowghearstresgegions of the porcine aort
to perform gRTPCR.A) qRT-PCR analysis of the flowesponsive gendgCP-1
andeNOSto controlfor mechanicallydistinct regionsB) gRT-PCR analysis anc
comparison o€D31, an EC marker, an8MA a SMC markerSMAexpression was
expressed relative ©©D31levels.C) gqRT-PCR analysis of-®el mRNA expressior
at high and low sheatresgegons of the porcine aort82Mwas used as a hous:
keeping geneMean valuest low shear streswe presented with standard error
the meanand the expression Bw shearegions was expressed relative to tha
high shear regions (High shear s&€l); n=6 independent experiments. **p<0.0
*p<0.05, ns: nossignificant, using paired-Test.
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3.5¢c-RelmMRNA expression is reduced by partial ligation omurine carotid arteries

To determine whether flow andRel have a causal relationship vivo, | examined
whether flow reduction in the murine carotid artery alter&eEltranscript levels

To achieve this,he left carotid artery idpoEknockoutmice was partially ligated prior
to high fat feeding for 6 weeks, imposing disturbed flow anddbear stressn the left
carotid arteryand leading to atherosclerogidam et al., 2009)The right carotid artery,

however, washamoperategdand therefore, exposed to high shear stress.

When mRNA expression @afRelwas assessed at the partially ligated left carotid artery
and sharoperated right carotid artery by gHPICR, | observed that the mRNA
expression ot-Rel was enhanak at the right carotid artery (RCA) compared to the
partially ligated left carotid (LCA) exposed to low shear stress and disturbed flow (figure
3.5). The enhancement ofRel at the RCA exposed to high shear does not reflect the
results obtained bgn facestaining, where -®Rel protein was upregulated at low shear
regions on the murine aorta. HoweveRel protein levels using this model still need to
be assessed, since | have only investigated the effect of flow reductsReImMRNA

levels.
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Figure 3.5.c-Rel mMRNA expression is reduced by partial ligation of carotid
arteries in ApoE knockout mice. Partial ligation of the left carotid artery (LCA
was performed irApoE knockoutmice, imposing disturbed flow and loshear
stress. Theight carotid artery (RCA) was shaaperated and exposed to high sh
stress. After surgery, mice were exposed to a-faghliet for 6 weeks. mMRNA
expression ot-Relwas assessed by gHPICR.Mean values at LCA are present
with SEM, and c-Rel expression at LCA was expressed relative to that at F
(RCA=1), n=3 independent experiments. *p<0.05, using pairéesT.
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3.6 c-REL protein levels are enriched in HWEC and HCAEC exposed to low shear
stressusing the orbital shaker

Althoughthere is an upregulation ofRRel protein levels at low shear regions in the mouse
aorta, this upregulation might not only be due to the effect of shear stress, since there are
other factors, such as inflammation, that could also be contributing to rttssg.
Therefore, in order to determine whetheRel is directly regulated by different shear
stress patterns;REL expression was assessed in cultured endothelial cells (HUVEC and

HCAEC) exposed to flow using the orbital shaker system.

After culturingEC on 6well plates these werexposedo differentflow patterndor 72

h. By usingcomputational fluid dynamics, it has been establighatihe orbital shaker
(set at 210 rpmyenerates a high pulsatile shear stieghe periphery of the well (13
dynes/cn?), which presentsa relatively constant directiobut fluctuations in the
magnitude of the forceHowever, in the centre, it generateshear stress thahanges
direction very quickly but this generated shear also presentelatively uniform low
magnitude(5 dynes/crf) (Dardik et al., 2005; Warboys et al., 2010; Warboys et al.,
2014)

When EC morphology at the periphery and centre of the wells was assessed in HCAEC
and HUVEC by fluorescencenicroscopy | observed that EC were aligned at the
periphery of the well, which are regions exposed to high shear atrdssnidirectional

flow. However, EC at the centre of the wells were poorly aligned and became more
polygonal in shape, due to the effectnadiltidirectionaland complex flow (figure 3.6).
Therefore, this confirmed that the orbital shaker generates adiffdraemodynamic
conditions that lead to distinct EC responses, making this system suitable to study EC

responses to shear stress
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Figure 3.6. HUVEC sensing of flow patterns.After exposingHUVEC and
HCAEC to flow for 72 h using the orbital shaker, endothelial cells were fixed L
4% (w/v) paraformaldehyde and stained against EC m&kdrd4, followed by
Alexa Fluor 488 secondary antibody and DAPI for nuclear stain@egl

morphology was analysed by fluorescence microscopy using a 20x objective
figure shows a representative image from three independent experiments.
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| next usedhe orbital shaker systeta determine whether-REL protein levelscan be
directly regulated by shear streissvitro. HUVEC and HCAECwereseeded on-gvell
plates andhey were themrxposedo continuousflow for 72 h using the orbital shaker
(Warboys et al.2014) Cultured endothelial cells from the centre and periphery of the
wells were isolated, andREL protein levels at these regions were quantified by Western
blot.

When eREL protein levels were assessed in HUVEC, it was observed-RBt avas
upregulatedat the centre (low shear and disturbed flow) compared to the periphery of the

wells (high shear stressd unidirectional floy(figure 3.7A).

Similarly, when eREL protein levels were assessed in HCAERHL was significantly
upregulated under stiurbed flow (centre), compared to laminar flow (periphery) (figure
3.7B). Therefore, these results indicate that low shear stress directly incrdiSes c
protein levels in HUVEC and HCAEC, which is consistent withrémultsobtained by

en facestainingof mouse aortgsvhere eRel proteinlevels were also upregulated in EC

exposed tdow shearstres.

c-REL protein levels were also assessed by immunofluorescence. However, the signal
obtained wasery weakandcomparable to that of the IgG control, ahdrefore, it could
not be quantified. Thisould bedueto low c-REL expressiorevels(data not shown)
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Figure 3.7. cREL protein levels are enriched in HUVEC and HCAEC exposed
to disturbed flow using the orbital shaker system HUVEC and HCAEC were
seeded on-8vell plates and exposed to different patterns of flow for 72 h using
orbital shakesystem Protein lysates from the high and low shear stress areas ¢
wells were generated and analysed usin@ntic-REL antibody. PDHX was used ¢
a housekeeper gene, and it was detected on the protein lysates using-&beiXi

antibody Representéve blot andquantification ofc-REL protein expression level
under high shear (periphery) or low oscillatory shear stress (centkgHWVEC or

B) HCAEC are shown. ImageJ software was used to quantify the relaREd_c
protein expression levels by densitometry. Mean values are presented with st
error of the mean, andREL protein levels were expressed relative to PDHX pro
levels; n=3 inépendent experiments *p<0.05, using pairewe .
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3.7 cREL protein levels are enriched in HUVEC exposed to low shear stress using
the 1bidi® system

After testing eREL protein levels in HUVEC and HCAEC exposed to flow using the
orbital systemanotherin vitro system, the Ibidi® parallel plate system, was used to

confirm the regulation of-REL by shear stress

These two complimentarny vitro systems generate different shear stress patféhes.
flow generated in the centre thfe wellsusing the orbital shaker maultidirectionaland
entails a temporal variation. Howevéhng Ibidi® system generes welldefined shear

stress magnitudes and directions, exposing cultdtb specifidlow patterns

To test eREL protein levels using th Ibidi® system, HUVEC wereeeded on Ibi®
slides and they wemxposedo high laminaishear stress (13 dgdcn?), and low shear
stress (5 dyeden?) for 72 h.After cell isolation, eREL protein levels were measured by

Western blot.

When thelbidi® system was used;REL protein levels were upregulated under low
shear stress compared to high shear stress in HUl@€e 3.8). This is consistent with

the results obtained in HUVEC and HCAEC using the orbital shaker system, and also,
with the onesobtaned by en facestaining of the murine endothelium. Hence, this

confirms that eREL protein isdirectly upregulated by low shear stressitro.
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Figure 3.8. cREL protein levels are enriched in HUVEC exposed to low shea
stress using the Ibid® parallel plate system HUVEC were seeded on Ibidi® slide
and they were exposed to high shedB8 dynes/crf), and low shear stress (
dynes/cr) for 72 h using the Ibidi® pallel plate systenProtein lysates from cell:
exposed to high and low shear stress were generated and analysea asitig-REL
antibody. PDHX was used as a holseper gene, and it was detected on the prc
lysates using an arBDHX antibody Representative blot and quantification eREL
protein levels under high and low shear stress are sHovaigeJ software was use
to quantify the relative-REL protein expression levels by densitometry. Mean va
are presented with standard error of theam and -®REL protein levels were
expressed relative to PDHX protein levels; n=3 independent experiments *p-
using paired Ttest.
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3.8 c-REL mRNA expressiondoes not reflect eREL protein expressionusing the
orbital shaker system

To test whether thénduction of c-REL at low shear stress regioasso involves an
increase irt-REL MRNA levels the expression ofariousgenes in HCAEC or HUVEC
exposed tdlow for 72 hwere assessdiy gRT-PCR.

The flowrresponsive genddCP-1 andeNOSwere used as a controlrfmechanically
distinct regionsMCP-1 transcrpt levels were enricheat the centre of the well exposed
to disturbed flow in HUVEC and HCAEGwhich is consistent with previous findings
((Hsiai et al., 2003)Again, in agreermant with previous publication®avis et al., 2001)
the expresion ofeNOSwasupregulated in HUVEC and HCAEC at the periphery of the

wells exposed to higkhear stress (figure AEC).

When endotheliat-RELexpression was measured, | observed that the mRNA expression
of c-REL in both HUVEC and HCAEC was significantly increased at the periphery of
wells exposed to high shear stress compared to the centre (low shear and disturbed flow)
(figure 3.9B/D), which differs with the results obtained at the protein levenbiace
stairing of the mouse aortand Western blotting in HUVEC and HCAEC. This suggests
that cREL protein induction at low shear stress regionsaad involve an upregulation

in c-RELMRNA levels.
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Figure 3.9.c-REL mRNA expression does not reflect-REL protein expression
using the orbital shaker systemCells were exposed to flow for 72 h on -avéll

plate using the orbital system and RNA was extracted to perforriRffR. Relative
expression 0€NOSandMCP-1 in A) HUVEC andC) HCAEC. Relative expressiol
of c-RELin B) HUVEC andD) HCAEC. HPRTwas used as a houkeeping gene.
Mean values at low shear stress are presented with standard error of thendehe
expression at low shear stress areas was expresatderéd that at high shear stre
regions (high shear stresszI)=5 (HUVEC) or n=45 (HCAEC) independen

experiments. **p<0.001, **p<0.01, *p<0.05, using pairedeBt.
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3.9 c-REL mRNA expression does not reflect ®REL protein expressionusing the
Ibidi® system

c-RELexpression wakirther tested by exposing HCAEC to different shear stress patterns
using the Ibidi® systemTo determine the expression @énes of interest by gRFCR,
HCAEC were exposetb laminar high shear stress (13 dgian?) andlow shear stress

(5 dyredcn?) for 72h.

First, HCAECresponse to flowasanalysedy measuringhe expression dfiCP-1 and
KLF4, which control for mechanicallgistinct regions.MCP-1 transcript levels are
known to be upregulated in EC exposedbis oscillatory shear stresompaed to high
shear streg#isiai et al., 2003 andKLF4 has been previously shown todmvnregulated
under lowshear stresgHamik et al., P07) In agreement with these studidse tesults
obtained using the Ibi@ systemshow thatKLF4 expressionis elevated in HCAEC
exposed to high shear stress, wheM@®-1 is upregulated in cellisxposed tdow shear

stress (figure 3.18).

The expression a-RELin HCAEC exposed to high or low shear stress was then tested

by gRT-PCR.c-REL expression in HCAEC was not significantly different between cells
exposed to high and low shear stress (figure 3.10B), which again, differs with the results
obtained at the protein level ey facestaining of the mouse aorta and Western blot in
HUVEC andHCAEC. Therefore, | conclude thatREL protein is enhanced in EC
exposed to low shear stress compared to high shear stress, but this regulation does not

occur at the mRNA level
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Figure 3.10.c-REL mRNA expression does not reflect-REL protein expression
using the Ibidi® system.HCAEC were exposed tlaminar high shear stress (1
dynes/cr) and low shear stress (5 dynesfcfor 72 h, and mRNA was extracted -
perform qRFPCR. A) Relative expressio of KLF4 and MCP-1 in HCAEC. B)
Expression oft-REL in HCAEC. HPRT was used as a houkeeping geneMean
values at low shear are presented with standard error of the ameltie expressiol
at low shear areas was expressed relative to that at high(sligashear stress=1
n=4-5 independent experiments.*p<0.05, ns:samnificant, using paired-Test.
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3.10Conclusions

| concludethat:

0 c-Rel protein levels arapregulated at low shear stress regiergosed to disturbed

flow, comparedo high shear regions the murineaortain vivo.

0 The i n dRetptoieinat lowoshearcregims of the murine aortic arals not

conserved in pigat the mRNA level, but-REL protein levels still need to be assessed.

0 c-RelmRNA expression idownregulatedby partial ligation of murine carotid arteries
in vivo, but cRel protein levels using this model still need to be assessed.

0 c-REL protein levels are induced by low shear staass disturbed floncompared to
high sheastress in HUVEGind HCAEC

0 c-RELmMRNA levels arenotinduced by low shear streasd disturbed flovin cultured
ECin vitro, and therefore, the regulation 6Rel induction at low shear regions does not

occur at the mRNA level.

The enrichmentof c-Rel protein levels at low sheatressareasin vivo andin vitro
supports the idea thatRd is controlledby shear stresglowever,the data presented in
this chaptesuggest that this regulation doext nccur at the mRNA level. HenceRel

may be subject to translational or posttranslational regulation. This warrants further
investigation into the mechanism by which shear stresgolsc-Rel expression
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3.11 Discussion

Although shear stredsas been previously shown to regulate ékpression oteveral

NF-e B s ubuni t shaemodiinamiosrf tiedNEst B osf u bRelrhad ot loeen
investigated/et. To address this, | have assessed the expressidRebit mechanically

distinct regions usingn vitro andin vivomodels. In thichapter, | have shown thaRel

protein levels are upregulated at low shear stress regions compared to high shear regions
in vivo and in vitro, by performingen facestaining of the murine endothelium and
Western blot in HUVEC and HCAEC. Howevénese dta suggest th#éte regulation of

c-Rel induction at low shear regions exposed to disturbed flow does not occur at the
MRNA level

3.11.1c-Relexpression analysis using in vivo models

When cRel protein was assessed in the murine endothelium, an enrichmerebivas
observed at low shear regions. Additionally, staining of EC in the murine aorta revealed
that cRel localisation is heterogeneous, since some cells showed nucleargstaidin
others showed perinuclear and cytoplasmic expression. Therefore, this indicates that the
induction of eRel in atheroprone regions does not only affect its expression, it also alters
c-Rel activation. WhereasRel nuclear localisation shows thaRel is active in some

EC in atherosusceptible areasRel is only primed for further activation in those cells

that present cytoplasmic and perinucledteat staining. Consistent with this, other NF

9B subunits, such as Relned forractivaton ia fegons been ¢
under disturbed flow, showing elevated expression but low nuclear localifidtipa et

al., 2000)

After oberving that cRel protein isupregulated in EC under low shear strégs
performingen facestaining of the murin@ortic arch | investigatedvhether this shear
stressdependent inductioof c-Rel is conserved between porcine and murine nsodel

dothis, EC were isolated from low and high shear regions of the porcine aorta.

Pigs were chosen for thesepression studider various reasons. Firshe mechanically
distinct regions present in the porcine vasculature show similarities with the dhes in
humanarterial tree (LaMack et al., 2010)Also, both humans and pigs share a great
amount okignalling pathways, as well as anatomic and physiologic characteristics within
the cardiovascular system. Therefopggs provide asuitablemodel for the study of

human atherogenediartinger et al.,2009) Finally, pigs are large animals, athdis it
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is possible textract a relatively high amount of RNA from regiangosed to different
shear stress pattertesstudy gene expression.

After the isolation oporcine EC from mechanicalyistinct regions,it was observed that
c-REL expression was not significantly different between low/disturbed and high shear
stress regions, which suggested that the upregulatioiiRef protein level at low shear
stress regions of the murine aorta is not conservpis at the mRNA levelWWe further
attempted to testc-REL protein levels in porcine aortas by performing
immunofluorescence stainingHowever, the antibody usedsc7l, Santa Cruz
Biotechnology)did not seem to work in pigs and the signal obtained was very (gatk

not shown) Therefore, other antibodies or techniques (e.g. Western blotting) could be
used toassess -REL expression athe protein levelusing this modelWhen e¢REL
MRNA expressin was tested, it was observed tbd&REL expression in low and high
shear regions varied greatly among samples, which generated difficulties in the

interpretation of the results. This variation could be dugmooth muscle cellSMC)

contamination Thus optimisation of theendothelial cell scraping technique could
potentially reduce SMC contamination from RNA samples, minimisiRiEL variation
among porcine aorta¥ariation inc-REL expression could also relate toage and size
variation Indeed, agaffects haemodynamics in pigs of the same breededpylating
among other factors, heart ré8windle et al., 2012Moreover when cells were isolated,
it was observed that different aortas presesigdificantly different sizes, potentiall
affecting our results.

Altogether, this suggestiat the large variation af-REL expression among different
aortas may have been affected by several factors, incl8dii@contaminatiorand RNA
quality, age and sze variation

Studies using partiaarotid ligation as a model of disturbed flow and low she&poE
knockoutmice were also performed. These studms showausal relationships between
flow and genes of interest vivo, and also, this modelllows the isolation of RNA in
sufficient quantity, whereas naturally occurring areas of disturbed flow are small areas in
which endothelial RNA isolation is more challenging. Although no quality controls were
presented for this model due to limited cDNA availability, another member in our group
hadpreviously tested these samples, showing that the expression of theestve

inflammatory moleculed/caml and Icam-1 were enhanced in partially ligated LCA
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compared to shamoperated RCA(Feng et al., 2017)and theefore, controlling for
mechanicallydistinct areagWalpola et al., 1995)Jsing this model, it was shown tlzat

Rel expression was upregulated high shearstress areasvhich does not reflect the
enrichment of €Rel protein at low shear regions on the murine abidavever, our study

using partial carotid ligation was performed at the mRNA level, and therefétel c
protein levels using thisiodel still need to be assesskdaddition to this, the variations
between both experiments could be dubkitdogical differences. These include the time

EC were exposed to flow, and also, anatomic and physiological differences in vascular

beds and fld dynamics between aorta and carotid arteries.

3.11.2 c-Rel expression analysigsing in vitro flow systems

Although | have shown thatRel protein levels are upregulated at atheroprone regions

in the mouse aorta, this upregulation could be influencechdnyy different factors. In
addition to different shear stress patterns due to vessel geomBelyegpression could

be affected by the presence of inflammatory molecules, which are known to be increased
in atheroprone areas due to enhanced mass trari$pdoell, 2003) Also, atheroproe

areas present low oxygesrision (hypoxia), which maalter gene expressidfilvola et

al., 2011) Besides, a different embryonic origin of different regions of the aorta could
also have an impact on gene regulatfdriguerosMotos et al., 2013)To investigate
whether eRel proten induction in atherosusceptible regions is directly regulated by shear
stress, two complementairyvitro platforms were usedhe orbital shaker system and the

parallel plate or Ibidi® system.

When eREL protein levels were assessed in HUVEC and HCAE@saqg to flow using

the orbital shakerit was obseved that the expression ofREL was promotedn the

centre of the wells (low shear strese)nmpared tdhe peripheryhigh shear streysBy

using comptational fluid dynamics, it has been shown that the orbital shaker system
generates complex and multidirectional flow in the centre of the well, with multiple
changes in direction and constant low magnitude. In the periphery, the flow generated is
relativdy unidirectional, and although the magnitude of shear stress generated is

relatively high, it presents temporal fluctuatigigarboys et al., 2014)

Despite the fact that the orbital system generatasladirectional and compleftow in
the centre of the wells that partly reproduces the flow in atheroprone areas of the mouse

aorta, the orbital shaker system still has some limitations. It generates high and low shear
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stress in the same well, which could affect the regulation-R€&lcexpression, and
therefore, could lead to difficulties in determining whether shear stress is directly
controlling cRel expression. For instance, it has been shown that shear stress influences
the release of endothelial microvesicles and cytokidam et al., 2013)The release of

these molecules bgells in the centre of the wells could affect endothelial cells located in
the periphery, and similarly, cells in the centre could be influenced by the release of
particles by cells in the periphery. Additionally, cells could migrate from different regions
of the well, potentially affecting-REL expression in HUVEC or HCAEC exposed to

flow using the orbital system.

To overcome thidimitation, we also tested-REL expression in HUVEC under flow
using the Ibid® parallel plate systemThe Ibidi® system gemates steady flow
conditions, generating higti3 dynegcm?) and low (5 dyedcn?) unidirectional shear
stress in cells seeded on different Ibidi® slidegain, it was revealethat cREL protein
levels were upregulated under low shear stress compatagh shear stress, therefore

confirming that low wall sheatrgss directly upregulatesREL protein levels.

To assess whethéne induction ofc-REL protein at low shear streaseasinvolves an
increase irt-RELMRNA levels cultured ECs were expaséo differentflow patternsoy

using the orbital shaker (HUVEC and HCAEC) and the parallel plate or Ibidi® system
(HCAEC). Whencells were exposed to flow using the orbital systérwvas observed

that the expression ofRELwasenhancedinder high shear stress compared to low shear
stress in both HUVEC and HCAEC. Howewshen cells were exposed to flow using the
Ibidi® system the mMRNA expression aFREL did not change in HCAEC exposed to

low and high shear stress. As explained abdweeJidi® system generates steady flow
conditions, generating high and low unidirectional shear stress. This contrasts with the
multidirectional flow generated by the orbital shaker, and therefore, it suggests that the
orbital and Ibid® systems generateifiérent mechanical environments that might

influence gene expression, leading to variatiorsREL

The orbital shaker and the Ibidi® system partly reproduce the physiological mechanics
that endothelial cells are exposedrtwivo. However, there are@ number of caveats that

need to be acknowledged when using these systemiso, cells in atheroprone regions

are exposed to a complex flow that transports cells, inflammatory molecules and secreted

proteins, and these factors could enhance the efiear stress has orRel expression.
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This effect could also be altered by mechanical stretch of the arterialJwhill et al.,

2015) When cells are culturad vitro, they are not exposed to this foréalditionally,

the extracellular matrix that is present in the vasculature differs from the one used in
vitro systems. HUVEC and HCAEC are attached-oddl plates or Ibidi® slides using
gelatin, whereas cells in the vasculature are exposed to a more complex extracellular
matrix. Differences in matrix composition have been shown to alter the activation of
certan signalling pathways, leading to alterations in gene expre§Sioret al., 2005)

Since there imoin vitro systenthatmimics the complexity of temporal and spatiaiv
variationsin vivo, usingseveralexperimental modelss critical toreproduce some of the

physiological mechanics.

Despite the differences irREL transcript levels between the orbital shaker and the
Ibidi® system,c-REL mRNA expression was nenhhancedt low sheastressregions.
This suggests that althougkREL protein isupregulatedn EC underlow shear stress,

this regulation does not occur at the mRNA level.

3.11.3Regulationof c-Rel protein levels

In this chapter, | have showimat there is a lack of correlation between the results obtained
at the protein level and the studiesformed at the mRNA level. This could be due-o c
Rel protein haHife, which can be affected by protein stability of €Rel, or
posttranslational modifications,which alter c-Rel protein levels. Although
posttranslational modifications in-Rel have notbeen studied in detail and their
functional relevance vivois, in most cases, unknownRel has been shown to undergo

several of these modificatiof&ilmore and Gerondakis, 2011)

Phosphorylatioly PKA hasbeenrevealedo occurwithin the RHD,but further studies
are still required to determinghetherthis process alsoccursin vivo (Mosialos et al.,
1991) It has also beeshownthat both PK@ and NIK phosphorylate the-Rel TAD,
promoting eRel transactivatioractivity (Martin andFresno, 2000; Sanch&&aldepenas

et al., 2006) Moreover c-Rel is susceptible to ubiquitination, undergoing degradation
throughlysines(Chen et al., 1998)

Interestingly it hasalso beenreportedthat miR-155 can represBellinol Pelil) in T
cells, which is a ubiquitin ligase that doces eRel degradationLiu et al., 2016)
Altogether, this showshat there are multiple levels of regulatimat can affect the

correlation betwee ¢-Rel transcript and proteif\lthough understanding the mechanism
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by which loth transcripts and proteins aegulated is importanthe protein expression

Is whatdetermineghe ativity and function otranscription factorsuch as del

3.11.4A hypothesis forshear stressnduction of cRel

The data presented here suggeshodel where low shear stress enhaneRelat the
protein level,but not at the mRNA levelAmong several mechanisms that could alter
protein stability, miR-155 has been shown teepressT cell expression of Peljla

ubiquitin ligase that inducesRel degradatioiLiu et al., 2016)

Vi ct or i éaboRiiomghgsaacdntty shown that neutroptidrived microvesicleare
internalid by endothelial cellpreferentially atareas prone to atherosclerosidere
they deliver miR155 andinduceplaque formatio(Gomez et al., 2020)his suggests
that miR-155 couldregulatec-Rel proteinlevelsin the endotheliumpromoting the
expression ofc-Rel protein at areas exposed to disturbed fldwy preventingits

degradation.

| hypothesisehat c-Rel is induced unddopw shear stresand disturbed flowthrough
miR-155, which inhibits Pelixpression and, thereforahibits c-Rel degradation in
these regionffigure 3.11. Although this hypothesis could explain the induction-&¥ed
under low shear stressvivo, it is still unclear whether it could explain timevitro results.

Future stidies are required to assess this potential mechanism.
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Figure 3.11. A hypothesis for shear stressnduction of c-Rel. c-Rel isenrichedat
regionsexposed to low shear stregsmong several mechanisms that could a
protein stability, miR155 could potentialtggulatec-Rel proteinin the endothelium,
enhancing iunder low shear stress.
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Chapter 4. c-Rel controls

proliferation and inflammation in

cells exposed to lowlsear stressin

Vitro
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4.1 Introduction

In atheropone regions, low shear stressensed by endothelial cells, altererglothelial
cell phenotype anéunction Shear stresaitersmultiple transcriptional programmes that
promote the initiation of atherosclerosig regulating inflammation, proliferation and

apoptosis, among other important processes.

In the previous chapteit, was shown thatow shear stress induge-Rel proteinlevels.
Hence, this suggests thaRel could have a role ithe modulation of signalling events

that contribute to atherosclerosis development.

c-Rel has been slwn to control proliferation, apoptosis and inflammation in several
immune and noimmune cdk. However, the role of-Rel in endotheliatell function
and atherosclerosis remains poorly understood. In B cells and nexfRelss known to
contribute tothe inhibition of celldeath(Grumont et al 1999b;Ruan et al 2011b;
Sarnico et al 2009) Additionally, c-Rel has been reported itcducetumour growth by
promotingproliferationin various typesof cancer,such as lymphoma, melanoma and
breast cancer, araltoimmune diseasesjch as rheumatoid arthsitlt also promote8

and T cellproliferation contributing to the development of germinal centres in B;cells
andit has been involved in seveff@rotic processes, including the inductionaairdiac
hypertrophyia upregulation of @tad and Mef2A(Bunting et al., 2007; Fullard et al.,
2013; GaspaPereira et al., 2012; Gieling et al., 20X8xinbergBleyer et al., 2017,
Grumont et al., 1998; Heise et al., 20IMpreover c-Rel has been shwn to have a major
role in inflammation, by inducing cytokine productiortie immune system (Chen et al
2010 Kontgen et al 1995b;Raoet al, 2003; Wang et al2008)

Furthermore other NF-a Bsubunitsare already known to regulate cell survival and
inflammation in the endotheliunginceRelA is known to induce E@hflammation in
atheroprone site¢Cuhlmann et al., 2011l)and the norcanonicalNFFe B s ubuni t
p52p100has beemeportedto promote EC proliferation ued disturbed flow (Bowden

et al, data not publishedit, would be interesting to determine the extent to wiai¢tel
isinvolved in the regulation of these processes in the endatheli

Since endothelial proliferation, apoptosis and inflammeadi@nproatherogenic processes
in endothelial cell§Foteinos et al., 2008; Zeng et al., 2088) cRelis involvedin the
control of these processes in several cell typeRetcould pogntially regulate thesia

the endotheliuminfluencing atherosclerosis
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4.2 Hypothesis and aims

| hypothesisehatc-Rel regulates EC dysfunction under Ishear stresly altering EC
survival and inflammation.

Low shear stress

|

?

EC survival

EC inflammation

l

EC dysfunction

To test this hypothesis, | aim to:

1. Study cRel function in EC exposed to low shear stress by assessing inflammation,
proliferation and apoptosis.

2. Characterise -Rel downstream targets involved in the regulation of these
processeby performingRNA microarrayin HUVEC.
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4.3 cRel promotes inflammation in HUVEC exposed to low shear stress

Since inflammation is known to be a proatherogenic process in endotheligHegiis et

al., 2000; Passerini et al., 2004he role of eRel in this process was investigatda.
assesthe role of eRel in the regulation of endotheliaflammation siRNA-mediated:-
RELknockdownwasfirst performed HUVEC were transfected with two speciidREL
SsiRNAs (RELHSS109157 and RELHSS109158, designated i and ii, respectaraly)
scrambled $CR siRNA by using electroporation, and cells were then exposed to flow
for 72 h using the orbital shakén order to validate-REL silencing,cells expose to

high and low shear areas were collected, @REL silencingin c-REL siRNA-treated
cellswas confirmedat the transcript level (figuré.1A and Q and at the protein level
(figure4.1B and D).

After confirmingc-REL knockdown the role ofc-REL.in the control of EC inflammation
wasstudied SCRandc-RELsiRNA-treatedHUVEC were exposed titow for 72 h using

the orbital shaker, and gRACR was then performed to assess mMRNA expressithre
inflammatory marker¥ CAM-1, ICAM-1 andE-SELECTIN Knockdown ofc-RELusing

two different siRNAs (figure 4.2A and E) led toigrsificant decrease MCAM-1, ICAM

1 and E-SELECTINexpression in cells under low shear stress (figure 4.2B and F).
However, under high shear stresfREL knockdown(figure 4.2C and Gignificantly
decreased the expressionEBSELECTINbut did not have majorfiectson VCAM-1 or
ICAM-1 (figure 4.2D and H).

After observing that-REL promotes inflammation under low shear stress in HUVEC,
the role ofc-REL in the control of VCAM1 and ESELECTIN protein levels was
investigatedSCRandc-REL siRNA-treated HUVEC were exposedftow for 72 h, and
Western blotting was carried out to assess VCARhd ESELECTIN protein levelsc-
REL silencing resulted in a sigicant reduction of VCAML (figure 4.3A) and E
SELECTIN (figure 4.3B) in cells under low shear stress, whereas thisti@tuas not
significant in cells under higehear stress (figure 4.3Therefore, these results indicate
that cRel promotes inflammation in HUVEC under low shear stredsptatthe mRNA

and protein level.
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Figure 4.1. Validation of c-REL silencing epression in HUVEC exposed to flow
using the orbital shaker HUVEC were transfected with a ndargeting siRNA or
two different c-REL siRNAs RELHSS109157 (i)or RELHSS109158 (ii))using

electroporationCells were then exposedftow for 72 h using the orbital plate syster
To assess-RELsilencing usiniRELHSS109157¢-REL expression was assessed
A) gRT-PCR and B) Western blotting. To assess-REL silencing using
RELHSS109158c¢-REL expression was @asured byC) gRT-PCR andD) Western
blotting. When gRTPCR was performediPRTwas used as a houkeeping gene.
Mean values are presented with standard error of the rapdrthe expression it

RELSsiRNA-treated cellss expressed relative to that$aR siRNA-treated cells$CR
siRNA=1). When Western blotting was performed, PDHX was used as a-keaper
gene.Representative blot arguantification ofc-REL protein levels in HUVEC are
shown.ImageJ software was used to quantify the relathREt protein expressior
levels by densitometry. n=3 independent experiments.*p<0.05, **p<0.01, ns:
significant, usingA), C) paired Ftest orB), D) oneway ANOVA with posthoc

Tukeyobds test.
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Figure 4.2. cRel promotes the expression 0#CAM-1, ICAM-1and E-SELECTIN
in HUVEC exposed to low shear stress.HUVEC were transfected with a nor
targeting siRNA or two differentc-REL siRNAs RELHSS109157 (i) or
RELHSS109154ii)) using electroporatiorCells were then exposedflow for 72 h
using the orbital plate system and mMRNA was extracted to perforrPgFR. When
c-RELwas silenced usinBELHSS109157¢-REL expression was assessed urler
low andC) high shear stresand the inflammatory markex€CAM-1, ICAM-1 andE-
SELECTIN (ESEL)were assessed undg) low andD) high shear stress. When
REL was silenced usinRELHSS109158¢-REL expression was assessed urder
low andG) high shear stress, and the inflammatoarkersVCAM1, ICAM-1 andE-
SELwere assessed underlow andH) high shear stresblPRTwas used as a hous:
keeping geneMean values are presented with standard error of the raadnthe
expression irc-REL siRNA-treated cellss expressed relative to that BCRsIRNA-
treated cellsRCRsIRNA=1), n=3 independent experiments.*p<0.05, **p<0.01,
nonsignificant, using paired-fest.
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Figure 4.3. cRel promotes VCAM-1 and ESELECTIN protein levels in HUVEC
exposed to low shear stres$lUVEC were transfected with a naargeting siRNA
or ac-RELsiRNA (RELHSS109157ysing electroporatiorCells were then expose
to flow for 72 h using the orbital platggstem. Protein lysates fro®CRandc-REL
siRNA-treated HUVECunderlow and high shear stress were generated and pr
expression was analysed usiigant-VCAM-1 andB) ant-rE-SELECTIN (ESEL)
antibodies A) HPRT andB) CALNEXIN were used as houdesepng genes.
Representative blot andquantification of VCAM-1 and ESEL protein levels in
HUVEC are shownlmageJ software was used to quantify relative protein expre:s
levels by densitometry. Mean values are presented with standard error of the
andprotein levels are expressed relative to the hé&esping genen=3 independeni
experiments.*p<0.05, ns: negnificant, using onavay ANOVA with posthoc
Tukeybs test.
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4.4 cRel promotes proliferation in HUVEC exposed to low shear stress

Endothelial proliferation has been shown to be induced under disturbed flow, contributing
to atherosclerosig-oteinos et al., 2008; Warboys et al., 20T4erefore, #er assessing

the role of eRel in inflammation the contributionof c-Rel to endothelial proliferation

was also investigate@CRandc-REL siRNA-treated HUVEC were exposed to flow for

72 h using the orbital shakesystem and EC proliferation was assesd by
immunofluorescence staining for proliferating cell nucledigan (PCNA)

Consistent with previous studies, EC proliferation was significantly increased in HUVEC
exposed to low shear stress than high shear stress (figure 4.4, compare A and B, and C
and D).Knockdown ofc-RELusing two different siRNAs led to a significant deceaf

PCNA positive cells under low shear stress (figure 4.4A and C), indicating-BRelt ¢
promotes EC proliferation under low shear stresREt silencing using bth siRNAs

also led to a reduction in proliferation under high shear stress (figure 44B)abut

this reduction was more modest that the one observed under low shear stress.

In order to confirm that-Rel promotes proliferation in HUVEC, immunofluorescence
staining for Ki67 was also performedfter confirming that EC proliferation was
increased in HUVEC exposed to low shear stress (figure 4.5, compare A and B), it was
observed that-REL silencing led to a decreaseKi67 staining under low shear stress
(figure 4.5A). Again,c-Rel knockdownalso led to amodestdecrease in prdération

under high shear stress (figure 4.5BYhese data areconsistent with the
immunofluorescence staining for PCNAnd therefore, confirmthat cRel induces

proliferation in HUVEGQ particularly under low shear stress

105



Low shear stress / Low shear stress
PCNA PCNADAPI PCNA PCNADAPI

x 10 — xS 10
Q 8 ' Q Z »
n- = 3 n x 3" *
8 - ) 3, —
q . ( o —
R § . _|:: zZ . —
] o
3 = - ez o =
O N ‘ S &
siRNAi SCR c-REL @ siRNAii  SCR c-REL
High shear stress 5 High shear stress
PCNA PCNADAPI PCNA PCNADAPI
% <Z( 10 8 <ZE 10
nE £ 3 nx %
[ @ * 0 o
+ 6
- 3 - = 5 ]
TS 84 =+ E%‘ g’
x e 2 =2
sz s A o2
siRNAi SCR c-REL SiRNA i SCR c-REL

Figure 4.4. cRel promotes EC proliferation by PCNA staining in HUVEC
exposed to low shear stres$lUVEC were transfected with a ndargeting siRNA
or two differentc-REL sSiRNAs RELHSS109157 (ipr RELHSS109158 (ii)using
electroporationCells were the exposed tlow for 72 h using the orbital plate syster
Anti-PCNA antibody (green) was used to stain for proliferative cells and DAPI (I
for nuclear staining. When ceREL was silenced usingRELHSS109157,
immunofluorescence staining for PCNA was assdsindeA) low andB) high shear
stress. Similarly, when -BEL was silenced using RELHSS109158,
immunofluorescence staining for PCNA was assessed )deaw andD) high shear
stressRepresentative i mad®PeE€NAampds qairaar es
Mean values are presented with standard error of the me=Bh;independent
experiments.*p<0.05, using paireetdst.
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Figure 4.5.c-Rel promotesEC proliferation by Ki67 staining in HUVEC exposed
to low shear stressHUVEC were transfected with a neargeting siRNA or &REL
SsiRNA (RELHSS109157using electroporatiorCells were then exposed flow for
72 h using the orbital plate systeAnti-Ki67 antibody (green) was used to stain
proliferative cells and DAPI (blue) for nuclear stainifghen ¢REL was silenced
usingRELHSS109157mmunofluorescence staining flir67 was assessed undey
low and B) high shear stresRepr esent ati ve 1| maglkis6
posi tiavree csdfledngalues are presented with standard error of the n
n=3 independent experiments.*p<0.05, using pair¢est.
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4.5c-Rel does not have a major role in EC apoptosis

After confirming that eRel has a role in controlling EC inflammation and proliferation
under low shear stresbe potential role of-Rel in EC apoptosjsainother proatherogenic
processwas investigated/SCRandc-REL siRNA-treated HUVEC were exposed to flow

for 72 h using the orbital shaker system, and EC apoptosis was assessed by

immunofluorescence stainingrfactive caspase 3

Consistent with previous studies, EC apoptosis was isedeia HUVECexposed to low
shear stress comparedhigh shear stress (figure 4.6, compare A and B, and C and D).
Knockdown ofc-REL using thec-REL sSiRNA RELHSS109157ed to a significanbut

very modesincreaseof active caspase fositive cells under lovshear stress (figure
4.6A), whereas it did not affect apoptosis under high shear stress (figure SidBarly,
knockdown ofc-REL using RELHSS109158c-REL siRNA led to a slight but non
significant increase in apoptosis under low shear stress (figure 4.6C), whereas, again, it
did not affect apoptosis under high shear stress (figure 4.6D). The proportion of apoptotic
cells observed under low shear stress is ardid and the difference in apoptosis
betweerSCRandc-RELsiIRNA-treated HUVEC is minimal and might not be biologically
revelant. Therefore, these data sugtestcRel does not have a major role in the control

of EC apoptosis.
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Figure 4.6. cRel does not have a major role in EC apoptosisdUVEC were
transfected with a netargeting SiIRNA or two differentc-REL siRNAs
(RELHSS109157 (ipr RELHSS109158 (ii)using electroporatiorCells were then
exposed tdlow for 72 h using the orbital plate systefimti-active caspase 3 antiboc
(green) was used to stain for apoptotic cells and DAPI (blue) for nuclear sta
When eREL was silenced usg RELHSS109157immunofluorescence staining fc
active caspase 3 was assessed upliaw andB) high shear stress. Similarly, whe
c-REL was silenced usinBELHSS109158immunofluorescence staining for actiy
caspase 3 was assessed u@jdow andD) high shear stresRe pr esent a

and

guant aclive cagpase@m s 0t | & ee c &Mdawvalues are

presented with standard error of the mes8 independent experiments.*p<0.05, |

nonsignificant, using paired-fest.
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4.6 Characterisation of genes downstream of-&el using a RNA microarray: c-Rel
positively regulates TXNIP, 38 and RANK

Although | havepreviouslyshown that €Rel promotes EC inflammation and proliferation
under low shear streste mechanisms by whichRxd controls these processes are still
unknown. In order to investigate this, a RNA microarray was performed in HUVEC under
low shear stresSCRandc-REL siRNA-treated HUVEC were exposed to flow for 72 h
using the orbital shaker systewfter extractingRNA from cellsexposed to low shear
stress RNA samplegrom three different HUVEQIonors were labelled and hybriddse
agai nst Hu man ClariomE S Assay (Affymetr.i
TranscriptomeAnalysis Console Software (Affnetrix), whichrevealedthat, under low
shear stress, 2398 genes weteratl byc-REL silencing (p <0.05, fold chang&:2). Out

of these 2398 differentially expressed genes, 1030 were downregulated-RE&mwas
silenced (positive regulatioriyee appendix 2and 1368 were upregulatémlowing c-

REL knockdown(negative regulation).

Once this was performed, genes positively regulated-Rglavere selected for further
analysisA functionalgene seenrichment analysis usii@AVID Functional Annotation

Analyss Software (http://david.abcc.ncifcrf.ggv was carried out which revealed

multiple enrichedmolecularfunctions(table4.1).

Some of these enriched molecular functions were mitchondrion, ribosortrarsidtion,
cell-cell adhesion, presplicesosome, and protein ubiquitination, among others.
Interestingly, the MAPK signalling cascade and the NIK®&B signalling pathway,
which have a known role in the regulation of inflammation and proliferation, also showed

high enrichment scores (table 4.1).
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http://david.abcc.ncifcrf.gov/

Gene Ontology Number of | Enrichment
genes Score

Mitochondrion 121 7.11
Ribosome and translation 70 4.70
Cell-cell adhesion 35 2.94
Presplicesosome 7 2.61
Protein ubiquitination 95 2.45
DNA damage recognition, nucleotide excision repair 11 2.33
proteasomanediated ubiquitirdependent protein catabolic 33 231
process

MAPK cascade 31 2.31
NIK/NF-a Bsignalling 10 2.31
Mitochondrial respiratory chain complex | assembly 10 2.03
Nucleosome 19 1.78
Protein heterodimerisation activity 41 1.78
Innate immune response 28 1.73
Carbohydrate binding 12 1.67
Zinc ion binding 84 1.54
Response to interferon 7 1.51

Table 4.1 Functional annotation of differentially expressed genes After
performing RNA microarrayA functional enrichment analysis of genes positive
regulated by-&Rel was carried out usifgAVID Functional Annotation Bioinformatics

Microarray AnalysisSoftware.

A total of sevengenes involved in the MAPK signalling cascade and the NIK3NE
signalling pathway were selected for further analysis, due to their known or inferred
implication in the control of ithmmation andproliferation. G these five are
componentsNIAPK1 (ERK2), MAPK3 (ERK1), MAPK9 (JNK&)dMAPK14 (188)) or
regulator{ TXNIP) of the MAPK cascade, whereas tefdhem TNFSF12 (TWEAKand
TNFRSF11A (RANK are involved in the regulation of the NFBpathway, and in

particular, the norcanonicalNFe B si gnal | i

genes was visualised using a volcano plot (figure 4.7).
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Figure 4.7. RNA microarray in HUVEC under low shear stressHUVEC from

three different donors were transfected with a-tavgeting SIRNA or @& RELSIRNA

(RELHSS109157using electroporatiorCells were then exposed to flow for 72
using the orbital plate systeRNA samples were labelled and hybridised aga
Human ClariomE S Assay (Affymetrix)
(Affymetrix) was used to analyse the data generated, which revealed 2398 gene
differentially expressed (p <0.05, fold change>1.2). The data are visualisec
volcano plot 1030 genes were positively regulated bired (green), whereas 136
were negatively regulated (red). Selected genes involved in the MAPK cascal
the NIKNFe B pat hway, as well as other g
and proliferation ar@ighlighted in pink.
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To validate differential expression of thesvengenesgRT-PCRwas first performeth
HUVEC using threedifferent donors The expression off XNIP, MAPK1 (ERK2),
MAPK3(ERK1), MAPK9 (JNK2), MAPK14 38), TNFSF12 (TWEAKANdTNFRSF11A
(RANK) was assessed BCRandc-RELsiRNA-treated HUVEC, after exposing them to
flow for 72 h using the orbital shaker system. Knockdowe-BEL in HUVEC under
low shear stresked to a significant decrease BKNIP and MAPK14 (i88), which are
components of the MAPK cascaded TNFRSF11A (RANKwhich is an activator of
the NIK/INFe B s i g n al |HowegercmlR&ltkimoevkdoywn had inconsistent effects
on MAPK1 (ERK2), MAPK3 (ERK1), MAPK9 (JNK&hd TNFSF12 (TWEAKi{figure
4.8A and B). Therefore,these results validatEXNIP, 88 and RANK as cRel target

genes.

To further validateT XNIP, 88 andRANK as cRel target genesVestern blotting was
performed irHUVEC. After exposingCRandc-RELSsiRNA-treated HUVEC to 72 h of
flow using the orbital shakef,XNIP, p38 and RANK protein levels were assessed.
RELSsilencing in cells under low shear stress resulted in a significanttred of TXNIP
(figure 4.9A), 38 (figure 4.9B) and RANK (figure 4.9C), arniderefore, thee results
confirm that TXNIP, 88 and RANK are positively regulated byRel.

TXNIP and p38 have been previously shown to mediate the proinflammatory effects of
shear stresgYamawaki et al., 2005; Zakkar et al., 2008nd thus c-Rel positive
regulation of TXNIP and p38 provides a potential mechanism-Relgroinflammatory
effects.RANK is known to promote proliferatioKukita and Kukita, 2013and is an

activaor of norrcanonical NFo B(Novack et al., 2003)Iinterestingly, ar group has

recently reported that the non canonical N&«B s ubuni t pSEA p100
proliferation in reponse tdow shear stress (Bowden et, alata not pblished).Hence,
c-Reldependent activation of RANK, and therefore, the-oanonicalNFe B pat hway,

couldalsoprovidea potential mechanism forRel preproliferative effects.
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Figure 4.8. Validation of microarray data by qRT-PCR. HUVEC from three
different donors were transfected with a fiargeting SiRNA or a-REL siRNA
(RELHSS109157psing electroporatiorCells were then exposed to flow for 72
using the orbital late system and RNA was extracted to perform GfR. Relative
expression ofA) MAPK cascade componenBXNIP, MAPK1 (ERK2), MAPK:
(ERK1), MAPK9 (JNK2), MAPK14 (pB&ndB) NIK/INF-e B si gnal |
componentINFSF12 (TWEAKANdTNFRSF11A (RANKvas measured in HUVEC
HPRTwas used as a houkeeping gene. Mean values are presented with star
error of the meanand the expression i-REL siRNA-treated cellds expressec
relative to that iINnSCR siRNA-treated cells $CR siRNA=1), n=3 independédn
experiments. *p<0.05, ns: nagnificant, using paired-test
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Figure 4.9. Validation of TXNIP, p38 and RANK as eRel target genes by
Western blotting. HUVEC from three different donors were transfected with a r
targeting siRNA or a&-REL siRNA (RELHSS109157using electroporationCells

were then exposed flow for 72 h using the orbital plate system. Protein lysates f
SCRand c-REL siRNA-treated HUVEC under low shear stress were generatec
analysed usingantrTXNIP, antip38 and antRANK antibodies HPRT and
CALNEXIN were wed as houskeeping genes. Representative blots
guantification ofA) TXNIP B) p38 andC) RANK protein expression levels under lo
shear stress iBCRandc-REL siRNA-treated HUVEC are showrnmageJ software
was used to quantify the relative TXNIP, p38 and RANK protein expression leve
densitometry. Mean values are presented with standard error of the mean, and"
p38 and RANK were expressed relative to the hdwesping genen=3 incependent
experiments, *p<0.01, *p<0.05, using pairedékt.
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4.7 cRel positively regulatesthe non-canonical NFe B s u lNiKnpi52 and p100
to promote proliferation

In the previous section, | have demonstrated that RANK is regulatedRas/, dy
performing microarray studies and subsequent -§&R and Western blotting
experiments. RANKs known to promote proliferatiofiKukita and Kukita, 2013and it

also activates the netanonicalNIK/NF-a B s i gn al | in otiger cellatypbsw a y
(Novack et al., 2003)Sinceit has beemecentlyreportedthat the non canonical N& B
subunis p52/p100 inducEC proliferation in response kow shear stress (Bowden ef, al

data not published)a potentialrole of ¢Rel in theregulation of the noianonical

NIK/NF-a Bpathway was investigated.

As NIK activates p100 processing p52 and is essential for neczanonical NFe B
activity (Xiao et al., 2001)thepotential regulation of NIK, p100 and pb¥ ¢Relwas
first studiedby gRT-PCR The mRNA expression oNIK and NFKB2 (p52/pL00) was
assessed iBCRandc-RELsiRNA-treated HUVEC, after exposing them to flow for 72 h
using the orbital shaker system. Knockdowr-&XEL in HUVEC under low shear stress
led to a significant decrease DK mRNA levels, indicating that-Rel positively
regulatedNIK at the transcridevel.Howeverc-RELsilencing did not significantly affect
NFKB2mRNA levels (figure 4.10A).

To assess whetherRel has a role in the regulation of p52 antiOp protein levels,
Western blotting was performed in HUVEC. After exposBigRand c-REL siRNA-
treated HUVEC to 72 h of flow using the orbital shak&2 and p00protein levels were
assessed-REL silencingresulted in a significant decreasep52 (figure 4.10B and
pl00 (figure 4.10Q indicatingthat c-Rel positively regulates p52 and.GD protein

levels, but showing that this regulation does not occur at the mRNA level.

Altogether, these daiadicatethat cRel positively regulates the naanonicalNF-a B
component®RANK, NIK and p52/d.00, thereby providing a potential mechanfemthe

pro-proliferative effectof c-Rel.
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Figure 4.10. eRel promotes EC proliferation by inducing the noncanonical NF~
9B subunits NI KHUVHCSw2re teanstected With @ naargeting
SsiRNA or ac-REL siRNA (RELHSS109157using electroporatiorCells were then
exposed tdlow for 72 h using the orbitallate systemA) gRT-PCR was performec
to assess the relative expressiorNdK and NFKB2 HPRT was used as a hous:
keeping geneMean values are presented with standard error of the raadnthe
expression irc-REL siRNA-treated cellss expressed relative to that BCRsIRNA-
treated cellsRCRsIRNA=1). B), C) Protein lysates fronsCRand c-REL siRNA-
treated HUVEC under low shear stress were generated and analysednispi®
and antip100 antibodiesCALNEXIN and PDHX were used d®usekeeping genes
Representative blots and quantificationB)f p52 andC) p100 protein expressiol
levels under low shear stressSCRandc-REL siRNA-treated HUVEC are showr
ImageJ software was used to quantify the relative p52 and p100 protein lev
densitometry. p52 and p100 were expressed relative to the-keegimg gene. Meal
values are presented with standard error of the nmes8 independent experiment
**p<0.01, *p<0.05, ns: nosignificant, using paired-fest.
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4.8 c-Rel negatively regulates p21 to promote proliferation

p52 has been previously shown to induce cell proliferation via inhibition of the anti
proliferative protein p21 in human osteosarcoma cellSchumm et al.,, 2006)
Interestingly, this process has been recently studied in oursigjgestingthat p52
promotes EC proliferation under low shear stress through repression (Bgp&den et

al., data not publishedYherefore after showing that-el is involved in the regulation

of the non-canonicalNF-a Bsubunits p100 an@g52, the potential role of-Rel in the

control of p21 in endothelial cells waksoinvestigated.

p21 mMRNA expression was assesse@@Randc-RELsiRNA-treated HUVEC by gRT
PCR, after exposing cells to flow for 72 h using the orbital shaker systRE. silencing
in HUVEC under low shear stress led to a significant upregulatip@ IomRNA levels,

indicating that eRel negatively regulatg®1 at the transcript levéfigure 4.11A)

Similarly, whenWestern blotting was performed BCR and c-REL siRNA-treated
HUVEC to assess2d protein levelsc-REL knockdown also resultein a significant
increase of p1 protein levels, anfirming that eRel represses2d expressiorffigure
4.11B).

To further valichte the negative regulation oRp by c-Rel, 21 was assessed by
immunofluorescence staining 8CRandc-REL siRNA-treated HUVEC exposed to low
shear stress. Consistent with the previous,daREL silencng led to a &old increase
of p21 (figure 4.11C) Therefore,these results indicate thatRel inhibits the ant

proliferative 21 in HUVEC under low shear stress.

Altogether these datahowthat cRel promotes endothelial proliferation by inducing the
nortcanonical NF-e B ¢ o mp RANK,nNIKs and p52/d00, ad also, through

repression of pl.
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Figure 4.11. eRel promotes EC proliferation via inhibition of p21. HUVEC were
transfected with a netargeting siRNA or &-REL siRNA (RELHSS109157)sing
electroporationCells were exposed fow for 72 h using the orbital plate syste#y).
gRT-PCR was performed to assess the relative expressu2ilofiPRTwas used as
a housekeeping genéMean values are presented with standard error of the zuedr
the expression it-REL siRNA-treated cellss expressed relative to that BCR
siRNA-treated cellsCRsiRNA=1). B) Protein lysates frorlBCRandc-RELSIRNA-
treated HUVEC under low shearests were generated and analysed usmantip21
antibody. CALNEXIN was used as a hougeeping geneRepresentative blot an
guantification ofp21 protein levels in HUVEC are shown. ImageJ software was
to quantify the relative p21 protein levelsdgnsitometry. p21 levels were express
relative to CALNEXIN. C) Immunofluorescence staining for p21 was perforn
using an ati-p21 antibody (green), and DAPI (blue) was used for nuclear stail
Representative images aquiantification ofp21 positive ells are shown. Mean value
are presented with standard error of the me®s84 independent experiment
*p<0.05, using paired -fest.
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4.9 Conclusions

In this chapter | have shown thaRel promotes EC dysfunction, by promoting both
inflammation andproliferation in EC exposed to low shear stress. Furthermore, | have
elucidated the mechanism by whiciiRel controls these processes, by performing RNA

microarray and subsequent validation experiments.

Specifically,l conclude that:

0 -Relpromotes inammationand proliferation in endothelial cells exposetbiw shear

stress

0 c-Rel does nbhave a major role iapoptosisn endothelial cells exposed to flow

0 -Rel positively regulates the MA®cascade components TXNIP ar@Bp providing

apotential mechanism forRel proinflammatory effects.

0 c-Rel induces the expression of thencanonical NIK/INFe B si gnal |l i ng pa:
components RANK, NIK and p52100, and also, it represses the expression of the anti
proliferative p21. Therefore, thisprovides a potential mechanism forRel pro

proliferative effects.
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4.10 Discussion

c-Rel has been shown to regulate inflammation, proliferation and apoptosis in several cell
types(Chen et al., 2010; Fullard et al., 20GxspaPereira et al., 2012; Grumont et al.,
1999a; Kontgen et al., 1995b; Sarnico et al., 208@wever, eRel function in the
endothelium hasot been studied. The data presented in this chapter indicatesRéht ¢
promotes EC proliferation and inflammaticsuggesting that-Rel expressionn low

shear stress aree=gulates endothelial cell physiology.

c-REL silencing markedly reduced the percentage of proliferative cells under low shear
stress, reducing their levels to those of control cells under high shear stress. Hence, this
indicateghat cRel could be involved in controlling the transition between a proliferative
and a quiescent phenotypesimeared cellsSimilarly, c-REL silencing also decreased E
SELECTIN protein levels under low shear stress to the levels observed under lagh she
stress, anthus this could again indicate a role eRel in regulating the switch between

a proinflammatory phenotype in low shear areas and amndlatinmatory one in regions
exposed to high shear stress. After showing for the first time4Ratis involved in the
regulation of low shear stregsduced endothelial dysfunctioby promoting EC
proliferation and the expression of inflammatory and adhesion molecules (VCAM
ICAM-1 and ESELECTIN), the mechanissiby which c¢Rel promotes theggrocesses

wereinvestigated

RNA microarray in HUVEC and subsequent experiments revealed-fRekpgromotes
inflammation via induction of the MAPK regulator TXNIP ard downstream target
p38, whereas the mechanism underlyingRat-dependent induction foproliferation
involves the nofcanonicalNFe B s i g n a | landithg an{pralifetativeanyolecule
p21 | have shown that-Rel induceshe NFa B a ¢ tRANKaits downstream target
NIK, andthenoncanonicalNF-a B s u pl00i®2} esentually leadg to an increase
in proliferation by inhibiting the anfproliferative molecule p21 (figure 4.12 The
function of eRel in EC exposed to floand other data shown in this chaptéli now be

discussed in further detai
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Figure 4.12. c-Rel promotes EC inflammation and proliferation in regions
exposed to low shear stresg-Rel is enhanced in EC exposed to low shear str
promoting EC inflammation and proliferation-Reldependent induction of E(
inflammation occurs via TXNIP and its dostream target p38. To promote E
proliferation, eRel increases the expression of RANK, NIK and pl00/p52,
inhibits the antiproliferative molecule p21.
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4.10.1 Low shear stress increased EC proliferation, apoptosis anbHE_ECTIN
expressionputit did not regulate VCAML1 protein levels

In this chapter, | have shown that cell proliferation and apoptosis are upregulated in
HUVEC exposed to low shear stress compared to high shear sttesh,supports
previous observation€haudhury et al., 2010; Dardik et al., 2005; Obikane et al., 2010;
Zeng et al., 2009)An upregulation of endotheliaboptosis and proliferation under low
shear stress causes a higfhturnover in these regions of the aorta, whereagtioisess

is markedly reducedin areas protected from the disegBavies et al., 1986)These
differences in EC turnovemay substantially contribute to endothelial dysfunction,

promoting the development of atherosclerosisities exposed to low shear stress.

Similarly, when endothelial inflammation was tested in HUVEC under flow, E
SELECTIN protein levels were enrichedéells exposed to low shear strassl disturbed
flow. This is consistent with previously published data that show an increase of
inflammatory markers imtherosusceptibleegions indicating that increased expression
of adhesion molecules by EOntributes toatherosclerosi@Chappell et al.1998; Hajra

et al., 2000; Partridge et al., 200Apwever, when VCAML proten levels were assessed

by Western blotting after exposing HUVEC to flow using the orbital shaker for 72 h, it
was observed that disturbed flow did not induce VGANprotein levels There are
numerous reasons that cogjgde an explanatioto this First,the orbital shaker system
generates different patterns of shear stnasn onewell, and communication between
cells exposed to high and low shear stress can potentially influence their physiology. For
example, sheastressis known to influencehe rekaseof endothelial microvesicles,
cytokines and other factofgion et al., 2013)and theelease of these molecules by cells
that are exposed foigh shear stressould affect the expression of VCAM and other
genes in endothelial cells exposed to low shear stress, and vice Bessdes EC
migrationalso occurs between different areas of the,wdilich could also have an effect
on the regulation of VCAML protein levelsThis limitation could be overcome future
studiesusing the Ibid® system, which generatepecific magnitudes of shear stress
(Bowden et al., 2016Jurthermorethe magnitude and duration of shear stoesgd also
influence VCAM1 levels The response of EC to mechanical stimuli varies depending
on the magnitude, and a certain thresimatiexceeded in the orbital systemay need to

be reached for cells to trigger VCAMupregulation{DeVerse et al., 2013fphear stress

duration could also affect the levels of this adhesion molecule, and shorter or longer
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periods of flow exposure might be required for its upregutatmportantly, the lack of
cytokine stimulationsuch as TNF stimulatiomight affectvCAM -1 protein preventing
asynergisticupregulatiorunder low shear stred8revious studies havevealeda shear
stressdependent upregulation of VCAML1 in respotsd@ NF,whereas shear stress alone
did not affect VCAML1 levels in the absence of TNF stimulat{@eVerse et al., 2013)
Therefore, this suggests ttatupregulation of VCAML levels under low shear stress in
cultured EC may require a previous stimulation with ToMfether factorssuch as LPS
Because of these considerationgufe work will include the assessment of M@-1
levels in stimulated cellsxposed to different patternsfidw, as well as the assessment
of c-Rel function in EC in response ¢gtokine stimulation

4.10.2c-Rel controls endothelial proliferation before the onset cfpBase

For the assessmentmfliferation, two different proliferatiomarkers were used, PCNA
and Ki67. Interestinglyc-REL silencing reduced thpercentage of both PCNA andKi
positive cells,providing a better understanding of the mechanisms underlying the
decrease in celproliferaion. PCNA and K67 are expressed in proliferative cellsit
their expression pealat differentphasef the cell cycleKi67 is expressed in every
nonGO phase of the cell cyclegachingits expressiorpeak during G2 and M phase
(Jurikova et al., 2016)PCNA expression, however, reaches its peak duSnghase
(Jurikova et al., 2016; Zerjatke et al., 20{ffgure 4.13. The fact that-REL silencing
reduced both proliferatioomarkers in a similar way, suggests thaRe& controls
endothelial proliferation before the onset ofplsaseand not during later stages
Interestingly, it has been previously shown th&elknockoutmice present defects in B
cell proliferation, and this has been associated with a cell cycle arrest in G fpérge
et al., 2004; Grumont et al., 1998uggesting that this process could asourin the

endothelium.
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M-Mitosis (Cell division)

GO

Figure 4.13. Theexpression ofPCNA and Ki67 proliferation markers peaks at
different stages of the cell cycleDiagram showing the cell cycle and its differe
stages, including their relative length (G1: Growth, S: DNA synthesis, G2: Gr
and preparation for mitosis, M: Mitosis (cell division)D:&Cell cycle arrest). The
proliferation marker PCNA reaches its peak dufnghasewhereas Ki67 reaches i
expression peafturing G2 and M pase.
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4.10.3c-REL silencing has modest effects in endothelium exposed to high shear stress

In addition to areduction in proliferation under low shear stras®EL silencing also
decreasegroliferation under high shear stress by immunostaininig R@NA and K67.
Although in the previous chapter it was shown that the protein levelRelfwere higher
underlow shear stress than high shear stre$®elds still expressed in atheroprotected
regions. Therefore, the low expression th&eat exhibits in these areas may be enough
to trigger eRel function, leading to a modésit significaninduction of EC praferation
under high shear streds terms of EC inflammatiorc-REL silencing also led to reduced
E-Selectin and VCAM-1 protein levels under high shear stress, thig reduction,
measured by Western blakid not reach significance. Again, this suggdisé although
c-Rel activity mainly occurs at low shear stress regions, where this transcription factor is
preferentially expressed;Rel might also have moderate effects on cell proliferation and
inflammation in EC exposed to high shear stress.

4.104 c-Rel does not have a major role in EC apoptosis

When the role of -®Rel in EC apoptosis was assessed by immunostaining for active
caspases, it was observed thatREL silencing led to a significant but very modest
increase of apoptosis under low shetiess usingRELHSS109157c-REL siRNA.
However a different eRel SIRNA RELHSS109158)lid notcausea significant increase

of active caspas@g-positive cellaunder low shear stress. The proportion of apoptotic cells
observed under low shear strassremarkably low(~1%), which is approximately
equivalent to one active caspas@dsitive cell per field of view. Thelifference in
apoptosis betweeBCRand c-REL siRNA-treated HUVECusing RELHSS10915%s
minimal (~0.5%) and, even though it isstatisticaly significant, it may not imply
biological revelanceMoreover, when a™ c-Rel siRNA was used, there were not
significant differences in apoptosis betwee@Rand c-REL siRNA-treated HUVEC,
further supporting that-Rel does not have a major role in ttantrol of EC apoptosis
However, further experiments are still requireBC apoptosis could be enhanced by
serum starvatiofLi et al., 2007) which may provideadditional information on the role

of c-Rel in EC apoptosisThe role of eRel in EC apoptosisn vivo could also be

investigatedo validate then vitro studies

4.10.5RNA microarray in HUVEC: Characterisation of genes downstream eRel
WhenRNA microarray was performed in HUVER& total ofsevengenes involved in the

MAPK signalling cascade andthe NIK/INFB s i gnal |l i ng pat hway

126

wer



their known or inferred implication in the control of inflammation and proliferation.
Selected genes wekAPK1 (ERK2), MAPK3 (ERK1), MAPKINK2), MAPK14 (188)

and TXNIP, which are involved in the MAPK cascadend TNFSF12 (TWEAKand
TNFRSF11A (RANK which regulatethe noncanonicalNF-a Bsignalling pathway
However, vihen gRFPCR was performed to validate differential expression of these
genes, onlyr XNIP, MAPK14 (88) andTNFRSF11A (RANKwere validated.

Multiple factors could explairhe discrepancy between RNA microarray and €OR
results.First, biological variability may have contributed to thitireeHUVEC donors

were used foRNA microarray, ad threedifferent donors were then used for gRTR
validation. Hence, biological di#frences between samples inevitably affect both
microarray and gRPCR result§Morey et al., 2006)Aditionally, technical issues could

have an impact on the results obtained. RNA quality is critical to getstecesults, and
contaminating factors, such as alcohatdluence the activity of reverse transcriptases
used in these procedur@geeman et al., 1999lIso, different priming methods and the
formation of primer dimers could influence the data genef@estin, 2002; Freeman et

al., 1999) Furthermoremicrorrays can generate errors, irthg nonspecific cross
hybridisation of the targets that are fluorescently labelled to the array piGhaaqui et

al., 2002) Another source of error is data normalisation. Whereas a global normalisation
is carried out when microarrays are performed, 4fCR uses a houseeping gene
against which the rest of the genes are nornth(§torey et al., 2006)Finally, lower
correlations between microarrays and gRTR have been shown for genes that exhibit
less than Zold changes, whereas this correlation is higher when they show greater fold
changes. Therefore, any of these factors, alone or in combination, could have contributed
to the differences observed, explaining the discrepancy between the data obtained using
a miaoarray or gRTPCR analysis.

4.10.6Potential mechanism for the regulation of inflammation byRel
In spite of the differences between the RNA microarray resultg)Ri-PCR validation
in HUVEC, two genes involved in inflammatioand atherosclerosi3XNIP and (38,

were validated as-Rel target genes.

TXNIP is a protein that interacts amthibitsthe expression and function BRX, a thiol
oxidoreductase that contratsllularredox status ansippressesxidative stresglL.u and

Holmgren, 2014)In the endotheliumlRX has been suggestedarease in response to
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inducible NOS (iNOS), representing a protective mechanism ageytstoxic NO
productionand protecting against atherosclerd3iakagi et al., 1998)Besides, loss of
TRX is associated with EC dysfunction and a prothrombotic and proinflammatory
phenotype, further supporting TRX protective role in atheroge(lessch et al., 2016)

TRX hasalsobeen shown to directly interact with ASKMAP3K5), inhibiting ASK1
kinase activity(Saitoh et al., 1998)his indicates thatdith TXNIP and ASK interact

with TRX, and when TXNIP binds to TRX, it releases ASK1 from TRX inhibition
(Yamawaki et al., 2005)

TXNIP has been showto be enriched at low shear stress regions, by performing
experiments$n vivoandin vitro (Wang et al., 2012)nder low shear stress, the induction
of TXNIP leads to inhibition of TRXresulting in increasedctivity of ASK1. ASK1is a
MAP kinasekinase kinas¢hat is upstream of JNK and p3hd p38, in turn, has been
shown to promot& CAM-1 expressiomunder low shear streggamawdi et al., 2005;
Zakkar et al., 2008Hence, the upregulation of TXNIP under low shear stress generates
an inflammatory responseincreasing ASK1, JNK, p38 andCAM-1 levels and
repressing TRXSaitoh et al., 1998; Wang et al., 2012; Yamawaki et al., 2@d5Yhe
contrary, TXNIP expression is downregulatéd EC wnder high sheastress inhibiting
inflammation through repression tfie MAPK signalling cascadgYamawaki et al.,
2005) (figure 4.14) Altogether, this demonstrates tHadth TXNIP and 88 regulate
inflammation in EC exposed to low shear stress, and also, that p88vsatreantarget

of TXNIP. Thus, the regulation of TXNIP and p38by cRel could explainthe

proinflammatory activityof c-Rel.

Interestingly, in addition to éhreduction in TXNIP and p38 levels mREL SiRNA-
treated HUVEC, the RNA microarray also revealed a significartadtdsdownregulation
of ASK1 (MAP3K5 p=0.01§. Therefore, thiginding further supportshe involvement

of c-Rel in the regulation of this system.
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Figure 4.14. Potential mechanism for the regulation of inflammation by -Rel.
Under low shear stress,Rel promotes the induction of TXNIP. TXNIP then binds
TRX, inhibiting its activity and leading to ASK1 release. ASK1 is a MAPK kin
kinase that is upstream of JNK and p38, and therefore, its release lead
proinflammatory response. On the camys;, high shear stress downregulatédat and
TXNIP levels. This increases TRX activity and TRX bindiag\SK, suppressing38
and JNK expression and inducing an anfiammatory response.
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Although | have shown that the regulation of TXNIP and p&-Rel could explain ¢

Rel proinflammatory effects,-Rel could still be regulating other genes to induce this
process. In other cell typesRel has been shown to regulate a number cytokines, such
as IL-21, IL.-23 (Chen et al., 2010; Niu et al., 2010; Wang et al., 20€&t have
previously been shown to contribute to athele®sis(Erbel et al., 2011)interestingly,
the RNA microarray in HUVEC revealed that@.was a €Rel target gene, since it was
dowregulated inc-REL siRNA-treated HUVEC.IL-6 is known to contribute to
endothelial dysfunction and activatiG?wassmann et al., 2004; Wung et al., 20@bY it
has recetly been shown that modulation of -B& pathway using canakinumab
associated with a reduction of atherosclerotic and cardiovascular ¢Refksr et al.,
2018) Hence, the regulation of 1& by c-Rel could be an additional mechanism that

could explain eRel proinflammatory effects.

Low shear stress enhances the expression of RelA, anotkerBNFs ubuni t, vi a ac
of INK MAP kinasgCuhlmann et al., 2011Therdore, c-Rel could potentially regulate

RelA levels via the TXNIPASK1-JNK pathway activationMoreover, since NF-a B

subunits form dimers in order to bind to gene promoters and activate transcriiRien, c

could potentially form dimers with RelA in the esttelium, leading to an increase in
inflammation under low shear stress. Future work will involve assessing the interactions
betveenNFe B subunits in EC exposed to -Rdlow, 1in

on the expression and function of other-8lB s ubuni t s.

4.10.7 Potential mechanism for the regulation of proliferation byRel

4.10.7.1 RANK

The RNA microarray and subsequent validation by ¢FR and Western blotting

showed thalfNFRSF11A (RANKis a cRel dowstream target. RANK belongs to the

TNFR superfamily, and is one of the besharacteried noncanonicalNFe B r ecept or s .
It is well known for its role in osteoclastogengdikeill et al., 2002)but it isalsoknown

to promoteT cell proliferation(Anderson et al., 1998nd proliferation of epithelial cells

during mammary gland developmdifata et al., 2000; Gonzak&uarez et al., 2007)
Interestingly,RANK is also involved in angiogenesias well asin endothelialcell
proliferationand migration. It is upregulated in response to VEGF angpitsgulation

has been shown to increasescular permeabilitiBenslimaneAhmim et al., 2011; Kim

et al., 2002; Min et al.,, 2007)n addition to the specific rolef RANK in cell
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proliferation, its role as an activator of the reamonical NFe B si gnal | i ng

furthersupports this proliferativeffect

The activity ofNIK, a key component of necanonicalNF-e B s i g Is @iggeredn g ,
by signalling througtseveral TNFR siyperfamily members, including RANKNIK then
activates| K K ldadingto the phosphorylation and processing of p100 to (&,
2011) Since our lab has recenthgportedthat the non canonical N& B busnits
p52/[L00 induce EC proliferation in responsddw shear stress (Bowden e, alata not
published), eReldependentegulation of RANK and other components of the -non
canonical pathwayNIK, p100 andp52, suppors c-Rel proproliferative effectqfigure
4.15)
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Figure 4.15. Potential mechanism for the regulation of proliferation by Rel.

Under low shear stressRel promotes the induction of RAN&nhd the nofcanonical
NF-a BEomponentiNIK, p100 and p52. RANKanon-canonical NFe Beceptothat
is known to promote proliferation in several cell typesluces the activity of NIK.
This, in turn, promotephasphorylation and processing of pl00 t62pthrough
activation of IKKo , |l eading to i ncr ea sdstirbed floav
regions
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4.10.7.2 eEReFRANK-p52-p21 signalling

In addition to the dataegmerated in our lab that links p100 a®@ pvith low sheainduced
EC proliferation, previous studies have alsllown that the noenanonicalNF-a B
pathwaycan triggeproliferation in other cell typesFor instance, it has been shown that
silencing of NFKB2 or NIK (MAP3K19 in melanoma cells markedly reduces tumour
growth and increases senescefide Donatis et al., 20167lso, CD40,whichis known

to activatenoncanonicalNF-e B s i g haa bekni shown to induce proliferation and
angiogenesis in endothelial cel{fseroyer et al., 2008)Furthermore,using human
ostesarcoma cells, it was revealdtht p52 inhibitsthe antiproliferative moleculg21

to promote cell proliferatiofSchumm et al., 2006)he regulation of p21 by52 was
further investigated in our lab, and it wesportedthat under low shear stresH2p
repressep21l to induce EC proliferatioBpwden et al data not publishedpince eRel
promotes proliferation under low shear stress and it also induces RANKphIK,and
p52 levels, the potential role ofRel in theregulation of @1 was studied, demamnating

that cRel, as well as$2, sypressep21 levels to promote EC proliferation.

p21 or cyclindependent kinase inhibitor 1 (CDK1) is an gmbliferative protein that
binds to cyclins and CDKs to inhibit celioliferation.Specifically, 21 canblock G1 to
S-phase progression, leadirga quiescent state in GO. Thalgdependent inhibition of
G1/S transition requires p53, and they can act together to induce cell sen¢abbase
and Dutta, 2009As | have previously shown, the fact thdRel regulates the expression
of both PCNA and Ki6auggests that-Rel controls endothelial proliferation before the
onset of $phase,nhibiting cell cycle progression in GO or Gihase.Therefore, this
suggest that inc-RelsiRNA treated HUVEC, the reduction of EC prolifeaaticould be
due to an increase p21 levels which would inhibit EC proliferation before the onset of
S-phaseand would maintaireC in a quiescent state. Enhanceldet levels under low
shear stress wodlsuppress il expression, leading to high levels of proliferation in
atheroprone areas exposed to low shear sirhsse data are consistent with a previously
published study, which shows that hgjear stress leads to enhahp21 protén levels,
reducing EC proliferation in HUVECAkimoto et al., 2000Q)

The interaction of p53 withZ1 andtheir role in senescenamuld be important to
understand this pathwgys3 levels have been shown to be upregulatéolwv shear stress
areas of the murine artic ar@nd they have been shown to promote senescence in areas

of disturbed low. Besides, higer levels of p3 in cells exposed to low shear stress
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correlated with high levels of2d, supporting the idea that they are involved in the same
pathway(Warboys et al., 2014However, aseemingly against this different study
revealedhat high shear stress leadsetthancd p21 expressioifAkimoto et al., 200Q)

A different cell fate could explain thdiscrepancyWhereas a p58ependent indumn

of p21results in EC quiescencader high shear stres3 and p21 promote senescence
in endothelial cells exposed to low shear str&gsrk by Warboys et al. showed that
levels ofp53 and p21 in cells undiEw shear stress were heterogene@enscentcells

in low shear aregwesentedhigh expression of p53 and p21, but the rest of the eeder
low shear did not show?21 or p53 expressiofWarboys et al., 2014)Therefore, this
further supports the idea that the regulation of p21 and p53 depends on the aathtext
varies n response to different stimyfigure 4.16) Future work will assess the role of ¢
Rel in senescence the sheared endotheliumoreover the mechanismthat regulate

p53-p21 decisiormaking in endothelial cells exposed to flow still néete investigated.
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Figure 4.16. Pleiotropic nature of p53 and p21 in endothelial cells exposed to floy
Under low shear stresthe expression p53 and p21 is heterogeneous. Senescer
have high levels of p53 and p21, whereas-semescent cells do not express p5:
p21. Under high shear stress, the expression of p53 and p21 is more homog
Endothelial cells at these liegs show relatively high p53 and p21 levels, leading
a quiescent, noeproliferative phenotype. Therefore, this shows that different s/
patterns affect the pleiotropic effects of p53 and p21: whereas p53 and p21 p!
senescence in endothelial sedixposed to low shear stress, they promote quiesc
under high shear stress.
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4.10.7.3 Othec-Rel proliferative mechanisms

Aside from norcanonical NFeB signalling to p21there may be otherReli dependent
mechanisms that could also be contributing to EC proliferafinrninteresting candidate
would be GATA4. eRel has been showio promote fibrosis and cardiac hypertrophy
after chronic treatment with angiotensin in mizg direct upregulation of &al (Gaspar
Pereira et la 2012) Interestingly, GATA4 is known to induce proliferation in EC
exposed to low shear stress, and it has also been involved in the indueti@otifelial

to mesenchymal transitiofEdoMT) (Mahmoud et al., 2016; Mahmoud et al., 2017)
Therefore, the potential interaction betweeRet and GATAA4 in the endlbelium will

be interesting to studyws well ashe potential role of-Rel inEndoMT.

Besides, the RNA microarray performed in HUVEC revedleat FOXM1 and its
downstream targegEDC25arec-Rel target genes. InterestinglyRel has been shown to
promote proliferation in other cell types by inducing these molecus! is knownto
be required for the normal proliferative regeneration of hepatocytes;Ratknockout
mice present hepatocyte proliferatiomefectfollowing toxic liver injury,due toimpaired
generation oFoxM1andCdc25 (Gieling et al., 2010)Iin endothelial cellsFoxM1 and
Cd25 have also been shown to mediate EC proliferatidihao et al., 2006)and
therefore, it will be interesting to investigate the role -&tat in the regulation of these

molecules inhe endothelium.

In summary, cell proliferation and inflammation are known to be proatherogenic
processes in endothelial cells. In this chapter, | have shown for the first timeRb&t c

alters endothelial physiology by inducing both EC proliferation afldmmation under

low shear stress. The mechanisms by whidRet promote inflammation involve the
induction of TXNIP and its downstream targe2®, whereas-Rel promotes proliferation

via induction of the nowanonial NFe B component spld®/pa9,Kand NI K,
through repression of21. More experiments are required to assess whetral c
controls these molecules directly, and also, to assBe&$ functionin vivo. The potential
regulation of EC inflammation and proliferation byRel and the ra@ of cRel in

atherosclerosis will be addressed in the next chapter.
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Chapter 5. cRel promotes

atherosclerosis and controls EC

dysfunction at atheroprone sitesn

VIVO
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5.1 Introduction

In the previous chapters, | have shawat cRel protein is enriched at atheroprone areas
in vivo and in vitro, and also, that -Kel promotes endothelial proliferation and
inflammation under low shear stress in cultured endothelial cells. However, the role of ¢
Rel in EC proliferation and indimmation has only been investigated usimgvitro
systems, and in particular, the orbital shaker sysféns system partly reproduceie
physiological mechanicendothelial cells are exposeditovivo, but it also presents a
number of limitationsAs there is nan vitro system thatan mimicthe complexity of
spatialandtemporal flow fluctuationgn vivo, it is essential to validate the experiments
performedin vitro usinganin vivo model. An in vivo modelwill help usget a better

understanding of the function ofRRel inendothelial cell&xposed tdow shear stress.

Althoughmy results suggetttat cRelpromotesndothelial dysfunctiorwhich isknown

to contribute to atherosclerodilse role of eRel inthisdiseassstill needs to be elucidated

The NFe B p at h wa previouslgsholrete be involved in the developmerit
atherosclerotic lesion$nhibition of NFFe B acti vati on in EC, achi e
NEMO orgeneratioro f a d o mi n a n tresuiteel i alécieased fotmatBrJqof
atherosclerotic plaguas mice (Gareus et al., 2008RAIso, expression of RelA and the

i nhi bitory dom@pmech enntaBb | hBR s been reported
atherosusceptible regionis mice (Hajra et al., 2000)Besides,a study usingApoE
knockoutmice suggested thathibition of c-Relexpression by siRNA led tdecreased
stressinducedatherosclerosi¢Djuric et al., 2012)However siRNA-depletionof c-Rel

in this studywas not validatedh vascular tissueand hencethe effects observedight

be caused by offarget effectsAlso, siRNA-silencing couldbe targetingc-Relin other
tissues,indirectly affecting atherosclerosiSince thisstudyraisesquestions about the
involvementof c-Rel in atherosclerosig, is still necessary tdetermire whether eRel

and endothelial-Rel contribute tahe developmenof thisdisease.
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5.2 Hypothesis and aims

I hypothesise that-Rel induces focal EC dysfunction and atherosclerosis by altering EC

proliferationand inflammation.

Low shear stress

|

l 2
EC proliferation

EC inflammation

l

EC dysfunction

i

Atherosclerosis

To test this hypothesis, | aim to:

1. Study eRel function in EC exposed to low shear stress by assessing inflammation
and proliferatiorin the murine aortic arch of wildtype aneéRelknockout mice

2. Characterisghe role ofc-Rel in atherosclerosis by using wildtype andRel
knockout mice treated withAV -PCSKO9.

3. Assess the role of-Rel in atherosclerosis by using EBpecificc-Rel knockout

miceand experimental controteeated withAAV -PCSK9.
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5.3c-Rel promotes EC inflammatian at low shear stress regions ithe mouse aortic
arch

EC inflammation is known to be enhanced at low shear stress areas in the vasculature,
and also, it has beesmown to bea key driver ofEC dysfunction an@therosclerosidn

the previous chapter, it was shown thd&eal induces the expression of the inflammatory
markers VCAML1, ICAM-1 and ESELECTIN in cultured endothelial cells exposed to

flow. However, the role of-Rel in inflammationin vivo has not been determined yet.

In order to investigate the role ofRel in EC inflammationin vivo, en facestaining of
the murine endothelium was perforthaisingC57BL/6J wildtype andc-Rel knockout
mice. Regions exposed to high shear and low oscillatory shremssat the aortic arch
were stained for £5electin andvcam-1, using specific antibodies.

The datandicatedthat the expression of the inflammatory markeiSdtectin and/cam:

1 was enhanced at low shear stress compared to high shear stress regions in wildtype mice
(figure 5.7A and B, which is consistent with previously published studidsjra et al.,

2000; Nam et al 2009; Ni et al., 2010After testing tis, it was observed that&electin

and Vcaral expression levels at low shear areas of the murine aorta were markedly
downregulated irt-Relknockoutmice compared to wildtype mice (figure B.&and B.

Again, this is consistent with the data shown in ttevjpus clapter, whichshowedthat

c-REL silencing leads to a decrease in inflammation in HUVEC under low shear stress.
Althoughc-Reldeletionalso reduced £electin expression in atheroprotected afieiah

shear stres®)f the mouse aorta, it dicbbaffect Vcaml levels, suggesting that the effects

of c-Rel on inflammation are more modest under high shear stésgether,these
observations indicate that-Rel inducesinflammation at low shear stress sites,

contributing to focal endothelial dysfutian.
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5.4 c-Rel promotes EC proliferation at low shear stress regions in the mouse aortic
arch

After elucidatingthe role of eRel in EC inflammation, the role of-Rel in EC
proliferationin vivo wasinvestigatedEC proliferation, which i&nown to beenhanced
at atheroproneegions exposed to disturbed flolags been showto be involved in the
development of atherosclerotic lesion®kimoto et al., 2000; Davies et al., 1986;
Foteinos et al., 2008furthermorec-Rel has been shown to promote probfem in
several cell types, including Bells (Feng et al., 2004; Grumont et al., 1998)cells
(Bunting et al., 2007and cardiomyocyte&GaspatPereira et al., 2012)

Although| havepreviouslyshown that €Rel promotes cell proliferatiomder low shear
stressby usingant-rPCNA and K67 in HUVECQC the role of eRel in EC proliferation
usingin vivomodels isunknown. Hencegn facestaining of the murine endothelium was
performed inC57BL/6J wildtype andc-Rel knockout mice, and the expression of the
proliferative marker Ki67 was assessed in high shear and low shear regions of the murine
aortic arch.

Stainingof Ki67, a marker of cell proliferationndicatedthat EC proliferation is higher

at the inner curvature of the mouse aorta (low shear stress), compared to the outer
curvature (high shear) in wildtype mi¢igure 5.2) When Ki67 was quantified at low
shearstressareas of wildtype and-Relknockout mice, it was shown thedReldeletion

leads to a significant decrease in EC proliferafffigure 5.9, suggestinghat cRel
promotes proliferation under low shear strd3ss supports the data generaieditro,

which showed that siRNAnediated silencing ofc-REL significantly reduces
proliferation in cultured EC. Under high shear stress, however, EC proliferation is not
reduced inc-Rel knockout mice compared to wildtgpmice, indicating that-Rel

promotes EC proliferation only in atheroprone areas of the mouse aorta.
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5.5 c-Rel induces the expression of the MAPK @xade componerd Txnip and p38
to promote EC inflammation in the mouse aortic arch

In the previous chapter, a RNA microarray was performed in HUWEEucidate the
mechanisms by which-Rel controls EC inflammation and proliferatian vitro.
Interestingly, several components of the MAPK signalling pathway, which are known to
mediate the proinflammatory effects of shear stress and to contributeetoszlerosis
(Cuhlmann et al., 2011; Ricci et al., 2004; Yamawaki et al., 20608)¢ shown to be
positively regulated by-Rel.

By performing subsequent gRACR and Western blotting experimentise MAPK
componentd XNIP and 38 were validated askel target genes in HUVEC exposed to
low shear stress, providing a potential mechanism f@elcproinflammatoryactivity.
However these have not yet been vatied as eRel target genes using anvivomodel.
To get a better understanding of this process, the roldRel inn the regulation of Txnip
and 88 was investigated in wildtype ameRel knockout mice by performingn face

staining of the murine aorta.

By using Txnip and B8 specific antibodiegn facestainingrevealed that the expression
of these MAPK components was enhanced at low shear stress compared to high shear
stress regions in wildtype micalthough for 88, this increase did not reach significance
(figure 5.3A and B. When the expreson of Txnip andp38 was compared between
wildtype andc-Relknockout miceijt was observed that both Txnip an88levels under
low shear stress were significantly downregulated-iRel knockout mice(figure 5.3A

and B) This is consistent with the vitro data that were previously shown, and therefore,
it indicatesthat cRel positively regulates the expression of Txnip and p38 in cells
exposed to low shear stre@ssvitro andin vivo. Altogetherthese resultshowthat cRel
promotes EC inflammatiothrough the induan of the MAPK regulator Txni@and the
MAPK component p38.
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5.6 c-Rel induces the expression of the necanonicd NF-aB pathway components
RANK and NIK to promote EC proliferation in the mouse aortic arch

As shown in the previous chapter, the RNA microarray performesiGRand c-REL

siRNA-treated HUVECrevealed thathe NIKNF-e B si gnal | wmchgispat hway
known to be involved in the regulation of cell proliferation and survival, is positively

regulated by @Rel. Subsequent validation experimeintitro revealed thaRANK, an

activator of the norcanonical NFe B s i g nal |(Nowmagk epah,t2008)zatyis

known to promote proliferatiofKukita and Kukita, 2013)is a eRel target gene.

Since other nowanonical NFe B me mb er s h sepoeedta prenmteBL e e n
proliferationunder low shear stre¢Bowden et al data not published)he protein and

MRNA levels ofthe noncanonial NFe B me mber s NI wergdsd0 and
assessed hesen vitro experiments showed thaRel induced the expression of the non
canonicalNFe B a c t i v awhiohtriggerédNihe activitpf NIK, a key component

of noncanonical NFe B s i g n a hclivatiorg in turfiJadi testhe induction othe

precursor prote p100, promoting the formation of the mature protein pdthough

these experiments revealed that RANK, NIK, p100 and p52 were regulateRddync

vitro, it has not yet been determined whether these molecules are downstreRel iof ¢

Vivo.

In order b investigate thisthe role of eRel in the regulgon of the norcanonical NF

@ Bactivators Rank and Nik wastudiedin wildtype andc-Rel knockout miceby
performingen facestaining of the murine aort&lvhen the expression of Rank and Nik
was compared at low shestressareas in wildtype ancdRelknockout mice, it was found
that Rank and Nik protein levels were significantly downregulatedRalknockout mice
(figure 5.4A and B) This supports thim vitro data previously generateddicatingthat
c-Rel regulates the necanonicalNF-a B p antchllsvexposed to low shear stress,
bothin vitro andin vivo. Altogether,this suggest that cRel promotes E@roliferation

through the induction of theon-canonicaNF-e B si gnal | i ng pat hway
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5.7 cRel promotesthe development of atheroslerosis

Since eRel has a role in the regulation of EC dysfunctionngycinginflammation and
proliferation in cells exposed to low shear stress, it was hypothesised Rehtntay
contributeto the formation of atherosclerotiesions. To investigate whetheiRel is
involved in the development of atherosclerosisnanvomouse model of atherosclerosis

was used.

Atherosclerotic plagues were studied by promoting hypercholesterolemia in 12 week old

C57BIwi6bl dt yppReeMan d k o wtsi migcean adenovirus conlt

The injectiodmunoti an gRC8K9 mut ant causes d
receptor, targeting it for destruction 1in
chol esterol (ISéhvaeplis oi m nfinsEsamwae etke 2APADBS K 9t

i njection, mii g éd iwemtt ef dre d6 aweeks and athero
st aisniendg uOi | Redt rOi, glwphce e&erhi dedsaiamrsd | i poprot el
I n wildtype mice, it was observed that | es
areas exposed to |l ow shear stress as expect
carotid bifurcations. Smaller | asiansg wese
of these | ocalised to intercostal branches
When | esion covercRe#dnoaok ovitladsmniyopoempdrr ke dva s

observeeRledehati on mafr &sdbyg aedacatdi ntgh et hasotr tca
Redromotes theatibeerbapmé movs 3 e(afri gsurree sss. 56)i.t

Anal ysis of plcRedmal egteivera |l leadd tthaata reducti on
Redknockout mice presented reduced -H ghel s of
density HDpopoloe £t eer ¢ , HDL chol esterol and
to wildtype mice thisfsuggeststhatthie degrpase inmatheyasest or e
inc-Rek n o ¢ k o unight not be enly due to vasculaiRel. cRel might be playing

a role in the liver or in other cell types, such as macrophages, altering lipid metabolism

and influencing cholesterol and triglycerides levels in plasma.
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5.8 Endothelial cRel promotes the development of atherosclerosis

AlthoodgiReédel eti on | natmieceosrcd cumdda Illeditoms
reduction in | i phergdset heveslpecihipl aRoerla ionf en
atherosclerosis was investigated.

cReelx pression was deleted from the endothel]
(which flankd&kegexen Jdwiotima méhethedomci bl e form
Ctedriven by t 8dhdgemdeBdhe CdhmreER™ mi caen d

exper i men tc-&ef* cCahbCreERIsand¢-RefYF; Cdh5Cre-ER™ mice)
wertehéneated with t &ntspetcRiek t @c geudRredit ee  (
EE9.Successf ulReilenl gfddode lolss) vi sualised by edC
si ntclee conadRethilolnesdde®onstruct ed suetedit dtae d u |
recombination, t he pfomdtae mi w-Bgdexao nchedde tt ende
together with t h(edadat invdall e solhe word)t BeedSlik ., e s2 01 4
ta mo x4 h d n@de5CreER" mice have previously shown high levels of Cre

mediated deletion in vascular ECs (>90¥pnvoisin et al., 2006; Sorensen et al., 2009)

When the mice were 12 week olgpercholesterolemiawasinduceds i ng an adenov
containing PCSK9. OnPCwH&E&K rafpteenny ea hei@aig | eni /
were fed a Wdigh fandWaswbekm®sal esrtoatiince d eussiionn
Oil Red O.

When | esi orcReb®%n age aipdr i mesivak goaantofi ed
was observed thaReigrenEe€ i i greil feitd amt loff decr e
the aorta, 1indi cRaetli npgr otnhoatte se ntdhoet hdeel vieall o pcme n
As it was previously shown heewpeltiemenial | e
| ocal feee@nporheel liynner curvature of the arch
are regions exposleidpitdo dleopwlIss Ib @ abironutaddnrse s st. a |

artery branch poi ngifsguorfe tShe7 )descending aort

Al t houighditthlasse sen&ketlhdlactehbercoscl er ot he devel
chol esterol or triglycerides | evels-in pl as
Rel could stildl be promoting atheroscl erosi
role-cRfel ECn atherosclerosis requires furthe

151



9 E LJS NA
02V i N.

Ow Se /"

>
>

SN
|
|
|

N
1

==

Exp. c-Rel-ECK
control

Lesion coverage

o

Figure 5.7 .-R&€&indprntdmdtiead tche devel opi
at |l ow shear stress regli2onwe eokf otlhde
experimental controla nosR e °( EE€p e wiREdmcoc kout ) mi
with-PCESKI to induce hypercholesterc
high fat diet foreé$i weskwer At aprabygs
fixati orfwvipiarhaf20% mal dehydemagBRepaeaese,]
of |l esion coverage are shown. The p
was measured using i{Ehememagi m\de alniNfiu
are shown with standarmi ecerpmerO0Oodorldg u
unpaitreesdt .T

152



5.9 Conclusions

In this chapter | havehownthat cRel promotes EC dysfunctian vivo, by inducing

both EC inflammation and proliferation at sites of disturbed flow in the mouse aorta.
Furthermore, | have shown thaRel controlsEC inflammation via Txnip and38, and

that it regulates EC proliferation via activation of the 1tanonicalNF-e B pat hway
(Rank and Nik) Finally, 1 have shown that totatRel and endothelial-Rel promote

lesion formation at low sheaegions of the vasculature.

Specifically, | conclude that:

0 c-Rel drives EC inflammation and proliferation at sites of low shear stress in the murine

aorta, contributing to EC dysfunction.

0 -Reldrives EC inflammatiomat atheroprone sites in the murine aorta by promoting the

expression of the MAPK regulator Txnip and the MAPK compop88at

0 -Reldrives EC proliferatiomat atheroprone sites in the murine aorta by promoting
the expression of theon-canonical NIK/NFe B s i g n al IcompaneniiRarnk h wa y
and Nik.

0 c-Rel promotes atherosclerosis, but it dlsducescholesterol and triglycerides levels

in plasmasuggesting thatRel is involved in altering lipid metabolism

0 Endothelialc-Rel promotes atherosclesis, butfurther investigation of the potential
role of endothelial d&Rel in lipid metabolism is still required.

153



5.10 Discussion

Atherosclerosis preferentially occurs at bends and branches of the vasculature. It is a
disease that is triggered by Edysfunction, which involves the induction of EC
inflammation and proliferation at regions exposed to low shear giémdoys et al.,

2011) Although several studies have revealed a number of geatesr¢hassociated with

the development of this disease, the mechanisms underlying focal endothelial dysfunction
are still not completely understood.

In this chapterl haveinvestigate the function of eRel in endothelial cellfn vivo, as
well as thaole of c-Rel and endothelialRelin atherosclerosis. have shown that-Rel
promotes EC proliferation and inflammationvivo, which is consistent with the results
previouslyobtainedn vitro. Besides, | havehownthat cRel positively regulate3 xnip
and 88 in the mouse aorta, providing a potential mechanism-Rel proinflammatory
effects under low shear stress. Als&R@ has beesuggestedo regulate the expression
of the noncanonicaNF-a B a c t Rankartd Wik iis atheroprone regiasishe murine
endothelium, further supporting the role eRel in the regulation oEC proliferation.
Finally, afterelucidating the role of-Relin EC dysfunctionin vitro andin vivo, it was
observedhat cRel promotes atherosclerosisd, importantlyit was showrfor the first
time that endothelial-Relis associated with the developmenatierosclerosigzurther
details about the role of-Rel in atherosclerosis and EC dysfunction will now be

discussed.

5.10.1 eRel promotes EC proliferation anthflammation in vivo

By performingen facestaining othemouseaorta | have first shown that EC proliferation
measured by Ki67 and the inflammatory markers \\daamd ESelectin are induced in
atheroprone compared to attygrotected regions of the moe vasculature. This is
consistent with the data obtaingdvitro (presented in chapter 4), and with previously
published studies thatdicatethat low shear regions have higher proliferation rates and
expression of adhesion moleculéskimoto et al., 2000; Davies et al., 1986; Hajra et al.,
2000; Nam et al., 2009; Ni et al., 2010)

In addition to this| haveobservedhat cRel induces EC proliferation and inflammation
at low shear regions the mouse aortavhich, again, correlates with tirevitro results
shown in the previous chapter. However, thereamearkablalifferences beveenthein

vivo andin vitro model used
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Although theoverall magnitude of shear stressthe periphery and centre of the wells
generated by the orbital shakesimilarto arterial magnitudes of shear stress;jthavo

flow is much more compleX.he flow generated by the orbital shaker is pulsatile, but this
pulsatility is different to the one in the vasculature, which is determined by the cardiac
cycle and the presence bénds and branchas the arterial tree. Besidethe cardiac
cycle generas cyclic stretch and differences in pressure that result in vessel and cell
deformationin vivo (Han et al., 2016)whereas cellgn vitro are cultured on plastic and

are not affected byhese forcesln addition to the differences in haemodynamics, the
composition of the extracellular matix vivois very different from the one im vitro
models In vivg the extracellular matrix contains collagen, laminin, fibronectin, and a
number of glycoproteins and proteoglycans that can affect the regulation of gene
expressionChiang et al., 2009; Orr et al., 200%jowever, cultured EGn vitro are
attached to the wells usimgnly gelatinand endogenouslyroduced matrix Another
difference between both models is the presence of multiple cell itypago, such as
macrophages, monocytes and smooth muscle cells. Theseatetllease cytokines and
metalloproteinases, among other molespuéand influence gene expressiand also they

cancoopeate with each other to carry abeir functiongYurdagul et al., 2016)

Despiteall the differences between the orbital shalgetem and the mouse modeRel
promotes EC proliferation and inflammatitoth in vivo andin vitro. Although it is

difficult to disentangle the relative contributions of each factor to the functiorRel,c

this suggests that the magnitude of sh&ass could béhe main factor triggering-Rel

activity. This hypothesis could be tested usanipw-altering cuff in the mouse carotid,
which could be used to establish a causal link between different patterns of shear stress

and gene functiom vivo (Kuhlmann et al., 2012)

5.102 Does increase®C proliferation lead to atherosclerosis?

EC proliferation has been shown to be enhanced in atheroprone areas, contributing to EC
dysfunction andhe development dadtherosclerosi§Akimoto et al., 2000; Davies et al.,

1986; Foteinos et al., 2008; Mahmoud et al., 2016; Obikane et al., 2010)

However, EC proliferation at low shear stress regions has also been suggested to be
atheroprotective. miRL26-:5p, a microRNAthat inhibits the anproliferative molecule
DIk1, leads to enhanced proliferation under low shear sttesgidy by Schober et al.

showed that deletion of mik26-5p blocked EC repair in response to injury, and it also
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led to increased atherosclerotic developmenmiRL26ApoE double knockout mice
(Schober et al., 2014 herefore, this study suggests that EC proliferation at low shear

regions is atheroprotective, as proliferative cedlslace dead or lost celdter injury.

Although this study shows that EC proliferation could function as a repair mechanism,
c-Reldependent induction of proliferation at low shear stress areas seenys torizging

EC dysfunctionSince eRel has also been shown to contribute to EC inflammation and
the development of atherosclerosis, the induction of proliferationRgl as likely to

contribute to these detrimental effects.

5.10.3 c-Rel promotes the development of atherosclerosis: possible mechanisms

include altered lipid metabolism

When the devel opment of ather cfRedreo okad st wa s
mi c e, it wa £-R edbesl eertvieodn tnhaadtleesd loyn rae kwc edn t h
i ndi cat-Relg grma@amotces the devbbopmeanhabysias he
pl asma rexReadle¢dti bat |l ed to a pi edeyccrteiaosn nign

|l evel gl ywyderticdnheos|l essm e p b b 3duggssts that the decrease in
atherosclerosis io-R ek n o ¢ k o ustnotanly due to vascular-Rel, and that-Rel

might be playinga role in other cell types. For exampdeRel could be targeting the liver,

altering lipid metabolism

c-Rel is known to be highly expreBsedl s, cel
cebhd macrophdgebe Brpresastbesefcell types
devel opmentdicfeate. A recent StueRe !l hasn sho
macrophages inhibits the expression-of seve
16,12 amdB,| U eafdu mye eé roe aas-eandil ViBFZAAhang et al
2017) nterestingly, all these cytokines have
of ather odixil ®r asipsr.oi nf | ammatory <cytokine

atherosclerosis, and the CANTOS study has r
for at he(rPisdK err ogdtitlsal c on 2104 7(3p d5) al a3ghth tk Dcah a i
a 40( mkdD@) hetahvayt cihsaienx pr es s eBd ckey | g ¢ raarppmagg eo:
(Trinchi.erlit, h2a0s0 30) @ dIn2 <dphgookEm o t kne b e have | es
atherosclerotic | eqdiDavenpomparaend &Soppamgop
that admi nil2t rpatoiten no fi nildduAcpetkEh a ¢t nedt @en e s

et al .l 171 9%%M)d its pe2s3i thiawee rbeegeunl asthaomvnl It o b
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atheroscl er otli7cA lheassi oanlss,0 abnedenl LI i nked to in
pl aque v UlEreredbielti thafiNh, t20h01) i s a proinfl ar
that is highly expr(eTsesdegduii na nadf hMaanl dl gaeth,i c2s0l Ok
to induce ROS release and | ipid uptake in
| F-ddhas al so been found @ okiroocnkootgedVhait thream s c |
et al .FurathCketRmdse known to have a key rol e i
r e gulBatainodg | Tl responses. Siambceee nb ost tho wBn atnod hTa
rol e rionscatehreot i ¢ | (eAmminr ateiv edRmeplanlefnytn 2t0ildny |
and T cell s coulhd sb edlicsoengtereihbeut,i ntgnitse suppor:

Rel is promoting atherosclerosis through se
of asp&&Rfmockout is required to specifica
Rel i n stehi s di sea

I n addtihe omottenti al i nduction ofpesiRReer oscl e

del eti on a@ilsoulratiibreg dileR qeli didn kttalsee h | yteudi ed |
the context ahdtl i has béeémosheswn to regul a:
regenearnadt ihoenp at oc yitne tphriosiGicfedritaetgittdd waver,, 201
t reol eRelIf icn | i pid metabolism has not been

ariensol ubl edi mewaeéger tblemasps onceieadt etdo t o speci fi

particles to be transported in the pl asma.
whi ch, I ob eaiddgi tedraormp rto t eaicat osfactdarshfa gnzyenésghat

have a role in lipoptein metabolisn{Shepherd, 2001 h ol est esyht Ea@ash be
by al |l t ¥ p estyledenzyme Kwhish is produced in the mitochondria)r
obtained framthbeghdi ehe | idveernsoyvsat hBepanai n |

and Mangel.sdlorrifg,| y2c0eOrOi)desheend byr bhechnviee ¢
from di et@Hwyb ascmekQo ex0 1t6h)i s occur s, triglyce
need to beéentoahnhsupsomigadmpao pndt ehns process i
two different pat hways: i f the | iwids have
exogenowbhicbubegins with hionteesstteirmd |l aanbds arrp t
There,enther the bl oodeotr edml.®9H cwahypsrreesnt tesr o |
and trigygtkhesdeed by the |iveandothew amt e
circulation as c o mpdmemh esr. dhfe 21RO pa mz yemen st
medi ategl yceri de degr ad(aHa sosni nigs eltiwdackp recatsed I
chol est etriod mledaeids rs medmted by CYP7ARikuleva, 20080 Wh en t he
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|l evel s of triglycerides and cholesterol ar e
synthesis and degradation of triglycerides
apopr 6SeepberdTheoefipre, RRils tauagf@geitsh asndeh a

processes to modulate the | evels of <circul a

Al t hough ke nwml & hef synt hesi s, degradati on
triglycerides has not been st udpreeds e ntheed RNA
t he previohoeweodhpaoptteeorR @ la | t asing BAVED. Funttional

Annotation Analysis Software hftp://david.abcc.ncifcrf.ggdy a KEGG pathway
annotation of genes positively regulated Hyal was carried out, revealing the following
enriched KEGG pathways (table 5.1).

KEGG pathway Number of genes P-Value
Ribosome 27 3.9E6
Lysosome 23 4.9E5
Alcoholism 27 4.1E4
Parkinsondés disease 23 5.4E4
Huntingtondés diseas 28 6.4E4
Viral carcinogenesis 29 8.2E4
Oxidative phosphorylation 20 3.3E3
HIF-1 signalling pathway 15 9.1E3
Proteasome 9 1.3E2
Sphingolipid signalling pathway 17 1.3E2
Endocytosis 28 1.5E2
Systemic lupus erythematosus 18 1.7E2
Valine, leucine and isoleucine degradation 9 1.9E2
Ubiquitin mediated proteolysis 18 2.0E2
Non-alcoholic fatty liver disease 19 2.5E2
Fatty acid elongation 7 3.1E2

Tabl eKEGG pathway annotation of differentially expressed genesAfter
performing RNA microarrayh KEGG pathway analysis of genes positively regula
by cRel was carried out usin@AVID Functional Annotation Bioinformatics
Microarray AnalysisSoftware.
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5.10.4 Endothelial eRel promotes the development of atherosclerosis

Al t hougRedtedteali oinnhinbimied t he deve, oiptmeallts o f
l ed to a reduct i on Sincac-REelispipessed inenvmerous cell n p | a
types, the effects seen on atherosclerosigd be due texpression of -6Rel outside the

endothelium. Therefore, he speci fi c r-Reélea tolie reonsdcd tehreolsiiasl
i nvestigated. -Rvhlenweaeanidtbd Whetedbser ved t hat
|l esi ons were markedly reduceeel hesmpee, ficadli

promotes atherosclerosi s.

However, the |l evels of circulating |ipids
cholesterol and triglycerides iaRgdl¢Psma ar e
mi c e and experi memwoall dc dret r oRIsil k etloy if roducE
ateroscl erosi s by modi f yi ihtpey lare gigndicanttyet a b o | i

differentEC-Rel coul d be affecting the |iver, and
promoted due to |ipid alterationsgECFature
Rel i n the control of Ilipid metabolism.
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Chapter 6. General discussion

161



6.1 c-Rel drives atherosclerosis at sites of disturbed blood flow by activating
inflammatory and proliferative transcriptional programmes in endothelium

Before the completioof this project, esveral NFe B s ubuni t s hnalee been s
context of shear stredelA was known to promote EC inflammation in atheroprone sites
(Cuhlmann et al., 2011andrecent datdrom the lab suggests thiie norcanonical NF

9B subunit pEQpropfdralidnh undmdituriced flow (Bowden et.allata

not published). However, the influence of shear stregsRel had not been investigated.

Similarly, ¢Rel had been showto control proliferation, apoptosis and inflammation in
several immune and nammune cell§Bunting et al., 2007; Chen et al., 2010; Gaspar
Pereira et al., 2012; Grumont et al., 1999a; Kontgen et al., 1995b; Sarnico et al., 2009)
but the function of dRel in the endotheliumand its potential contribution to EC

dysfunction and &erosclerosi®iad not been elucidated.

Here, | have shown that low shear stress upregulais protein levelsn vivo by
performingen facestaining of mouse aortaandin vitro using HUVEC and HCAEC
exposed to flowFurthermoresilencing ofc-REL in HUVEC led to a reduction in EC
proliferation and the expression of the inflammatory markers VEIAMCAM-1 and E
SELECTIN under low shear stress, and these observations wergbls¢evedn vivo by

en facestaining of mouse aortas.

After showingthe role of eRel in EC inflammation and proliferation, a RNA microarray
was performed ilHUVEC to elucidate the mechanisms by whicRel controls these
processesMicroarray data and subsequent validation by gPCR and Western blotting
indicatedthat cRd positively regulate§ XNIP and 88, and this regulation was further
validatedn vivo.Since TXNIP and B8 have been shown to mediate the proinflammatory
effects of shear stref¥amawaki et al., 2005; Zakkar et al., 2008)is provides a
potertial mechanism for-&el proinflammatory effects in EGChe RNA microarray and
experimentsn vitro also indicatedhat cRel induces RANKwhich waslater shownin

vivo. RANK is an activator of the necanonicalNF-e B pat hway atod it I s
promote cell proliferatioifAnderson et al., 1997; Fata et al., 20@®) the norcanonical

NF-a Bsubunitsp52 and p00 have beemeportedto promote EC proliferation by
suppression of p1 (Bowden et al unpublished), the rolef c-Rel in this pathway was
investigatedMy studiessuggesthat cRel promotes the expression of NIK, p52(9

and inhibits @1 expression to induce EC proliferation.
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After showingthe importance of-®elin EC dysfunction, the potential role ofRel in

regulating the development of atherosclerosis was investigated. cFR&llknockout

mice andc-ReBE ¢°mi ce showed a significant reducti
compared to conatrion gR e It ddenRie i E0Gp ecoimmid teic & thieo n
ofat herosclAét @mgies her , t h@aRelc ries ul mp o rsthamwt
dysfunction and atherogenesi s, potentially
treatment anddpsewenrt{({bhgafethbi §g) .
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N
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1> ATHEROSCLEROSIS

Figure 6.1. c-Rel drives atherosclerosis at sites of disturbed blood flow b
activating inflammatory and proliferative transcriptional programmes in

endothelium. c-Rel is enhaced in EC exposed to low shear stress, promo
atherosclerosis by inducing EC inflammation and proliferation. The induction o
inflammation occurs via TXNIP and its downstream target p38, wheréas

promotes EC proliferation vieduction of RANK,NIK and p100/p52 and throug
suppression of the arnproliferative p21. The mechanisms by which shear st
regulates €Rel still need to be elucidated. Additionally, it would be interesting to s
whether eRel induces EC inflammation and proliferatiat the same time, or wheth
these pathways are mutually exclusive. FurthermeRglacould potentially activate
other pathways to induce EC activation, which will also need to be investigated
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6.2 Translating results to human atherosclerosis

6.2.1Emerging therapeutic strategies to inhibitRel induction of atherosclerosis
c-Rel is a protooncogene that has been shown to play a rolesimetiulation of
tumorigenesis, includin® cell ymphomasand a number of solid tumoufsullard et al.,
2012) Besides, it has been shown that genetic deletiorRa&lén Tregs leads to a drastic
reduction in melanoma growtkshich also occurs whenRel in chemically inhibited
(GrinbergBleyer et al., 2017)Therefore,therapeutic tageting of c¢Rel is currently
attracting interest, since it could result in clinical benefit.

IT-603 and IT901 are cRel inhibitors that are currently availabland they have
succesfullypbeen used in preclinical trials. They were discovered by perforseiegning

of a library that contained 15000 small molecules, and they both present high specificity
for c-Rel(Shono et al., 2016 hese two smalinolecule hydrophobic inhibitors function

as direct NFo Binhibitors, as they prevent DNA binding of theRel protein directly.
Thiohydantoin I'F603 was the first-Rel-specific inhibitor used, and its effects have been
testedn vitro. It hasbeen shown that treatment ot@lls with this inhibitor promotes c

Rel deficiency and leads to inhibition Btcell alloactivation. However, it does not affect

T cell activation in response tdral or tumorassociated antigens, showing its safety
(Shono et al., 2014jable 6.1)

Naphthalenethiobarbiturate 4901 has also shown efficagyvivo, using mouse models

and a xenografinodel of human Rell lymphoma. Treatment with this inhibitor has led

to syppression of graft versus host disease, and also, it has been shown to have
antilymphoma activitfShono et al., 201@jable 6.}. Although both IT603 and IT901
appear to be effective-Rel inhibitors, I'F901 presents higher efficacy and a better
pharmacokinetic profile. Intraperitoneal injection 0f901 has alsdeen shown to be

the preferred method of administration, compared to subcutaneous injection and oral
administration. Alhough this inbitor is well tolerated, concentrations aboveubdol/L
become progressively tox{&hono et al., 2016%ince I'FT901 has been shown to be well
tolerated and to have high efficacy, andlso presents a good pharmacokinetic profile,
this inhibitor is a promising drug candidate that could be tested in clinical trials.
Therefore, this drug could potentially be used to inhiietdependent endothelial cell

dysfunction, which could leatd the treatment of atherosclerosis.
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c-Rel Chemical Structure
- Biological Activi Reference
Inhibitor s ty and Formula
Diminishes graft-
versus-host disease and o
reduces alloactivation | gr
in T cells, but does not NH Shono et al.,
IT-603 | air T-cell activation of*~( 2014.
in response to viral or OCH,
tumor-associated
antigens.
C11HgBerogs
OMe
Reduces severity of AN _,;l*\
graft-versus-host N /T\_% ﬂ Shono et al.,
disease. Inhibits o | OMe 2016.
IT-901 S
growth of human B- HN-
cell lymphoma Py (L
xenografts in mice. 57 NTo
Cy7H14N;0,5

Tabl eSwmmrar y-Redfpeci fi c. |i-BnOh3i ba-a @I & Rree
specific inhibitors. Their bi ol ogi
summari sed on this table.

However, eRel is not only expressed in endothelial catlglso showsigh expression

in cells of hematopoietiarigin. SinceEC ¢Rel specifically promotes atherosclerosis, the
endothelium should be the target for a therapeuticvardion. It has reently been shown

that endothelial mMRNA molecules can be targeted usigoparticles loaded with

SiRNA, for example, this technology was used to suppress@GFs i gnal | i ng spec
in EC, reducingplaque growth(Chen et al., 2019)herefore, this could potentially be

used as ¢herapeutic strategy, and tatigpg EC cRel using siRNAs could lead to plaque

regression and a reduction in plaque growth.

In addition to this, another study has shown that endothelial cells at low shear regions can
be targeted using lipoparticl@sheirolomoom et al., 2015As ¢Rel has beeshown to

be predominantly expressed at low shear areas that are prone to atherosclerosis, deleting
c-Rel from EC under low shear stress would be desired. Since VAAMvels are
increased in the endothelium exposed to low shear stress, this study t&Qatddl

using cationic lipoparticles (CCLs) that were coated with VCARArgeting peptides.

The CCLs also contained amiiR-712, and when these were delivered to low shear
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regions, they succesfully reduced shewdiated atherosclerogikheirolomoom et al.,
2015) Therefore, CCLs could also be used to deliv®et specific inhibitors, such as
IT-901, to EC exposed to low shear stress. The use of CCLs might then beneme a
therapeutic strategy that could potentially lead to the prevention or treatment of

atherosclerosis.

6.2.2 Assessment ofRel in human atherosclerosis

Although | have shown thatRel promotes atherosclerosis in mice, the role-Betin
humanatherosclerosis has not been investigatbtman plaques have been classified
according to their severitgnd the atherosclerotic severity grades are as foligrase |
includes aortic wall intimas witho or minimal intimal thickeninggrace 1l refers o aortic
walls withextensive intimal thickening amtb atheroma, grade Ill indicates the presence
of a immobile atheroma thaprotrudes <5mm into the lumen, grade IV refers to an
immobile atheroma that protrusle5mm into the lumen, and grade V indicatexbile or

ulcerated atheromdMontgomery et al., 1996)

Previous studies have investigated the expression of EndoMEm@rhuman coronary

arteries of different grades, showing tHt&€ TGFb s i gnaNOTh@H3 , SM22U,
collagen andibronectin increasen patients with moderate or severe coronary artery

disease (CAD) compared to patients with no or mild G&Den et al., 20155imilarly,
immunofluorescencataining ofhuman coronary arteries of differesgverity grades

could be performed using-Rel antibodies, whiclwould determine the role of this

transcription factor in the progression and growth of atherosclerotic plaques
6.3 Future work

6.3.1 Functional analysis of eRel in vitro using the Ibid® system

After assessing the function oRelin vitro using the orbital shakeystem, the function

of c-Rel should also be studied using the Ill@dsystem. It is known that the orbital shaker
generates different patterns of shear stress within one well, aetbtlegicells under low

shear could migrate to regions under high shear and vice versa, potentially affecting the
function of cRel. Similarly, the release of microvesicles, cytokines and other factors by
cells under different flow patterns could have dluance on eRel activity. The lbid®

system could then be used to overcome this limitation, since all cells in & ¢higimber

are exposed to the same shear stress patterns.
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6.32 Expressionand functional analysis of c-Rel in vivo using a flow-altering
constrictive cuff

Although the expression of-Rel has been shown to be higher at low shear stress
compared to high shear stress regions of the mouse aorta, this did not determine whether
there is a causal relationship between haemodynamic forcesRddegpression. To
overcome this limitation, a constrictive cuff could inserted into the carotid artery
(Kuhlmann et al., 2012Wwhich generates areas exposed to low unidirectional shear stress
(upstream of the cuff constrictignyreas ofoscillatory sheafdownstream of the cuff
constriction) and areas of high shear strésghin the cuff constriction)Using this, a
causal relationship between different patterns of shear stressReldegpression could

be determined. Furédimore, theconstrictive cuff model could be used to determine the
role of cRel in the regulation of EC inflammation and proliferation by comparing
responses in wildtype armedRelknockout mice.

6.3.3Role of cRel in senescence

Since eRel has been shown tohibit the antiproliferative molecule p21 via52, and

p21 is also known to be involved in senescence irf\lZ&boys et al., 2014¥§-Rel could

play a potential role in this process. Previous reporte ladéso shown that p52 inhibits

p21, and this has lea revealed to beéependent ong8 (Schumm et al., 2006Besides,

p53 has been shown to promote senescence in areasuobedsflow, and high levels of

p53 in theg regions correlated with higl2p levels(Warboys et al., 2014)rheefore,

the interaction betweerb@, p21 and p3 in EC cells needs to be investigated, as well as

the role that €Rel plays in this process. In addition to this, the potential roleRxélan
senescence will be studied by assessing the expression of the senescence marker
senescenca S s 0 c i-@Gataaodidask in -Rel siRNAtreated cells compared to

controls.

6.3.4Validation of ¢Rel functionin vitro and in vivo

To validate whether -Rel pranotes EC inflammation via TXNIP and 38,
overexpression studies could be pearfed to assess whether TXNIP @8pcan rescue
the antiinflammatory phenotype of-Rel silencing. Similarly, these overexpression
studies could also be usealtest whether RANK, NIK and p52(p0 could rescue the
anti-proliferative phenotype of-Rel silencing.In addition to this,generation of gene
specific knockout mice would be usefub assess-Rel target genesin order to
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investigate whether its deiebh mimics the antproliferative and antinflammatory
phenotyps of c-Relknockout mice.

6.3.5Does cRel regulate its target genes directly?

Although | have shown thatRel regulates the expression of several genes involved in
EC inflammation and prdkration, it has not been studied wheth&teat regulates these
genes directly or indirectly. Hence, chromatin immunoprecipitation (ChIP) experiments
could be carried out to identify novelRel interactions with promoters of these genes,

modulating theiexpression.

6.3.6Effect of c-Rel signallingonotherNFe B f ami | y member s

Since other N B me mber s, S uasbhbeem shovihdol hAve a rolalL e
inflammation andhe distribution of atherosclerogiBrand et al., 1996; Cuhlmann et al.,

2011) it will be interesting tonvestigatethe effects of €Rel silencing on RA, and

similarly, whether RelA silencing influencesRel expression in ECc-Rel and RelA

could be forming heterodimets contribute to this disease, and therefore, the interaction
between these subunits could be investigatéateover it has beenmeportedthat p50

inhibits c-Rel expressionn other cell typegGaspaiPereira et al., 2012and hencgthe

study of thenteractionbetween thesetwdF-a Bt r a n s c rimtpetendotheliuma ct or s

will be of interest.

6.3.7 Mechanosensitive signalling pathways upstream efRel

Although | have determined potential signalling pathways downstreamRed that
control EC inflammation and proliferation, it is still unknown how shear stress regulates
c-Rel. PIBK,PKCge anbd sTi@Fnal |l ing pat hways -Raline known
different cell typegGrumort et al., 2002; Mendoza et al., 2006; Pi¥elazquez et al.,
2010; Sanche¥aldepenas et al., 200@nd they have also been shown to respond to
shear stresg€Chen et al., 2015; Dimmeler et al., 1998; Magid and Davies, 2005; Nigro et
al., 2010; Tseng et al., 1999)herefore, it will be investigated whether these signalling
pathways are upstream oRel in EC In addition to this, Notcll has been shon to be

a mechanosens@Mack et al., 2017and it is also known to be upstream eRel in T

cells and hematopoietic cel{f€heng et al., 2001; Shin et al., 200Blence, it will be
interesting to determine the rotd Notchl1l in the regulation of -Rel expression.
Moreover, a mechanosensory complex tbamprises VEcadherin, PECAML and
VEGFR-2 has been shown to be important for the activatiotFeé B / R sheared EC,
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however, the specific role of this complex the activation of -®Rel still needs to be
elucidated. Finally, -&Rel could also be regulated by siRNAsSIR-155 has been shown

to inhibit ¢Rel degradation in T cells via repression of the ubiquitin ligase (glilet

al.,, 2016) Al so, Vi ct o rrecentlyRhowngtteatr ndR55 i$ deliverdd #o0s

EC by neutrophiderived microvesicles preferentially at atheroprone regiGiosnezet

al., 2020) and miR155 expression has been observed to be increased in both human and
mouse atherosclerotic plaquédBu et al., 2014) Therefore, studying the potential
regulation of eRel by a miR155elil pathway in EC cells could provide an explanation

for the differences in-Rel protein stability at low and high shear stress areas.

6.38 Assessment of-Rel functionand lipid levelsusingc-R e & & ©

Although the role of &Rel in the regulation of EC inflammation and proliferation has

been testedn vivo using totalc-Rel knockout micec-R e ¢°mi ce bwi lulsed t o
validate the regulation of prol iflef &t i on
Sel eanh dRell target 3PP&,neRaMikKkx n ippll0 op prshzi,s pwi | |
done by performing i mmunohicReBEMm mesd ry i n
experi ment al control s.

The cholesterol and triglycerides levels in plasma still need to be determindrl énl

EE°mi ce and experiment al control s. I f the |
bet ween both groups, nwe rf fuartrheed. ebkpvea v ere,n ti
|l evels vary significant!| yc-Riee e ecre, e xvpaesrciurhear
c-Rel may be altering | ipid metabol i sm. To
met abol-Rem, bgeBNAsi ngmt hdelsievams mat e wi | | l
which will help determine differences in t

cholesterol and triglycerides.

6.3.9 Effect of cRel inhibitor in atherosclerosis

Althoughc-Reldeletion has been shown to prevent the development of atherosclerosis, it
is still unknown whether targetingRel could lead tdhe regression oatherosclerosis.
There are two -Rel inhibitors that have been shown to be specifiec08 and 17901,
andthese inhibitorgould be used to assess the potential roleRéldan atherosclerosis
regressionMice treated withAAV -PCSK9 will be exposed tohigh fat diet for 6 weeks,

and half of these mice will then be injected with a specHietinhibitor for2 weeks

This will help determine the effect ofRel in plaque regression, and it will potentially

identify c-Rel as a potential therapeutic target for the treatment of atherosclerosis.
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6.310 Contribution of nonvascular cRel to atherosclerosis

c-Relis expressed in several cell types, such as T cells, macrophages and smooth muscle
cells. Therefore, -Rel could be contributing to atherosclerosis and plague formation
through different cell types. It will be interesting to determine whetHeelgpromoes
inflammation and proliferation in newascular cells, or wheth#his phenotype is specific

to EC cRel.

6.311 Assessment of-Rel expression at low shear stress regionsAAV-PCSK9
treated miceand human coronary tissue sections

| have shown that-Rel is upregulated at low shear regions of wildtype mouse aortas,
however,c-Rel signals irthese micavere heterogeneous. Under low shear stress, some
cells showed nuclear staining, whereas others showed perinuclear and cytoplasmic
staning. Hence, it will be interesting to determine whethdet expression becomes
more nuclear in hypercholestéemic mice treated with PCSK&POE knockoutmice
compared to controls. Similarlhe role of eRel inhuman coronaryigsue sections will
beused to study-Rel expressiorby performingmmunofluorescence staining of plaques
of different severity grades-{). This will determine theelationship betweenRel and
plague severity, and it will establish tha@le of cRel in theprogression androwth of
atherosclerotic plaques
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Appendix 1. Antibodies used

Primary Antibody Host Company purchased from
Calnexin ( 610524) Mouse BD Biosciences
PDHX (sc393644) Mouse Santa Cruz Biotechnology
RANK (sc-374360) Mouse SantaCruz Biotechnology
RANK(AF546 sc374360) Mouse Santa Cruz Biotechnology
VE-Cadherin ( 555661) Mouse BD Biosciences
Active Caspase 3 (9661) Rabbit Cell Signalling
c-Rel (SC71) Rabbit Santa Cruz Biotechnology
E-Selectin (nbp#45545) Rabbit NovusBiologicals
Ki67 (ab15580) Rabbit Abcam
NIK (ab216409) Rabbit Abcam
PCNA (ab18197) Rabbit Abcam
p21 (2947) Rabbit Cell Signalling
p38 (9212) Rabbit Cell Signalling
p52/pL00 (ab109440) Rabbit Abcam
TXNIP (182431-AP) Rabbit Proteintech
VCAM-1 (ab134047) Rabbit Abcam
CD31 (102514) Rat BioLegend
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Appendix 2. RNA microarray in HUV EC: Genes downregulated by 4REL silencing

Average expression levels

Average expression levels

Gene symbol | (log2) in SCR siRNAtreated | (log2) in cREL siRNA-treated | Fold change ID
HUVEC HUVEC

TSPAN7 12.23 8.08 -17.86 TC0X00011279.hg.1
LGALS9 13.28 9.63 -12.52 TC1700012216.hg.1
AQP1 10.53 7.21 -9.97 TC0700013347.hg.1
PDLIM1 11.59 8.32 -9.64 TC1000011485.hg.1
MEIS2 12.66 9.57 -8.51 TC1500009036.hg.1
HACD2 11.38 8.39 -7.93 TC0300012208.hg.1
CD34 13.36 10.43 -7.61 TC0100017142.hg.1
PLSCR4 10.51 7.64 -7.32 TC0300012720.hg.1
SLCO2A1 9.82 6.99 -7.11 TC0300012484.hg.1
MATN2 10.11 7.29 -7.09 TC0800008324.hg.1
RPL18A 14.29 11.54 -6.74 TC1200008677.hg.1
LDB2 14.24 11.51 -6.63 TC0400010141.hg.1
ZFPL1 8.72 6 -6.6 TC1100007996.hg.1
RBMS2 13.34 10.7 -6.2 TC1200007844.hg.1
CYB5A 8.85 6.23 -6.15 TC1800009029.hg.1
HTR2B 11.73 9.14 -6.05 TC0200016006.hg.1
CGNL1 10.42 7.83 -6.04 TC1500007346.hg.1
CHTOP 7.95 541 -5.83 TC0100010044.hg.1
ACKR4 10.09 7.62 -5.53 TC0300008847.hg.1
TCN2 11.44 9 -5.42 TC2200009257.hg.1
IMP4 7.94 5.51 -5.38 TC0200009299.hg.1
ENTPD1 13.11 10.69 -5.36 TC1000012482.hg.1
LRRC32 12.2 9.78 -5.35 TC1100011694.hg.1
HLA-C 8.88 6.46 -5.33 TC0600014257.hg.1
GIPC2 9.69 7.29 -5.27 TC0100018239.hg.1
BAG3 11.01 8.66 -5.11 TC1000009090.hg.1
TXNIP 11.09 8.74 5.1 TC0100015598.hg.1
APOL1 10.73 8.39 -5.09 TC2200007242.hg.1
ZFYVE21 9.76 7.43 -5.05 TC1400008415.hg.1
TNFSF10 13.63 11.32 -4.95 TC0300013146.hg.1
NDUFC1 9.03 6.74 -4.88 TC0400012968.hg.1
CMKLR1 9.57 7.29 -4.87 TC1200011838.hg.1
SORT1 9.15 6.9 -4.76 TC0100015194.hg.1
EHD3 9.28 7.03 -4.75 TC0200007155.hg.1
ABCG2 8.47 6.24 -4.69 TC0400011279.hg.1
BMP4 15.05 12.82 -4.69 TC1400009214.hg.1
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HIGD2A 10,51 8.3 -4.64 TC0500009587.hg.1
TMEM123 15.94 13.74 4.6 TC1100012121.hg.1
IL18BP 12.35 10.16 458 TC1100008330.hg.1
wwcs 8.33 6.16 451 TCOX00006590.hg. 1
IFITM2 16.15 14 -4.44 TC1100012948.hg.1
KCTD3 7.36 5.21 443 TC0100011592.hg.1
IRFL 7.95 5.81 4.41 TC0500012017.hg.1
TGFBR3 9.57 7.46 433 TC0100014910.hg.1
IR 10.37 8.26 431 TC1700007127.hg.1
FAXDC2 11.34 9.24 43 TC0500012567.hg.1
TSG101 9.82 7.72 428 TC1100010268.hg.1
BCAM 10.14 8.04 428 TC1900008286.hg.1
RNF125 6.7 4.6 -4.27 TC1800009222.hg.1
Clorf21 12.46 10.38 422 TC0100010887.hg.1
PUS7 9.54 7.46 422 TC0700012159.hg.1
SCARA3 11.33 9.26 421 TC0800007114.hg.1
ENPP4 9.45 7.37 421 TC0600008156.hg.1
MANSC1 127 10.64 415 TC1200009964.hg.1
APOL3 9.09 7.04 4.14 TC2200008588.hg.1
LRRFIP1 8.49 6.45 411 TC0200016603.hg.1
LMO?2 9.66 7.62 411 TC1100010495.hg.1
LIPA 10.67 8.65 -4.08 TC1000012577.hg.1
PLPP3 14.96 12.93 -4.08 TC0100018443.hg.1
PLA2G16 10.71 8.74 3.92 TC1100011126.hg.1
EPAS1 15.86 13.89 3.92 TC0200007458.hg.1
KIAAQ100 12.72 10.75 3.92 TC1700010202.hg.1
F11R 14.67 12.71 3.9 TC0100018519.hg.1
MAPK3 13.74 11.78 3.9 TC1600009954.hg.1
FDFT1 102 8.25 -3.86 TC0800006760.hg.1
SDPR 15.29 13.34 -3.86 TC0200015264.hg.1
IER3 14.26 12.31 -3.85 TC0600011386.hg.1
KLF9 8.52 6.61 378 TC0900010366.hg.1
PDE7B 10.75 8.84 377 TC0600009545.hg.1
CXorf36 13 11.09 3.76 TCOX00009507.hg.1
HIST1H1B 9.82 7.92 374 TC0600011232.hg.1
PIK3C2B 9.68 7.79 373 TC0100017029.hg.1
NUMA1 11.43 9.53 373 TC1100011539.hg.1
ANXAL1 131 11.21 371 TC1000011203.hg.1
HIP1R 8.26 6.38 -3.68 TC1200009221.hg.1
FAM101B 9.58 7.7 367 TC1700009318.hg.1
ACP5 8.12 6.25 3.67 TC1900009684.hg.1
PIL6 9.25 7.37 -3.66 TC0600007854.hg.1
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TLKL 7.78 5.93 3.62 TC0200014893.hg.1
RBMSA 10.22 8.37 361 TC0100018477.hg.1
HEG1 10.78 8.93 3.6 TC0300012238.hg.1
MMRN2 12.97 11.13 359 TC1000012573.hg.1
SuLBl 116 9.76 -3.58 TC0300010664.hg.1
CTDSPL2 9.74 7.9 -3.56 TC1500007091.hg.1
WWP2 8.97 7.14 -3.55 TC1600008239.hg.1
CDON 7.63 5.81 353 TC1100012722.hg.1
CPXM2 11.81 9.99 353 TC1000012108.hg.1
FBL 10.22 8.42 349 | TSUnmapped00000427.hg
ATP2B1 8.75 6.95 -3.49 TC1200011474.hg.1
VAMP5 11.06 9.26 -3.48 TC0200008261.hg.1
RPSA;
SNORA62; 16.26 14.46 -3.48 TC0300007101.hg.1
SNORAG
s:\é&lje% 7.01 5.22 -3.47 TC0800010299.hg.1
UBE2L6 11.42 9.63 -3.45 TC1100010897.hg.1
MRPS188B 8.92 7.15 3.42 TC0600014097.hg.1
SN 1152 9.74 -3.42 TC1100012520.hg.1
LAMTORS 10.45 8.68 34 TC0100015236.hg.1
EPB41L2 10.2 8.43 3.4 TC0600013165.hg.1
HISTLHLE 12.08 10.32 3.39 TC0600007273.hg.1
HISTLH2AG 8.99 7.24 -3.37 TC0600014083.hg.1
SNRPD3 12.44 10.69 -3.36 TC2200009235.hg.1
SLC9A9 6.19 4.46 3.33 TC0300012686.hg.1
RPL35 14.26 12,52 -3.33 TC0900011510.hg.1
CTNNALL 9.55 7.83 331 TC0900011148.hg.1
FAU 10.41 8.69 3.3 TC1100013185.hg.1
EVI5 9.44 7.72 3.3 TC0100014927.hg.1
AP3D1 9.04 7.32 -3.29 TC1900009208.hg.1
LAP3 13.02 11.31 -3.28 TC0400006987.hg.1
NR3C2 8.65 6.94 3.27 TC0400012078.hg.1
NR3C1 7.14 5.44 -3.24 TC0500012340.hg.1
RPS18 15.95 14.25 3.24 TC0600007693.hg.1
HLA-E 12.55 10.85 3.23 TC0600007530.hg.1
ATP11C 12.84 11.16 322 TCOX00010966.hg.1
CcFB 7.15 5.46 321 TC0600014106.hg.1
FYTTD1 10.08 8.4 319 TC0300010066.hg.1
GIMAPG 10.02 8.36 -3.16 TC0700013043.hg.1
ACSS2 6.78 513 -3.15 TC2000007202.hg.1
NXN 11.45 9.8 -3.14 TC1700009333.hg.1
TEAD4 6.63 4.99 313 TC1200006515.hg.1
LGALS9B 11.01 9.37 312 TC1700010050.hg.1
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CHSY1 10.23 8.59 -3.12 TC1500010655.hg.1
AGPATS 9.83 8.19 -3.12 TC0800006566.hg.1
HDAC1 10.39 8.75 -3.12 TC0100007678.hg.1
ELOVLS 13.61 11.97 -3.12 TC0600012072.hg.1
TCTEX1D1 7.13 5.49 -3.11 TC0100008637.hg.1
RPL27A,
SNORASA,; 10.41 8.78 -3.09 TC1100006791.hg.1
SNORA3B
EDEM2 11.09 9.47 -3.08 TC2000008960.hg.1
NFKBIA 11.98 10.36 -3.08 TC1400008940.hg.1
SUCLG1 7.9 6.28 -3.08 TC0200013232.hg.1
LTA4H 13.24 11.62 -3.07 TC1200011599.hg.1
TXNDC11 10.34 8.72 -3.06 TC1600009412.hg.1
SLC39A6 8.69 7.08 -3.05 TC1800008474.hg.1
CSNK2A2 13.64 12.03 -3.04 TC1600010476.hg.1
ST8SIA6 12.31 10.71 -3.04 TC1000009927.hg.1
CORO1C 13.08 11.48 -3.04 TC1200011846.hg.1
NELFCD 9 7.39 -3.04 TC2000007923.hg.1
GLT8D2 8.13 6.53 -3.03 TC1200011752.hg.1
MKRN1 11.45 9.85 -3.03 TC0700012812.hg.1
ASDnggéz 11.74 10.14 -3.03 TC2200009234.hg.1
CLDN5 10.26 8.67 -3.02 TC2200007987.hg.1
RIT1 10.52 8.93 -3.02 TC0100015975.hg.1
PEBP1 10.3 8.7 -3.01 TC1200009071.hg.1
CEP350 7.87 6.28 -3.01 TC0100010793.hg.1
SH3BP5 12.01 10.43 -3 TC0300010399.hg.1
NAAA 8.21 6.63 -3 TC0400012933.hg.1
MEX3C 8.45 6.86 -3 TC1800008707.hg.1
CTSH 6 441 -3 TC1500010160.hg.1
ACP2 8.95 7.36 -3 TC1100010730.hg.1
DUSP1 8.9 7.32 -2.98 TC0500012842.hg.1
PPT1 11.36 9.78 -2.98 TC0100013818.hg.1
H1FO 11.72 10.15 -2.97 TC2200007318.hg.1
IFT80 9.42 7.85 -2.97 TC0300014074.hg.1
LMNB1 9.12 7.55 -2.97 TC0500008544.hg.1
CDC23 8.09 6.52 -2.96 TC0500012163.hg.1
FBL 9.84 8.28 -2.96 TSUnmapped00000349.hg
MTMR10 12.56 11 -2.96 TC1500008893.hg.1
LZTFL1 9.45 7.89 -2.95 TC0300010931.hg.1
ZNF366 8.33 6.78 -2.93 TC0500011100.hg.1
FBXL3 8.78 7.24 -2.91 TC1300010048.hg.1
KLRG1 9.48 7.94 -2.91 TC1200006738.hg.1
METTL7A 8.83 7.29 -2.9 TC1200007626.hg.1
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RPS13;

SNORD14B 15.3 13.77 -2.9 TC1100013147.hg.1
TPRAL 9.01 7.47 -2.9 TC0300012315.hg.1
RHOBTB1 8.16 6.63 -2.9 TC1000010737.hg.1
HDACS5 8.22 6.68 -2.89 TC1700010811.hg.1
ETFDH 7.62 6.09 -2.89 TC0400009132.hg.1
CTNS 8.99 7.47 -2.88 TC1700006585.hg.1
YIF1B 11.19 9.67 -2.88 TC1900010597.hg.1
uQcCcC2 6.16 4.64 -2.87 TC0600011560.hg.1
BTF3 13.54 12.01 -2.87 TC0500007772.hg.1
FAM107A 7.47 5.95 -2.87 TC0300011311.hg.1
TNS2 8.56 7.04 -2.87 TC1200007690.hg.1
CDK16 9.73 8.22 -2.85 TC0X00007132.hg.1
ALDH2 11.66 10.15 -2.85 TC1200012707.hg.1
HSD17B11 11.7 10.2 -2.84 TC0400012945.hg.1
GSTP1 13.96 12.46 -2.84 TC1100008144.hg.1
EFNA1 7.72 6.21 -2.83 TC0100010111.hg.1
TEX264 8.85 7.35 -2.83 TC0300013835.hg.1
CYB5D2 9.66 8.17 -2.83 TC1700006611.hg.1
PEPD 12.09 10.6 -2.82 TC1900010391.hg.1
CDC25B 11.89 10.4 -2.81 TC2000006559.hg.1
LYVE1L 14.87 13.39 -2.8 TC1100010090.hg.1
NSD1 8.21 6.72 -2.8 TC0500009610.hg.1
LGALS3 8.85 7.38 -2.79 TC1400007227.hg.1
POLR3E 6.94 5.46 -2.79 TC1600007193.hg.1
RASSF9 6.27 4.79 -2.79 TC1200011435.hg.1
WDR6 8.47 7 -2.78 TC0300013827.hg.1
MTIF3 8.93 7.45 -2.77 TC1300008439.hg.1
ZNF233 6.39 4.92 -2.77 TC1900008259.hg.1
ADGRA2 10.48 9.01 -2.76 TC0800007311.hg.1
PPP1CC 14.81 13.35 -2.75 TC1200011916.hg.1
IL13RAL 10.54 9.08 -2.75 TC0X00008230.hg.1
KLF2 12.72 11.27 -2.74 TC1900007270.hg.1
WRNIP1 8.77 7.32 -2.73 TC0600006611.hg.1
GRB10 9.46 8.01 -2.73 TC0700011054.hg.1
UBB 15.43 13.99 -2.72 TC1700007014.hg.1
GLUD1 10.72 9.28 -2.72 TC1000011323.hg.1
HMGB2 10.28 8.84 -2.72 TC0400012432.hg.1
PMPCB 10.74 9.31 -2.7 TCO0700008666.hg.1
SETDB2 6.24 4.81 -2.7 TC1300007164.hg.1
FBXO25 7.79 6.35 -2.7 TC0800006447.hg.1
TSN 8.21 6.78 -2.7 TC0200009134.hg.1
KCTD12 8.87 7.44 -2.69 TC1300009288.hg.1
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cipc 6.08 4.65 2,69 TC1400010634.hg.1
TSPAN18 13.68 12.25 -2.69 TC1100007400.hg.1
GMPR 6.13 4.7 -2.69 TC0600007068.hg.1
SERPINB6 13.03 116 269 TC0600010542.hg.1
RAB15 11.57 10.15 -2.68 TC1400009422.hg.1
PIR 126 11.18 -2.68 TCOX00011355.hg.1
GABARAPL2 8.59 7.16 -2.68 TC1600008454.hg.1
RGL2 11.4 9.98 -2.68 TC0600011535.hg.1
SERTAD4 7.88 6.46 267 | TSUnmapped00000211.hg
GNAQ 12.16 10.74 -2.67 TC0900010485.hg.1
MPZL2 11.23 9.82 -2.66 TC1100012474.hg.1
CYBRD1 10.83 9.42 2,65 TC0200009955.hg.1
BFSP1 7.4 6 -2.64 TC2000008493.hg.1
MARK2 8.19 6.79 -2.64 TC1100007913.hg.1
PSMBA4 11.35 9.95 263 TC0100009955.hg.1
TMEM135 6.48 5.09 263 TC1100008673.hg.1
LYRML1 9.4 8.01 -2.63 TC1600007143.hg.1
SORBS3 6.62 5.22 263 TC0800012279.hg.1
Clorf131 7.99 6.6 2,62 TC0100017722.hg.1
RPS15 16.2 14.81 2,62 TC1900006532.hg.1
NDRG1 8.5 7.11 2.62 TC0800011881.hg.1
PRKARLA 10.85 9.46 262 TC1700012297.hg.1
RBM22 10.97 9.58 -2.61 TC0500012485.hg.1
RNF34 9.51 8.13 -2.61 TC1200009164.hg.1
HLA-B 10.22 8.83 261 TC0600014258.hg.1
SHARPIN 8.57 7.18 -2.61 TC0800012190.hg.1
TRNP1 7 5.61 -2.61 TC0100007493.hg.1
NET1 11.38 10 261 TC1000006617.hg.1
BST2 8.02 6.63 261 TC1900009970.hg.1
FAM43A 9.53 8.15 2.6 TC0300009944.hg.1
SLCIA3R?2 13.58 12.2 2.6 TC1600006585.hg.1
DNM2 9.41 8.04 2.6 TC1900006994.hg.1
PPAL 8.07 6.69 26 TC1000010914.hg.1
MFAP2 12.13 10.76 -2.59 TC0100013071.hg.1
HDGF 8.71 7.34 -2.59 TC0100016022.hg.1
DNAJB4 13.86 12.49 -2.59 TC0100018238.hg.1
NSMCE1 8.92 7.55 259 TC1600009829.hg.1
GUCY1A3 6.51 513 -2.59 TC0400009086.hg.1
BTBDY 5.07 3.69 -2.59 TC0600011723.hg.1
,\;ﬂiﬁ?ﬁi 6.88 551 -2.58 TC1800009221.hg.1
ORAIL 6.71 5.34 -2.58 TC1200009172.hg.1
HIST1H4C 11.4 10.03 258 TC0600007268.hg.1
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HPCALL 8.79 7.42 258 TC0200006687.hg.1
ccDCos 9.21 7.85 257 TC0200014004.hg.1
ATP5D 8.7 7.34 257 TC1900006520.hg.1
CAMK2D 10.89 9.53 257 TC0400011643.hg.1
EMP2 11.88 10,51 257 TC1600009362.hg.1
ISY1-RAB43 7.78 6.42 257 TC0300014047.hg.1
ZFP36L2 12.35 11 256 TC0200012404.hg.1
HLA-A 11.72 10.37 256 TC0600007495.hg.1
SLC25A27 6.99 5.63 -2.56 TC0600008166.hg.1
PLSCR1 9.97 8.62 255 TC0300012728.hg.1
MAP3K5 7.87 6.52 255 TC0600013280.hg.1
NCOA4 12.22 10.87 255 TC1000010515.hg.1
PSMD4 11.24 9.9 -2.54 TC0100009949.hg.1
SEMAGA 9.04 7.69 254 TC0500011775.hg.1
EBAGY 9.58 8.24 254 TC0800008550.hg.1
GBP4 9.95 8.61 -2.54 TC0100014855.hg.1
ACAT1 8.77 7.44 253 TC1100008983.hg.1
PRKCH 13.63 12.29 253 TC1400010617.hg.1
CFI 11.56 10.22 253 TC0400011580.hg.1
HEXA 11.27 9.94 252 TC1500010890.hg.1
HIST1H2BI 5.4 407 252 TC0600007293.hg.1
AP1AR 9.03 7.7 252 TC0400008427.hg.1
CEP70 7.55 6.23 251 TC0300012572.hg.1
GLMP 11.58 10.26 251 TC0100018510.hg.1
TRIM34 6.76 5.43 251 TC1100012955.hg.1
:I|SSTT22HH%§A£ 9.14 7.82 25 TC0100018482.hg.1
DDR2 10.43 9.11 25 TC0100010387.hg.1
DIRAS3 6.58 5.26 25 TC0100014528.hg.1
PROS1 9.21 7.89 -2.49 TC0300011757.hg.1
MIER1 8.39 7.07 -2.49 TC0100008641.hg.1
LGALSL 6.68 5.38 2.48 TC0200007803.hg.1
FOXM1 8.46 7.15 2.48 TC1200009621.hg.1
CPE 15.37 14.06 -2.48 TC0400009223.hg.1
GBP1 8.57 7.26 -2.47 TC0100014852.hg.1
NXT2 8.03 6.72 2.47 TCOX00008097.hg.1
UBE2H 13.29 11.99 2.47 TC0700012584.hg.1
MED15 13,51 12.21 -2.47 TC2200009194.hg.1
MKNK2 9.35 8.05 -2.46 TC1900009201.hg.1
FOXP1 13.29 11.99 -2.46 TC0300011485.hg.1
CLDN12 7.58 6.28 -2.46 TC0700013396.hg.1
GTF2ALL,
GSTTF(;QfL; 6.76 5.46 -2.45 TC0200007536.hg.1
STON1
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TIMP1 14.01 12.72 245 TCOX00007149.hg.1
LIFR 8.71 7.42 -2.45 TCO500010540.hg.1
SC5D 7.45 6.16 -2.44 TC1100009306.hg.1

COBLL1 10.04 8.76 -2.44 TC0200014792.hg.1
TMEM127 127 11.41 -2.44 TC0200013516.hg.1
ZNF160 8.1 6.81 -2.44 TC1900011327.hg.1
RAMP2 9.11 7.83 2.43 TC1700007913.hg.1
LIMCH1 7.76 6.48 2.43 TC0400007345.hg.1
FNDC3A 9.59 8.31 2.43 TC1300007152.hg.1

PSMB5 9.72 8.44 2.43 TC1400008689.hg.1
THRA 10.37 9.09 2.43 TC1700007777.hg.1

MSRB3 10.88 9.6 2.43 TC1200008028.hg.1
ETS2 12,27 10.99 -2.43 TC2100007140.hg.1

SNAPC?2 7.76 6.48 2.42 TC1900006866.hg.1
PNPLA2 7.03 5.76 2.42 TC1100006492.hg.1
SPRY4 6.82 5.55 2.42 TC0500012312.hg.1
GTPBPS 9.8 8.53 2.42 TC0300008352.hg.1
EDEML1 9.68 8.4 2.42 TC0300006491.hg.1
Clorfl15 8.02 6.75 2.41 TC0100011663.hg.1
KXD1 13.13 11.86 2.41 TC1900007396.hg.1
GOLGASN 8.06 6.79 2.41 TC1500010712.hg.1
ADGRG6 10.64 9.37 2.4 TC0600009669.hg.1
IGFBP4 12.42 11.17 -2.39 TC1700007796.hg.1
ADRBK1 7.84 6.59 -2.39 TC1100008123.hg.1

TPCN1 8.27 7.01 -2.39 TC1200008933.hg.1

PLTP 11.13 9.87 -2.39 TC2000009250.hg.1

ST6GALL 12.02 10.77 -2.39 TC0300009789.hg.1
KRAS 10.25 9 -2.39 TC1200010158.hg.1
CARHSP1 6.67 5.41 -2.39 TC1600009322.hg.1
EXOC6 9.93 8.68 238 TC1000008475.hg.1
LRRC8C 117 10.45 238 TC0100018246.hg.1
CSNK1G3 9.02 7.77 238 TC0500008494.hg.1
WBSCR22 9.8 8.55 238 TC0700007986.hg.1

NMES6 7.07 5.82 -2.38 TC0300011016.hg.1

FBN1 12.04 10.79 237 TC1500009348.hg.1

LAPTM4B 10 8.75 237 TC0800008321.hg.1
RNF130 11.95 10.71 237 TC0500013429.hg.1
KRTCAP2 12.38 11.14 237 TC0100018498.hg.1
TRIM47 7.08 5.84 237 TC1700011774.hg.1
PUF60 8.87 7.63 237 TC0800012167.hg.1
DeCRz: 8.95 7.7 -2.37 TC2200007963.hg.1
TPRGIL 12.05 108 237 TC0100006619.hg.1
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copPs4 8.38 7.15 2.36 TC0400007991.hg.1
ITGAG 13.03 11.79 -2.36 TC0200009973.hg.1
CNKSR3 6.67 5.43 -2.36 TC0600014361.hg.1
MAPK1IP1L 11.99 10.75 236 TC1400007222.hg.1
ERALL 8.61 7.38 236 TC1700007399.hg.1
ECI2 10.62 9.38 -2.36 TC0600010647.hg.1
ZC3H14 112 9.96 236 TC1400007906.hg.1
MRS2 6.91 5.67 236 TC0600007196.hg.1
FTL 16.39 15.15 -2.36 TC1900008507.hg.1
UBE2J1 12.64 114 -2.36 TC0600012542.hg.1
HMGCL 8.14 6.9 236 TC0100013303.hg.1
TLR3 7.73 6.5 235 TC0400009543.hg.1
CLK4 9.52 8.29 235 TC0500013020.hg.1
PIAS2 9.57 8.33 235 TC1800009277.hg.1
SYNPO 13.87 12.64 235 TC0500009097.hg.1
ETNK2 5.63 4.39 -2.35 TC0100017018.hg.1
e 13.42 12.19 234 TC0100011777.hg.1
coA3 9.08 7.86 234 TC1700010747.hg.1
HSPBS 7.92 6.69 234 TC1200012714.hg.1
DNTTIPL 8.45 7.22 -2.34 TC2000007502.hg.1
ACOTS 7.16 5.94 234 TC2000009245.hg.1
GNAI2 14.97 13.75 233 TC0300007410.hg.1
SLC25A11 10.93 9.71 233 TC1700009538.hg.1
TCEAL4 9.6 8.39 232 TCOX00008009.hg.1
CACULL 11.21 10 232 TC1000011975.hg.1
NDUFA2 8.36 7.15 231 TC0500012248.hg.1
CYBSRL 6.97 5.75 231 TC0100018442.hg.1
BLMH 10.64 9.43 231 TC1700010274.hg.1
STAT3 115 10.29 231 TC1700010721.hg.1
SLAIN2 11.06 9.85 2.3 TC0400007447.hg.1
RPLP1 14.41 13.21 23 TC1500007700.hg.1
PRPF6 8.58 7.38 2.3 TC2000008104.hg.1
PPIC 11.05 9.85 23 TC0500011875.hg.1
NUDT9 8.49 7.29 23 TC0400008074.hg.1
RPRD1B 8.35 7.14 2.3 TC2000007300.hg.1
TEK 13.91 12.72 -2.29 TC0900006886.hg.1
TANC1 11.75 10.56 -2.29 TC0200009774.hg.1
AIMP2 7.2 6.01 -2.29 TC0700006634.hg.1
L3MBTL4 456 3.36 -2.29 TC1800006556.hg.1
ABLIM1 13.82 12.62 -2.29 TC1000011904.hg.1
ARRB1 13.54 12.35 -2.28 TC1100011643.hg.1
TPP2 106 9.41 228 TC1300007884.hg.1
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XAB2 5.73 455 2.28 TC1900009487.hg.1
ARRDC4 7.75 6.57 227 TC1500008470.hg.1
AAED1 8.24 7.05 227 TC0900010920.hg.1
DNM3 5.52 4.34 227 TC0100010609.hg.1
SLX4IP 7.55 6.37 227 TC2000006694.hg.1
HIPK3 95 8.31 227 TC1100007227.hg.1
CRBN 9.96 8.77 227 TC0300010123.hg.1
RBX1 9.44 8.26 227 TC2200009278.hg.1
NT5E 15.45 14.27 -2.26 TC0600008697.hg.1
FLIL 13.42 12.24 -2.26 TC1100009485.hg.1
GSN 12.38 11.21 -2.26 TC0900012167.hg.1
FBL 10.21 9.03 -2.26 TSUnmapped00000776.hg
HN1 12.17 10.99 -2.26 TC1700012468.hg.1
INTS1 7.08 5.91 -2.26 TC0700010015.hg.1
ARLL4EP 9.18 8 -2.26 TC1100007168.hg.1
ILIR1 8.64 7.47 -2.25 TC0200008666.hg.1
s 15.25 14.07 2.5 TC0800009961.hg.1
c2cDp2 8.69 7.51 225 TC2100008229.hg.1
NDUFAF3 135 12.33 225 TC0300007359.hg.1
ZNF532 10.32 9.15 -2.25 TC1800007440.hg.1
ARFGAP3 9.94 8.77 -2.24 TC2200009356.hg.1
SFR1 9.3 8.13 -2.24 TC1000008798.hg.1
HIST1H2BG 8.61 7.44 -2.24 TC0600011136.hg.1
RTF1 11.38 10.22 -2.24 TC1500007004.hg.1
SLC27A3 5.98 4.82 -2.24 TC0100018299.hg.1
PTGIS 8.42 7.27 -2.23 TC2000009388.hg.1
DHRS13 7.69 6.53 -2.23 TC1700010221.hg.1
0AZ1 14.64 13.48 2.23 TC1900011641.hg.1
BAG4 8.04 6.88 2.23 TC0800007328.hg.1
LRRC28 9.05 7.89 -2.23 TC1500008511.hg.1
INPP5K 9.13 7.98 222 TC1700009377.hg.1
FUNDC2 9.94 8.79 222 TCOX00008862.hg.1
APOA1BP 11.35 10.2 222 TC0100010185.hg.1
ZYG11B 9.71 8.56 222 TC0100008332.hg.1
NFRKB 7.86 6.71 222 TC1100012811.hg.1
SLC25A6 15.72 14,57 222 TCOX00008908.hg.1
PSMF1 13.38 12.23 222 TC2000009874.hg.1
ABCAS 10.9 9.75 221 TC1700011574.hg.1
NSUN4 9.18 8.04 221 TC0100008156.hg.1
GPR1378 9.14 8 221 TC0100012089.hg.1
MAP2K5 7.19 6.05 221 TC1500007645.hg.1
ELMOL1 11.38 10.24 221 TC0700010760.hg.1
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SASS6 7.29 6.15 221 TC0100015058.hg.1
PEF1 5.82 4.68 221 TC0100013574.hg.1
RPL11 15 13.86 2.2 TC0100007326.hg.1
S100A16 13.49 12.35 2.2 TC0100015871.hg.1
MRPL32 9.24 8.11 219 TC0700007334.hg.1
SAMD12 6.67 5.54 219 TC0800011601.hg.1
FILIP1L 12.41 11.28 219 TC0300011834.hg.1
DENND3 9.92 8.79 219 TC0800009094.hg.1
DTX3L 8.03 6.9 219 TC0300008558.hg.1
CISD2 711 5.98 219 TC0400008287.hg.1
SMARCBL 9.87 8.74 218 TC2200006862.hg.1
FAM78A 452 3.39 218 TC0900011769.hg.1
SHE 10.34 9.22 -2.18 TC0100018495.hg.1
SET 14.17 13.05 218 TC0900008879.hg.1
FOXO03 8.51 7.39 218 TC0600009059.hg.1
DDX23 11.1 9.98 -2.18 TC1200010597.hg.1
NDUFB5 11.79 10.67 -2.18 TC0300009610.hg.1
BIVM 8.6 7.48 217 TC1300009993.hg.1
IFITM1 14.84 13.73 217 TC1100012949.hg.1
PCGF5 8.33 7.21 217 TC1000008431.hg.1
PLD2 8.71 7.59 217 TC1700006645.hg.1
TMEM14C 10.71 9.59 217 TC0600014068.hg.1
WWTR1 12.34 11.23 217 TC0300012781.hg.1
FGFR1 8.31 7.19 217 TC0800010163.hg.1
ACKR3 14.78 13.66 2.16 TC0200011219.hg.1
FAM120A0S 10.2 9.09 2.16 TC0900010837.hg.1
ADAMTS18 13.11 12 -2.16 TC1600010914.hg.1
SYF2 9.53 8.42 2.16 TC0100013348.hg.1
RCHY1 7.46 6.35 2.16 TC0400011040.hg.1
BZW?2 9.29 8.19 -2.15 TC0700006781.hg.1
FAM1958 7.56 6.45 215 TC1700012070.hg.1
TAPBPL 8.04 6.94 215 TC1200012584.hg.1
DYNLL1 13.16 12.05 -2.15 TC1200009131.hg.1
SLC7A7 6.79 5.69 -2.15 TC1400008677.hg.1
MFI’RH%(;S 7.09 5.99 215 TC0100013651.hg.1
EIF2AK1 9.32 8.22 215 TC0700010185.hg.1
PILRB;
STAG3L5P;
PVRIG2P:
MIR6840; 102 9.09 215 TC0700013428.hg.1
STAG3L5R
PVRIG2P
PILRB
MIFAGD 7.57 6.47 215 TC1700011744.hg.1
MUT 7.85 6.74 -2.15 TC0600011996.hg.1
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HAUS1 7.3 6.2 -2.15 TC1800007215.hg.1
OCRL 5.97 4.87 -2.15 TCO0X00008383.hg.1
KLHL9 6.86 5.76 -2.15 TC0900012218.hg.1
GMPR2 9.97 8.87 -2.15 TC1400006732.hg.1
SESN3 4.77 3.68 -2.14 TC1100012020.hg.1
TGM2 16.75 15.66 -2.14 TC2000009058.hg.1
FAM69B 12.62 11.53 -2.14 TC0900009231.hg.1
COPS3 11.3 10.2 -2.14 TC1700009928.hg.1
PHACTR2 12.22 11.12 -2.14 TC0600014188.hg.1
RABGEF1 7.94 6.85 -2.14 TC0700013383.hg.1
NNT 10.11 9.01 -2.14 TC0500007303.hg.1
FAM103A1 8.01 6.92 -2.13 TC0600013898.hg.1
ANKRD46 8.64 7.55 -2.13 TC0800011259.hg.1
CHCHD2 11.52 10.43 -2.13 TC0700011166.hg.1
DLL1 7.79 6.7 -2.13 TC0600014031.hg.1
TBC1D1 8.47 7.38 -2.13 TC0400007245.hg.1
SUMO2 14.61 13.53 -2.12 TC1700012469.hg.1
OXAl1L 13.57 12.48 -2.12 TC1400006656.hg.1
KEAP1 8.49 7.41 -2.12 TC1900009630.hg.1
NCOA7 10.6 9.52 -2.12 TC0600009364.hg.1
SHB 9.47 8.39 -2.12 TC0900012231.hg.1
POLR2L 10.16 9.08 -2.12 TC1100009707.hg.1
IVD 7.78 6.7 -2.12 TC1500010720.hg.1
LRIG3 10.87 9.78 -2.12 TC1200011002.hg.1
LRP5S 10.32 9.23 -2.12 TC1100008181.hg.1
HIST1H2BJ 5.88 4.79 -2.12 TC0600011184.hg.1
SLC25A29 7.34 6.27 -2.11 TC1400010791.hg.1
ULK1 7.84 6.76 -2.11 TC1200009457.hg.1
DEXI 9.15 8.07 -2.11 TC1600009381.hg.1
SERPINB1 8.32 7.25 -2.11 TC0600014217.hg.1
HOXA10;
HOXAGY; 9.9 8.83 -2.11 TC0700010564.hg.1
MIR196B
NQO1 12.99 11.91 -2.11 TC1600010732.hg.1
SPG21 9.86 8.79 -2.11 TC1500009772.hg.1
VEZF1 10.93 9.86 -2.11 TC1700011237.hg.1
ARRDC2 7.5 6.42 -2.11 TC1900007358.hg.1
KCNN3 7.54 6.46 -2.11 TC0100015925.hg.1
TGFB1I1 12.56 11.49 -2.1 TC1600007537.hg.1
HIST1H2BK 12.15 11.08 2.1 TC0600011185.hg.1
PNRC1 14.37 13.29 2.1 TC0600008757.hg.1
RHOBTB2 6.84 5.77 -2.1 TC0800007004.hg.1
DPP7 9.05 7.98 2.1 TC0900012033.hg.1
ADD1 13.89 12.82 -2.09 TC0400006579.hg.1
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CDK2AP1 12.21 11.14 2.0 TC1200012265.hg.1
API5 8.68 7.62 2.0 TC1100007363.hg.1
GNAI3 11.92 10.85 2.0 TC0100018257.hg.1
NDUFV1 10.23 9.17 2.0 TC1100008147.hg.1
TUBA4A 10.25 9.19 2.0 TC0200015771.hg.1
TAF9B 9.79 8.73 2.0 TCOX00010136.hg.1
FAM20B 8.12 7.07 -2.08 TC0100010761.hg.1
POLR2J4 6.92 5.86 -2.08 TC0700010899.hg.1
KANSLIL 7.13 6.07 -2.08 TC0200015601.hg.1
SRR 10.26 9.2 -2.08 TC1700006546.hg.1
PCIF1 8.31 7.26 2.07 TC2000007512.hg.1
sﬁglhlgés 13.59 1254 -2.07 TC1600008888.hg.1
rees 8.89 7.85 -2.07 TC1200011567.hg.1
PSMBS6 10.82 9.77 -2.07 TC1700006644.hg.1
AGFG2 8.65 7.6 2.07 TC0700008552.hg.1
ZCCHC2 9.73 8.68 2.07 TC1800007518.hg.1
ccDe2s 10.95 9.9 2.06 TC0800009968.hg.1
CLN6 8.63 7.58 -2.06 TC1500010887.hg.1
SCAF11 8.17 7.13 -2.06 TC1200007430.hg.1
VPS28 10.54 9.5 -2.06 TC0800012213.hg.1
SAP130 10.09 9.05 -2.06 TC0200014192.hg.1
ESYT2 106 9.56 -2.06 TC0700013291.hg.1
CADPS2 9.3 8.26 -2.06 TC0700012444.hg.1
PPP1R21 7.73 6.69 -2.06 TC0200007535.hg.1
MRPS17 8.79 7.74 -2.06 TC0700013362.hg.1
MAGED#;
QAI\%REEQBD;; 8.52 7.48 -2.05 TCOX00009707.hg.1
SNORALLE
OXCT1 9.21 8.18 -2.05 TC0500010599.hg.1
DNAJB5 8.02 6.98 -2.05 TC0900007064.hg.1
AIML 8.06 7.02 2.05 TC0600008981.hg.1
FUCAL 7.84 6.81 -2.04 TC0100013305.hg.1
WRAP73 6.75 5.72 -2.04 TC0100012593.hg.1
KCTD10 10.42 9.39 -2.04 TC1200011870.hg.1
acoLen 6.62 5.59 2,04 TC0100007832.hg.1
ZNF805 6.28 5.25 -2.04 TC1900008988.hg.1
UBE2A 10.79 9.76 -2.04 TCOX00008253.hg.1
USP11 9.97 8.94 -2.04 TCOX00007134.hg.1
GOLPH3 8.67 7.65 -2.03 TC0500010418.hg.1
THOC? 10.42 9.4 -2.03 TC0300011378.hg.1
RNF4 11.57 10.55 -2.03 TC0400012757.hg.1
BTBD7 10.18 9.15 -2.03 TC1400010022.hg.1
RBL2 10.32 9.3 -2.03 TC1600007887.hg.1
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PALM 7.98 6.96 2.03 TC1900006480.hg.1
IRF2BP2 8.58 7.56 -2.03 TC0100017793.hg.1
ATP6VOB 10.32 9.3 2.02 TC0100008081.hg.1
CTRO 10.43 9.42 2.02 TC1100006840.hg.1
HADHA 12.61 11.59 2.02 TC0200012030.hg.1
ZNF22 7.95 6.93 2.02 TC1000007462.hg.1
oS 12.99 11.97 2.02 TC1900009628.hg.1
COLEC12 11.23 10.22 2.02 TC1800007850.hg.1
SLC2A3 11.59 10.58 2.01 TC1200009800.hg.1
CLEC14A 14.72 13.71 2.01 TC1400008994.hg.1
GLUL 12.4 11.39 2.01 TC0100016625.hg.1
SRSF8 9.05 8.05 2.01 TC1100008827.hg.1
NRSN2 8.55 7.54 2.01 TC2000006442.hg.1
MAGEDA4B;
MAGED4:; 8.66 7.66 2.01 TCOX00007274.hg.1
SNORALLD
CYP20AL 6.97 5.96 2,01 TC0200010516.hg.1
PDAP1 8.09 7.09 2.01 TC0700011938.hg.1
SNX24 8.75 7.74 2,01 TC0500008483.hg.1
RICTOR 9.5 8.5 2 TC0500010549.hg.1
PLIN2 10.3 9.3 2 TC0900012212.hg.1
TCEALL 10.01 9.01 2 TCOX00011317.hg.1
BOD1 6.82 5.82 2 TC1700010015.hg.1
AP4S1 6.47 5.47 2 TC1400006833.hg.1
B4GALT6 7.77 6.77 2 TC1800008399.hg.1
OXNAD1 8.14 7.14 2 TC0300013795.hg.1
VPS29 11.29 10.29 2 TC1200011909.hg.1
KIF1C 11.04 10.04 2 TC1700006660.hg.1
BST1 7.97 6.97 2 TC0400012769.hg.1
s 13.74 12.75 -1.99 TC1200008573.hg.1
DMAP1 6.73 5.74 -1.99 TC0100008090.hg.1
MRPS18A 9.51 8.52 -1.99 TC0600011884.hg.1
SLAIN1 7.42 6.43 -1.99 TC1300007565.hg.1
PHC3 11.94 10.95 -1.99 TC0300013090.hg.1
MGEAS 8.0 7.1 -1.99 TC1000011659.hg.1
ZNF35 7.82 6.83 -1.99 TSUnmapped00000461.hg
BNIP3L 14.64 13.64 -1.99 TC0800007080.hg.1
PRKAAL 13.49 1255 -1.98 TC0500010580.hg.1
ADCK?2 5.49 451 -1.98 TC0700013467.hg.1
AP2A2 12.89 11.91 -1.98 TC1100006500.hg.1
NEK9 10.87 9.89 -1.98 TC1400009711.hg.1
PPP2R5C 11.95 10.97 -1.98 TC1400008333.hg.1
DOCK9 11.59 10.6 -1.98 TC1300009583.hg.1
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SNX12 8.83 7.85 -1.98 TCOX00009977.hg.1
ADAM15 12.62 11.63 -1.98 TC0100018300.hg.1
C160rf72 5.78 479 -1.98 TC1600009331.hg.1
CHMP2A 11.13 10.15 -1.98 TC1900011635.hg.1
ADRML1 8.94 7.96 -1.98 TC2000008001.hg.1
VCAM1 7.07 6.08 -1.98 TC0100009221.hg.1

GBP3 10.71 9.72 -1.97 TC0100014849.hg.1
HINTL 1161 10.63 -1.97 TC0500011984.hg.1
SAP30L 7.44 6.46 -1.97 TC0500009161.hg.1
PELI2 8.02 7.05 -1.97 TC1400007259.hg.1
RTKN 7.89 6.92 -1.97 TC0200013103.hg.1
WBP1 13.26 12.28 -1.97 TC0200016476.hg.1
UXT 10.22 9.25 -1.97 TCOX00009582.hg.1
LYRM2 8.92 7.95 -1.96 TC0600012550.hg.1
TMEM230 13.43 12.46 -1.96 TC2000009975.hg.1
ADIRF;
AGAP1L; 7.19 6.22 -1.96 TC1000012471.hg.1
BMS1P3
2";‘25;52% 7.56 6.59 -1.96 TC1900008433.hg.1
ATXN2 12.38 11.41 -1.96 TC1200011936.hg.1
PPIL4 8.46 7.49 -1.96 TC0600013523.hg.1
SUMF2 11.27 103 -1.96 TC0700007633.hg.1
AHCY 7.67 6.7 -1.96 TC2000008915.hg.1
MCM6 6.64 5.67 -1.96 TC0200014404.hg.1
EPS15 10.94 9.97 -1.96 TC0100014175.hg.1
TRIM2 7.41 6.44 -1.96 TC0400009033.hg.1
CD58 8.81 7.84 -1.96 TC0100015397.hg.1
CRNKLL 8.48 7.51 -1.95 TC2000008573.hg.1

DYNCLLI2 13.44 12.47 -1.95 TC1600010596.hg.1
NDUFB8 10 9.04 -1.95 TC1000012587.hg.1
DCUN1D3 9.29 8.33 -1.95 TC1600011500.hg.1

AK9 6.97 6 -1.95 TC0600012817.hg.1

ADAM17 10.92 9.96 -1.95 TC0200011688.hg.1
PPP2R5A 10.44 9.47 -1.95 TC0100011520.hg.1
SLC25A6 15.78 14.81 -1.95 TCOY00006882.hg.1

NOVA1 8.65 7.69 -1.95 TC1400008780.hg.1
PLAIA 7.05 6.09 -1.94 TC0300008484.hg.1
SOX18 6.35 5.39 -1.94 TC2000010035.hg.1
TAS2R13 472 3.76 -1.94 TC1200009921.hg.1
RFTN2 8.15 7.2 -1.94 TC0200015350.hg.1
sT13 11.61 10.66 -1.94 TC2200008799.hg.1
RAB33B 9.54 8.58 -1.94 TC0400008803.hg.1
ZBTB7A 8.93 7.97 -1.94 TC1900009320.hg.1
LDOC1 11.42 10.47 -1.93 TCOX00010989.hg. 1

188




PSMB8 9.27 8.31 -1.93 TC0600011507.hg.1
FAM167B 7.7 6.76 -1.93 TC0100007675.hg.1
PHLPP1 9.27 8.33 -1.93 TC1800007523.hg.1
YIPF3 13.07 12.12 -1.93 TC0600011876.hg.1
AASS 9.25 8.3 -1.93 TC0700012439.hg.1
RNF38 13.01 12.07 -1.93 TC0900012225.hg.1
AASDHPPT 9.32 8.37 -1.93 TC1100008955.hg.1
AMMECR1L 9.03 8.08 -1.92 TC0200014190.hg.1
RAB3GAP1 8.86 7.92 -1.92 TC0200009431.hg.1
SYNE3 6.43 5.49 -1.92 TC1400010784.hg.1
RPP40 8.26 7.31 -1.92 TC0600010681.hg.1
ZNF219 7.59 6.64 -1.92 TC1400008619.hg.1
VGLL4 8.96 8.02 -1.92 TC0300013938.hg.1
GUK1 12.64 11.7 -1.92 TC0100011855.hg.1
LRCH2 6.7 5.76 -1.92 TC0X00010559.hg.1
INPP5D 8.59 7.66 -1.91 TSUnmapped00000661.hg
PRMT2 111 10.17 -1.91 TC2100007474.hg.1
PLAG1 7.56 6.63 -1.91 TC0800010506.hg.1
NHEJ1 7.28 6.35 -1.91 TC0200016772.hg.1
RHNO1 10.01 9.07 -1.91 TC1200012573.hg.1
SCAP 10.11 9.18 -1.91 TC0300010982.hg.1
MRPL19 6.68 5.75 -1.91 TC0200008128.hg.1
RPL36AL 13.2 12.27 -1.91 TC1400009104.hg.1
MAPK1 11.76 10.83 -1.91 TC2200008105.hg.1
MAX 10.46 9.53 -1.91 TC1400009426.hg.1
PDK2 11.29 10.36 -1.91 TC1700008232.hg.1
RNFT1 7.21 6.29 -1.9 TC1700012440.hg.1
ELK3 12.89 11.97 -1.9 TC1200008535.hg.1
CLIC2 8.33 7.41 -1.9 TC0X00011238.hg.1
EIF2S3 12.99 12.07 -1.9 TC0X00006803.hg.1
MAN1C1 5.69 4.77 -1.9 TC0100007412.hg.1
SCRN1 10.7 9.78 -1.89 TC0700010619.hg.1
GSTK1 11.02 10.1 -1.89 TC0700009485.hg.1
OCLN 9.51 8.59 -1.89 TC0500007681.hg.1
FDX1L 8.3 7.38 -1.89 TC1900011863.hg.1
TRIM5 9.48 8.56 -1.89 TC1100009940.hg.1
MANSC1 12.32 11.4 -1.89 TSUnmapped00000243.hg
RFK 11.14 10.22 -1.89 TC0900010462.hg.1
ZNF2 5.78 4.87 -1.89 TC0200008458.hg.1
TMEM128 9.53 8.61 -1.89 TC0400009855.hg.1
AJUBA 8.34 7.42 -1.89 TC1400010715.hg.1
IL6 8.79 7.87 -1.89 TC0700006890.hg.1
POLR3GL 7.82 6.9 -1.89 TC0100018282.hg.1
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MDK 10.88 9.96 -1.89 TC1100007453.hg.1
CRAT 8.79 7.87 -1.89 TC0900011673.hg.1
KPNB1 13 12.08 -1.89 TC1700008133.hg.1
UQCRB 12.18 11.27 -1.89 TC0800011171.hg.1
CYP1AL 9.14 8.22 -1.89 TC1500010042.hg.1
ELK4 15.09 14.18 -1.88 TC0100017072.hg.1
HSPB1 17.97 17.06 -1.88 TC0700008090.hg.1
CHAMP1 9.34 8.43 -1.88 TC1300008181.hg.1
COMMD9 6.7 5.79 -1.88 TC1100010546.hg.1
IFIT2 7.68 6.77 -1.88 TC1000008396.hg.1
ARHGAP26 8.98 8.07 -1.88 TC0500008941.hg.1
TAGLN2 13.11 122 -1.88 TC0100016112.hg.1
FAM58A 6.89 5.97 -1.88 TCOX00011163.hg.1
CYBSB 12.19 11.28 -1.88 TC1600008228.hg.1
PTRF 13.02 12.11 -1.88 TC1700010723.hg.1
WNK1 10.93 10.02 -1.88 TC1200006450.hg.1
KLHL15 7.57 6.67 -1.87 TCOX00009256.hg. 1
CSF2RB 116 107 -1.87 TC2200007273.hg.1
MRPL18 8.01 711 -1.87 TC0600010060.hg.1
EHD4 12.4 115 -1.87 TC1500009173.hg.1
MTMR11 7.38 6.47 -1.87 TC0100015716.hg.1
SELP 7.78 6.88 -1.87 TC0100016357.hg.1
DUSP3 9.16 8.26 -1.87 TC1700010798.hg.1
GYG1 10.63 9.73 -1.87 TC0300009126.hg.1
PEX12 7.09 6.19 -1.87 TC1700010436.hg.1
ITGA3 11.59 10.69 -1.86 TC1700008228.hg.1
FBX021 8.86 7.97 -1.86 TC1200012083.hg.1
SPRYD3 7 6.1 -1.86 TC1200010788.hg.1
COMMD4 8.86 7.97 -1.86 TC1500007883.hg.1
INPPSA 9.55 8.66 -1.86 TC1000009414.hg.1
ACTRIA 12.82 11.93 -1.86 TC1000011683.hg.1

NNMT 6.06 5.16 -1.85 TC1100009110.hg.1

GNB4 11.75 10.86 -1.85 TC0300013264.hg.1

RPA3 6.36 5.48 -1.85 TC0700010247.hg.1

GPI 11.29 104 -1.85 TC1900011707.hg.1
LGALS8 10.67 9.78 -1.85 TC0100012097.hg.1
PPP3CA 12.42 11.53 -1.85 TC0400011440.hg.1
HIST1H3| 10.18 9.29 -1.85 TC0600011233.hg.1
mar02 9.63 8.75 -1.84 TC1900006895.hg.1
ATP5C1 13.25 12.37 -1.84 TC1000006703.hg.1
fprasibes 77 6.82 -1.84 TC1900009217.hg.1
Sggffl%'? 8.36 7.48 -1.84 TC1400009576.hg.1

190




COX16;

SYNJ2BP
NAF1 8.8 7.92 -1.84 TC0400012987.hg.1
EDEM3 9.3 8.42 -1.84 TC0100016676.hg.1
MRPL9 11.09 10.22 -1.84 TC0100015810.hg.1
MTSS1 10.68 9.79 -1.84 TC0800011713.hg.1
DNAJB12 9.65 8.78 -1.83 TC1000010990.hg.1
LPCAT3 9.16 8.29 -1.83 TC1200009768.hg.1
PUS3 7.76 6.89 -1.83 TC1100012717.hg.1
CORO1B 9.78 8.9 -1.83 TC1100013194.hg.1
UBE3D 6.72 5.85 -1.83 TC0600012428.hg.1
ABLIM3 9.42 8.55 -1.83 TC0500009055.hg.1
FAM127B 10.22 9.35 -1.83 TCOX00011399.hg.1
MARK1 6.04 5.18 -1.82 TC0100011661.hg.1
C210rf33 8.4 7.54 -1.82 TC2100008537.hg.1
ZNF404 5.36 45 -1.82 TC1900011972.hg.1
STRN4 8.69 7.83 -1.82 TC1900011001.hg.1
HIST1H2AB 6.89 6.03 -1.82 TC0600011125.hg.1
ADORA2A 10.45 9.59 -1.82 TC2200009233.hg.1
EXOSC5 5.86 4.99 -1.82 TC1900010746.hg.1
NTHL1 5.14 4.28 -1.82 TC1600009085.hg.1
RAP1GDS1 6.53 5.67 -1.81 TC0400008213.hg.1
PTMS 13.58 12.72 -1.81 TC1200006643.hg.1
SULT1B1 9.03 8.17 -1.81 TC0400010940.hg.1
LSP1P3 7.3 6.44 -1.81 TC0500007016.hg.1
beaacty 16.71 15.85 181 TC1200012636.hg.1
NKAIN2 7.87 7.01 -1.81 TC0600009343.hg.1
KLF4 5.8 4.94 -1.81 TC0900011120.hg.1
CFL2 10.52 9.66 -1.81 TC1400008919.hg.1
ASCC1 9.82 8.97 -1.81 TC1000010980.hg.1
ERMP1 9.23 8.38 1.8 TC0900009470.hg.1
CRAMPL1 7.48 6.63 1.8 TC1600011325.hg.1
I\de\l;(slz;z 9.26 8.42 18 TC0800012386.hg.1
IFT52 10.17 9.32 1.8 TC2000007435.hg.1
GTF2A2 8.1 7.25 1.8 TC1500009621.hg.1
SEPWL1 9.95 9.1 1.8 TC1900008435.hg.1
Clorfs4 9.42 8.57 1.8 TC0100009899.hg.1
TCTA 9.44 8.59 1.8 TC0300007380.hg.1
STPGL 9.1 8.25 1.8 TC0100013323.hg.1
MEF2C 11.84 11 1.8 TC0500011418.hg.1
SSSCAL 8.22 7.37 1.8 TC1100013042.hg.1
HECTD2 6.37 5.52 1.8 TC1000008435.hg.1
TMOD1 7.86 7.01 1.8 TC0900008150.hg.1
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PARP4 10.56 9.71 1.8 TC1300008359.hg.1
EXOSC2 7.74 6.89 1.8 TC0900008967.hg.1
TMEM205 8.91 8.07 -1.79 TC1900011867.hg.1
ZNF608 9.58 8.74 179 TC0500011896.hg.1
PIP4K2A 11.43 10.59 -1.79 TC1000010022.hg.1
C190rf70 6.71 5.87 -1.79 TC1900009394.hg.1
BANF1 11.68 10.83 179 TC1100008049.hg.1
MYOF 14.78 13.94 179 TC1000011445.hg.1
COX8A 11.93 11.09 -1.79 TC1100013027.hg.1
Yvisioe 14,55 13.7 -1.79 TC2000009965.hg.1
ZSCAN31 7.6 6.76 179 TC0600011252.hg.1
KAT7 9.23 8.39 -1.79 TC1700008216.hg.1
AP 11.6 10.76 -1.79 TC1400010741.hg.1
CNRIP1 6.87 6.04 -1.78 TC0200012933.hg.1
TMEM129 7.37 6.54 178 TC0400009747.hg.1
HMG20B 9.6 8.77 -1.78 TC1900006645.hg.1
TSHZ1 5.98 5.14 -1.78 TC1800007696.hg.1
EEF2KMT 7.18 6.34 178 TC1600009260.hg.1
CRISPLD1 8.89 8.05 178 TC0800007995.hg.1
RBMS 11.86 11.03 -1.78 TC0300013829.hg.1
GGA2 7.94 7.11 178 TC1600009737.hg.1
MRPL3 9.54 8.71 178 TC0300012445.hg.1
PLEKHAL 11.26 10.43 -1.78 TC1000009149.hg.1
CALHM2 9.97 9.14 -1.78 TC1000011718.hg.1
LRCH1 8.91 8.09 178 TC1300007104.hg.1
PIGW 7.57 6.74 178 TC1700007636.hg.1
CPTIA 11.13 10.3 -1.78 TC1100011395.hg.1
FBXLL7 7.29 6.46 178 TCO500011655.hg.1
CTNNBL1 14.69 13.86 178 TC0300007136.hg.1
TNFSF12 5.33 45 -1.78 TC1700012185.hg.1
GPX3 8.39 7.56 177 TC0500009108.hg.1
SAMHD1 10.38 9.56 .77 TC2000009023.hg.1
CCDC159 6.99 6.16 .77 TC1900011664.hg.1
WDR47 8.72 7.9 .77 TC0100015180.hg.1
METTL18 6.55 5.73 .77 TC0100016363.hg.1
UBE2D4 8.65 7.82 .77 TC0700007361.hg.1
SPTLC2 13.53 12.71 .77 TC1400009787.hg.1
TMEDS 11.37 10.54 .77 TC0100014947.hg.1
NDUFA10 9.06 8.24 .77 TC0200016787.hg.1
ID1 11.26 10.44 .77 TC2000007083.hg.1
UBR? 7.86 7.04 .77 TC1400010641.hg.1
DDT 9.13 8.31 -1.76 TC2200008203.hg.1
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GOLGA7 11.19 10.37 -1.76 TC0800007414.hg.1
EPS8 9.56 8.74 -1.76 TC1200010038.hg.1
HDAC7 8.12 7.31 -1.76 TC1200010556.hg.1
ELP5 8.81 8 -1.76 TC1700006733.hg.1
PSME1 10.42 9.6 -1.76 TC1400006718.hg.1
JADE3 8.31 7.5 -1.76 TCO0X00007119.hg.1
ANGPTL2 9.26 8.45 -1.76 TC0900011565.hg.1
FGF2 9.55 8.73 -1.76 TC0400008618.hg.1
TYK2 9.6 8.79 -1.76 TC1900009627.hg.1
YBX1 15.86 15.05 -1.76 TC0100008025.hg.1
MECOM 13.97 13.16 -1.76 TC0300013068.hg.1
NOB1 10.41 9.6 -1.75 TC1600010734.hg.1
LAGE3 8.03 7.23 -1.75 TC0X00011204.hg.1
SRI 11.93 11.13 -1.75 TC0700011714.hg.1
ZNF568 7.59 6.78 -1.75 TC1900007957.hg.1
NAPRT 9.2 8.4 -1.75 TC0800012143.hg.1
PARP14 12.98 12.17 -1.75 TC0300008561.hg.1
VPS8 9.49 8.68 -1.75 TC0300009724.hg.1
TRMTIL 7.19 6.39 -1.75 TC0100016685.hg.1
ARHGEF6 8.25 7.44 -1.75 TC0X00010933.hg.1
MCCC1 9.16 8.36 -1.75 TC0300013334.hg.1
CTSF 8.38 7.58 -1.75 TC1100011294.hg.1
TSPYL4 7.05 6.24 -1.75 TC0600012958.hg.1
RPP21 6.18 5.37 -1.75 TC0600014095.hg.1
NDUFAF6 8.18 7.37 -1.75 TC0800012331.hg.1
GIMAPS 11.19 10.39 -1.74 TC0700009675.hg.1
ELP4 7.75 6.95 -1.74 TC1100007185.hg.1
PABPC3 10.16 9.36 -1.74 TC1300006633.hg.1
OTUD6B 8.12 7.32 -1.74 TC0800008197.hg.1
NOV 6.16 5.36 -1.74 TC0800008667.hg.1
PTPN13 6.73 5.93 -1.74 TC0400008041.hg.1
ELOVL4 6.56 5.76 -1.74 TC0600012379.hg.1
SLC48A1 10.06 9.26 -1.74 TC1200012622.hg.1
ACER3 8.48 7.68 -1.74 TC1100008518.hg.1
NDRG4 12.97 12.18 -1.73 TC1600008034.hg.1
GIMAP7 12.07 11.29 -1.73 TCO0700009676.hg.1
STARD7 12.85 12.06 -1.73 TC0200013515.hg.1
RNASE1 17.49 16.69 -1.73 TC1400008606.hg.1
TMEM38B 6.24 5.45 -1.73 TC0900008318.hg.1
FLYWCH1 8.31 7.52 -1.73 TC1600006644.hg.1
TESK2 5.75 4.96 -1.73 TC0100014009.hg.1
PCMTD2 10.76 9.97 -1.73 TC2000009956.hg.1
MTMR2 11.61 10.82 -1.73 TC1100012033.hg.1
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ARHGEF17 9.16 8.38 172 TC1100008382.hg.1
TOMM22 9.83 9.04 172 TC2200007361.hg.1
EXT2 11.06 10.28 172 TC1100007390.hg.1
NAGLU 8.84 8.06 172 TC1700012259.hg.1
STK24 6.76 5.97 172 TC1300009570.hg.1
CNPY3 10.62 9.84 172 TC0600008059.hg.1
ECH1 15.42 14.65 172 TC1900011940.hg.1
DCP2 8.52 7.74 171 TC0500008342.hg.1
MPC2 7.82 7.04 171 TC0100016318.hg.1
ZC3HAVIL 7.8 7.03 171 TC0700012760.hg.1
PGRMC1 11.94 11.16 171 TCOX00008240.hg.1
CHCHD10 8.42 7.65 171 TC2200008186.hg.1
CHMP2B 8.98 8.21 471 TC0300008002.hg.1
ALDH9AL 9.22 8.45 171 TC0100016260.hg.1
MYO9A 5.15 4.38 171 TC1500007763.hg.1
TNFSF12 5.74 4.97 171 TC1700012185.hg.1
C50rf30 6.98 6.2 171 TC0500008233.hg.1
SMDT1 8.64 7.88 17 TC2200009279.hg.1
PSMD11 11.49 10.73 1.7 TC1700007519.hg.1
TST 9.06 8.29 1.7 TC2200008630.hg.1
NDUFB2 8.16 7.39 17 TC0700013468.hg.1
CAV1 16.15 15.38 17 TC0700008873.hg.1
SLC16A4 6.97 6.2 1.7 TC0100015234.hg.1
SHISA4 6.76 5.99 1.7 TC0100011197.hg.1
IPO4 5.84 5.07 17 TC1400010722.hg.1
HIST1H4K 5.79 5.03 1.7 TC0600011227.hg.1
INPP5D 9.45 8.68 -1.7 TSUnmapped00000135.hg
ATP6VOD1 13.73 12.96 17 TC1600010633.hg.1
HSD17B4 11.26 105 -1.69 TC0500013219.hg.1
MRPL44 9.19 8.44 -1.69 TC0200010927.hg.1
C100rf10 11.68 10.92 -1.69 TC1000010482.hg.1
cvel 10.61 9.85 -1.69 TC0800009239.hg.1
NMES 5.78 5.02 -1.69 TC0500012160.hg.1
o o 8.86 8.1 -1.69 TC1600006979.hg.1
PCBD2 7 6.25 -1.60 TC0500013230.hg.1
NUDT21 10.26 9.5 -1.69 TC1600010407.hg.1
JUNB 6.18 5.42 -1.69 TC1900007096.hg.1
Cldorfl 12.09 11.34 -1.68 TC1400009732.hg.1
RPS28 16.41 15.66 -1.68 TC1100008612.hg.1
DGCR14 10.95 10.2 -1.68 TC2200007971.hg.1
GCNT1 7.61 6.87 -1.68 TC0900012141.hg.1
GNB2LL,
SNORDOS; 18.08 17.33 -1.68 TC0500013430.hg.1
SNORD96A
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CXCL16 6.16 5.42 -1.68 TC1700009528.hg.1
CYP26B1 472 3.97 -1.68 TC0200013042.hg.1
YPEL3 11.46 10.71 -1.68 TC1600009952.hg.1
EIF3K 15.05 14.3 -1.68 TC1900008019.hg.1
HSPA4 10.86 10.12 -1.68 TC0500008664.hg.1
SH3GLB2 9.32 8.57 -1.68 TC0900011669.hg.1
KLHL3 7.07 6.32 -1.68 TC0500012145.hg.1
H2AFZ 11.27 10.53 -1.67 TC0400011424.hg.1
BBS2 8.31 7.57 -1.67 TC1600010409.hg.1
H3F3B 12.05 11.31 -1.67 TC1700012470.hg.1
FCF1 7.76 7.03 -1.67 TC1400007688.hg.1
RPL29 12.74 12 -1.67 TC0300011151.hg.1
CLK1 8.22 7.48 -1.67 TC0200015397.hg.1
BLOC1S6 10.96 10.22 167 TC1500010736.hg.1
ADARB1 10.45 9.72 167 TC2100007402.hg.1
GSPT2 6.53 5.79 -1.67 TCOX00007266.hg.1
IGIP 5.9 5.17 -1.67 TC0500008846.hg.1
SRPK1 7.36 6.62 167 TC0600011644.hg.1
VPS35 11.42 10.67 -1.67 TC1600010171.hg.1
STXBP2 6.27 553 -1.67 TC1900011656.hg.1
RNF144A 6.81 6.07 -1.66 TC0200006583.hg.1
MAP3K8 7.25 6.52 -1.66 TC1000007176.hg.1
ACAD11 7.06 6.33 -1.66 TC0300014049.hg.1
CLINTL 111 10.36 -1.66 TC0500012611.hg.1
ZNF827 7.93 7.2 -1.66 TC0400012048.hg.1
MSHS;
S'nggl; 6.48 5.75 -1.66 TC0600007610.hg.1
SAPCD1
MINK1 8.58 7.85 -1.66 TC1700006646.hg.1
HNRNPLL 8.5 7.76 -1.66 TC0200012288.hg.1
cwca? 10.36 9.64 -1.66 TC0500007591.hg.1
EIF3D 13.18 12.45 -1.66 TC2200008611.hg.1
DNAJB2 7.48 6.75 -1.66 TC0200010840.hg.1
LIMS2 7.86 7.12 -1.66 TC0200014181.hg.1
BAGALTS 11.69 10.97 -1.65 TC2000009392.hg.1
open 8.31 7.59 -1.65 TC0700012605.hg.1
PDCL 11.18 10.46 -1.65 TC0900011445.hg.1
GPR107 9.93 9.2 -1.65 TC0900008945.hg.1
IKZF5 9.8 9.07 -1.65 TC1000012090.hg.1
GLS 12.47 11.74 -1.65 TC0200010275.hg.1
DYNLRB1 12.45 11.73 -1.65 TC2000007191.hg.1
TRAPPC4 8.15 7.43 -1.65 TSUnmapped00000459.hg
FBLN2 5.52 4.8 -1.65 TC0300006658.hg.1
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TMEM19 8.13 7.41 -1.65 TC1200012666.hg.1
RRPY 6.13 5.41 -1.65 TC0300011146.hg.1
SMARCD1 11.48 10.76 -1.65 TC1200007595.hg.1
FAM219A 7.43 6.71 -1.65 TC0900009897.hg.1
UBR3 9.28 8.56 -1.65 TC0200009922.hg.1
DESI2 10.66 9.95 -1.64 TC0100012222.hg.1
DCAF7 11.55 10.84 -1.64 TC1700008563.hg.1
FOXO1 11.76 11.05 -1.64 TC1300008688.hg.1
RNF5 10.49 9.77 -1.64 TC0600007636.hg.1
cwe22 9.52 8.81 -1.64 TC0200015099.hg.1
ZDHHC14 8.55 7.83 -1.64 TC0600009980.hg.1
BCLAF1 11.84 11.13 -1.64 TC0600013272.hg.1
SSBP2 8.2 7.49 -1.64 TC0500013336.hg.1
ALDH1A1 13.26 12.55 -1.64 TC0900012245.hg.1
HLA-L 11.84 11.12 -1.64 TC0600007518.hg.1
HSD17B12 12.45 11.73 -1.64 TC1100012992.hg.1
BTBD2 10.89 10.18 -1.64 TC1900009198.hg.1
PLEKHF2 7.48 6.77 -1.64 TC0800008279.hg.1
CYB5D1 7.07 6.36 -1.64 TC1700006774.hg.1
TEAM 10.33 9.62 -1.64 TC1000007701.hg.1
TMOD3 12.81 12.1 163 TC1500007240.hg.1
HK1 8.89 8.19 163 TC1000007891.hg.1
KLHDC3 10.37 9.67 163 TC0600008066.hg.1
SEMAGC 9.77 9.07 -1.63 TC0100015771.hg.1
NRROS 5.06 4.36 -1.63 TC0300013920.hg.1
PLEKHH2 7.3 6.59 163 TC0200007399.hg.1
PIK3R3 8.25 7.56 162 TC0100014040.hg.1
TMEM147 10.54 9.84 162 TC1900007864.hg.1
MGATL 7.88 7.19 -1.62 TC0500013106.hg.1
PCSK5 6.52 5.83 162 TC0900007618.hg.1
VASHL1 9.36 8.66 162 TC1400007732.hg.1
COPE 12.42 11.72 162 TC1900011909.hg.1
MEX3D 5.91 5.21 162 TC1900009172.hg.1
BAX 11.81 11.12 162 TC1900008505.hg.1
SMYD3 7.65 6.96 -1.62 TC0100018045.hg.1
ATP6VIEL 10.87 10.18 -1.62 TC2200007904.hg.1
CELF2 11.14 10.44 162 TC1000006754.hg.1
RPLA41 11.65 10.95 -1.62 TC2200008578.hg.1
STRIP2 7.91 7.21 -1.62 TC0700009089.hg.1
m;;gg 9.63 8.93 -1.62 TC0600007060.hg.1
ELOF1 8.58 7.9 -1.61 TC1900009682.hg.1
PITPNC1 8.15 7.46 -1.61 TC1700008690.hg.1
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TMEM186 5.06 4.37 -1.61 TC1600011478.hg.1
CSDE1 14.72 14.03 -1.61 TC0100015353.hg.1
NARS 10.7 10.02 -1.6 TC1800008779.hg.1

FIS1 8.46 7.78 -1.6 TC0700012044.hg.1
STX7 9.69 9.02 -1.6 TC0600013193.hg.1
DDHD2 9.35 8.68 -1.6 TC0800007330.hg.1
ASXL2 10.09 9.41 -1.6 TC0200016645.hg.1
FBXO9 9.24 8.56 -1.6 TC0600008272.hg.1
DMPK 7.14 6.47 -1.6 TC1900011984.hg.1

PHF20L1 6.82 6.15 -1.59 TC0800008943.hg.1
PATZ1 8.19 7.53 -1.59 TC2200008477.hg.1
MOCS1 6.29 5.62 -1.59 TC0600014287.hg.1
ZNRF3 6.17 55 -1.59 TC2200009246.hg.1

LRRCC1 6.01 5.33 -1.59 TC0800008120.hg.1
UQCR10 8.99 8.32 -1.59 TC2200007035.hg.1
DLL4 9.68 9.01 -1.59 TC1500006981.hg.1
SOCS6 7.88 7.22 -1.59 TC1800007620.hg.1
ATP5G2 14.65 13.98 -1.59 TC1200012798.hg.1
ALG2 10.14 9.47 -1.59 TC0900010995.hg.1
ITGA10 8.36 7.7 -1.58 TC0100015594.hg.1
mg'l-'l—]_lﬁgﬁl?b 7.45 6.79 -1.58 TC0600011135.hg.1
ZNF345 5.99 5.34 -1.58 TC1900007955.hg.1

CCDC102A 7.11 6.45 -1.58 TC1600010453.hg.1
UBE4B 11.66 11 -1.58 TC0100006806.hg.1
CCNI 16.63 15.98 -1.58 TC0400011087.hg.1
GFOD1 8.02 7.36 -1.58 TC0600010853.hg.1
WDR92 7.17 6.5 -1.58 TC0200016681.hg.1
IFIH1 7.83 7.18 -1.57 TC0200014772.hg.1
CRIP2 12.18 11.54 -1.57 TC1400008486.hg.1

PIN1 9.27 8.62 -1.57 TC1900006956.hg.1
APOL2 10.06 9.41 -1.57 TC2200008592.hg.1
RASA4 6.81 6.16 -1.57 TC0700013603.hg.1
BMPER 7.99 7.33 -1.57 TC0700007149.hg.1
ZNF664 8.75 8.1 -1.57 TC1200012723.hg.1
CSRP1 13.54 12.89 -1.57 TC0100016917.hg.1

KIAA1462 8.85 8.19 -1.57 TC1000010192.hg.1
MED22 7.55 6.89 -1.57 TC0900011840.hg.1

SLC25A35 7.62 6.97 -1.57 TC1700009686.hg.1
ATP5B 15.42 14.77 -1.57 TC1200010927.hg.1
SMG7 9.65 9.01 -1.56 TC0100010872.hg.1
SCMH1 8.85 8.2 -1.56 TC0100013854.hg.1
GTF2B 9.36 8.71 -1.56 TC0100014846.hg.1
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LITAF 10.92 10.28 -1.56 TC1600011483.hg.1
YAP1 8.79 8.15 -1.56 TC1100008904.hg.1
MIEN1 8.47 7.83 -1.56 TC1700010584.hg.1
HOXA11 6.19 5.56 -1.56 TC0700010565.hg.1
MZT2B 10.69 10.04 -1.56 TC0200009281.hg.1
st 11.67 11.03 -1.56 TC0900007085.hg.1
ENY2 11.4 10.76 -1.56 TC0800008546.hg.1
PSMB7 12.47 11.83 -1.56 TC0900011496.hg.1
TSPAN4 10.49 9.85 -1.56 TC1100006495.hg.1
SLC23A2 7.82 7.19 -1.55 TC2000008268.hg.1
EMP3 14.99 14.36 155 TC1900011774.hg.1
ARL2 11.96 11.33 -1.55 TC1100013037.hg.1
NUCBL1 14.05 13.42 -1.55 TC1900008498.hg.1
IRS2 6.88 6.24 155 TC1300009765.hg.1
LAMP3 7.65 7.02 155 TC0300013336.hg.1
ZFP36 6.97 6.35 -1.54 TC1900008057.hg.1
CAPNS1 15.79 15.17 -1.54 TC1900007908.hg.1
HOXA2 6.9 6.28 -1.54 TC0700010558.hg.1
CCDC130 7.3 6.67 -1.54 TC1900011673.hg.1
RNF13 11.9 11.29 153 TC0300009147.hg.1
MAPK9 8.88 8.27 153 TC0500013088.hg.1
FERMT2 11.67 11.06 153 TC1400009194.hg.1
PREB 8.26 7.64 153 TC0200012062.hg.1
PKP4 8.86 8.24 -1.53 TC0200009756.hg.1
NFIX 10.36 9.74 153 TC1900007115.hg.1
NDUFA10 10.29 9.68 -1.53 TSUnmapped00000379.hg
FLOT1 9.57 8.95 -1.53 TC0600011381.hg.1
CHPL 14.02 13.41 152 TC1500006994.hg.1
ZNF623 7.56 6.95 152 TC0800009208.hg.1
ARHGEF7 10.42 9.82 152 TC1300008044.hg.1
ZNF704 5.06 4.45 152 TC0800010918.hg.1
SEC14L2 8.04 7.44 152 TC2200009252.hg.1
COPS8 10.87 10.27 151 TC0200011237.hg.1
MICU2 8.14 7.54 151 TC1300008292.hg.1
cD151 13.04 12.44 -151 TC1100006494.hg.1
RNF139 10.09 9.49 -151 TC0800008770.hg.1
LYNX1 9.59 8.99 151 TC0800012087.hg.1
NOP14 7.87 7.29 15 TC0400009791.hg.1
F\’/TPPSF;%; 13.72 13.13 15 TC2000009882.hg.1
UROS 10.1 9.51 15 TC1000012162.hg.1
NECAP1 7.23 6.65 15 TC1200006701.hg.1
ZNF326 9.33 8.74 15 TC0100008996.hg.1
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DOLK 7.26 6.67 15 TC0900011665.hg.1
SMPD1 9.79 9.2 15 TC1100006726.hg.1
NMNATL 7.24 6.66 15 TC0100006801.hg.1
PHYH 8.02 7.44 15 TC1000009841.hg.1
POLR2I 7 6.42 15 TC1900010511.hg.1
WDR458 10.56 9.98 15 TC1700012141.hg.1
KLF11 8.08 75 15 TC0200006674.hg.1
PLRGL1 10.85 10.26 15 TC0400012179.hg.1
RRM1 11.65 11.08 -1.49 TC1100006644.hg.1
KIAA0196 1131 10.73 -1.49 TC0800011731.hg.1
TMEM259 8.85 8.27 -1.49 TC1900009128.hg.1
MRPL55 6.91 6.34 -1.49 TC0100017587.hg.1
ERVK131 7.27 6.69 -1.49 TC1600011465.hg.1
DNML1 7.24 6.67 -1.49 TC0900008851.hg.1
SNORAL7A,
SNORAL7B; 11.12 10.56 -1.48 TC0900011998.hg.1
SNHG7
HSF2 7.76 7.2 -1.48 TC0600009322.hg.1
MED11 6.75 6.19 -1.48 TC1700006640.hg.1
EIF2B1 10.47 9.91 -1.48 TC1200012281.hg.1
TNFRSF1B;
MIR4632; 8.51 7.94 -1.48 TC0100006881.hg.1
MIR7846
e 10.64 10.08 -1.48 TC1400009697.hg.1
PHAX 10.89 10.33 -1.48 TC0500008540.hg.1
NRF1 8.13 7.58 -1.47 TC0700009099.hg.1
DUSPS5 9.41 8.85 -1.47 TC1000008891.hg.1
BLVRB 8.56 8 -1.47 TC1900010708.hg.1
TMUBL 7.4 6.84 -1.47 TC0700013060.hg.1
KCTD21 8.36 7.8 -1.47 TC1100011742.hg.1
KLHL5 1131 10.76 -1.47 TC0400007276.hg.1
PRKD1 7.15 6.6 -1.47 TC1400008816.hg.1
ASBO 5.79 5.23 -1.47 TCOX00011353.hg.1
NCKAP1 12.89 12.33 -1.47 TC0200016757.hg.1
JUND 5.56 5 -1.47 TC1900010009.hg.1
MPV17 138 13.25 -1.46 TC0200012072.hg.1
SRP68 0.84 9.3 -1.46 TC1700011783.hg.1
TPGS2 13.66 13.11 -1.46 TC1800008482.hg.1
ACTN4 14.22 13.67 -1.46 TC1900008020.hg.1
MEPCE 9.54 8.99 -1.46 TC0700008542.hg.1
ARIDSB 8.16 7.62 -1.45 TC1000007761.hg.1
MAD2L2 7.48 6.95 -1.45 TC0100012889.hg.1
'(-:YSS,\?SZBS 12,57 12.04 1.45 TC0600007605.hg.1
CAMK2G 8.41 7.87 -1.45 TC1000011040.hg.1
AGPAT3 6.53 6 -1.45 TC2100007331.hg.1
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TCEB2 7.8 7.27 -1.45 TC1600009137.hg.1
USP9X 11.42 10.88 -1.45 TC0X00007026.hg.1
UTP23 8.75 8.21 -1.45 TC0800008626.hg.1
CEBPG 9.78 9.25 -1.45 TC1900007777.hg.1
CBY1 7.2 6.67 -1.45 TC2200007360.hg.1
TADA2B 7.29 6.76 -1.45 TC0400006712.hg.1
COXx4l1 9.26 8.72 -1.45 TC1600008709.hg.1
VPS72 7.54 7.01 -1.44 TC0100018489.hg.1
IFITM3 17.95 17.42 -1.44 TC1100009657.hg.1
GPR180 6.62 6.09 -1.44 TC1300007731.hg.1
PTPMT1 8.11 7.58 -1.44 TC1100012995.hg.1
RAB4B; MIA-
Eﬁgig 6.1 5.57 -1.44 TC1900011733.hg.1
EGLN2
SLC25A36 8.25 7.72 -1.44 TC0300008989.hg.1
IRAK4 9.4 8.88 -1.44 TC1200007406.hg.1
DGUOK 7.1 6.58 -1.44 TC0200008063.hg.1
BTN3A2 9.58 9.05 -1.44 TC0600007301.hg.1
SFXN3 11.46 10.95 -1.43 TC1000008668.hg.1
SNX7 9.52 9 -1.43 TC0100009176.hg.1
BPHL 5.55 5.03 -1.43 TC0600006659.hg.1
ZDHHC3 9.19 8.67 -1.43 TSUnmapped00000494.hg
3;22’;1‘7 11.65 11.15 -1.42 TC0100013369.hg.1
HSPA2 7.77 7.26 -1.42 TC1400007443.hg.1
SHMT2 13.93 13.43 -1.42 TC1200007866.hg.1
WDR82 11.58 11.07 -1.42 TC0300011158.hg.1
TCF7L1 7.97 7.46 -1.42 TC0200008236.hg.1
ALDH4A1 6.99 6.48 -1.42 TC0100018417.hg.1
GLRX 8.82 8.32 -1.42 TC0500011497.hg.1
ENSA 10.27 9.77 -1.41 TC0100015743.hg.1
SRP72 12.73 12.23 -1.41 TC0400007593.hg.1
NOP10 13.21 12.71 -1.41 TC1500008984.hg.1
AP2M1 12.15 11.65 -1.41 TC0300009693.hg.1
BAP1 5.94 5.44 -1.41 TC0300011167.hg.1
SHISA5 15.67 15.19 -1.4 TC0300011023.hg.1
H3F3AP4;
H3F3A; 13.15 12.67 -1.4 TC0200010021.hg.1
H3F3B
AP4B1 7.34 6.85 -1.4 TC0100015337.hg.1
MYNN 8.39 7.92 -1.39 TC0300009451.hg.1
TKT 12.32 11.85 -1.39 TC0300011200.hg.1
SMC3 11.75 11.27 -1.39 TC1000008896.hg.1
RPL41 15.58 15.1 -1.39 TC0500007434.hg.1
IL18R1 6.04 5.56 -1.39 TC0200016502.hg.1
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COL4A3BP 10.21 9.74 -1.38 TC0500011163.hg.1
PNPLAG 13.38 12.91 -1.38 TC1900011654.hg.1
NDRG3 11.2 10.74 -1.38 TC2000009014.hg.1
RQ,XCS;E4 7.84 7.38 -1.38 TC1400006529.hg.1
TTLL7 8.97 8.5 -1.38 TC0100014743.hg.1

SWI5 571 5.24 -1.38 TC0900008854.hg.1
C160rf70 9.46 9 -1.38 TC1600008144.hg.1
CLDN15 7.85 7.38 -1.38 TC0700012043.hg.1

ABI2 8.47 8 -1.38 TC0200010518.hg.1

SF3Al 10.37 9.9 -1.38 TC2200008434.hg.1
PARP1 8.64 8.19 -1.37 TC0100017528.hg.1
RNF145 10.64 10.18 -1.37 TC0500012642.hg.1

FPGT 6.85 6.4 -1.37 TC0100018233.hg.1

RPL31 13.85 13.39 -1.37 TC0200008632.hg.1

TGIF2 9.12 8.67 -1.37 TC2000009914.hg.1

CEP68 10.3 9.85 -1.37 TC0200007825.hg.1

ACO1 11.61 11.16 -1.36 TC0900006937.hg.1

BTG2 9.13 8.69 -1.36 TC0100011253.hg.1
ANAPC7 10.84 10.4 -1.36 TC1200012842.hg.1
DNAJC21 8.33 7.89 -1.36 TC0500007123.hg.1

REL 9.35 8.91 -1.36 TC0200016452.hg.1
ZNF358 7.62 7.19 -1.35 TC1900011652.hg.1
PLD1 11.64 11.21 -1.35 TC0300013123.hg.1
NEU1 9.44 9.01 -1.35 TC0600011463.hg.1
SRSF3 9.65 9.22 -1.35 TC0600007842.hg.1
WBP1L 12.17 11.74 -1.35 TC1000008750.hg.1
NBR1 10.09 9.65 -1.35 TC1700007942.hg.1
RELL2 5.92 5.49 -1.35 TC0500008902.hg.1
DCTN2 11.39 10.95 -1.35 TC1200010971.hg.1
MED30 6.7 6.28 -1.34 TC0800008641.hg.1

PHF14 8.88 8.45 -1.34 TC0700006715.hg.1
SPTBN1 15.01 14.59 -1.33 TC0200007609.hg.1

UCP2 6.59 6.19 -1.32 TC1100011602.hg.1

MIA3 9.56 9.16 -1.32 TC0100011692.hg.1

FUz 9.64 9.23 -1.32 TC1900012001.hg.1
ZNF322 8.39 8.01 -1.31 TC0600011162.hg.1
APH1B 10.37 9.98 -1.31 TC1500007520.hg.1
RPL15 16.78 16.39 -1.31 TC0300006846.hg.1
MRPS7 9.71 9.32 -1.31 TC1700008897.hg.1
ARMCS8 11.64 11.25 -1.31 TC0300008940.hg.1
CUTA 10.75 10.36 -1.31 TC0600011546.hg.1
PLCG2 8.81 8.43 -1.31 TC1600008607.hg.1
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UBE3A 9 8.62 -1.3 TC1500008751.hg.1
RAD23B 12.72 12.34 -1.3 TC0900008345.hg.1
DEDD 11 10.63 -1.29 TC0100016159.hg.1
NOS3 6.02 5.66 -1.29 TC0700009689.hg.1
HNRNPH2 11.48 11.11 -1.29 TC0X00011309.hg.1
DNAJC30 6.98 6.61 -1.29 TCO0700011499.hg.1
SLK 12.84 12.49 -1.28 TC1000008795.hg.1
C21orf2 6.61 6.26 -1.28 TC2100008357.hg.1
COTL1 11.92 11.56 -1.28 TC1600011060.hg.1
TAF7 9.68 9.33 -1.28 TC0500012271.hg.1
RPS7 15.16 14.8 -1.28 TC0200006536.hg.1
EIF3E 15.28 14.95 -1.27 TC0800012451.hg.1
LNPEP 11.39 11.06 -1.26 TC0500008157.hg.1
ANO10 11.53 11.2 -1.26 TC0300013962.hg.1
RPL41P5 14.17 13.84 -1.26 TC1200011527.hg.1
MPDZ 10.11 9.77 -1.26 TC0900009557.hg.1
PCYOXIL 6.9 6.58 -1.25 TC0500009061.hg.1
KLF8 6.72 6.4 -1.25 TC0X00007390.hg.1
COPS6 11.76 11.44 -1.25 TC0700008522.hg.1
FSD1 5.48 5.18 -1.23 TC1900006685.hg.1
NGFRAP1 12.29 12.02 -1.21 TC0X00008002.hg.1
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