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Abstract

Erythropoietin (EPO) is a hematopoietic cytokine with a multitude of functions,
that are erythropoietic, metabolic or cytoprotective. The erythropoietic functions of EPO
have led to thelevelopment of many erythropoietic stimulating agents (ESASs) that are
recombinant human EPOs (rhEPO) biologic therapies. ESAs have primarily been used to
treat anemia, but have also been investigated to treat ischemic injuries, such as acute
myocardial infrction and stroke. ESAs can vary in their glycosylation pattern that can
affect their pharmacodynamics. Genetic variants in EPO have also been associated with
microvascular complications and anemia in diabetes. In our study we investigated the
regulation of EPO by single nucleotide polymorphisms (SNPs) and post transcriptionally
by intron retention. We explore the poten
ESAs formulationsn vitro. We sequenced the rs1617640, rs507392 and rs551238 SNPs
in EPO in a cardiovascular surgery population. We found the C allele in rs1617640
correlated with anemia and the GG genotype in rs507392 correlated with dyslipidemia.

In anin vitro cell model, intron retention was found to be increased in response to

ischema in brain cells, but not kidney and liver. The variation in intron retention also

shows temporal and circadian chahegds. Epoe
glycosyl ation sites compared to five in da
Ssubstitutions). Epoietin U has similar er.

mouse Epo (rmEpo). In H9c2 these showed a higher degree of proliferatipareointo
darbepoetin U, with Peprotech being in bet
hours resulted in an increase in mitochondrial oxygen consumptiostreBtment with
epoetin U or Peprotech, but nagainstbydrogbne op o et
peroxide, but not against staurosporine or hemin. Taken togethestudy shows

variations in EPO at the various molecular levels have physiological implications, which

require further study.
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Chapter 1 - Introduction
1.1 Geneticvariants in hormoneregulation

Hormones are molecules that acpagsiologicalmessenger® elicit
homeostasi the body: The expression and functiaf hormonesare regulated at
multiple levels, including thepigenetic level, the genomiiNA (gDNA) level,
transcriptional leveli(e. messenger RNAMRNA)), translational leveli. protein) or
through post translational modificatio(lTMs). Epigenetic modifications can include
changes to DNA methylatioacetylation, sumoylatiormistone modification,
nucleosomewvailability, heritable variation or acquired that alone or together affect
mRNA ormicroRNA (miRNA) expression and translatiéf Portela and Estier
provide a detailedeview of epigenetic modificatiorfsHerein, we will focus on the

variants at the levels of gDNA, mRNAndproteinfocusing orPTMs

1.1.1 Hormone regulation through genomic DNAelements

Hormones arencoded by gnesthat arecomposed of miltiple structures that
affecttheir regulation and/or their protein produdtertebrate genes are typically
composed of short exons (approximately 170 nucleotides (nts)) and longer introns (>300
nts)#® The exons are the coding regidnghe final proteirproduct. Typically, exon 1
contairsa  Stéanslated region (UTRyhile the lastexon contara 3 6 TUer R.
UTRs are not translated into the protpmduct butcontaincritical regulatory elements.
The 56 UTR of e uk aorstgrioccodoncchogeamcerecruitment afthe t i ¢ a l
mRNA to the ribosomé.The 56 UTR i s ended Bkhatbagihnse tr ans

thecoding regio The 36 U Tdi&-elenentd tlai recsit RNAinding proteins



that regulate mMRNA fatéranslation, proteiprotein interactions (facilitated by co
translational protein complex formation) and compartmentalizdfioh.e 30 UTR i s
adjacent to théerminationcodon that ends the coding region and costée code for

the polyadenylatedgoly (A)) tail 8

Geneexpression is regulated by multiple elements located either upstream or
downstream of the gene. The promoter region is typically located upstream of the gene
andcontains elements that regulate transcription initiatibime promoter contains a
TATA box of approximately 2%base pairshp) upstreanof the transcription initiation
site, which is surrounded by Gfich sequences. Other elements found in the promoter
region includeB recognition element (BRE)ranscription factor (TF) recognition
elements, initiator sequence (at the start of transcription), downstream promoter elements
(appr oxi ma of@dnscripto initmgon skgand theCCAAT box (56200 bp
upstream}hatbinds multiple TF$. Other regulatory elementsuch as enhancers,

silencers and insulatorsan act on the promoter to regulate gene expression.

Enhancers, silencerand insulatoelements can bes or trans-acting® Cis-
acting elementare located in close proximity to the gene, vélastrans-acting elements
act on distant genéd 13 Enhancers are ticated bythe binding of one or more TFs and
TF co-factors that together coordinateactupon thepromoter tanitiate gene
transcription. Enhancers are important in regulating tispeeific gee activation, wit
some genehaving different enhancer@n combination with TFsjlepending on the
tissue. Silencers act to repress gene activity by either looping their target promoter or
competing with TF bindindpr the promotesite Some genes also havesulatorghat

are boundaries in which geregulatory elemestreside!® Togetherthese regulatory



elements ensut@e proper expression of a geméhin appropriatecellular context

1.1.2Transcriptional regulation of hormones
1.1.2.1 RNA splicing

Precursor mRNA (prenRNA) is generated by transcription from gDNA and
containshoth introns and exons. Splicing of the-pt&NA typicdly results in the
removal of introns to form the mature mRNA.mature mRNA will alsdhave a 7
methylguanosine (m7G) cap (commonly reded t o a s andia poly@ Ytail that )
aidsin translation and mRNA stability. Splicing is perfomed by the spteosome and
is a highly regulated process reguiyrbothcis andtrans-acting elements. The introns of
premRNA contain three kegis-acting elements for the recognition of the spigmme:
1) exon/intron junction, also known as the splice site (SS), 2) the branch point sequence
(BPS), and 3) polypyrimidine tract (PTT). TBeS i s | ocated at the 56
intron. The BPS and PTT are located upstreéitnh e 36 SS, with the PTT
bet ween the BPS and 306SS. The most common
CAG/GURAGU Inthe3 t o + 6 p o0 s condersus sequercé is recognises by
WatsonCrick base pairing by the small nuclear RNA (siRNh the small nuclear
riboruc | eoprotein (snRNP). For the 36SS, the
AG/G thatarerecognized along with the PPT by U2AF65/U2ARZ8endimers.1®
Additionally, enhancers and silencers aieacting elemerstin the premRNA that
regulate sficing. Enhancers include the exon splicingpa@mcer (ESE) and intronic
splicing enhancer (ISE). Silencers include the exon splicing silencer (ESS) and the intron

splicing silencer (ISS). Secondary structures formed by theRMEA are also



implicated in splicing regulatiotf.

Thecis-acting elements recruttans-acting elements that enhance and/or silence
splicing. Enhancers are generally regagd by poteins inthe serine/arginineich (SR)
family and facilitate splicing by interacting with the spliceosome. Silencing elements are
generally recognized the heterogenous nuclear RN#otein(hnRNP) family. The
exact mechanism of inhibition has not been elucidated, but is hypothesized to repress

splicing by steric hindrancé’

The splicesome is a metalloribozyme, muitiegaDaltorribonucleoprotein
(RNP) that caalyzes the splicing of prsiRNA. The splicesome § comprised of RNA
components ands many a200 proteinsncorporatingiwo catalytic metal ions (Mand
M2). The proteins in the spliosome can be categorized into five clasggsridinerich
RNPs (U1, U2, U4, U5 and U6 snRNP2) NineTeen complex and NineTerslated
complex, 3) various splicing factors, 4) RMependant ATPadeelicases, and 5) other
regulatory and awiiry proteins including kinases/phosphatases and pejpiidiyl

isomerases (PPISj.

Assembly of the spliceosonmevolvesmulti-stepedrecruitment of the various
components and conformation changes. Splicing is initiated by the binding of the Ul
snRNP tothe intran§ 6 S S a ngdacterfd (SF19 binding to the BPS region and
heterodmer U2AF65/ U2AF35 to the PBfliccosomef orm t h
recruitments facilitatedby Complex Eadsthgas a br i dge t o bring t he
the intron in close proximity”*2°Splicing occurs through a sequeméeecruitments
and conformational changesh at ul ti mately result in the s
t he 30 S Bandehtaificatiam reactions. The eratoduct is aintron lariat
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(spliced out intronjhat joinsthe exons to generate the mature mRNA. Véalal 1’

provides a detailed revievof themajorspliceosomassembly.

There als@xistsa minor splicesome that recogres approximady 0.5 % of all
introns. The minor spli@some contains four specific SnRNPs (U11, U12, U4atac and
U6 atac correspaling to U1, U2, U4 and U6 in the naajspliceosome, respectively).
Although there is variation ithe snRNPs, the major and minor spb®eme share
similarities in secondary structurésWhereas the major spéesome isprimarily
located in the nucleus, the mirgpliceosoménas been detected in the cytoplagrand

thissuggest at least some splicing occurs in the cytoplasm.

1.1.2.2 Alternative splicing

Alternative splicing $an important regulatory mechanishowing a single gee
to result in muliple gene products. Alternative splicing is more prevalent in higher
eukaryotes and aids in explaining the increased protein conypleiiitout a proportional
increase in genome siZ&.In silico analysis predied that as much a$% of human
genes have multiple splice forrffs?® Yet, high-resolution spectrometry has only detected
isoforms inapproximately37% ofgenes® This discrepancy could be due to over
predictionin silico, low abundant isoforms not being detected using the-tagblution
spectrometryor notall splice variants producingdifferentproduct. Regardless, both the
in silico and highresolution spectrometry demonstrdtatalternative splicing is

common in the human genome.

Alternative splicing is aessentiamechanisnof developmenand adaptation

with both time and tissue specificfRNA-sequencing (RNASeq)experiments have



shown over 400 differgial splicing events between embryonic and adult mouse cortical
cortex, with 31% of these geneshibitingno change iverallgene expressiof.
Alternative splicinghas also been showniterease with agm humang® and response

to nutrientrestriction suggesting that alternative sjtig is physiologically responsive t

stimuli and developmeal programs? 32

There are five main types of alternative splicingcdgsette (exon)
exclusion/inclusion, 2llyexdusive exons,t4) akematibed
promoter and polyadgtation sites, and 5) intron retention (Figure 1% Three main
elements influencelternative splicingl) strength of the SS) 2is-regulatory sequences
in the premRNA thataffectexon recognition, and 3) levelstodns-acting factors, such
asRNA binding proteinsRBPS and splicing factoré’ The strength of the SS is
determined by their sequence with consensus sequence being considered strong SS.
Strong SSs lead to constitutive splicing resulting in the exon being included in all
transcripts. Weak SS requsreis-acting sequences, suchsdicing enhancerd{Es and
ESES$, and appropriate cellular context to be recognized by the splicésdinete has
been significantly more study into the first four forms of alternative splicing, whereas

intron retention has only recently hegto be studied imammals.

1.1.2.2.1 Intron Retention

Intron retention is a form of alternative splicing that results in mature mRNA
retaining one or more introns. Intron retentasinitially consideredo only occur in
plants, fungi orviruses but hasow been described asimportant mechanism of gene
regulation in mammaf¥:3® Transcriptomics studies haidentified that50%to 80% of
multi-exonic genestilize intron retention in vertebraté$3’ Intron retention hashown
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Figure 1.1- Different types of alternative splicing.

Exons are shown by rectangles and introns by solid lines. The constitutive splicing is
indicated by the lines joining exons above the transcript. The alternative splice form is
shown below the transcript by liggoining the exons that are joined. A) Cassette exon,
B) alterative splice sites, C) mutually exclusive exonsai@ynative
promoter/polyadenylation, E) intron retentioGreated with BioRender.com



tissue specificity and changes duritgyelopment>36-3839 Although intronretention in
mammals has been neglected until recentlg,bking demonstrateaks an important form

of alternativesplicing.

Intron retention is an evolutionary conserved mechanisposttranscriptional
gene regulatiod®9 Intron retention has been shown to affect similar biological
processes between mouse and hutfdi*! Cross specieanalysishas showran inverse
correlation with the number of intrenetaining genes and protein coding genes,
suggesting its a mechanism to increase transcriptomic complexity. Additionally,
retained introsare more commay found proximalot h e  3odhave RMIRNA
binding sites, suggesting an indirect gene regulatory mechamieogh miRNA.This
suggestintron retention may have evolved as a mechanism of gene regulation to

improve adaptation of organisrfrs.

There are characteristics that are common among introns that are retained.
Retained intronare typically short, withh i gh GC cont ent a%Wt weak
In addition to the characteristics of the intron, an increased GC content of the flanking
exon,theratio of the length of the intron to flanking exons éimelposition of the intron
in the genaffectintron retentiorf® Both the intron and flanking exons tend to have
moreRNA-associategrotein binding sites for enhancers and repressors. A decrease in
splicing factos, such as SR proteins, orisppsome subunits (such as Ul and d&)
associated witincreasd intron retentiorf® A slower elongation of RNA Pol lkuch as
with secondary struares causgby the high GC contertavours intron retentioff:4142
High CpG density or reduced CpG methylation also favours intron reteristones

canaffect intron retention, with H33K36me3 histone nfm@dtion being associated with

[=
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increagdintron retentiorf®4® The cooperation of the epigenetic and splicing machine
accounts for the mechrisms of approxinately 20% of introrretention event®> Though
we have gained a great deal of insight into intron retention recently aitesytd|

significant gaps in our understanding of this important gene regulatory mechanism.

The fate of intron retining transcripts is also varied. Introgtaining transcripts
canbe 1) degraded?) heldin reserve to be translated later 3)generate new protein
isoformsentirely (Figure 1.2) Intron-retaining transcripts can either remain in the
nucleus $gometimes refeed to asntron-detained) obeexported to the cytoplasf®
Intron-retaining transcripts that are exported to the cytoplasm can be degraded by
nonsensenediated decay (NMD) if a premature termination codon (PTC) is pr&sént.
Other intronretaining transcripts that are exported to the cytoplasm have signals in the
intron that can specify subcellular localizat®mr may be translated to form new protein
isoforms®>>3Intron-detained transcripts theemain in the nucleus until a stimulus is
applied, can be viewed as a reserve of mMRNA. Once a stimulus is applied it can either
cause splicing of the intron to form the canonical protein or be exported to the cytoplasm.
Neurons have been shown to usidn retention to retain a reserve of intr@taining
MRNA for their larger mRNAs, which likely aligns defensively with any fluctuation of
critical metabolic substrate bioavailability. The retained introns are promptly spliced out
during neuronal activadn, which allows for a more rapid response than generdéng
novomRNA>* Therefore, intron retention is an important mechanism intfinéng

gene regulation and adaptation to maintain homeostasis in sensitive/precious cell types.

Hypoxia has been shown to increase intron retention. Ma&mnal?® induced

hypoxia (1% oxygen) in HCT116 (human colorectal carcinoma) cells and found an
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Figure 1.2- Intron retention is a mechanism of posttranslational gene regulation.

The premRNA with introns and exons is produced by the transcription of the gDNA.
PremRNA is spliced to remove introns and addshé c ap and pol y(A) tai
to the cytoplasm for translation to protein (IE). Intretained transcripts retain one or

more introns and have a 50 -rtapedtansdiptaanp ol y (
be held in reserve in the nuclgadso referred to as intreshetained) until a stimulus is

applied. The stimulus can cause the irtretained transcript to either be spliced and

then exported to the cytoplasm for translation (A) or exported to the cytoplasm with the
intron. If the inton is retained in the cytoplasm the transcript can either by decayed by
nonsense mediated decay (NM[ZT), or is translated into a new protein isoform (B).

Created with BioRender.com
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overall increase in intron retention. That increase also resulted in a decrease in protein
content. This led the authors to conclude that mMRNAs are beindpaekdrom

translation until cells are in favourable conditions as a means of conserving emengy

acute hypoxic exposure. Introns have also been shown to be important in nutrient
deprivation. Parenteat aP® developed a budding yeast that lacked introikhough

the yeast were viable under normal growth conditions, they were not able to tolerate
nutrient withdrawal compared to the introantaining yeast. This reinforces that ingon
have a highly conserved role in adaptation to stress. Although further study is needed,
intron retention may be a mechanism that helps with adaptation to environmental stresses
or pathological conditions, such as ischemia that boasts elements of both nutrient

deprivation and tissue hypoxia.

1.1.3 Translation and posttranslational regulation of hormones

The m7G 506 cap Aadsihtheribasane ecognitian Bflthe
mRNA to allowtranslation initiation* Translational controls amssential tensure the
MRNA is accurately translated to a protein sequeAd®rrantlytranslated proteins can
result in altered or misfolded proteins, which can impact their funoti@ontribute to
the unfolded protein endoplasmic reticulum stress response pathRénpsome
associated proteiiiquality control systes fave evolved to control the biogenesis of
functional proteins.Theseregulatorysystens can include folding chaperones, conoDl
translationarate or fiquality controb of the polypeptides produc@d> Many proteins

will also undego PTMs that are important in their lo@liion and functios¥ 62

There are over 700 proteins that are known to undergo over 2@aliffgpes of

PTMs562 PTMs are important to allow cells to rapidly respond to extracellular stimuli
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or insults to ensure homeostasis is nmaan@d. PTMs can be divided into two main
groups: 1) addition of chemical gnosi(enzymatic)or 2) formation of covalent lirdge
(nonenzymatic) Theenzymatic PTMsncluded glycosylation phosphorylation,
detyrosination, ubiquitination, hydroxylatioagetylationor methylationoccurringat
specific amino acidsThe machinery that regulates the site spatjfand abundance of
enzymatic PTMs can be refed to as writers (addition) or erasers (removahe
formation of covalent linkage includes ubiqnétion, and SUMOylatiorandocaurs on
monomeric or polymeric protein moietié¢orn-enzymatic PTMs are thougto be
generated spontaneously between nucleophilic amino acids and electrophilic metabolites
However there is some evidenoé nonenzymatic PTMegulation by secondary
enzymatic processe®:5*Due toalarge amount of PTMa full review isoutside the
scope of this thesis, but many are reviewed by Jeneing$! and Buuhet al®®
Phosphorylation and glycosylation are among the most common forms ofPards

will be discussed briefly here.

1.1.3.1Phosphorylation

Phosphorylatioris mediated by phosphate kinases and phosph&fases.
Phosphorylations one of the most common forms of PTiigh an estimated one third
of protein at any given time being phospheigti®> Phosphorylation playa rolein
almost all cellular functiamincludingmetabolism, cell cycle and apoptosis. The
majority of phasphorylation sites are dBerine §el, Threonine Thr) andTyrosine {Tyr)
residue$®% The biological functioaof phosphorylation are vast and can include
allosteric regulation of stability and activity or recognition by ubiqgtliiase.

Phosphorylation may also enhance or antagonize tandem PTisrefore

12



phosphorylation is an important form BTMs that can regulate hormones.

1.1.3.2 Glycosylation

Glycosylation is another importaRTM with an estimated 20% of proteins being
glycosylatec?* Glycosylationis responsible for the stability dfunction of many
cellular processesaddng morno- and oligosaccharides to proteins. Tharethreetypes
of glycosylation:N-linked glycosylationO-linked glycosylatiorandC-linked
glycosylation N-linked andO-linked glycosylation are the most common glycosyl&fion

and will be the fous here.

N-linked glycosylatiomactson Asn residugthrough the nitrogen atom in the side
chain®%61.%% Generally, the Asn residue is found in the consensus sequeXes/N
(where X is any amino acid except prolif&N-linked glycosylatiorcommonly occurs
in the endoplasmic reticulu(ER) where a core glycan witiracetylglucosamine
(GIuNAC) is transfered to the proteifi®®>67 Although most mature Mdlycars will have
the core pentasaccharide structure, they can vatyunturedepending on cell type,

protein localization and protein sature®®

O-linked glycosylation acts on the oxygatomon Seron Thr residue$® O-
linked glycosylation commonly occuirs the golg?’ where Nacetylgalactosamine
(GalNAc) is transferred to the protéih®® The glycan transfer is facilitated 16
GlcNAc-transferas¢OGT) and can be reversed ©yGlcNAcase (OGAY? O-linked
glycans do not shareumiversal core but the most common type is migie %° The
variations in botiN-linked andO-linked glycosylation plays a signifact role in the

stability and fustion of many glychormones, such as erythropoietin (EP&.5°
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1.2 History of Erythropoietin

In 1863, Jourdanatas the first tabserve an increase in hematocrit (Hct) in
peopletravdling to the high altitudes in MexicBity®°, linking erythropoiesis with high
altitude. The increase in Hct at high altitudes was also observed in travelers to Peru by
Viault in 18907° Carnot and Deflandre hypothesizedl906there was a humoral factor
responsible for the inct@amsreadt HandcRéfl lean di
hypothesis was confirmed and renamed erythropoietin (EPO) by Bonsdorff and Jalvisto

in 194872

Theobservatiorof lower body hypoxia in anemolycythemigpatients led to the
search for the organ responsible for EPO producti@ngansbelow the diaphmgm.”>"*
At the time t was assumed only one organ was responsible for the production of EPO. In
1957 Jacobsoret al.”® published their ablation study that suggested the kidney was the
source of EPO. However, also in 198Mrand and Prentic& showed the presence of
plasma EPO in nephrectomised and splenectomised hypoxic ratsstiugtfee kidney
couldnotbethe sole organ responsible for EPO productibimdings byJacobsoret al
garnered more attenti@nd were reinforced by the clinical association of anevitla
chronic kidney disead€KD), so thekidneywas enshrinedsbeingthe nain, if not the
sole producer of EP@f significancefor over60 years.However it has since been
discovered that EPO is expressed in many tissues including brain, liver, spleen, lungs,
testis, and ovarieand has diverse paracrine and hormone function beyond erythropoietic

regulation’’

EPO was first purified in 1977 frotheurine of patients with aplastic anemi&
TheEPOgene was cloned in 1983andled to the ability to produce recombinant human
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EPO (rhEPO) in Chinedemamster ovary (CHO) cells. rhEPO was first used to treat
anemia in CKD in 1982° receivingFood andDrug Administration (FDA)approval in

1989, andater approved for anemia from gigsuppressive chemotherapy in 1§93.
SubsequentlyhEPO has been investigated for use in other forms of arserdas a

cytoprotectanto ischemic injurie$?83

1.3 Evolutionary conservation of EPO

EPOdemonstratebiological crosgeactivity amongst mammafié 87 suggesting
it is evolutionarily conservedhe humanEPOgene show91% similarity to monkey
EPOand approximately5% similarity to mouse and r&po (Figure 13). The protein
also shows a high degree of conservatiath the human EPO protein having 90%
similarity to monkey EPO and 82% to rat and 80% to m&%Sehe conservation also
extends to theis-acting regulatory elements that regulgafO expressionincluding
enhancers®® 2 The high degree of conservation has facilitateditherapeutic
translation of animal model wodnd applied cell and molecular saesto substantial

humanbenefit

1.4Regulation of Erythropoietin

1.4.1 Molecular response to hypoxia

EPOis transcriptionallyupregulategrincipally by the partial pressure of oxygen
in tissues thaarepredominately seiits/e to changedermedtissuehypoxiamost
commonlycaused by a low level of oxygesuch as seen at high altitudes or in certain
diseasgathophysiolog. Hypoxia activaes cellular pathways that increase

erythropoiesis, angiogenesis, gmdmoteiron bioavailability®® The cellular response to
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Macaca mulatta ACHJARIGA[ACT TT IGCAAACTCTTCCGAGTCTACHCCARSIYS
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Figure 1.3- EPO mRNA is conserved from mouse to human.

Multiple alignment based on cDNgequences from human (Homo sapiens,
NM_000799.4)Rhesus monkey (Macaca mulatta, NM_001042736al)Rattus

norevegicus, NC_051347,Bnd mouse (Mus musculus, NC_041756.1). cDNA

sequences were obtained from GenBank. Alignment was generated usingeg_Coff
Multiple Sequence Alignment Server (tcoffee.crg.eu) and visualized in Multiple

Alignment Show (www.bioinformatics.org/SMS/multi_align.html). Nucleotides

highlighted in black are conserved across all species and grey is conserved in most of the
speciecompared to humans based on the alignment of the codons.
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hypoxia is regulated by the prolyl hydroxylase (PHD) and hypimdacible factors

(HIFs). PHD isa norheme, irorcontaining dioxygenase that requiresx@jlutarate (2

OG), iron andbxygen (Q) for its catalytic activity”* PHD has three isoforms, PHD1,

PHD2 and PHD3 that show differences in tissue expression and fuffidmockout

mouse oPhd2is embryonically lethal between E12.5 and E14.5 days due to cardiac and
placental defects. mockoutmodels ofPhdlandPhd3were viable and show toleranie
ischemia albeit with exercise intolerance and sympathetic nervus system (SNS) mediated

reductions in resting blood pressure phenotype, respectfvely.

HI'F has three isofor ms, HI F1, HIF2 and
subunit. The HIFD hanit is also known as hydrocarbon receptor nuclear translocator
(ARNT), which has three paralo§%.The different roles of eaadf the ARNT paralogs
remains to be elucidatdd.HIF-1 b i s c¢ g exprésset andl dinveezes with one of
t h esublhits, HIF1 U, -2HX For-U HI tF@ 41 ,dHiFor HIFE, respectively.

TheHIFU subunits show tissue specificity, whi
HIFs. HIFL U i s wubi q udandraspdnsible éoxvascuasasdemetabolic
response to hypoxi@HIF-2 U expression is more restricti
in the brain, heart, lung, kidney, liver, pancreas and intesfif@HIF-2 U pl ays a maj
role in regulating erythropoiesis and iron metabolism in response to hyfokikE-1 U

responds quickly to hypoxia exposure and is more transidft2H) r esponds sl ow
hypoxia comparedtoHHE U but remains stabili Z2%Téhe f or | c
roeof HIFBU has not been well established, but
negative regulationof HE U an-d@UHt Fr ough co-mpebidongfor

Early literature focused on the role of HIF1 regula®iRO, however, it was later
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determined that HIF2 was principally responsibleE®Oinductioni®?

Under normoxic condition®HD hydroxylates HIF at two proline residues
(P402 andP564 in HIF2 Y1 The hydroxylation of HIFUpromotes the ubiquitination
at one or more lysine residu@532, K538 and/or K547) by E@biquitin ligase (elongin
B, elogin C, cullin 2 and ringbox 1) mediated\vamyn HippelLindeau pVHL). The
ubiquitinationof the HIFU subunit targets it for degrada
(Figure 14).%° Additionally, factor inhibiting HIF (FIH), another Qlependant protein,
hydroxylates asparagine (N851) in theée@minus of HIFU . Hy drbpBtHy | at i on

prevents binding of the transcriptionalactivator CREBEP300%

Under hypoxic conditions, the decrease pmrfactivates PHD and FIH
hydroxylation of HIFU . Wi t h oxylationt HIFdd hHysdmot ubiquitina
in its stabilization The stabilized HIFD h et er odi melrbi zzes fwirtmh HHIFF
complexand translocates to the nucleus, therein binding to the hypoxia response
elements (HRE) (Figure4). HREs are conserved sequences composed of the
nucleotides [A/G] CGTG that are found in the promoters of many genes that respond to

hypoxia, includingePO, HMOX1, VEGRandGLUT1.10°

HREs are found in a multitedof genes that are involved in erythropoiesis (ex/
EPO), angiogenesis (eXEGF and iron metabolism (eXfRandHMOX-1) that lead to
increased oxygen capaciy:% Iron is necessary for proper erythropoiesis, as well as
many other functions, and can be obtained from dietary iron or from recycled cellular
iron. In response to hypoxithe HIFs increase heme oxygenase 1 (HMOXhat in
macrophagesecover heme from phagocytized erythrocytes in the spleen and®fiver.
The HIFs also increase transferrirfi) that transports the recycled and absorbed iron in
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Figure 1.4- EPOtranscription is regulated through HIF2.

Under normoxia (left, blue) the oxygen sensing enzyme prolyl hydroxylase (PHD) binds

and hydroxylates HypoximducibleFa ct or 2 U ( HI F 2Hippe) Lindau | o wi n g
(VHL) to wubiquitinate HIF2U, resulting in
hypoxia(right, red) oxygen is not present to bind to PHD preventing the hydroxylation

of HIF2U, thus preventing theabpreotbe amslo mal H
and translocates to the nucleus, whereHttecomplex binds to hypoxia response

elements (HRES) resulting in the transcriptioie®O. Created with BioRender.com
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the blood to bone marrow to be used in erythrocyt§8i€® HIFs decrease hepcidtf?
promotng the release of recycled iron from macrophatfemnd increases iron absorption
in the smdlintestine. Together, this results in an increase in iron bioavailability to

enable erythropoiest§®

1.4.2 Erythropoietin gene regulation

The humarEPOgene is located on chromosome 7g22.1 and consists of five
exons and four intrond! TheEPOgene has two enhancer sequences that contain HRES,
the kidney inducible element (KIE) afider inducible element (LIE), located upstream
and downstream, respectively. The KIE is located between 9.5 daldlddse kb) 5 of
EPOand the LIE is located WinhhtheO0O53 kbomot
regionof EPOthere are GAR-2andNFe B bi ndi ng -2andiNEesB. a cGA Taks
suppressors dPOand their binding is reduced during hypoxia (Figure,1*%hough
NFFeB can al so synergi ze wi tirhvitrdbanginoviwd a t o dr i
when hypoxia and inflammation are concomitafit:*>but this could vary by gene or cell
type!'®* NFFe B can also be activated in the EPO s
This suggestthattheroleof NFe B may be context dependant o
other factors to regulatePO expressionBetweenthe HRE and inhibitory sequences,
EPOtranscription is upregulated in response to hypoxia by up tdd@@n vitro''’ and
approximately 100dold in vivo.'*® However, EPO levels have been implicated in
circadian rhythri'® as well as respating to nutrient deprivation without changes to
oxygen*?° Therefore, there may be additional regulatory mechanisi&®®0fthat are as

yet unknown.
In addition to transcriptional regulatioBPOhas also beerevealel to possess
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Figure 1.5- Human EPO gene and its regulatory elements.

Two HRE sequences (green) are found upstream (KIE) and downstream (LIE) that act as
enhancers dEPQO. Two inhibitory binding sequences (red, GATAanddlB) ar e
located in the promoter region. EPO has 5 exons (E) with the E1 and E5 containing
56UTR 6dUTR, 3 r e s p eading kegdnsg/are shownNas black lines with the
introns denoted by ICreated with BioRender.com
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some postranscriptional regulation. The peak steady state of MRNA is approximately 8

hours after induction of hypoxia in H&8B cells (hepatocellular cells), after which mRNA

levels start to decreas¥. However, EPO protein levels continue to increase for 24 hours
suggesting at least partial pasinscriptional regulation &PQ.2! Erythropoietin

MRNA-bi ndi ng protein (ERBP) bindsEROo a seque
ERBP aids in stabilizing the mRNA and irases its halife.1?2123 Thus far, ERBP has

only been identified in Hep3B cells and its prevalence in other cell types in unkmown

working in concert that remain to be defined

1.5Physiology of Erythropoietin

1.5.1 Structure of Erythropoietin
Human EPO is a 30.4 kiloDalton (kDa) glycosylated hematopoietic cytokine.

EPO belongs to a family of helical cytokines that include growth hormone, prolactin,

interleukins 27, G-CSF, oncostatin M, leukemia inhibitory factor and ciliary
neurotrophic factot?¥ 12’ The immature polypeptide is 193 amino acids, which includes
the 28 amino acid signal peptide (Figaré)1?® The mature EPO peptide consists of 165
amino acids with threN-linked glycans (Asn24, Asn38, and Asn83) and Oreked
glycan (Ser126)igure 1.6 andrigure 1.7)'%° Glycosylation of EPO accounts for

approximately 40% of it molecular mass and is critical for its stability and solutflity.

EPO has fouantiparallel amphipat c-helital bundis (A, B, C and D) and a
shofhel Ux segment (B6&6) that is critiAkal for
disulfide bond between Cys7 and Cysl161dih&lices A and and pack themagainst

the B and C helice@igure 1.7)'3! This configuration results in a hydrophobic core and
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Signal Peptide

Homo sapiens 40
Macaca mulatta 40
Rattus norvegicus 39
Mus musculus 39
Homo sapiens 80
Macaca mulatta EEERNESS:NHNNNY 80
Rattus norvegicus REGHRFEGSESNNLHY 79
Mus musculus 79
Homo sapiens 120
Macaca mulatta 120
Rattus norvegicus 119
Mus musculus 119
Homo sapiens 160
Macaca mulatta 159
Rattus norvegicus 159
Mus musculus 158
Homo sapiens 193
Macaca mulatta 192
Rattus norvegicus 192
R SRR T D TFMKLFRVYANFLRGKLELYTGECREG DR 191

Figure 1.6- Protein sequence is conserved from mouse to human

Multiple alignment based on predicted peptedicted bycDNA sequences from

human (Homo sapiens, NM_000799 Rhesus monkey (Macaca mulatta,
NM_001042736.1)rat (Rattus norevegicus, NC_051347drd mouse (Mus
musculus,NC_041756.1). Peptide sequences were obtained from GenBank. Alignment
was generated using T_Coffee Multiple Sequence Alignment Server (tcoffee.crg.eu) and
visualized in Multiple Alignment Sho@www.bioinformatics.org/SMS/multi_align

html). Amino acids highlighted in black are conserved across all species and grey is
conserved in most of the species compared to humans. The regierpobtin or signal
peptide are indicated by the bars above the alignment. * denotes sites involved in low
affinity binding site # indicatesN-linked glycosylation sites and § indicates @winked
glycosylationsite
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Figure 1.7- Structure of EPO protein with glycosylation sites

EPO protein consists of folikhelicalbundles( A , B, C and D) and a
Disulfide bonds link helixes A and D and pack them against the B and C helices to make
a hydrophobic core. EPO has thidénked glycosylation site(Asn24, Asn 38 and

Asn83) and on®-linked glycosylation site (&126). GIcNAc#-acetylglucosamine,
Neu5Ac=N-acetylneuraminic acid (sialic acid), GaINAg-acetylgalactose. Structure
generated usingroteinHomology/analogy Recognition Engine (Phyre) v 2.0 and
visualized using Mol*3D Viewer at protein data bank (PDB, rscb.orgi@d). Glycan
structuresadded usindggioRender.com
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is a shared confirmation to other helical cytokitiésUsing sitedirected mutagenesis

Wenet al® identified two patches of surface amino acids that affected binding to the
EPOR. Residues at the helixAR loop interface are part of a higtffinity receptor

binding site. A lowaffinity binding site comprises of residue Valll, Argl4, Tyrl5,

Serl100, Arg103, Serl04 and Leul08. These residues are conserved amongst mammals

(Figure 1.6).

1.5.2 The eythropoietin receptor (EPOR)

EPOR is a 66 kDa glycoprotein that belongs to the-tygdokine receptor
family.132 The EPORgene is composed of eight exons and senearis. The
extracellular domain is encoded by exors, the signal transmembrane domain is
encoded by exon six and the intracellular domain is encoded by exons seven and
eight1®13* The EPORgene is transcriptionally regulated by GATA® and sterrcell

leukemia (SCL) protei®® The final protein is translocated to the plasma
membrang37138

EPORhas been shown to have multiple splice forms, including a splice variant in
which intron five is translated into proteif#:*3* The insertion of intron five causes a
frameshift with a stop codon in exon seven, thus making a truncated variant of EPOR.
The truncated EPOR is capable of binding EOHowever, the exact role of the
truncated EPOR and if it differs from canonical; whether it is localized to plasma

menbrane or shed is unknown.
1.5.3 EPO signaling and the erythropoietic response

EPO bindto the dimer of EPORNdinduces conformational changes to bring
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constitutively associated Janus family tyrosine kinases 2 (JAK2) into close proximity to
stimulate activation by transphosphorylatiéfh.This results in JAKDhosphorylating
residues in the cytoplasmic domain of EPOR to induce several downstream signalling
cascadecluding signal transducers and activators of transcription (STAT) family of
proteinst**14%phosphatidylinositol &inase (PI3K);3° Src homology region 2 domain
containing phosphatage(SHP1):4* and/or mitogn-activated protein kinase (MAPKY

(Figure 18).

Theerythropoieticeffects ofEPOoccur by promoting the survival of erythroid
progenitor cells. The EPOR is found on the surface of Btoaning UnitErythroid
(BFU-E), ColonyForming UnitErythroid (CFUE), proerythroblasts and erythroblasts.
Although EPORs present n BFU-E, EPO and EPOR are not essential for the
proliferation and differentiationf CFU-E. However, EPO and EPOR are important in
the survival, proliferation and terminal differentiation of GEUo proerythroblasts and
their progeny (Figure 1.98¥2 EPO actsynergistically in the proliferation and
differentiation of erythrocyte precursors with stem cell factor (SCF); ¥, IL-3, IL4,
IL-9 and IGF1.144146 At the highest density before becoming proerythroblasts, cells
contain 100 to 1000 EPOR molecules. Although EPOR density is lower than most
receptors, the affity of EPO for EPOR is high, with a dissociation constant (Kd) of
approximately 100 pM*’ As proerythroblasts differentiate into retioajtes and further
into mature erythrocytes they stop expressing EPOR and are no longer responsive to

EPO*

1.5.4 Other EPO receptors

The classical EPOR homodimer is not the only EPO receptor combination. EPOR
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Figure 1.8- EPO initiates signaling through binding to either homodimer of the EPO
receptor (EPOR) of heterodimers of EPOR and Beta commoreceptor (b-CR).

EPO has also been shown to bind EphB4 in cancer to activate theSIRKR pathway.
Binding of EPO results in conformational changes that activate the-$AK survival
pathway. Along with the activation of MAPK and PI3K pathway are ambptotic,
proliferation, and erythropdiie. Other signaling cascades include the activation GB\NF
for antrinflammatory response and eNOS to increase vasodilation and redgtge
oxygen specieR0OS. Created with BioRender.com
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Figure 1.9- The pleiotropic effect of EPO on multiple systems in the body.
A) Some of the functions of EPO of various systems. B) The maturation of erythrocytes
with the stages that are dependent on EPO to promote is survival indiCagaded with

BioRender.com
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has also been shown -toomdnec mp BCRY'EW&BOD mer s w
has been found tGR theaighits Bhelx.>3The deteEoBi@eR of b

E P O RCRAas also referred to as the tissue protective receptor (TPR) due to a purported

role in the cytoprotective function of EP€. Th e p r e sGRimas eeemfbundito

be important in obtaining the cytoprotective effectseabmbinanEPO(rEPO) bn a b
CRknockoutmouse modét*ta n d -GRrknoékdown (KD) endothelial cell

models$®>!55there was no cytoprotective phenotype observed nERO administration.

Simil ar 4CR exd3<oR is aldo upregulated in damaged ti$8uctivation

of t he-CR Ra®$gnificant overlap with the pathways activated for erythropoietic
functions. These pathways include the activation of JAK2 that activate STAT3 and

STATS5, the PI3K pathwafleading to stabilized mitochondria and increase nitric oxide),

and the mitogesctivated protein kinase (MAPKWhi ch i nhi bits GSK3b t
inflammation’® T h e E P ORR aretypicdlly localized to intercellular

compartments in quiescent celtat rapidly translocate to the cell suxdan the presence

of hypoxic and proinflammatory cytokinedS.o mpar ed t o t he EJMROR: EPOF

has a lower binding affinitfor EPQ***

The ephrin typeB receptor B4 (PHB4) has also beemdind to be a receptor for
EPQin cancer cells EPHB4 plays a role in vascular developm@&ht>® A knockdown
of EPHB4 in MCF7 cellsreduced viability by 779%° EPObinding to BPHB4 resuls
in the phosphorylation of Src and activation of the STAT3 pathw®B4 has been
associated with tumour progression, which leads to a decreased survival in cancer
patients undergoing rhEPO therdyThe role of EPO and@B4 outside of cancer has

notbeen investigated, and therefore its relevangdysiologyis still unknown.
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1.5.5. Nonerythropoietic functions of EPO

EPO is a hormone with mamurportedfunctions(Figure 1.9a). EPO has been
shown to be protective againsthemicinjuries in the braift®! reting!2 spinal corgf®?
heart'%4 skin,!%° and intesting®® EPO is cytoprotectiven multiple tissusthrough both
anti-apoptotic and aninflammatory pathway& The cytoprotective functions of EPO
arepurported 0 b e t hr ou@RhheterddimerdAROR:vat i on -ORf t he
activates many antipoptoticpathways, includinghe STAT proteins, PI3K and MARPK
InadditonE P O a ct i vsghakngto régElaeBsurvival and/@ntrinflammatory
pathwaysand may play an important feedback regulatory role in cell survival

signalingl54'167'168

In the brainastrocytesand neuronare reported to produce ERatacts on
neurons in a paracrimeannert’’ EPO is important in neurodevelopment and
neuroprotection from hypoxia and ischerfia.EPO has been shown to mimic ischemic
preconditioningoy protecting both neuronal and cardiac cells from ischemic injury and
from cytotoxic drugs® In ischemic soke modelsthEPOwas shown talecrease infarct
size and apoptosis in the surrounding tis$B&’*EPOhas also ben shown to stimulate

production of neuronal stemcetl hr ough t he YNFaB pat hway.

In the heart, EPO has also been shown to decrease infarahdimgocardial cell
apoptosisn acute myocardial infarction (AMI) model&£PO was able to protect against
ischemia reperfusion injury, improve left ventricular contractility and promoted
venticular remodeling’>"4In chronic heart failuréCHF), rhEPO wagound to
improve ventricular performance and exercise capacity, while decreasing
hospitalizationg/3177 In a trialusing subcutaneous rhEPQO in patients with heart failure
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with preserved ejection fraction (HFpEF), a form of diastodiart failure, and anemia (a
common cemorbidity of HFpEF) showed improved exercise capacity and decreased end
diastolic volume and decreased diastolic blood presstitelditionally, models of renal

injury also show EPO to be renoprotective.

EPOcanregulate thémmune responséncludingthroughB-lymphocytes,”
dendritic cellst®® and machrophagé8' However, EPO does netfect neutrophils®?
Thr ough t-GREPD BfiRortéd to augmemnhmune responsevhilst the
effects onsterile inflammation or autoimmunity or immunoregulatory effects remain to
be described fully>* Penget al'>* provides a detailed review of the effects of EPO on

the immune system.

EPO also has a role in metabolism and energy homeostasis. EPO and EPOR are
expressed in adipocytes, particularly in white adipotiggie!®® Mice that overexpress
Epohave reduced body weight and white adipossu accumulation, improved glucose
tolerance and reduced insulin resistatféédditionally, mousenockoutof EpoR
outside hematopoietic cells have increHdsedy weight and white adipose
accumulatiort®18> EPOwasalso associated with regulation of mitochondrial
biogenesis, cellular oxygen consumption and fatty acid metabolism in adiposg tissue
including augmenting browheigeadipose tissue formation anchfion.*®187|n diet
induced obesity mouse modelgydpromotel an antiinflammatory phenotyp&® This
shows EPO is a hormone that has important roles in many physiological processes

including immunometabolism and cytoprotection

1.5.6Pathophysiology of EPO
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In healthy adults under normoxic conditspplasma EPO ranges frora30
muU/mL (~25-200ng/mL). In conditions that cause tissue hypoxia, sucteain forms
of anemiaEPO can increasi0-fold.*® High serum levels of EPO in patients following
an AMI who undergo percutaneous coronary intervention is associated with a smaller
infarction.’®*191EPQO can also be decreased in centiieasessuch as CKD and other
inflammatory anemias. In CK,decrease in EPO is purported to cause anemia, which
is also suspeetlin other inflammatory anemid$&? Pro-inflammatory cytokinesan
interfere withEPO binding to the EPOR, thus preventing EPO signafihy®> Together,
this suggest thatndogenous EP@roduction and agonism are both ughced by
multiple pathophysiologicastateswith high levels of inflammation or circulating

cytokines

Genetic variargin EPOhave been associatadth changes in EPO serum levels
anddiseasesIn a Genome wide association study (GWASamining low levels of
circulating EPQan association to the promoter single nucleotide polymorphism (SNP)
rs1617640 in European and African datasets shown The association of rs1617640
with EPO level was confirmed with an expression quantitataieloci (eQTL) in liver
from a European cohot® Additionally, three SNPs ifEPO (rs1617640, 1507392 and
rs551238) have been associated with microvascular complications in diabetes mellites
and anemia as well as otltiseasegseeChapter 3 andable 3.1 for more details).

Given the pleiotropic functions &PQ, it is unsurprising that genariations inEPO
would havevariablephysiological effects. There may yet be other phenotypes that are

linked to these genetic variants that have yet to be identified.
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1.6 Pharmacology ofErythropoietin
1.6.1 Measurement oErythropoietin

Sinceendogenou&PO andexogenoushEPO are mixtures of isoforms that differ
in bioactivities, EPO concent¥®tAiUsns tend
defined as the same erythropoiesis stimulating response in rodents (typically fajted rat
as five micromoles (umol) of cobaltous chlorid@.The first standard for EPO (Standard
A) was produced from sheep plasma, wWHiecame the first InternatiorRéference
Preparation (IRPJ?° With the introduction of Standard B (2 1U/mg glycoprotein,
implemented by National Institute for Biological Standards and Controls (NIBSC)) in
1972 from human urine 61 nt e®'ima%ed theNdBSC uni t s
on behalf of the World health organisation (WHO), developed the current standard using
purified rDNA-derived human EPG-130 000 IU/mg glycoproteirff? The use of IU is
restricted to samples that have beeterminedy in vivo bioassays using the
international EPO reference standard. All other samples should be expressathéis U
then onlywhen referring ta@rythropoieticactivity levels and estimated U by molar or
weight per volume protein quantity vary and can be used to estimate relative activity
only.**® The discrepancies in reporting EPO phacwoiogically are a limiting feature to
accurately describing or reconciling the literature in terms of pharmacokinetics and

pharmacodynamics.

1.6.2 Erythropoietic stimulating agents and their use in anemia

rhEPO was first used in 1986 to treat anemi@KD.&° On June 1, 198Bpoetin

U marketed as Epog@fProcrit®, was the first erythropoiesis stimulating agent (ESA) to
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beapprovedy the FDAto treat anemian CKD. Thisapproval was expande&sh April 1,

1993to include anemia from myelosuppressive chemothetapy.recentdecades there

have been more ESAs introdudbdt are based on the actsof EPO(Tablel.1).

Epoetins are ESAs that are based on the endogenous EPO amino acid sequence. Epoetins
can very slightly in amino acid sequence and/or in their glycosylaipoetinghat have

amino acid substitutions are denoted vpithfixes!® For exampl e, dar bepo.
five amino acid substitutions (Ala30Asn, His32Thr, Pro87Val, Trp88Asn, and Pro90Thr)
compared to EPG?® Differences in the glycans are denoted by Greek letters. For

exampl e, Epot eacidicatli hast begbsytansaompar ed
(Table 11). Variations in glycosylation are one of the primary differences between the

ESAs and can affect pharmacokinetics and/or pharmacodynamics.

The two most common cells lines used to produce rhEPO are CHO and baby
hamster kidney (BHK), which produce glyathat differ from endogenous human
EPOL%7:29% One primary difference is that most mammals can probluce
glycolylneuraminic acid (Neu5Gc), which humans do not prodtfcéleu5Ge accounts
for 1.3% of the glycan from cells produced in CHO c&}tsSince humans do not
produce Neu5Gc, it has been suggested that successive injections could produce an
allergy-like symptony® and the evaluation of sialic acidsrhEPOis mandatory due to
the possible risk of immunogenicity, which could be of greater concern in
immunocompromised, autoimmune conditions, or cancer patients receiving

immunomodulatory therapi&’-2%®

Thesialic acid content, particularly the teselyated tetraantennary Nglycan,

and the branching pattern of theliNked glycans effects the pharmacodynamics, speed
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Table 1.1- Erythropoeitic stimulating agents (ESAS).

ESA Variation* Cell Glycans Half-life (h) Clearance
SOUrCe o5 #ofN-  Ytetra  # of sialic v SC (mL*h-1*kg-1)
MW  linked acidic acid residues
EPO None human 40 3 0 n/a n/a n/a
Epot ei n None CHO 40 3 19 <14 4-11 19-25.3 8.1-8.6
Epotein None CHO 40 3 46 <14 8.8104 24 7.9
Epot ei n None HT-1080 40 3 44 <14 7-12 18-20 ND
Epotein None BHK ND 3 21 ND ND ND ND
Darboepoteir A30N, H32T, CHO 52 5 ND <22 18-25.3 48.8 2
P87V,W88N,
P90T

ESA=erythropoieticstimulating agent=PO=endogenous erythropoietin, CHO=Chinese hamster d¥&rg080=human fibrosarcomBHK=baby hamster
kidney, % MW=percentage aiolecular weight of EPO molecule, IV=intravenous, SC=sutaneous, mL=milliliter, h=hour dekilogram, ND=not
determined

*Refers to amino acid substitution from endogenous EPO



of catabolism and biological activity’?°*?12 The oligosaccharide structure of

recombinant proteins, such as rhEPO, is dependent on the cell type, culture methods and
expression methods”'®* The t hree most commonly used ep
and . T h e-sialyatgdrcabohydrdtes is @ene of tne main differences

bet ween the epoetins. Epoetin b has a | ar
isoforms, higher propgtion of more basic isoforms, a lower number of sialylated glycans

but a higher proportion oftetsai al yl| at ed gl ycan$®Inactodgeir ed t c
18 healthy youn glonger terminadEgirniration helffeh sighifecantlya

delayed absorption after subcutaneous administration and more pronounced

reticul ocytosi s 2¢ Bawpvaryireacstudy of paignts with CKD o .
haemodialysis or peritoneal dialysis there was no difference in biologicdifealf

bet ween Epoet i?{Cudeniguidklin€s proaeamia corréction do not

di fferentiate on the use of Epoetin U and

Epoetin U being more common in North Amer.

Europe?®®

WheraasEpoetinUandb are produced using CHO celEpoetiny is produced in
BHK cells**®resulting in only 60% oEpoetin¥ beingO-glycosylated at Ser128 and
the N-glycosylation sites containing phosphorylated oligomannosidic sidesch&in
Epoetiny is newer but has also been shown to be useful in correcting anemia, with one
study suggesting a reduction in dose of approximately 20% compaEpdetnUin the
heamodialysis populatiorf'>?1® However, more studies are needed to determine clinical
difference betweeBpoetiny fromEpoet i n U and b.

Epoetintiis generated by geraetivation in human fibrosarcoma cell line (HT
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1080)?> which results in a glycosstion pattern similar to endogenous EF®.
However, most clinical trials found timeimberof adverse events for Epoetirio be
similar compared t&poetinUandb.??° Epoetinti was removedrbm the market in 2009
likely due to inadequate sajes lack ofclinical distinction in subclinical populatiorfé*

In addition to the type of glycarhe degree of glycosylatiaa relevant
DarbepoetifJhas five amino acid substitutions that result in an additionaNwo
glycosylation sites (for a total of fivéhatincrease the tetrsialylated glycang?? The
increased glycosylation results in a longer Hiédf compared to epoetins (25.3 hours vs.
8.5 hours ofpoetinU).??® The longer halfife results in less &quent dosing (once a
week compared to three times a week of epoetindhe epoetins are measdia 1U,
whereas darbepoetiis measure in pgfgrotein, with a dose convergence of 200 U
per 1 pg?*® However, at higher doséise dose conversion ratio of epoéiito
darbepoetitJincreaseg**??>suggesting darboepoetlimay be more potent than
epoetins ora peptide mass bast$

Many of the adverse effects of ESéscur in all the epoetins and darboetpoU.
The most common adverse effects include fever, hypertension (particularly with high
doses), splenomegaly, thrombosis, seizures, allergic reactions, and hyperc&t&hia.
A rare but serious adverse effect is red blood cell aplasia caused by production of
antibodies againgrythropoietin These antibodies aredughtto be produced in
response to theifferences in carbohydrate moietf@&which is what led t@n
investigation for more biologically similar ESAsd different types of ESAs

There have been efforts itoprove theefficacy of ESAsas well aglecrease

adverse effectsSome strategies have included addaid?TMs torhEPQ such as

38



pegylation (additiorof polyethyleneglycol to a glycosylated rhEPO (ex/ pegzyrepoetin
U). Other approaches have attemptefind agoniss of the EPOR, such as EPO
mimetic peptides (EMP}° or continuous erythropoiesis receptor activator (CERA).
Another strategy has beémtarget further upstream and inhibit PHD. Hypoxia inducible
factor prolyl hydroxylase inhibitors (HHPHIS) inhibit PHD to stabilize HIFs and results
in an increase in EPN addition to the increase in EPO, HFHI increasse many
downstream signalingpechanismsef the HIFsincluding those thanhcrease iron
bioavailability %49>230-231 Since iron bioavailability is generally decreased in anemia and
ESAs do not increase iron bioavailability, many patients with anemia are treated with
both ESAs and irof?

ESAs have improved the treatmentaoema, includinganemian cancer
Although ESAs have been shown to increasmoglobin Kb) in cancer populations,
there isrisk for elevatedoverall mortality>>® Theerythropoieticeffectof EPO increase
Hb, but rhEPOsarealsosuspected todxytoprotective perhaps even immune
permissiveto cancerous cellsesultingin tumour growth">” Much of the development
of ESAs hafocused on the erythropoietic effects of EROY all functions of EPO

require consideration when treating patients with ESAs.

1.6.3 ESAs for treatment of othempathophysiologies

Thepleiotropicfunctions of EPhave led to the investigation of ESASs to treat
various pathologies outside of anemi2ue to the cytoprotective properties of EPO,
ESAs have been investigated to protect tissue after an AMI or isceeoke. In
mouse?3* rat, 164235237 rahbit 28 dog?*° and pid*° models rhEPOdemonstrated some

level of cardioprotecton. However, the results in human triaere notconsistently
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positive. There are some studies that show cardiopiategthile many do not*
Additionally, the dose required to elicit cytoprotective effects is higherttiawhich is
erythropoietic®*?4?> These higher doses carry more risk of adverse effsath as
thrombdic effects Oneclinical trial attempted to use a lower rhEPO dos&T-segment
elevation myocardial infarction (ER®MI -II trial), which did decrease the adverse
effects butfailed toelicit cytoprotective effestin ischemic stroké*® The prevalence of
thromboticevents havéedto investigationgelated tanon-erythropoietic rhEP@hat

may avoid adverse effects

Carbamylated EPQCPEO)i s gener ated using carbamyl a
lysines to homcitrulline$>® Asilo-EPO is a desialyated form of EPO, whichuks in a
hdf-life of only 1.4 minute€** CPEOand asileEPOhave been demonstrated to be
cytoprotective but not gthropoeitct>3244246 TheseEPO derivatives have been used in
animal modelsbutthey have not been translated to humans. Their clinicablisgted
by their high cost, structural instability apdtentialfor immunogeniantibody
formation.?*” The translation of preclinical models of rhEPOs into clinical effectiveness
could be improved bgomprehensive characterisation of the various EPO function in

different rhEPOs
1.7 Objectives
1.7.1 Role of EPO SNPm phenotypeof a cardiovascular patient cohort

There are three common SNP<EIRO, rs1617640, rs507392, rs551238, that have
been associated with a variety of outcomes including anemia and microvascular

complications indiabetegSee Table 3.1)HFpEF has been associated with coronary

40



microvascular dysfunctioff® EPO adipocyté&nockoutmice havebeen shown to have
increasd insulin resistance, such as seetype 2 diabetes mellite32DM).183.18
Treatment with rhEP@anpotentiallymodulate lipoproteisi(decreasetriglycerides and
cholesterof*® and increase the risk of hypertensféhBased on the potential role of
physiological EPO in anemia, dyslipidemia, T2DM, HFpBRd hypertensionWe will
investigate the potentiakssociatiorof the SNPs rs1617640, rs507392 and rs551238

genotype irpatients at risk ohnemia, dyslipidemia, hypertensidti-pEF, T2DM.

1.7.2 Role of variants in the mRNA on EPO regulation

EPOis transcriptionally regulated and does not have intracellular protein
stores®! Intron retention has been identified as a mechanism to store mMRNA in
neurons* We hypothesize that EPO utilizes intron retention as a form of post
transcriptional regulation in response to hypoxia and ischemiawilVievestigate the
role of intron retention in multiple cell linesdm different tissugto examine intron

retention in response to hypoxiaischemia.

1.7.3 Variations inrhEPOs functional properties

rhEPGs have been used the past decades to treatemiaand investigated for
their ability to protect againgtchemicinjury.®*242 The glycosylation ofhnEPGs has
been associated with their stability and funcfitht’?212 Given the different
glycosylation patterns shEPGs, we hypothesize #tremay be some variation in their
known cellulaffunctions.We will utilize differentrhEPGs to examine therythropoietic
potentialin human hematopoietic sterells andexplore variation t@ytoprotective

potentialor metabolic effectsising arat myoblast celstressmodel.
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Chapter 2- Material and Methods

2.1 Materials

Material used in this study are listed in Table 2.1.

Table 2.1- Reagents
Reagent name

Cell Culture reagents

0.25% Trypsin
Actinomycin D

Aranesp ® (darbepoetin alfa)

Astrocyte Medium

Collagen Type 1, rat talil

Dexamethasone
Doxetaxe

Dul beccoobs

Modi f i e d-HEgutose

Dul becc o 6 dufferéd sadine (DRBSg
EndoGRO MV complete culture media

EPREX ® (epoetin alfa)

Fetal BovineSerum (FBS)

Forskolin, 98%

Geltrexe LDEV-Free Reduced Growth Factor Basement

Membrane Matrix

H a m6-B2 NH&rient Mix

Hemin

Human EGF Recombinant Protein

Hydrogen peroxide

Minimum Essential Medium (MEM)
PrestoBlu& Cell Viability Reagent
Recombinant Human EPO (rhEPO)
RPMI-1640 + 4.5% Bglucose

Staurosporine

StemPr& Accutas& Cell Dissociation Reagent

Trypan Blue

Molecular Reagents

Agarose

Ambion TRIzol Reagent

AmpliTaq GolcE 360 Master Mix

Applied Biosystem& High Capacity Reverse Transcription

Kit

BigDye XTerminatoE Purification Kit
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Supplier

Corning
Invitrogen
AMGEN
Gibco

Sigma

Sigma
SanoftAventis
Gibco
Corning
Sigma
Janssen
Gibco
Thermdcientific
Gibco

Gibco
SigmaAldrich
Gibco
Sigma
Gibco
Invitrogen
Peprotech
Gibco
Sigma
Gibco
Ameresco

Anresco

Life Technologies
Applied Biosystems
Thermdcientific

Applied Biosystems



Table 2.1 cont: Reagents

Reagentname

BigDyeE Terminator v3.1 Cycle Sequencing Kit
Chloroform

DNA 7500 Kit

DNAzol® reagent

dNTP set 100 mM Solutions

ExoSARITE PCR product cleanup reagent
GeneRuler 100 bp Plus DNA Ladder, redadyuse
Isopropanol

Oligo(dT)oprimer

OneTag® Hot Start DNA polymerase
PerfeCTa SYBR GreeBuperMix Low Rox
PlatinunE SYBRE Green gPCR SuperMikiDG
QlAamg® DNA Blood Mini Kit

Qiagen RNeasy Mini Kit

QIAquick®Gel extraction kit

QIAzol Lysis Reagent

gScript cDNA Supermix

RNA 6000 Nano Kit

RNase Free DNase Set

RNaseOUE Recombinant Ribonuclease Inhibitor
SuperScript® IV Reverse Transcriptase
SYBRE Safe DNA stain

Protein Reagents

Ferritin Human ELISA Kit

Human EPCELISA Kit

Human Hepcidin Quantikine ELISA Kit
Methanol

NP-40

Phosphatase Inhibitor

Protease Inhibitor

Sodium Fluoride

Sodium Orthovandate

Tetrasodium pyrophosphate

Transferrin Human ELISA Kit

Tris /Glycine/SDS buffer

Tris/Glycine buffer

Chemicals

Acetic Acid

EDTA

Tris
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Supplier

Applied Biosystems
Fisher

Agilent

GibcoBRL
Thermdscientific
Applied Biosystems
Thermo

VWR
Thermdscientific
New England Biolabs
Quantabio
Invitrogen

Qiagen

Qiagen

Qiagen

Qiagen

Quantabio

Agilent

Qiagen

Thermo

Thermo

Invitrogen

Invitrogen
Invitrogen
R&D systems
VWR
IGEPAL
Calbiochem
Sigma
Sigma
Calbiochem
Sigma
Invitrogen
Biorad
Biorad

VWR
Calbiochem
Anresco



2.2 Cell Culture

Cell lines and their growth media are listed in Table Z&lls were grown

according tesupplierinstructionsin therecommendedrowth medigTable 2.2)at 37C

and 5%carbon dioxide €O,) and passagdoetween 709480% confluency in T75lask

or 10 cmplates. For hCMEC/D3 and astrocytes flasir plates were coated with

collagen or Geltrei , respectivelyfor one houprior touse.Cells were rinsed with 1X

Phosphate buffered saline (PBS) then detached from growth surface using 0.25% Trypsin

(STEMProAccutas& was used for Astrocytes). Once cells detachehmedia was

added to the platend cells werecollectedto a centrifuge tube ancentrifugedat 500 x

rcf for 5 minutes at room temperature (30@kfor Astrocytes). The sipernatant was

discarakd and the cell pellet was resuspended in medigransferredo new plates or

flask. Cells underwent at least one passage after cryogenic storage prior to

experimentation.

Table 22- Cell lines and growth media

Cell line Cell type Species Supplier Media composition Sex
HEK293 Kidney Human ATCC DMEM HG+10 % FBS Female
HEPG2 Liver Human ATCC RPMI-40 +10% FBS  Male
HTB16 Neuroblastome Human ATCC MEM +10% FBS Male
CHP212 Glioblastoma Human ATCC 1:1 MEM:F12 +10%  Male
FBS
hCMEC/D3 Blood Brain Human Millipore EndoGRO complete  Female
Barrier Sigma  culture media
Astro Astrocytes Human Gibco Gibco™ Astrocyte ND
Media
H9c2 Cardiac Rat ATCC DMEM HG+ 10% FBS Male
Myoblast

DMEMHG=Dul beccods

modi fied

Eagl es

Medi a

wi t h

RPMI=Roswell ParkMemorial Institute, FBS= Fetal bovine seruATCC=American Type Culture
Collection ND=not determined

2.2.1 Hypoxia/lschemiachallengein vitro

Cells were plated in 60 mm plat@sith the exception of HTBL6, which were
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grown in 10 cm platgsand grown in regular growth media to confluency ifGG@nd 5%

CO.. Media was changed to either normal growth media and maintaine@drad 5%

CQO: (controls), normal growth media and placed iAG@and 1% oxygen (hypoxia) or

DMEM with nor glucose or BS and grown at 3C and 1% oxygen (ischemia). Cells

were incubated for either 2, 4, 8, 16 or 24 hours. Cells were harvested for either RNA or
protein, as needed alternating between a plate for RNA and a plate for protein. For the
hypoxia and ischemidates extractions had to be completed within 1 minute from
removal from incubatowith no more than 12 minutes passing from the initial opening of
the incubator to ensurainimized reoxygenation frofnypoxiamolecularstahlity .

Plaes were kept coldniceimmediately after removal from hypoxia/ischerntvaeduce

enzymatic breakdown due to transient reoxygenation during extraction

2.2.2Modeling circadian rhythm in vitro

HTB16 clls were plated on 60 mm plates and grown to confluency pludaws
in regular growth media. Two hours prior to time point 0 hahes media was changed
to media with no FBSLOONM Dexamethasopa nd 2 0 ¢ M?Povelsckeo | i n
control had 0.01% ethanol added to the media with no FBS. Three plates were harvested
for RNA at this media change as fireatment controls. After two hours (time point O
hours) Dexamethasomad Forskoliiedia was changdo media with no FBS. Bies
were harvested for RNASection 2.2.1¢very four hours for the next 48 hours.
Circadian rhythm waserified usingreal time PCRr(PCR) using primers foCLOCK,

CRY2, NR1DAndPER2(Table 2.3 Section 2.6.B

2.2.3 Inhibition of transcription in vitro

Actinomycin D is an chemotherapeutic antibiotic that inhibits Dipendent
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RNA polymerase resulting in transcription inhibiti®¥. HTB16 cells were plated on 10
cm plates and grown to 780% confluency. Cells were rinsed with 1X PBS and media
containing 5ug/mL of Actinomycin D (MEM with 10% FBS for controls and DMEM
with no glucose or serum for ischemia) applied to the cells. Cells were incubated for 1
hour to enare Actinomycin D had blocked transcriptfét?>® before the ischemic cells
were placedn hypoxia (19602). Control cells were maintained at 5% £@ells were

harvested for RNA as described in Section 2.2.1.

2.24 Cell survival assay

Cell viability was determined usimmgsazurirreagen{PrestoBIu& ). Cells were
mixed toa density of 5@00 cells/mL (5000 cells/well), unless otherwise staded,
100uL were plated per well on 96 well platé3ells were left for 24 hourd 87°C in 5%
CO to reattach to the surface. Media was replaced with media containing either a form
of recombinant EPQrEPO)(for proliferationanalysis and survival assays)x@ndoxic
agent (for 1Gp analysis)and incubated for 24 hours at°87in 5% CQ. Proliferation and
ICs0 were measured after tRd-hourincubation. For survival assays, tkendoxic
agent was added to the media and incubated for an additional 24 ho\G &t 3%
CQO,. To measure cell viabilityQ pL of Presto Bluevas addedio each well and
incubated at 3T for 1 hour. Spectral absorbance was measured on a SyEekyy
Hybrid Reader (Bidek) at excitation wavelength of 560 nm and emission wavelengths
of 590 nm. Absorbance values were normalizégbss celifree media background
subtractiorto the control taletermine cell survival or proliferatiorGrgphPad Prisnv9
for windows (GraphPad Software, San Diego, California USA, www.graphpadveasn)

used forgraphing andinalysis. For proliferation analysis the log(agonistyesponse
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variable slope (four pameters) was used to generate curves. Fgal@lysis

log(inhibitor) vs. normalized responseariable slop was used. For the cytoprotective
assays the survival was normalized to cells treated with the same does of rEPO but no
cytotoxic agent.Two-way ANOVA was used to determine significant differenaéth

p<0.05 being deemed significant.

2.3 Nucleic Acid Extractions
2.3.1 Genomic DNAextraction

Genomic DNA (gDNA) was isolated from buffy coat of blood samples collected
as part of thempact of Obesity on Postoperative Outcomes following cardiac Surgery
(OPQOS study.The OPOS cohort conssstf participants aged 185 years old that
underwent elective cardiac surgery at either New Brunswick Heart Center in Saint John,
New Brunswick or Maritime Heart Centre in Halifax, Nova Scét@Buffy coat was
removed from the blood sample and gDNvas isolated using either DNAZaleagent
(for tissues)pr QIAamp® DNA blood mini(for whole blood buffy coatit following the

manufacturerds protocol

2.3.2 RNA Extraction

2.3.2.1 RNA extraction from tissue

Postmortem brain tissue was obtained from the Maritime Brain Tissue Bank
(MBTB). Postmortem kidney and heart tissue were obtained from the National Institute
of Health (NIH) NeuroBioBankiResearch ethics approval for human tissue was provided
by Horizon Health Network research ethic board (fitE08071) Trizol (1 mL) was

added to approximately 50 mg of tissue in a MP analyzer tube with homogenizer beads.
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Tubes were placed on ice for 10nmies. Tissues were homogenized using the

appropriate program on the MP TissueLyser for the tisgaee Samples were

centrifuged at 1000 xrcf for 10 minutes at%C followed by the supernatant being
transferred to a clean 1.5 mL tube. Samples wem iticubated for 5 minutes at room
temperature before adding 200 uL of chloroform and vortexed td51€econds and

incubated for another 15 minutes at room temperature. Samples were then centrifuged at
12,000 xrcf for 15 minutes at% andthe clear uper layer was transferred to a clean 1.5

mL tube. 500 pL of isopropanol was added and tubes were invefi¢ungs. The

samples were added to QiagenAdsy columns followedyma nuf act ur er 6 s

instructiors, including DNAse treatment.

2.3.2.2 RNAextraction from cells

RNA was isolated from cell lines using the Qiagen RNAeasy kit. Cells were
grown to confluency. Media waspiratedand cells rinsed with 1X PBS00 puL RLT
buf f er c-merdagadethanal (40 L) was added to the cells and
homogenized by pipetting and collected intb.amLtube. Then600 pL of 70 %
ethanol was added and inverted to mix and added to RNAeasy columns in 700 uL
aliquots anacentrifugedat 12,000 xcf for 30 seconds and flow through discard&&0
puL of RW1 buffer was added to the column arehtrifugedat 12,000 xcf for 30
seconds and flow through discarded. Qiagen DNase was added to RDD buffer (10 uL of
DNAase to 70 pL RDD bufferB0 uL of the DNAase mixture was added directly to the
column membrane andcubatedat room temperature for 15 minutebhen350 pL of
RW1 buffer was added to the column amahtrifugedat 12,000 xcf for 1 minute and

flow through discarded and column transferred to a new collection &dfeplL of RPE
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buffer was added to ¢hcolumn anaentrifugedat 12,000 xcf for 1 minute and flow
through discarded twice. Columns wesntrifugedagain at 12, 000 scf for 1 minute to
dry the column. The column was transferred to a clean collection30hg of
nucleasdree water was added directly to the membraneraubatedor 1 minute then

centrifugedat 12,000 xcf for 1 minute to obtain the RNA.

2.4 Nuclec acid quantification
2.4.1 Bioanalyzer

RNA was quantified using capillary electrophoresis using the Agilent Bioanalyzer
foll owing manufacturerdds i nstr°@for2i ons. Br
minutes prior to loading 1 pL of sample onto an Agilent RNA 6000 Nano chip. The
chips werevortexedat 2400 rpm for 1 minuten the IKA Model MS3 vortex mixer

prior to loading on the Bioanalyzer 2100 sysi&yilent).

2.4.2 Plate reader

Nucleic acid, primarily DNA, was quantifidaly spectroscopy on a BioTek
SynergyE H4 Hybrid Microplate readeuL of sample was added the Take3
microvolume plate in duplicatéhe qualityand quantity of th@ucleicacidwas
determined by th260:280 nm ratidoy the Gen5 software (BioTekhd he average

concentration of the duplicates was used.

2.5 cDNA synthesis

RNA ( 2 wag gonverted toomplementary DNAGDNA) using either
QuantBio gScrigE cDNA Supermix or Applied Biosysterfis High-Capacity cDNA
Reverse Transcription Kiyma nuf act ur er 6 s. ForBotyS emnthkadd at i on s
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cDNA,1¢ g DNA was generated using SuperScript® IV Reverse Transcriptase and
Oligo(dTyoprimersbyma nuf act ur er 6 s. Ancereversetnanscriptatei o n s
(No-RT) control was made for each RNA extraction. cDNA synthesis was carried out on

a Mastercyler Nexus Gradient Thermocycler (Eppendorf).

2.6 Polymerase Chain Reaction
2.6.1 Primerdesign

Primers were designed using Oligo 7 softw&ePrimers designed for gDNA
sequencing included M13 sequertéém facilitate Sanger sequencingor detection of
intron retentionprimers forEPOwere designed to either include the intribpresent
(IR-E primers) or to exclude the intron (IE primers) by having one of the primers
spanning th&S EPO23 primers spanned exons 2 and 3 and EB@dmers spanned
exon 4 and 5 to examine the two smallest introrlSAQ, sincesmaller intros are more
likely to be retainetf (for primer design see Figugel). Primer sequences are listed in

Table 23.

2.6.2 End point PCR
2.6.2.1 End Point PCR for gDNA

End-pointpolymerase chain reactioRCR) for the purposes of Sanger
sequencing was performed on gDNA from OPOS participants using AmpliTa§ Gold
360 Master Mix. PCR reactions consisted of 1 X AmpliTag EoB60 Master Mix, 0.3
MM of forward and reverse primers, 4 pug of Bovine Serum Albumin (BS@ ng of

gDNA and nucleaséee water up to 15 puL. Reactions were amplified on a Mastercyler
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A) Intron Excised (IE) Primers
Primer Annealing PCR product Amplification Curve Melt Curve Agarose

Intron excised (IE) transcript

LA B
Fie Positive S I
L] H 3
H g —
, EENE] — =
whiw ' H : 8 =
w l 1‘1 Re transcript 1 £ 2 =
Cycles Temperature =
Intron retaining (IR) transcript —
i;( s Positive .
' > i 5 L=Ladder
E2 E3 o 3 5 A=IE and IR transcripts
Rie - - (Intron retention)
B=IE transcripts only

no transcript

Cycles Temperature
B) Intron Retained (IR-E) Primers
Primer Annealing PCR product Amplification Curve Melt Curve Agarose
|E transcripts
L A B
Fire " Positive . :
. .| E2 | E3 —> ; " _
fig e ranscri E] 5 =
LLL j“‘ Rire P e Al T =
P Temperatire E .
IR transcripts ==
Positive -
Fire g g
E2 — B8 — { :2 L=Ladder
Rire transcript 2 i A = A=IE and IR transcripts
(Intron retention)

cyes Temperature B=IE transcripts only

1 shoulder — 1 product

C)

If IR-E>IE —b Melt curve -I: product  — gDNA

2 shoulders ——p 2 products —pcheck no RT ctr{
no product —»Intron Retention

D) Intron Ratio= 222C7 for |E primers
228CT for |R-E primers
1> Decreased intron retention
T1=Neutral intron retention
1< Increased intron retention

Figure 2.1- Primer design for detection of changes in intron retention using rtPCR.

Two sets of primers, intron excised (IE) (A) and intron retaineeE))B), are used in

two separate reaction®) The IE primers have one primer that spans the splice junction.
When the intron has been excised the primers can anneal and produce a single product
(no intron retention). When the intron is retained, the primer spanning the splice junction
is unable to mneal and results in no product (intron retention). As intron retention only
affects a small subset of the transcripts and the excised transcripts still make most
transcripts the amplification curve will look the same if intron retention is present.or not
In the IE primers, the melt curve and agarose gel will also look the same as they are only
able to produce a product from the Aaotron retaining transcriptsB) In the IRE

primers reaction, the primers are designed to anneal within the, @anok results in a
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product in norintron retaining transcripts and a larger (added intron) product in the
intron retaining transcripts. When no intron retention is present the melt curve will show
one peak and only one band on the agarose. When intron netisrpi@sent both the
nortrintrontretaining and introfmetaining transcripts are amplified. As we are using a
single dye in rtPCR the amplification curve will look the same in both scenarios but there
will be a slightchangan CT value. However, the meadtirve will have two products
(norrintron retraining and intron retaining) and there will be two products on the agarose
gel. C) The introfretaining transcripts can also be confused for gDNA and therefore a
no reverse transcriptase control must be us@msure intron retention is not due to

gDNA contamination. D) Using the®®T of both primer sets we can measure the intron
retention ratio to determine if intron retention is changing.

Nexus Gradient Thermocycler (Eppendorf) using the cycling conditisted in Table

2.4,

PCR products were verified using 7500 Agilent DNA Chip on the Bioanalyzer
2100 system. PCR products were cleaned up using 2 pL of Ex6ARN 5¢L of
PCR product and incubated a®@7or 15 minutes. ExoSAPTE wasinactivated at
80°C for 15 minutes. Cleaned PCR products were used for Sanger Sequencing (Section

2.8).
2.6.2.2 End point PCR for mRNA transcripts

End point PCR using cDNA was performed usbigeTa® Hot Start DNA
polymerase. PCR mix contained 10teTade st andard reaction buff
dNTP, 200 nM forward and reverse primer, 0.75 udie Tag®Hot Start Polymerase
and 200 ng of cDNA. Reactions wargcledon a Mastercycler Nexus Gradient
Thermocycler (Eppendorf) using the following cycling conditions: initial denaturation at
94°C for 30 seconds, 35 cycles of*@4for 15 seconds, 8C for 30 seconds and &3 for

45 seconds followed by a final extension d&@®&r 5 minutes. PCR products were
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Table 23- Primers

Target

Primer Name

SequeABé 50

EPO rs507392

hEPO_1045F M13

GTAAAACGACGGCCAGTGTGGCCC
CAAACCATACCTG

hEPO_1981R_M13

CAGGAAACAGCTATGACACTGACG
GCTTTATCCACA

EPO rs551238

hEPO 2631F M13

GTAAAACGACGGCCAGTCACCCTG
CAAAATTTGATGCC

hEPOdown677R_M1:

CAGGAAACAGCTATGACAGTGACC
CATGATTGCACC

EPO rs1617640

h_EPOprol316F M1:

GTAAAACGACGGCCAGTAGTGCTG

GGATTATAGGTGTCA
h_EPOpro404 M13 CAGGAAACAGCTATGACAGAGATG
CCTGGGTTGCTG

M13 sequencing M13_F GTAAAACGACGGCCAGT

M13 R CAGGAAACAGCTATGAC
EPO23 IRE EPO23 IR EF TCATCTGTGACAGCCGAGTCC

EPO23 IR ER ATTCTCATTCAAGCTGCAGTGTTCA
EPO23_IE EPO23 IEF AATATCACGACGGGCTGTGCT

EPO23 IE-R ACCTCCATCCTCTTCCAGGCATA
EPO45 IR-E EPO45 IR-E-F CACCACTCTGCTTCGGGCTCT

EPO45 IR-E-F AGAGTTTGCGGAAAGTGTCAG
EPO45_IE EPO45 IE-F AGCCCAGAAGGAAGCCATCTCCC

EPO45 IE-R GGCCTCCCCTGTGTACAGCTTCA
CLOCK h CLOCK_F AGTGGATTTGGCTTCAGACT’

h CLOCK R TTCAATGCCAAGTTCTCGTC'
PER2 h PER2v2 F GTATCCATTCATGCTGGGCT’

h PER2v2 R TCGTTTGAACTGCGGTGAC’
CRY2 h CRY2 F TGCAGGTTGTACTCTGCTGE’

h CRY2 R TGAAGAACTCAGCAAACGGGY
NR1D1 h_NR1D1F CATGCAAAGCAGAACTCCG

h NR1D1R GACTCACGATCAGGATCCGAA
*yYWHAZ yWHAZ-F ACTTTTGGTACATTGTGGCTTCAA®?

yWHAZ-R CCGCCAGGACAAACCAGTAT*®?
*B-actin B-actin-F 2AﬁIGAAGAT(:AAGAT(:ATTGc:Tc:(:T(:

B-actinR ACATCTGCTGGAAGGTGGACK®?
*HRPT1 HRPTLF TGACACTGGCAAAACAATGCA?52

HRPTLR GGTCCTTTTCACCAGCAAGCT®?
*18S 18SF AGAAACGGCTACCACATCCA?®?

18SR CACCAGACTTGCCCTCCA®?

* Referencayenes for rtPCR
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Table 24- Cycling conditions for gDNA end point PCR.

Step h_EPOpro1316F _M13 hEPO_1045F M13 hEPO_2631F_M13,
h EPOpro404R_M13 hEPO 1981R M13 hEPOdown677R_M1!

Initial 10 min @95°C 10 min @ 98C 10 min @ 98C

Denaturation

Denaturation 30 sec @ 9% 30sec @ 9% 30sec @ 9%

Annealing 30 sec @ 5&€ 30 sec @ 5&€ 30 sec @ 5€C

Extension 45sec @ ™« 60 sec @ ™ 90 sec @ ™

Cycles 35 35 35

Final 10 min @ 72C 10 min @ 72C 10 min @ 72C

Extension

Min=minutes, sec=seconds @=at

analyzed using agarose gel electrophoresis (Section 2.7).

2.6.3 Real Time PCR

Real time PCR (rtPCR) was performed using either PerfeSY®8R® Green
SuperMix Low ROX or Platinufd SYBRE Green qPCR SuperMi¥DG and run on
either an Applied biosystems ViiA7 or Applied biosystems QuantSEudid-lex system.
rtPCR analysis was performed using gBase+ (Biogazelle, Zwijnaarde, Belgium
- www.gbaseplus.cojrusing two hous&eeping genes that were validated for each cell
line using GeNorm analysisTwo-way ANOVA test were performed in in GraphPad

Prism. A pvalue of 0.05 was demed significant.

2.6.3.1 Calculating the intron retention ratio
The intron retention ratio was used to calculate changes in the level of intron
retention using rtPCR. The*2€Was calculated for both the 4R and IE primers and

used in equation 1:

Intron retention ratio2®®<E primer Equation 1
2®®CR-E primer

As the level of intron retention increases-fRncreases compared to IE) the
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intron retention ratio decreases (Figure 2.1). Equatiemabled the determination of
changes in the degree of intron retentigntPCR. A two-way ANOVA was used to

determine significant changes witk0.05 being deemed significant.

2.7 Agarose Gel Electrophoresis

Between 1 and 2 % (w/v) agarose was added tortiskAcetateEDTA (TAE)
buffer (40mM Tris, 20 mM acetic acid, 1 mM EDTANd heated until dissolved. After
cooling, but prior to solidifying, 1: 10000 of SYBRSafé® was added to the agarose
mixture then poured into thessettand allowed to solidify. Solid agarose gels were
loadedinto an electrophorestankwith 1X TAE. Samples were mixed witX
Bromophenol blue/xylene cyanol and loaded into the wells. GeneRuler 100 bp plus
ladder was added for sizing. @0 V electric field was applied until the tracking dye
ran at leas¥s of the way down the gel or the bands achieved sufficient separ&ieis.

were imaged on under UV light the ChemiBo®P Imaging System.

2.7.1 Band excision and purification

While visualizing agarose gels under UV light on a ChemiDdd¢P Imaging
system bands were excised and placed in Eppendorf tubes. Bangwifexdfrom the
agarose using a QIAquick® Gel extraction kit and DNA quantity medsuitd BioTek
Synergy H4 Hybrid Microplate readerExcised bands were used for Sanger

sequencing as described in Section 2.8.

2.8 SangerSequencing

Sequencing reactions were prepared using BigDJerminator v3.1 Cycle
Sequencing Kit.Cleaned PCR product was added teaction of 1X Sequencing buffer,
1X BigDyeE MasterMix and M primer. For gDNA sequencing of the OPOS cohort
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M13 sequencing primef® were used in the sequencing reactions. For all other
sequencing the primgof the PCRwereused. Sequencing reactions were incubated at
96°C for 1 minute and 25 cycles of @5 for 10 seconds, 8Q for 5 seconds and 8D for

4 minutes.

BigDyeE Xterminator beads (46L SAM solution with 10eL Xterminator
solution) were added to the sequmgreaction andrortexed at 2000 rpm for 25 minutes.
Samples wereentrifugedfor 2 minutes at 2000 ocf and let rest for 2 minutes before
anothercentrifugationat 2000 xrcf for 30 seconds and another 30 seconds rest to ensure
beadsare sedimented2 0 e L of t he s éwithoet thebeadgvasr eact i on
transferred to a 96 well plate and loaded on the 3500 Genetic Analyzer (Applied

Biosystems) for sequencing.

2.8.1 SangeSequencing Analysis
Sequences were analyzed using®Rli Sequences Alignment Editsoftware?®3
Each sequence was reviewed using the chromatograph and edited as needed. The
forward and reverse sequences were aligned using the ClustalW Multiple alignment tool
to generate the consensus sequence for each product. Sequences were submitted to NCBI
Blad to validatecorrect targeamplification For gDNA sequences from the OB
cohort, sequences were compared to the NEgrencesequenc®\G_021471.20
identify variants A variantis defined as any base calling that differed from the reference

sequene.

2.8.2 SNP analysis

SNPStatsWww.snpstats.net)* was used to determine allele and genotype
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frequencies, test for Harel/einberg equilibrium, asses SNP response using logistic
regression in multiple inheritance models-ttmminant, dominant, recessive, over
dominant andog-additive), linkage disequilibrium statistics and haplotype analysis.
Analysis used sexage,andbody mass indexBMI) as cevariants. A p-value< 0.05 was

deemed significant.

Clinical test results werobtained from thBioBankthatstoredretrievable
database of delentified data abstracted fropatientrecords Comparison of clinical
values with genotype was donelircel using a studenttéstto determindghe p-value
(<0.05 significant for combirgeand <0.1 significant for sex specific analysi8).
Kolmogorov+Smirnov test in GraphPad was used to confirm normaAtiROUT test in

GraphPad was used to determine outliers.

2.9 Enzyme-linked immunosorbent assay ELISA)
Plasma samplesollected as part of the OPOS stéfiyvere used for enzyme
linked immunosorbent assay (ELISA) i8PO (Human EPO ELISA kit), Transferrin
(Transferrin Human ELISA Kit), Hepcidin (Human Hepcidin Quantikine ELISA i)l
Ferritin (Ferritin Human ELISA Kit).Plasma samples were diluted 1:2 for EPO, 1: 20
000 for Transferrin, 1: 5 for HepELSAi n and
were performed using the mamaaduectatSsOnmer 6s pr
on the Synergy H4 Plate read&LISA data verecompared to SNPs in GraphPad pris
Two-way ANOVA was used to determine thevglue. A pvalue of <0.05 was

significant.A ROUT test was used to determine outliers.

2.10 Immunoblotting
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2.10.1 Protein Harvest and preparation for immunoblotting

Media was aspirated and the celisre washed with 1 XPB& 0 €L of | ysi s
buffer @0mM Tris, 5mM EDTA, 10 mM NAP.O7, 100 mM Sodium Fluoride, 1% NP
40, 2mM Sodium Orthovanadate, 2mM Protease inhibitor, 100 ug/mL Phosphatase
inhibitor) was added to the plate and the cells were scrapeplacet in a clean tube.
Cell lysates were kept on ice for 30 minutes before sonicating at 20 kHz, 30% amplitude
with the QSonicator. Protein concentration was determined ustiey@® BCA protein
assaykit. Protein samples{85¢ g) we(95400)dar 5 neirdites in 4X
Laemmli Buffer(62.5mM TrisHCI, 20% glycerol, 4% SDS, bromophenol blueph 0.1

M dithiothreitol (DTT).

2.10.2 Western Blotting

Boiled samples were separated in a 3.5% stacking gel and resolved in a 10%
Mini-Protean sodiundodecyl sulfatgolyacrylamide gel electrophoresis (SP3GE) or
using a 420% Criteriote TGXE PreCast Gel (BioRad)Precision Plus Proteih
Standards Kaledioscofeladder (BioRad) was used as a size standard. Gels were run in
1X Tris/Glycine/SDS Electqghoresis Buffer (BioRad) until the dye front migrated to the
bottom edge of the gel. Mukrotein selcast gels were run at 90V at room temperature.
CriteriorE gels were run at 90 V for 30 minutes and 120V for 90 minutes on ice.
Samples wergansferre in 1 X Transfer Buffer (Biorad) with 20% methariola 0.2
eEM nitrocellul ose membrane (CBMemBRaneswerat 100
rinsed in ddHO and total protein was staineath Pierce® Reversible Memcode Stain
for 5 minutes and imaged ugj the ChemDde MP Imaging System. Memcode

staining was removed using Pierce® Stain Eraser. Membranes were blocked in 5% skim
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milk in 1 X Tris-BufferedSalineTween 20 (TBST) for one hour at room temperature.
Membranes were incubated in primary ant§pid 1% milk in TBST and 4% sodium

Azide) (Table 25) overnight at 2C. Membranes were rinsed and incubated in secondary
horseradish peroxidase (HR&)njugated secondary antibo@y 5% milk in TBST)

(Table 26). Immunoreactivity was detected using Clarity® Western Enhanced
Chemiluminescence Substrate and imaged on anTieeE MP Imaging System.
Membranesvere stripped on 0.5 M THACI/ SDS buf f e r -marcaptdethahdd 5 ¢ L

per 25 mL for 1 hour and reprobed.

Table 2.5- Primary Antibodies.

Antibody target Supplier Catalogue # Dilution
HI F1U R&D Systems AF1935 1:400

HO-1 Millipore-Sigma H-4535 1:1000
NFs B CST 8242 1:1000
p-NFs B CST 3033 1:1000
Erk1/2 CST 4696 1:1000
p-Erk1/2 CST 9101 1:1000
STAT3 SantaCruz SG8019 1:1000
Akt Millipore-Sigma 05591 1:1000
p-Akt CST 9271 1:1000
eNOS CST 32027 1:1000
p-eNOS (Ser 1177) Invitrogen MA514957 1:1000
PGCtU SantaCruz 13067 1:1000

CST=cell signaling technologies

Table 2.6- Secondary Antibodies

Antibody Supplier Catalogue # Dilution Targets

Donkeyanti-goat ~ SantaCruz SG2056 1:1000 HI F1 U

IgG-HRP

Goat AnttMouse  Biorad 1706516 1:1000 p-eNOS, Erk1/2

IgG-HRP STAT3, Akt

Goat antirabbit Invitrogen 31460 1:1000 HO-1,NF-a B -NFp

lgG-HRP a B -Erkp/2, pAkt,
eNOS, PGeL U

2.10.3Coomassie Staining
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Samples were prepared the same as boiled protein samples for Western blotting
exceptonlyl®2e g of sampl es wer e us eRroteansSifzashipl| es w
gel in 1X Tris/Glycine/SDS Electrophoresis buffer forrAhutes at 90V at mm
temperature. Gel was rinsed with ddMprior to immersion in the fixative solutioB(%
methanol, 10% glacial acetic aci&h)d incubated at room temperature shaking at 50 rpm
for 30 minuteswice, then washed with ddB again. Gelas incubated in 0.25%

Coomassie buffef50% methanol, 10% glacial acetic acid. 0.25% w/v Coomassie)
shaking at 50 rpm overnight. The Coomassie buffer was rinsed off wit#Odoéfore
incubation in in fixative solution for 90 minutes to remdnaekground staining. After 90
minutes the fixative solution was replaced and incubated for an additional 30 minutes and

imaged on the ChemiD&c MP Imaging System.

2.104 Densitometry

ImagelLalit Software v5.0 (BioRad) was used for densitometric analysis.
Relative integrated density was calculated as the density of the target protein normalized
to the total protein density (respectivembrane codstainedane).A oneway ANOVA
was used tassessignificant changes in GraphPad Prism withaajue of< 0.05 being

deemed significant.

2.11 In vitro Colony-Forming Unit-Erythroid (C FU-E)

Colony-Forming UnitErythroid (CFUE) assays were performed by STEMCELL
Technologies. Briefly, EPOpeptides were added to MethoCHIt Bone marrow (BM)
mononuclear cells (MNCs) was added to the treated MethieChéfore plating 1.1 mL
in 35 mm dishes itriplicate. Cells were incubated for two week87C, in 3% CO,
with O 95% humidity 28tk highest mmberdos CFREease ¢ o un
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set as the percent of optimal growth (100%) and E&Ras normalized to that value in
GraphPad PrismThe EGowas calculated using the log(agonist) vs. respevesgable

slope (four parameters) equation in GraphPad Prism.

2.12Measuring mitochondrial respiration

We measured highesolution mitochondrial respiration using a Oxygrash
(OROBOROS Instrument)H9c2 cells were grown in 60 mm plates to approximately
80% confluency. Either 24 houfshronic)or 15 minutegacute)prior to harvest for
oxygraphy the cells were treated with 18/mLe p o e brimadiaWdithne poe.t i n U
For harvest, cells were washed with 1 mL of 1X PBS and treatedstéthPro
Accutas® for 10-15 minutes (until cells detached) at room temperature. Cells were
collected and centrifuged at 30@cft for 5 minutes at room temperature. Accutase was
aspiated and ceflwere resuspended in MIR0O5 (0.5mM EGTA, 3mM MgG0OmM
Lactobionic acid, 20mM Taurine, 10mM KRGO, 20mM HEPES110mMD-Sucrose
and 1 g/L BSA). Cells were counted using Trypan Blue and diluted in MiR05 to 100 000

cells/mLand a total of 20000 cells were added to tlxygraphchamber.

Once the chamber stabilized 3 eL of dig
membrane. Subsequently the following compounds were added in order: 0.5mM Malate,
5mM Pyruvate, 0.1mMdenosine diphosphat&dP), 0O.5mM ADP, 5mM ADP,
carbonyl cyanidg-trifluromethoxyphenylhydrazonéCCB, 0. 5 &€ M Rot enone,
Succinate and . 9tekbhambertwasafowed to stabilize in between each
step. Upon completion the contents of the chamber were collected and centrifuged at 10
000 xrcf for 5 mirutes at 4C and the supernatant discarded. The pellet was resuspended
in lysis buffer and total protein quantified by BCA assay.
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2.12.1 Oxygraph analysis

Data was normalized to the baseline after addition of Antiracamd protein
concentration Normalized valuesvereused in GraphPad Prism to calculate-way

ANOVA for statisticalsignificance with a walue<0.05 being deemed significant.
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Chapter 3- Erythropoietin variant in DNA

3. 1 Introduction

Genetic variants iEPOhave been linked towide variety of disorderandEPO
levels These genetic variants include rare genetic variants and more common SNPs.
Rare genetic variants includeur pathogenic/ariants reported in association with
erythracytosis(c.-136G>A2%¢ ¢.33delG?*®’ ¢.20delG and ¢.296A>G%) andasingle
pathogenic variant associated with Biand-blackfin anemia (c.530G>A¥%%° In a search
of the Clinvar?’® databaséncbi.nlm.nih.gov/clinvar)n April of 2023 there have been
additionalEPOvariants identified wittsix classified as variants of unknown significance
(VUS) associated with inborn genetic diseases (¢c.16T>C5e82¢.175C>T,
€.226T>C, c.521A>G, and ¢.559G>T). Two more \sWre identified but no
phenotype was provided (c-145>C and ¢.286C>G). An additional 18 variansre
classified as benign or likely benigMany of the variants identified in ClinVarere
foundduring clinical testingwhichsuggesthatas sequencing technologies become
more prevalent in clinical caregmumber of variants will continue to risebe linked to

outcomes clinically

GWAS and eQTL analysis have shown the promoter SNP rs1617640 is associated
with a lower level of EPG% There are three SNPsicluding rs1617640n EPOthat
have been identified as risk factors for many disorders, such as microvascular
complications in diabetes and anepmva common comorbid conditions often associated
with HFpEF,CKD, or obesityrelated negative outcon3é" Even in healthy donors these

SNPs have been shown to correlate with EPO serum levels. The most studied SNP is
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rs1617640 found in the promoter region (Table 3ltLhas been linked to diabetic
microvascular complicati@such as retinopathy aeadstage renal disease, in several
studies in various populatioR§. However, studies by Balasubbtal?®?and Songet
al.2®%did not find a significant association amongst the Indian or Brazilian populations,

respectively.

Table 31- Erythropoietin SNP associations

SNP Allele  Phenotype References
rs1617640 G Higher Hct in healthy blood donors 272
Diabetic microvascular complications 273281
Decreased overall mortality in diabetes 282
Higher Hb, Hct, RBC count and earlier onse 28
PAD
MDS and ALL 284
Improved cognitive performance in 285
Schizophrenia
T Anemia in T2DM 286

Renal dysfunction following cardiac surgery 2%’
Improved response to platinubased 288
chemotherapy in NSCLC

rs507392 C Diabeticmicrovascular complications 273,275,276,289
Decreased overall mortality in diabetes 282
rs551238 C Higher Hct in healthy blood donors 272
Diabeticmicrovascular complications 212,273,275
278,289,290
Preterm infant brain injury 291

SNP=Single Nucleotide Polymorphisi¢t=hematocrit, Hb=hemoglobin, RBC=red blood cell count,
PAD=peripheral artery disease, MDS=myelodysplatic syndrome, ALL=acute lymphoblastic leukemia,
T2DM=type 2diabetes mellites, NSCLC=nemall cell lung cancer

Cardiovascular diseag¢€VD) is one of the leading causes of death worldwide.
There are multiple risk factothat can contribute t6VD, somehavebeen linked to EPO
usinganimal models otheuse of E®s.8? Anemia is a common emorbidity in many
disorders includingVD.?%%32% Anemia in heart failure is associated with higher
mortality,?%° severity and hospital admissiéit?°’ Anemia is defined as hemoglobin of

<13.5 g/dL in males and <XdL in femaleg®’ In CKD a decrease in EPOassociated
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with anemiat® In other forms of anemia EPO is found to be increased by up to 100
fold.'8 Previous studies have linked rs1617640 SNPROto anemia in T2DNF8®

suggesting SNPs iBPOmay be associated with anemia.

Dyslipidemiais also a risk factor for CVD that e¢haracterized by abnormal
serum levels of cholesterol, triglycerides and related lipoprot&iria mice treated with
rhEPQ triglycerides were decreasé¥iand lipoprotein lipase (LPL), whids involved in
lipogenesiswaselevatedf*®3%°In humans,reatment with rhEP@ associated with
lower triglycerides and cholesterol in esthge renal failur&® However, thepotential

role of EPOIn dyslipidemia has not previously been investigated.

T2DM presenting withresistance to insulin can result in hyperglycerakevated
circulating glycation engbroducts and endothelial damage culminating in signifidakt
factors for CVD or CKD, with CVD being the main cause of death in T2DM patiétits.
Mouse modelghat overexpressdfipohad improved glucose tolerance and reduced
insulinresistancé® Due to the metabolic effects of EPO, it has been suggested that
rhEPO therapy could have benefits in T2B%1.0ne of the most commonly studie
associations witiEPO SNPs is diabetic microvascular complications (Table 3These
studies ardypically conducted on groups with T2DM, and therefore a potentiafoole

EPOSNPs as a risk factor for T2DM has et been investigated.

Hypertensioris elevated blood pressure aambther risk factor for CVEP3
Hypertensions a relatively common adverse effect of rhEPO therapth a prevalence
of between 20 and 3088° This would suggest that EPO has an effect on blood pressure.
However, the effect dEPO SNPs in association with hypertension has not beerestudi
HFpEF is a complex CVD characterized by an ejection fraction of >50%,
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diastolic dysfunction and cardiac stiffening, fibrogidlammation,and hypertrophy
associated with microvascular rarefaction, obesity, renal dysfunction, anemia, insulin
insensitvity or other metabolic and inflammatory risk factors variable with sex and age
An increase in left ventricular ejection fraction (LVEF) was found in multiple clinical
trials using rhEPO in CVEP?43% Microvascular complications in diatesarethe most
common disorder linked BPO SNPs (Table 3.1)HFpEF has been linked to coronary
microvascular dysfunctioff! However, the potential role O SNPs have not been
investigated in relation to HFpEF.

EPOSNPs have previously been showrb&associated with EPO serum
levels?® Anemia, dyslipidemia]2DM, hypertension and HFpEF have disease
characteristics that have been shown to beifabte by rhEPO, but only anemia has
previously been associated wiPO SNPs?%¢ We hypothesize thahteeEPO SNPs
(rs1617640, rs507292 and rs551238) correlate with EPO concentratioagethat
associateavith either anemia, dyslipidemia, T2DM, hypertension and/or HRpEF
clinical population requiring surgical interventions for CVD
3.2 Results
3.2.10POSsub-cohort

The OPOSub-cohort consisted of 95 participants wiliererecruited as part of
the OPOS studgB58 participants Within thesubcohort we examined anemia, HFpEF,
T2DM, dyslipidemia and hypertension. Téemographics and clinical parameters of the
OPOS cohort are shown in Tabl2.3Although many parameters are the same between
controls and cases in each condition, there are notable differédome of those

differences are expected since they are useddbne the condition, such anarmal
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Table 32- Demographics and clinical parameters of the OPOS cohort by disorder

Total Anemia Dyslipidemia

(n=95) Cases (n=31) Ctrl (n=64) p-value  Cases (n=66) Ctrl (n=29) p-value
Age (years) 63.5+6.6 65.1+5.8 62.7 £ 6.8 0.52 64.3+6.3 61.7+6.8 0.031
Males 65 (68%) 15 (48%) 50 (78%) 0.04 49 (74%) 16 (55%) 0.045
Females 30 (32%) 16 (52%) 14 (22%) 17 (26%) 13 (45%)

BMI (kg/m?) 31.8+7.3 34.4+94 30.5+£5.6 0.007 31.3+6.0 32.7+9.6 0.69
Normal 14 (15%) 4 (13%) 10 (16%) 0.18 9 (14%) 5 (17%) 0.86
Preobese 31 (33%) 8 (26%) 23 (36%) 22 (33%) 9 (31 %)

Obese 1 22 (23%) 6 (19%) 16 (25%) 17 (26%) 5 (17%)
Obese 2 13 (14%) 4 (13%) 9 (14%) 8 (12%) 5 (17%)
Obese 3 15 (16%) 9 (29%) 6 (9%) 10 (15%) 5 (17%)
NYHA
1 18 (19%) 4 (14%) 14 (22%) 0.41 8 (12%) 10 (37%) 0.005
2 39 (42%) 11 (38%) 28 (44%) 31 (47%) 8 (30%)
3 25 (27%) 11 (38%) 14 (22%) 16 (24%) 9 (33%)
4 11 (12%) 3 (10%) 8 (13%) 11 (17%) 0 (0%)
LVEF (%) 50.8+11.2 60.9 + 10.7 59.3+114 0.98 58.0+11.9 64.0+7.8 0.06
LVEDP (mmHg) 18.0+ 6.6 18.8+6.4 17.7+6.7 0.052 186 +6.7 16.6 +6.4 0.10
Hemoglobin (g/L) 134.8 + 14.7 117.8+11.5 1426+7.8 <0.0001 1348+146  135.0+14.8 0.59
Hematocrit (L/L) 0.40 + 0.04 0.35+0.03 0.42 +0.02 <0.0001 0.40+0.04 0.40 + 0.04 0.46
HbAlc (%) 6.1+1.0 6.2+1.3 6.0+0.9 0.68 6.2+1.1 58+0.8 0.28
Cholesterol (mmol/L) 41+1.2 40+1.1 41+1.2 0.85 39+1.1 45+1.1 0.06
HDL (mmol/L) 1.2+04 1.2+04 1.2+0.3 0.66 1.2+0.3 1.4+0.3 0.05
LDL (mmol/L) 2.1+0.9 21+0.9 21+0.9 0.89 20+0.8 25+1.0 0.027
LDL/HDL 1.8+0.8 1.7+0.8 1.8+0.7 0.63 1.7 £0.7 1.9+0.7 0.38
Non-HDL (mmol/L) 29+1.1 28+1.0 29+1.1 0.74 27+1.1 3.1+1.0 0.16
Triglycerides (mmol/L) 16+11 1.8+1.2 16+1.0 0.58 1.7+1.2 1.3+x0.6 0.26
RBC (x10"12/L) 44+04 40+£04 4.6 %0.3 <0.0001 451204 44+04 0.81
WBC (x1079/L) 7.4+24 7.8+3.2 7.2+1.9 0.37 76126 6.8+1.8 0.44
Platelets (x10™9/L) 205.5+53.9 209.0+72.2 203.9+43.1 0.55 209.5+57.1 195.8 £ 43.7 0.3
Neutro (x1079/L) 49+2.2 55+33 47+15 0.21 51+£23 45+1.8 0.56
Lympho (x1079/L) 1.7+£0.6 15+0.7 1.7+£0.6 0.22 1.7+£0.6 1.6+0.6 0.99
NLR 39+5.1 6.1+8.5 29+1.2 0.10 3.8+4.6 41+6.0 0.47
Troponin (ng/L) 785 590 879 + 824 741 + 431 0.60 694 + 428 999 + 819 0.030
Creatine (mmol/L) 92.9+71.1 113.3+121.6 83.7+194 0.21 97.8+82.6 81.1+229 0.25
Urea (mmol/L) 6.7+25 7.2+3.3 6.5+2.1 0.054 7.0+2.7 6.1+2.0 0.06
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Table 3.2cont.- Demographics and clinical parameters of the OPOS cohort by disorder

T2DM HFpEF Hypertension
Cases (n=33) Ctrl (h=62) p-value Casegn=77) Ctrl(n=18) p-value Cases (n=70) Ctrl(n=25) p-value
Age (years) 64.6 55 63.0x7.1 0.17 63.9+6.8 61.9+55 0.25 64.2+6.9 61.6+5.3 0.040
Males 26 (81%) 36 (59%) 0.040 53 (69%) 12 (67%) 0.85 53 (76%) 12 (48%) 0.010
Females 6 (19%) 25 (41%) 24 (31%) 6 (33%) 17 (24%) 13 (52%)
BMI (kg/m?) 33.31+6.0 309+7.8 0.010 30.9+6.2 35.5+10.0 0.015 31.4+6.3 32.8+9.6 0.10
Normal 1 (3%) 13 (21%) 0.14 12 (16%) 2 (11%) 0.10 11 (16%) 3 (12%) 0.82
Preobese, 10 (30%) 21 (34%) 29 (38%) 2 (11%) 22 (31%) 9 (36%)
Obese 1l 10 (30%) 12 (19%) 16 (21%) 6 (33%) 16 (23%) 6 (24%)
Obese 2 5 (15%) 8 (13%) 8 (10%) 5 (38%) 11 (16%) 2 (8%)
Obese 3 7 (21%) 8 (13%) 12 (16%) 3 (17 %) 10 (14%) 5 (20%)
NYHA
1 5 (15%) 13 (22%) 0.46 14 (18%) 4 (25%) 0.84 13 (19%) 5 (22%) 0.91
2 12 (36 %) 27 (45%) 32 (42%) 7 (44%) 29 (41%) 10 (43%)
3 12 (36%) 13 (22%) 22 (29%) 3 (19%) 19 (27%) 6 (26%)
4 4 (12%) 7 (12%) 9 (12%) 2 (13%) 9 (13%) 2 (9%)
LVEF (%) 56.7+11.3 61.5+10.7 0.10 63.9+7.4 426+7.6 <0.0001 605+11.3 58.1+ 10.7 0.25
LVEDP (mmHg) 18.8+ 6.6 17.6 £ 6.6 0.35 174+65 20.4+6.8 0.11 18.7+7.0 157+ 4.8 0.10
Hemoglobin (g/L) 132.9+149 135.9+14.4 0.24 135.0+14.6 134.3+149 0.86 1349+152 134.7+129 0.81
Hematocrit (L/L) 0.39+0.04 0.40+0.04 0.22 0.40+0.04 0.40+0.04 0.71 0.40+£0.04 0.40 £ 0.03 0.74
HbAlc (%) 70+1.2 56+0.3 <0.0001 6.0+1.0 6.4+0.9 0.19 6.1+1.1 5.8+0.8 0.41
Cholesterol (mmol/L) 3.6+0.9 43+1.2 0.012 41+1.2 39+1.1 0.62 39+12 44+1.1 0.52
HDL (mmol/L) 11+04 13+03 0.046 12+04 1.2+0.2 0.68 12+04 13+03 0.25
LDL (mmol/L) 1.7+0.7 23+1.0 0.016 21+09 21+1.1 0.84 20+0.9 25+1.0 0.51
LDL/HDL 1.6+£0.7 19+£0.7 0.59 1.8+0.7 1.8+09 0.70 1.7+£0.7 19+£0.8 0.91
Non-HDL (mmol/L) 25+0.8 30+11 0.06 29+1.1 28+1.1 0.82 28+1.1 31+1.0 0.79
Triglycerides (mmol/L) 19+12 15+09 0.70 16+11 15+0.7 0.53 1.7+1.2 1.4+0.6 0.58
RBC (x10712/L) 44+04 45+04 0.58 45+0.4 44+0.5 0.63 44+0.5 45+0.3 0.52
WBC (x1079/L) 8.0+29 71120 0.26 7.3+2.3 7.7+29 0.56 74124 73125 0.45
Platelets (x10"9/L) 218.2+68.9 1985+42.0 0.36 2049+56.6 208.1+38.4 0.83 205.7+56.5 204.9+454 0.90
Neutro (x10M9/L) 55+27 46+1.8 0.15 49+22 51+25 0.75 50+2.2 48+2.2 0.62
Lympho (x1079/L) 1.7+0.7 1.7+0.6 0.54 1.7 £0.7 1.8+05 0.55 1.6+0.7 1.7+£0.6 0.20
NLR 47+6.1 35+43 0.24 40+5.6 31+17 0.50 42 +57 31+21 0.54
Troponin (ng/L) 754 + 709 809 + 52 0.42 838 +6¥ 510+ 301 0.057 794 + 637 759 + 421 0.50
Creatine (mmol/L) 110.8+112.8 83.1+23.6 0.25 85.7+24.0 127.7+1585 0.0 89.0+26.4 105.1+134.6 0.21
Urea (mmol/L) 7.7+3.1 6.2+1.9 0.0276 6.6+2.1 7.2+3.8 0.47 7.0+23 5.8+2.8 0.08



NYHA=New York Heart Association, BMI=Body mass indéX)L=high-density lipoprotein, LDL=low
density lipoprotein, LVEELeft ventricular ejection fraction, LVEDP=left ventricular end diastolic
pressure, HFpEF=Heart failure with preserved ejection fractionME2ipe 2 diabetes mellituREB=red
blood cells (erthrocytes), WBC=white blood cells (leukocytes), Neutro=Neutrophiles, Lympho=
Lymphocytes, NLR=Neutrophiles Lymphocytes ratip-value for continuous variabl&MI, LVEF,
LVEDP, Hemoglobin, Hematocrit, HbAlc, Cholesterol, HDL, LDL, Triglycerides, RBCpdnin,
Creating WBC, Neutrophiles, Lymphocytes, NLR, Ure)pressed as mean +SDyalue calculated using
t-test. Categorical variable (Sex, BMI Class, and NYldRpressed as number of cases (percentage of
group), pvalue calculated using Chiuare tes Significant pvalue of <0.05 are bolded.

range LVEF in HFpEF, higher glycated hemoglobin (HbA1c) in T2DM, lower
hemoglobin, hematocrit and erythrocytes in anemia and Ibidern dyslipidemia.
Males were more prevalent in T2DM, hypertension dygipidemia and females were
more prevalent in anemiwith consideration to the selependent normal ranges used
for males/femalesf the study populatianAn increase in average BMI was found in
T2DM and anemia, whereas HFpEF had a lower average BWyBlipidemia was also

associated with a higher New York Heart Association (NYHA) score.

3.2.2 Hardy-Weinberg equilibrium in the OPOS cohort

Sanger sequencing was used to determine the alleles for each rs1617640,
rs507392 and rs551238 (Figure 3.We cetermined the allele frequencies of each allele
for the three SNPs rs1617640, rs507392 and rs5514188 SNPstatsFor rs1617640, A
had an allele frequency of 0.57 and C had an allele frequency of 0.43. For rs507392, A
had an allele frequency of 0.6 aBchad an allele frequency of 0.4. For rs551238, T had
an allele frequency of 0.63 and G had an allele frequency of 0.37. Based on these
observed allele frequencies the expected genotypes were calculated and compared to
observed genotypds determine ibur population was in Hardyeinberg equilibrium
(Table 3.3). Our study population was not in Havdginberg equilibrium. The SNP

rs1617640 hathe most disordense measur@not in HardyWeinberg equilibrium.
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Figure 3.1- EPO polymorphisms identified using Sanger sequencing.

A) EPO gene and regulatory elements with SNPs locations by the SNP name. B)
Representative chromatograms obtained by Sanger sequencing for each genotype of the
three SNBrs1617640, rs507392, and rs551238. The position of the SNP is identified by
rectangles surrounding the base call.
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Table 3.3- Hardy-Weinberg predicted vs. observed genotypes aradlele frequencies.

rs161640 rs507392 rs551238

A/A AIC C/IC A C p-value AIA AIG GIG A G p-wvalue T/T TIG GIG T G p-value
Predicted 31 46 17 0.57 0.43 n/a 31 41 14 06 04 n/a 35 41 12 0.63 0.37 n/a
All subjects 38 32 24 108 80 0.003 36 31 19 103 69 0.024 40 31 17 111 65 0.023
Anemia 8 10 12 27 35 0.15 7 8 8 22 24 0.11 8 9 7 25 23 0.24
Ctrl anemia 30 21 12 81 45 0031 29 23 11 81 45 021 32 22 10 86 42 0.08
Dyslipidemia 29 23 13 81 49 0060 28 23 10 79 43 0.17 30 23 9 83 41 0.25
Ctrl Dyslipidemia 9 9 11 27 31 0.062 8 8 9 24 26 0.11 10 8 8 28 24 0.056
T2DM 11 15 6 37 27 1.00 11 13 5 35 23 071 13 13 5 39 23 0.70
Ctrl T2DM 27 17 18 71 53 0.0006 25 18 14 68 46 012 27 18 12 72 42 0.021
HFpEF 30 27 19 87 65 0.019 28 27 17 83 61 026 31 27 15 89 57 0.08
Ctrl HFpEF 8 5 5 21 15 0.14 8 4 2 20 8 0.054 9 4 2 22 8 0.23
Hypertension 28 24 18 80 60 0.014 27 25 15 79 55 0.07 29 24 14 82 52 0.044
Ctrl Hypertension 10 8 6 28 20 0.20 9 6 4 24 14 0.17 11 7 3 29 13 0.33

HFpEF=heart failure with preserved ejection fraction, T2DM=type 2 diabetes mdlinlscontrol.Predicted genotypes are calculated using the Hardy
Weinberg equation based on observed allele frequencies (nqteapastionin predicted lines for allele)All other genotypes and alleles represent the observed
for each group for each of the SNPs as calculated by SNPStatdud? of <0.05 are deemed significant deviations from H¥vdinberg and are bolded.



3.2.3 Linkage disequibrium

The three SNPs rs1617640, rs507392 and rs551238 are found within 4.2 kb of
each other. Due to the proximity, linkage disequilibrium is likely to occur. We
performed a linkage disequilibrium analysis using SNPstats and found there is a high
degee of linkage disequilibrium between our three SNPs (Figure 3.2). The highest
degree of linkage disequilibrium is between rs1617640 and rs507392, followed by
rs507392 and rs55123&1617640 and rs551238 have the least degree of disequilibrium.
These asociations correlate with their positions along BRO genewith those closest in

proximity (Figure 31) showing the highest degree of disequilibrium.

3.2.4 rs1617640 correlations

The demographics and clinical parameters based on rs1617640 genotype are
shown in Table 3.4. There was a significant associati®&M| class between AA and
CC genotypes, with a higher prevalence of classes Obese 2 and 3 in CC genotype.
Hemoglobin was ab significantly lower in CC compared to AA. Both total cholesterol
and lowdensity lipoprotein (LDL) were high@mongst th&€€C genotype Whereas the
genotype AC has lower ndrigh-density lipoproteinrfortHDL). The CC genotype is
associated with higher neutrophito-lymphocyte ratiacNLR (Figure 3.3). Taken
together, this data suggests the rs1617640 SNP may potentially be associated with

cholesterol metabolism, hemoglobin, and inflammation.

We next tested to see if rs1617640 correlated with esthemia (Table 3.5),
dyslipidemia (Table 3.6), T2DM (Table 3.7), HFpEF (Table 3.8) or hypertension (Table

3.9). Each correlation was examined in five inheritance models (codominant, dominant,
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rs161640 rs507392 rs551238

rs161640

rs 551238 rs507392

Figure 3.2- EPO SNPs show a high degree of linkage disequilibrium.

The linkage coefficienf D,&R)value and pralue are provided for each combination.
Greyed boxes are duplicated combinationseiween the same SNP and therefore not
analyzed. Red boxes show combinations with darker red indicating greater degrees of
linkage disequilibrium.
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Table 34-rs1617640 demographics and clinical parameters.

Genotype p-value
AA (n=38) AC (n=32) CC (n=24) AA-AC AA-CC AcC-CC
Age (years) 64.1+6.1 634168 626+7.0 0.68 0.41 0.68
Males (%) 29 (76%) 20 (63%) 15 (63%) 0.20 0.24 0.99
Females 9 (24%) 12 (38%) 9 (38%)
BMI (kg/m?) 29.7+53 318169 349+93 0.16 0.007 0.16

Normal | 7 (18%) 5 (16%) 2 (8%) 0.40 0.008 0.40
Preobese 14 (37%) 10 (31%) 7 (29%)
Obese 1| 12 (32%) 7 (22%) 2 (8%)
Obese 2 3 (8%) 4 (13%) 6 (25%)
Obese 3 2 (5%) 6 (19%) 7 (29%)
NYHA
8 (21%) 6 (19%) 4 (17%) 0.46 0.67 0.27
17 (45%) 9 (39%) 12 (52%)
8 (21%) 11 (35%) 6 (26%)
5 (13%) 5 (16%) 1 (4%)
LVEF (%) 58.8+11.8 61.4+10.2 59.2+11.3 0.32 0.88 0.45
LVEDP (mmHg) 170+6.7 176+7.0 205+53 0.72 0.056 0.13
Hemoglobin (g/L) 137.3+9.1 1353+ 129.6 + 0.56 0.017 0.24

A WNPE

18.6 15.0
Hematocrit (L/L) 0.40+0.03 0.40+0.05 0.39+0.04 0.77 0.08 0.32
HbAlc (%) 6.2+1.2 59+0.8 59+0.7 0.25 0.31 0.92

Cholesterol(mmol/L) 4.2 +1.3 3.7+11 44+1.0 0.06 0.59 0.019
HDL (mmol/L) | 1.2+0.4 1.2+04 1.3+0.3 0.79 0.11 0.09
LDL (mmol/L) | 2.2+0.9 1.8+0.9 24+09 0.10 0.33 0.018

LDL/HDL 1.9+0.8 1.6+0.7 19+0.38 0.13 0.80 0.11

Non-HDL (mmol/L) | 3.0 £1.2 25+0.9 3.0+1.0 0.046 0.99 0.045

TG (mmol/L) 19+14 1.5+0.7 1.3+£05 0.14 0.07 0.40

RBC (x10"12/L) 45+0.3 44+05 44+04 0.82 0.32 0.60

WBC (x10"9/L) 7.1+2.1 7.4+28 7.9+2.3 0.72 0.22 0.49

Platelets (x10"9/L) 207.0% 208.3 199.8 + 0.92 0.58 0.61
46.4 64.6 50.2

Neutro (x1079/L) 46+16 49+27 55+24  0.49 0.07  0.40
Lympho (x10"9/L) | 1.7+06 1.6+06 1.6+08  0.51 0.30 0.1
NLR | 28+10 35+36 63+87 022 0018 0.12

Troponin (ng/L) 756.8 = 796.7 = 815.7 = 0.79 0.70 0.91
521.6 665.4 599.2
Creatine (mmol/L) | 85.2+17.4 103.6%x 924+31.0 0.35 0.25 0.66
117.8
Urea (mmol/L) 6.3£19 7.0+£27 7.1+£30 0.24 0.21 0.86

NYHA=New York Heart Association, BMI=Body mass index, HDL=hidénsity lipoprotein, LDL=low
densitylipoprotein, LVEF=Left ventricular ejection fraction, LVEDP=left ventricular end diastolic
pressure, HFpEF=Heart failure with preserved ejection fractionM=2ipe 2 diabetes mellitus,
TG=triglyceridesRBC=red blood cells, WBC=white blood cells (leukoes}, Neutro=Neutrophiles,
Lympho= Lymphocytes, NLR=Neutrophiles Lymphocytes ratiwalue for continuous variabl&8MI,

LVEF, LVEDP, Hemoglobin, Hematocrit, HbAlc, Cholesterol, HDL, LDL, Triglycerides, RBC, Troponin,
Creating WBC, Neutrophiles, Lymphocgs, NLR, Ureagxpressed as mean +SDyalue calculated using
t-test. Categorical variable (Sex, BMI Class, and NYldApressed as number of cases (percentage of
group), pvalue calculated using Gluare testSignificant pvalue of <0.05 are bolded.
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Figure 3.3- rs1617640 genotype correlation with clinical parameters.

The clinical parameter is indicated above each graph with normal and abnormal ranges
indicated within the graph by background colour. Outliers removed from statistical
analysis (by ROUT test or outside limits of detection of the assay) are indicated by
circles. Hb=hemoglobin, Hct=hematocrit, HDL=higknsity lipoprotein, LDL=low

density lipoprotein, LVEF=left ventricular ejection fraction, LVEDP=left ventricular end
diastolic pressure, and NLR=neutrophile to lymphocyte ratio. Statistical significance
determined by studenttest.
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Table 35-rs1617640 association with anemia under different inheritance models.

Model Genotype Case Control OR (95% CI) P-value

Codominant  A/A 8 (25.8%) 30 (47.6%) 1.00 0.12
AIC 11(35.5%) 21 (33.3%) 1.77 (0.535.83)
CiC 12 (38.7%) 12 (19.1%)  3.87 (1.0514.32)

Dominant A/A 8 (25.8%) 30 (47.6%) 2.41 (0.827.07) 0.1
AC-C/IC 23 (74.2%) 33 (52.4%)

Recessive A/A-A/C 19 (61.3%) 51 (81.0%) 2.83 (0.938.60) 0.065
CiC 12(38.7%) 12 (19.1%)

Overdominant A/A-C/C 20 (64.5%) 42 (66.7%) 0.96 (0.352.60) 0.93
AIC 11 (35.5%) 21 (33.3%)

Log additive A 27 (43.9%) 81 (643%)  1.96 (1.023.79) 0.04
C 35 (5%6.5%) 45 (3BH.70)

OR=o0dds ratio

Table 3.6- rs1617640 association with dyslipidemia under different inheritance

models

Model Genotype Case Control OR (95% CI) P-value

Codominant  A/A 29 (44.6%) 9 (31.0%) 1.00 0.28
AIC 23 (35.4%) 9 (31.0%) 0.90(0.292.80)
CiC 13 (20%) 11 (37.9%) 0.39 (0.1101.35)

Dominant AIA 29 (44.6%) 9 (31.0%) 1.00 0.4
AC-C/C 36 (55.4%) 20 (69.0% 0.65 (0.241.78)

Recessive A/A-A/C 52 (80.0%) 18 (62.1%) 1.00 0.11
CiC 13 (20.0%) 11 (37.9%) 0.41 (0.141.23)

Overdominant A/A-C/IC 42 (64.6%) 20 (69.0%) 1.00 0.56
AIC 23 (35.4%) 9 (31.0%) 1.34 (0.563.60)

Log additive A 81 (62.3%) 27 (46.6%) 0.64 (0.341.19) 0.15
C 49 (37.7%) 31 (53.4%)

OR=0dds ratio
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Table 3.7- rs1617640 association with T2DM under different inheritance models.

Model Genotype Case Control OR (95% CI) P-value

Codominant  A/A 11 (34.4%) 27 (43.5%) 1.00 0.083
AIC 15 (46.9%) 17 (27.4%) 2.39 (0.797.28)
CiC 6 (18.8%) 18 (29.0%) 0.62 (0.162.36)

Dominant A/A 11 (34.4%) 27 (43.5%) 1.00 0.46
AC-C/C 21 (65.6%) 35 (56.5%) 1.46 (0.534.01)

Recessive A/A-AIC 26 (81.2%) 44 (71%) 1.00 0.11
CiC 6 (18.8%) 18 (29%) 0.39 (0.121.29)

Overdominant A/A-C/C 17(53.1%) 45 (72.6%) 1.00 0.035
AIC 15 (46.9%) 17 (27.4%) 2.88 (1.067.79)

Log additive A 37(57.80) 71(57.30) 0.88 (0.471.63) 0.67
C 27 (42.26)  53(42.70)

OR=0dds ratipT2DM=Type 2 diabetes mellitus

Table 3.8- rs1617640 association with HFpEF under different inheritance models.

Model Genotype Case Control OR (95% CI) P-value

Codominant  A/A 30 (39.5%) 8 (44.4%) 1.00 0.67
AIC 27 (35.5%) 5 (27.8%) 1.84 (0.477.17)
C/C 19(25.0%) 5 (27.8%) 1.49 (0.336.80)

Dominant A/IA 30 (39.5%) 8 (44.4%) 1.00 0.39
AC-C/C 46 (60.5%) 10 (55.6%) 1.70 (0.565.74)

Recessive A/A-A/IC 57 (75.0%) 13 (72.2%) 1.00 0.91
C/C 19 (25.0%) 5 (27.8%) 1.07 (0.284.06)

Overdominant A/A-C/C 49(64.5%) 13 (72.2%) 1.00 0.46
AIC 27 (35.5%) 4 (27.8%) 1.55 (0.475.17)

Log additive A 87 (57.20) 21 (58.2%0) 1.26 (0.582.73) 0.55
C 65(42.860) 15(41.7®%)

OR=0dds ratipHFpEF=Heart failure with preserved ejection fraction
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Table 39- rs1617640 association with hypertension under different inheritance

models.

Model Genotype Case Control OR (95% CI) P-value

Codominant  A/A 28 (40.0%) 10 (41.7%) 1.00 0.8
AIC 24 (34.2%) 8 (33.3%) 1.41(0.434.64)
CiC 18 (25.7%) 6 (25.0%) 1.49 (0.376.04)

Dominant A/A 28 (40.0%) 10 (41.7%) 1.00 0.51
AC-C/C 42 (60.0%) 14 (58.3%) 1.44 (0.494.26)

Recessive A/A-A/IC 52 (74.3%) 18 (75.0%) 1.00 0.73
CiC 18 (25.7%) 6 (25.0%) 1.24(0.364.29)

Overdominant A/A-C/C 46 (65.7%) 16 (66.7%) 1.00 0.73
AIC 24 (34.3%) 8 (33.3%) 1.21 (0.423.48)

Log additive A 80 (57.1%) 28 (58.30) 1.24 (0.622.48) 0.54
C 60(42.96)  20(41.7P0)

OR=o0dds ratio

recessive, overdominant and log additivea negressioranalysisadjusted for sex, age

and BMI. In anemia the C allele was associative with a log additive model, snggest

that more C alleles are a risk factor for anemia. For T2b®overdominantmodel

showed aignificant correlation, suggesting that heterozygotes may be at a higher risk of

T2DM. There were no correlations between rs1617640 and dyslipidemia, HFpEF or

hypertension. Taken together, this suggtisttthers1617640 genotype may heisk

factor in anemia (C allele) and T2DM (heterozygotes).

To explainthe observedariation in clinical parameters and phenotype we

determinedEPOplasmaconcentrations, along with transferrin, ferritin and hepcidin

usingan ELISA assay. EP®@as significantly reduced ithe CC genotype compared to

AA and AC (Figure 31). Thissuggestshe C allelecirculatedess EPO compared to the

A allele. An alterationin EPO production by the C allele would likely be the cause of the

clinical phenotypesve observed.

3.25rs507392 correlations
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Figure 3.4- rs1617640 associations with levels of A) EPO, B) Transferrin, C)

Ferritin, and D) Hepcidin.

Outliers removed from statistical analysis (by ROUT test or outside limits of detection of
the assay) are indicated by circles. Statistical significance was determined twajwo
ANOVA with a p-value <0.05 being significant.
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Thedemographics and clinical parameters compared to the genotype of rs507392 are
shown in Table 3.10. A GG genotype correlated to higher obese category compared to
AA, but no significant difference between age,,sEXNYHA classification. Therevere

no siguificant changes in hemoglobin observed in rs1617640 but there were significant
changes in cholesterol, LDL, and rBIDL lipoproteins similar to those seen in

rs1617640. We did not observe a significant change in the NLR as seen in rs1617640

(Figure 3.5).This suggest that rs507392 potentially affects lipoprotein metabolism.

We next examined if rs507392 correlated with the clinical phenotypes of anemia
(Table 3.11), dyslipidemia (Table 3.12), T2DM (Table 3.13), HFpEF (Table 3.14) or
hypertension (Table.B5). For each phenotype we examined five inheritance models
(codominant, dominant, recessive, overdominant and log additive) in a regression
analysis adjusting for sex, age, and BMI using SNPstats. rs5@¥8@aificant in a
recessive model with dyglidemia, suggesting a GG genotypeotentially protective
againstdyslipidemia. There were no significant correlations with anemia, T2DM,

HFpEF, or hypertension.

To examine potential mechanisms for the dyslipidemia associateds®@f392
we examinederum levels of EPO, transferrin, ferritin and hepcidin using ELISA (Figure
3.6). There was a significant decrease in EPO in the GG phenotype compared to either
AA or AG. This suggests that a decrease in EPO caused by the GG genotype may be a

protectivefor dyslipidemia.

3.2.6 rs551238 correlations

Demographics and clinical parameters associated with genotypes of rs551238 are
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Table 3.10- rs507392 demographics and clinical parameters

Genotype p-value
AA (n=36) AG (n=31) GG (n=19) AA-AG AA-GG AG-GG
Age (years) 63.8+6.1 634+73 639+69 0.89 0.86 0.80
Males 29 (81%) 21 (68%) 7 (37%) 0.22 0.15 0.73
Females 7 (19%) 10 (32%) 12 (63%)
BMI (kg/m?) 294+51 311+63 321+66 0.23 0.10 0.60
Normal | 7 (19%) 5 (16%) 2 (11%) 0.29 0.0% 0.71
Preobese 13 (36%) 11 (35%) 7 (37%)
Obese 1| 12 (33%) 6 (19%) 2 (11%)
Obese 2 3 (8%) 4 (13%) 5 (26%)
Obese 3 1 (3%) 5 (16%) 3 (16%)
NYHA
1| 8(22%) 6 (19%) 4 (21%) 0.68 0.79 0.63
2| 15(42%) 10(32%) 9 (47%)
3| 8(22%) 11 (35%) 5 (26%)
4| 5(14%) 4 (13%) 1 (5%)
LVEF (%) 50.0+12.0 61.4+10.3 60.5+11.4 0.38 0.66 0.76
LVEDP (mmHg) 17.1+6.7 17.7+7.1 204149 0.75 0.09 0.18
Hemoglobin (g/L) 138.0+8.8 137.1+ 133.1+ 0.78 0.11 0.39
16.8 13.1
Hematocrit (L/L) 0.41+£0.03 0.41+0.05 0.40+0.03 0.96 0.32 0.51
HbAlc (%) 6.2+1.2 59+0.8 59+0.7 0.20 0.25 0.92
Cholesterol (mmol/L)] 4.2+ 1.3 3.7+1.0 46+0.9 0.07 0.33 0.005
HDL (mmol/L) | 1.2+0.4 1.2+04 1.3+0.3 0.86 0.14 0.11
LDL (mmol/L) | 2.2+0.9 1.8+0.8 26+0.9 0.11 0.16 0.0
LDL/HDL 1.9+0.8 1.6+0.7 2.0+0.7 0.15 0.51 0.051
Non-HDL (mmol/L) | 3.1+1.2 25+0.9 3.2+0.9 0.046 0.63 0.011
TG (mmol/L) 19+14 1.4+0.7 1.4+0.6 0.057 0.11 0.98
RBC (x10"12/L) 45%0.3 45+05 44+04 0.92 0.54 0.63
WBC (x10M9/L) 72+21 71124 7.9+2.3 0.88 0.25 0.25
Platlets (x10"9/L) 208.0 + 206.2 + 202.4 + 0.89 0.69 0.83
47.5 63.2 52.1
Neutrophiles 46+1.7 47+23 55124 0.85 0.09 0.22
(x10M9/L)
Lymphocytes 1.8+0.6 1.7+0.6 1.6+0.8 0.56 0.48 0.78
(x10M9/L)
NLR | 28%1.0 3.3+3.6 6.3+9.4 0.36 0.03L 0.12
Troponin (ng/L) 782.2 + 795.3 + 859.6 + 0.93 0.64 0.74
523.4 663.0 631.2
Creatine (mmol/L) 86.1+17.4 81.8+25.2 91.6+30.1 0.42 0.40 0.23
Urea (mmol/L) 6.4+1.9 6.4+1.7 72129 0.99 0.23 0.23

NYHA=New York Heart Association, BMI=Body mass index, HDL=hidénsity lipoprotein, LDL=low

density lipoprotein, LVEF Left ventricular ejection fractia’y/EDP=left ventricular end diastolic pressure,
HFpEF=Heart failure with preserved ejection fraction, W2Rype 2 diabetes mellitugG=triglycerides,
RBC-=red blood cells, WBC=white blood cells (leukocytes), Neutro=Neutrophiles, Lympho=

Lymphocytes, NLR=Neutrophiles Lymphocytes ratip-value for continuous variabl&MI, LVEF,

LVEDP, Hemoglobin, Hematocrit, HbAlc, Cholesterol, HRIOQL, Triglycerides, RBC, Troponin,

Creating WBC, Neutrophiles, Lymphocytes, NLR, Urepressed as mean +SDyalue calculated using
student-test. Categorical variable (Sex, BMI Class, and NYHA expressed as number of cases (percentage
of group), pvalue calculated using Clsquare testSignificant pvalue of <0.05 are bolded.
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Figure 3.5- rs507392 genotype correlations with clinical parameters.

The clinical parameter is indicated above each graph with normal and abnormal ranges
indicated within the graph by background colour. Outliers removed from statistical
analysis (by ROUT test or outside limits of detection of the assay) are indicated by
circles. Hb=hemoglobin, Hct=hematocrit, HDL=higknsity lipoprotein, LDL=low

density lipoprotein, LVEF=left ventricular ejection fraction, LVEDP=left ventricular end
diastolic pressure, and NLR=neutrophile to lymphocyte ratio. Statistical significance
detemined by studenttest.
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Table 3.11- rs507392 association with anemia under different inheritance models

Model Genotype Case Control OR (95% CI) P-value
Codominant  A/A 7 (30.4%) 29 (46.0%) 1.00 0.27
AIG 8 (34.8%) 23(36.5%) 1.34 (0.374.84)
GIG 8(34.8%) 11 (17.5%) 3.02 (0.7512.11)
Dominant A/A 7 (30.4%) 29 (46.0%) 1.00 0.29
AIG-G-G 16 (69.6%) 34 (54.0%) 1.85 (0.595.81)
Recessive A/IA-A-G 15 (65.2%) 52 (82.5%) 1.00 0.12
G/IG 8 (34.8%) 11 (17.5%) 2.58(0.788.55)
Overdominant A/A-G/G 15 (65.2%) 40 (63.5%) 1.00 0.73
AIG 8 (34.8%) 23 (36.5%) 0.83 (0.282.47)
Log additive A 22 (47.8%) 81 (64.3%) 1.73 (0.863.46) 0.12

G

24 (52.2%)

45 (35.7%)

OR=o0dds ratio

Table 312- rs507392 association with dyslipidemia under different inheritance
models

Model Genotype Case Control OR (95% CI)  P-value

Codominant  A/A 28 (45.9%) 8 (32.0%) 1.00 0.13
AIG 23 (37.7%) 8 (32.0%) 0.80 (0.242.65)
GIG 10 (16.4%) 9 (36.0%) 0.26 (0.071.03)

Dominant AIA 28 (45.9%) 8 (32.0%) 1.00 0.25
AIG-G-G 33 (54.1%) 17 (68.0%) 0.54 (0.181.55)

Recessive A/A-A-G 51 (83.6%) 16 (64.0%) 1.00 0.048
GIG 10 (16.4%) 9 (36.0%) 0.29 (0.091.00)

Overdominant A/A-G/G 38 (62.3%) 17 (68.0%) 1.00 0.6
AIG 23 (37.7%) 8 (32.0%) 1.32 (0.463.80)

Log additive A 79 (64.8%) 24 (48.0%) 0.53 (0.271.05) 0.066
G 43 (35.2%) 26 (52.0%)

OR=0dds ratio
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Table 3.13- rs507392 association with T2DM under different inheritance models

Model Genotype Case Control OR (95% CI)  P-value

Codominant  A/A 11 (37.9%) 25 (43.9%) 1.00 0.41
AIG 13 (44.8%) 18 (31.86) 1.53(0.484.91)
G/IG 5(17.2% 14 (24.6%) 0.60 (0.142.56)

Dominant A/A 11 (37.9%) 25 (43.9%) 1.00 0.84
AIG-G-G 18 (62.1%) 32(56.1%) 1.12(0.383.27)

Recessive AIA-A-G 24 (82.8%) 43 (75.4%) 1.00 0.26
G/IG 5(17.2%) 14 (24.6%) 0.48 (0.131.77)

Overdominant A/A-G/G 16(55.2%) 39 (68.4%) 1.00 0.25
AIG 13 (44.8%) 18 (31.6%) 1.84 (0.655.25)

Log additive A 35 (60.3%) 68 (59.6%) 0.84 (0.421.68) 0.63
G 23 (39.7%) 46 (40.4%)

OR=0dds ratipT2DM=Type 2 diabetes mellites

Table 314- rs507392 association with HFpEF under different inheritance models.

Model Genotype Case Control OR (95% CI)  P-value

Codominant  A/A 28 (38.9%) 8 (57.1%) 1.00 0.36
AIG 27 (37.5%) 4(28.6%) 2.14 (0.509.11)
GIG 17(23.6%) 2 (14.3%) 3.30(0.5621.92)

Dominant AIA 28 (38.9%) 8 (57.1%) 1.00 0.17
AIG-G-G 44 (61.1%) 6 (42.9%) 2.47 (0.659.33)

Recessive A/A-A-G 55 (76.4%) 12 (85.7%) 1.00 0.33
GIG 17 (23.6%) 2 (14.3%) 2.27 (0.3913.07)

Overdominant A/A-G/G 45(62.5%) 10 (71.4%) 1.00 0.57
AIG 27 (37.5%) 4(28.6%)  1.46 (0.395.47)

Log additive A 83 (57.6%) 20 (71.4%) 1.88(0.754.70) 0.16
G 61 (42.4%) 8 (28.6%)

OR=0dds ratipHFpEF=Heart failure with preserved ejection fraction
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Table 315 rs507392 association with hypertension under different inheritance

models.

Model Genotype Case Control OR (95% CI) P-value

Codominant  A/A 27 (40.3%) 9 (47.4%) 1.00 0.73
AIG 25 (37.3%) 6 (31.6%) 1.62(0.455.85)
GIG 15 (22.4%) 4 (21.1%) 1.55 (0.337.37)

Dominant A/A 27 (40.3%) 9 (47.4%) 1.00 0.43
A/IG-G-G 40 (59.7%) 10 (52.6%) 1.60 (0.565.14)

Recessive AIA-A-G 52 (77.6%) 15 (79.0%) 1.00 0.79
GIG 15 (22.4%) 4 (21.1%) 1.21(0.294.94)

Overdominant A/A-G/IG 42 (62.7%) 13 (68.4%) 1.00 0.58
AIG 25 (37.3%) 6 (31.6%) 1.39 (0.4304.45)

Log additive A 79 (59.0%) 24 (63.2%) 1.29 (0.662.81) 0.51
G 55 (41.0%) 14 (36.8%)

OR=o0dds ratio

shown in Table 3.16. There wasignificant difference between TG and GG for total
cholesterol and for neRIDL lipoproteins between T-GG, but otherwise many of the
associations seen with rs1617640 and rs507392 were not seen in rs551238 (Figure 3.7).

This suggest that rs551238 is nohaghly correlated with lipoprotein metabolism.

We examined if rs551238 correlated with the clinical phenotypes of anemia
(Table 3.17), dyslipidemia (Table 3.18), T2DM (Table 3.19), HFpEF (Table 3.20) or
hypertension (Table 3.21). For each phenotype weimeal five inheritance models
(codominant, dominant, recessive, overdominant and log additive) in a regression
analysis adjusting for sex, age and BMI using SNPstats. rs551238 did not correlate with
any of the disease phenotypes we tested. This subgess551238 is not associated

with anemia, dyslipidemia, T2DM, HFpEF of hypertensiothis sulpopulation.

To examine if rs551238 affected serum levels of EPO, transferrin, ferritin or
hepcidin they were measured by ELISA and correlated with genotgp81238 did not

show a significant change in EPO, transferrin, ferritin or hepcidin (Figure 3.8). Taken

85



A) EPO
0.01
220 ﬁ)
2001
170 + 0.001
1 160 ®
E 160 ‘A‘:
= A
E 150 .‘g b
? 4isa
140 L
1301 @®
120 I I I
AA AG GG
Genotype
C) Ferritin
30+
[ ]
20 * -
—E‘ ::' i .
=) . Al 5
c ]
104 e & .
i.. La_
83 4%, o
° A,k I=!
0 | | |
AA AG GG
Genotype

Figure 3.6- rs507392 genotype association with levels of A) EPO, B) Transferrin, C)

Ferritin, and D) Hepcidin.

Outliers removed from statistical analysis (by ROUT test or outside limits of detection of
the assay) are indicated by circles. Statistical significance was determined fwyajwo
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ANOVA with a p-value of <0.05 being significant.
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Table 316- rs551238 demographics and clinical parameters

Genotypes p-value
TT TG GG TT-TG TT-GG TG-GG
Age (years) 63.9+6.0 634+71 63673 0.74 0.89 0.90
Males 32 (80%) 20 (65%) 11 (65%) 0.14 0.21 0.98
Females 8 (20%) 11 (35%) 6 (35%)
BMI (kg/m?) 30,0+£6.0 31.3+6.6 329+6.5 0.38 0.11 0.44

Normal | 7 (18%) 5 (16%) 2 (12%) 0.19 0.06 0.19
Preobese 14 (35%) 11 (35%) 5 (29%)

Obese 1| 14 (35%) 5 (16%) 2 (12%)

Obese 2 3 (8%) 4 (13%) 5 (29%)

Obese 3 2 (5%) 6 (19%) 3 (18%)

NYHA
1| 9(23%) 7(23%) 2(12%) 0.88 0.83  0.83
2| 16(41%) 10(32%) 8 (47%)
3 9(23%)  9(29%) 6 (35%)
4 5(13%) 5 (16%) 1 (6%)
LVEF (%) 59.7+11.8 61.7+10.1 58.9+11.5 045 0.82  0.39
LVEDP (mmHg) 16.8+6.5 181+7.1 199+51 042 011 042
Hemoglobin (g/L) | 139.1+9.4 1360+  131.9+ 031 004 0.0
15.5 15.6
Hematocrit (L/L) 0.41+0.03 0.40+0.04 0.39+0.04 048 011  0.46
HbAlc (%) 63+13 59+08 59+08 017 026  0.97

Cholesterol (mmol/L)] 4.2+1.2 3.7+1.1 44+10 0.06 0.57 0.031
HDL (mmol/L) | 1.2+0.4 1.2+04 1.3+0.3 0.77 0.13 0.09
LDL (mmol/L) | 2.2+0.9 1.9+0.9 24+09 0.14 0.45 0.06

LDL/HDL 1.9+0.8 1.6+0.6 19+0.8 0.12 0.97 0.21
NonHDL (mmol/L) | 3.1+1.2 25+0.9 31+1.0 0.056 0.97 0.06
TG(mmol/L) 19+1.4 1.4+0.7 1.4+£05 0.07 0.18 0.88
RBC (x10"12/L) 45+0.3 45+05 44x05 0.83 0.16 0.35
WBC (x10"9/L) 72+21 7.1+24 8.0+25 0.89 0.23 0.25
Platelets (x10"9/L) 206.6 = 2119+ 188.6 £ 0.68 0.19 0.20
46.0 63.5 47.4
Neutrophiles 46+1.6 4.7 £2.3 56+26 0.76 0.08 0.23
(x10M9/L)
Lymphocytes 1.8+0.6 1.6+0.6 1.6+0.8 0.32 0.35 0.83
(x10M9/L)
NLR | 2.7+1.0 3.5+36 6.7+9.9 0.22 0.018 0.11
Troponin (ng/L) 769.9 858.2 + 822.6 = 0.56 0.73 0.86
505.5 704.0 563.5
Creatine (mmol/L) 85.5+17.0 80.8+24.8 94.6+31.3 0.35 0.17 0.10
Urea (mmol/L) 6.4+1.9 6.3x1.9 75+3.0 0.81 0.12 0.12

NYHA=New York HeartAssociation, BMI=Body mass index, HDL=higtensity lipoprotein, LDL=low
density lipoprotein, LVEELeft ventricular ejection fraction, LVEDP=left ventricular end diastolic
pressure, HFpEF=Heart failure with preserved ejection fractionM=2ipe 2 diabetemellitus,
TG=triglycerides, RBC=red blood cells, WBC=white blood cells (leukocytes), Neutro=Neutrophiles,
Lympho= Lymphocytes, NLR=Neutrophiles Lymphocytes ratipvalue for continuous variabl@&\I,
LVEF, LVEDP, Hemoglobin, Hematocrit, HbAlc, CholestieHDL, LDL, Triglycerides, RBC, Troponin,
Creating WBC, Neutrophiles, Lymphocytes, NLR, Urepressed as mean +SDyalue calculated using
t-test. Categorical variable (Sex, BMI Class, and NYldRpressed as number of cases (percentage of
group), pvalue calculated using GBjuare testSignificant pvalue of <0.05 are bolded.
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Figure 3.7- rs551238 genotype correlations with clinical parameters.

The clinical parameter is indicated above each graph with normal and abnormal ranges
indicated within the graph by background colour. Outliers removed from statistical
analysis (by ROUT test or outside limits of detection) are indicated by circles.
Hb=henoglobin, Hct=hematocrit, HDL=highensity lipoprotein, LDL=lowdensity
lipoprotein, LVEF=left ventricular ejection fraction, LVEDP=left ventricular end

diastolic pressure, and NLR=neutrophile to lymphocyte ratio. Statistical significance
determined by stient ttest.
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Table 3.17- rs551238 association with anemia under different inheritance models

Model Genotype Cases Control OR (95% CI) P-value

Codominant  T/T 8 (33.3%) 32 (50.0%) 1.00 0.36
T/G 9 (37.5%) 22 (34.3%) 1.38 (0.464.74)
G/IG 7 (29.2%) 10 (15.6%) 2.72 (0.6810.83)

Dominant T/T 8 (33.3%) 32 (50%) 1.00 0.3
T/G-G/IG 16 (66.7%) 32 (50%) 1.78 (0.595.37)

Recessive TIT-TIG 17 (70.8%) 54 (84.4%) 1.00 0.18
G/IG 7 (29.2%) 10 (15.6%) 2,32(0.687.97)

Overdominant T/T-G/G 15 (62.5%) 42 (65.6%) 1.00 0.91
T/G 9 (37.5%) 22 (34.4%) 0.94 (0.312.80)

Log additive T 25 (52.1%) 86 (67.2%) 1.63 (0.813.25) 0.17
G 23 (47.9%) 42 (32.8%)

OR=o0dds ratio

Table 318- rs551238 association with dyslipidemia under different inheritance
models

Model Genotype Case Control OR (95% CI) P-value

Codominant  T/T 30 (38.5%) 10 (38.5%) 1.00 0.28
T/G 23 (37.2%) 8 (30.8%) 1.08(0.343.46)
GIG 9(14.5%) 8(30.8%) 0.38 (0.101.48)

Dominant T/T 30 (48.4%) 10 (38.5%) 1.00 0.59
T/G-G/IG 32 (51.6%) 16 (61.5%) 0.75 (0.272.12)

Recessive T/T-TIG 53 (85.5%) 18 (69.2%) 1.00 0.11
GIG 9(14.5%)  8(30.8%) 0.26(0.11-1.27)

Overdominant T/T-G/G 39 (62.9%) 18 (69.2%) 1.00 0.45
T/G 23 (37.1%) 8 (30.8%) 1.50 (0.524.32)

Log additive T 83 (66.9%) 28 (53.8%) 0.66 (0.331.30) 0.23
G 41 (33.1%) 24 (46.2%)

OR=0dds ratio
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Table 3.19- rs551238 association with T2DM under different inheritance models

Model Genotype T2DM Control OR (95% CI) P-value

Codominant  T/T 13 (41.9%) 27 (47.4%) 1.00 0.5
T/G 13 (41.9%) 18 (31.6%) 1.56 (0.564.90)
G/G 5(16.1%) 12 (21.1%) 0.69 (0.162.92)

Dominant TIT 13 (41.9%) 27 (47.4%) 1.00 0.74
T/G-G/IG 18 (58.1%) 30 (52.6%) 1.20 (0.423.40)

Recessive T/IT-TIG 26 (83.9%) 45 (79%) 1.00 0.38
G/IG 5 (16.1%) 12 (21.1%) 0.55 (0.152.08)

Overdominant T/T-G/G  18(58.1%) 39 (68.4%) 1.00 0.29
T/G 13 (41.9%) 18 (31.6%) 1.76 (0.625.02)

Log additive T 39 (62.9%) 72 (63.2%) 0.92 (0.461.82) 0.8
G 23 (37.1%) 42 (36.8%)

OR=0dds ratipT2DM=Type 2 diabetes mellitus

Table 320 rs551238 association with HFpEF under different inheritance models

Model Genotype Case Control OR (95% CI) P-value

Codominat T/T 31(42.5%) 9 (60.0%) 1.00 0.27
T/G 27 (37.0%) 4 (26.7%) 2.44 (0.5710.40)
GIG 15(20.6%) 2 (13.3%) 2.61 (0.3817.93)

Dominant T/T 31(42.5%) 9 (60.0%) 1.00 0.12
T/G-G/IG 42 (57.5%) 6 (40.0%) 2.80 (0.7410.62)

Recessive T/T-TIG 58 (79.5%) 12 (85.7%) 1.00 0.3
GIG 15 (20.6%) 2 (14.3%) 2.03 (0.3412.13)

Overdominant T/T-G/G  47(63.5%) 11 (73.3%) 1.00 0.48
T/G 27 (36.5%) 4 (25.7%) 1.59 (0.435.90)

Log additive T 89 (61.0%) 22 (73.3%) 1.62 (0.654.08) 0.11
G 57 (39.0%) 8 (26.7%)

OR=0dds ratipHFpEF=Heatrt failure with preserved ejection fraction

90



Table 3.21- rs551238 association with hypertension under different inheritance

models

Model Genotype  Hypertension Control OR (95% CI) P-value

Codominant TIT 29 (43.3%) 11 (52.4%) 1.00 0.54
T/G 24 (35.8%) 7 (33.3%) 1.63(0.485.48)
GIG 14 (20.9%) 3 (14.3%) 2.33(0.4512.16)

Dominant TIT 29 (43.3%) 11 (52.4%) 1.00 0.3
T/G-G/IG 38 (56.7%) 10 (47.6%) 1.80 (0.585.59)

Recessive TIT-TIG 53 (79.1%) 18 (85.7%) 1.00 0.43
GIG 14 (20.9%) 3 (14.3%) 1.81(0.398.30)

Overdominant T/T-G/G 43 (64.2%) 14 (66.7%) 1.00 0.68
T/G 24 (35.8%) 7 (33.3%) 1.27 (0.413.88)

Log additive T 82 (61.2%) 29 (69.0%) 1.55 (0.763.40) 0.27
G 52 (38.8%) 13 (31.0%)

OR=0dds ratio

together, rs551238 does not affect EPO concentrations and does not correlate with

anemia, dyslipidemia, T2DM, HFpEF or hypertension in shigopulation.

3.2.7 Haplotype correlations

The haplotype examines alleles in all three SNPs in combinatoom(allele
from rs1617640, A allele from rs507392 and T allele from rs551238 are written as AAT).
Since our SNPs are in linkage disequilibrium, haplotype information may provide
additional information over the individual SNP@/e used haplotype analyssexamine
links of haplotype with the clinical outcomée predominant haplotypes of AAT and
CGG did not correlate with any clinical phenotype. However, one of the rare haplotypes
of CGT, which occurred in approximately 3% of our sample did correléte
dyslipidemia. The OR of 0.05 suggests the CGT is protective against dyslipidemia
(Table 3.22) However, given the low prevalence of this haplotype this finding requires

validation in a larger cohort.

3.28 Sex differences for SNRorrelations
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Figure 3.8- rs551238 genotype association with levels of A) EPO, B) Transferrin, C)
Ferritin, and D) Hepcidin.

Outliers removed from statistical analysis (by ROUT test or outside limits of detection of
assay) are indicated by circles. Statistical significance was determined bydaywo

ANOVA with a p-value of <0.05 being significant.
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Table 3.22- Haplotype associations with clinical phenotypes.

Haplotype Anemia Dyslipidemia T2DM

Freq OR (95% CI)  p-value Freg. OR (95% CI) p-value Freq OR (95% CI) p-value
AAT 0.5674 1.00 n/a 0.567 1.00 n/a 0.567 1.00 n/a
CGG 0.3837 1.98 (1.013.91) 0.051 0.384 0.72(0.361.44) 0.36 0.384 0.99(0.511.91) 0.97
CGT 0.0311  3.05(0.3824.72) 0.3 0.029  0.05(0.000.51) 0.014 0.030 0.26 (0.022.82) 0.27
GHA p-value 0.19 0.031 0.8

w

8 Table 3.22 cont: Haplotype associations with clinical phenotypes.

Haplotype HFpEF Hypertension

Freq OR (95% CI) p-value Freq OR (95% Cl)  p-value
AAT 0.5674 1.00 n/a 0.567 1.00 n/a
CGG 0.3826 1.51 (0.643.56) 0.35 0.383 1.45(0.693.05) 0.33
CGT 0.292 0.68(0.0227.15) 0.84 0.329 0.39(0.052.99) 0.37
GHA p-value 0.34 0.36

Freg=frequency, GHA=global haplotype associatibADM=Type 2 Diabetes mellitus, HFpEF=Heart Failure with preserved ejection fraction



Sex differences have bedncumented in CVD and many of the CVD risk factors
that we have examined herein. The prevalence of dyslipidemia, T2DM, and hypertension
are higher in malé®®, whereas the prevalence of aneftfiand HFpEE®is higher in
females. Given the sex difference in thanital phenotypes we are examining, we
analyzed the differences in our SNPs within each sex to determine if sex differences
could affect our results. The rs507392 AG and GG genotypes and rs551238 TG
genotype associated with hypertension in females, lhuhmoales (Table 3.23). This
suggestin hypertension that the rs507392 and rs551238 could be a risksfiactor

females, but not in males.

3.2.9 Other variants detected in our population

During the analysis of the sequences obtained for rs1617640, rs507392, and
rs551238 other variants were identified (Table 3.24). Many of these variants were only
detected in a single individual as a heterozygote. There are some variants that are found
in a few individuals with most of these also being heterozygotes. A majority of these
have not previously been reported and therefore their significance is unknown. There
were three variants that were found in a significant subset of our population. These
include a fowbase pair deletion (2162270?del). This was found to be homozygous in
76 cases and suspected to be heterozygous in four. This variant is found in a repeat
region in intron 3 and therefore the breakpoint may be inexact. 3154T>G waddrioun
83 individuals, with 77 of these being homozygotes. Lastly, 3806T>C was found in 33

individuals, with 31 of these being heterozygotes.

3.3 Discussion
The SNP rs1617640 genotype CC and rs507392 genotypeeBgassociated
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Table 3.23- Sex differences in SNPs correlations with phenotypes

Anemia Dyslipidemia T2DM
S Geno. Cases Ctrl. OR (95% ClI) Int. Cases Ctrl. OR (95% CI) Int. Cases Ctrl. OR (95% CI) Int.
rs1617640
F A/A 4 5 1.00 099 5 4 1.00 0.5 1 8 1.00 0.8
A/IC 6 6 1.69 (0.2511.25) 8 4 2.19 (0.3314.68) 4 8 4.83(0.3763.55)
C/C 6 3 4.03(0.4535.91) 4 5 0.82 (0.116.28) 1 8 0.80(0.0318.12)
M AA 4 25 1.00 24 5 1.00 10 19 1.00
AIC 5 15 1.82(0.398.43) 15 5 0.55(0.132.33) 11 9 1.96 (0.566.88)
C/C 6 9 3.80(0.7918.35) 9 6 0.27 (0.061.27) 5 10 0.61 (0.142.64)
rs507392
F A/A 3 4 1.00 065 4 3 1.00 065 1 6 1.00 0.97
AIG 3 7 0.73 (0.086.54) 7 3 1.88 (0.2116.79) 2 8 1.13(0.0621.74)
GIG 4 3 3.55(0.3140.81) 3 4 0.43 (0.045.13) 1 6 0.45(0.0114.55)
M  AIG 4 25 1.00 24 5 1.00 10 19 1.00
GIG 5 16  1.89 (0.418.82) 16 5 0.55 (0.132.33) 11 10 1.61 (0.465.67)
C/C 4 8 2.78(0.5115.09) 7 5 0.21 (0.041.11) 4 8 0.63(0.133.02)
rs551238
F TT 4 4 1.00 0.57 4 4 1.00 0.42 1 7 1.00 0.9
T/G 4 7 0.59 (0.084.36) 8 3 3.22 (0.40625.64) 3 8 2.79(0.1843.94)
GIG 3 3 1.80(0.1719.69) 2 4 0.55 (0.056.61) 1 5 1.14 (0.0432.91)
M T/IT 4 28 1.00 26 6 1.00 12 20 1.00
T/G 5 15 2.26 (0.4810.58) 15 5 0.62 (0.152.52) 10 10 1.40(0.404.92)
GIG 4 7 3.40(0.6118.82) 7 4 0.32 (0.061.72) 4 7 0.63 (0.133.10)
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Table 3.23 cont: Sex differences in SNPs correlations with phenotypes

HFpEF Hypertension
S Geno. Cases Ctrl. OR (95% CI) Int. Cases Ctrl. OR (95% CI) Int.
rs1617640
F AA 7 2 1.00 048 3 5 1.00 0.1
A/C 9 3 1.01 (0.119.48) 8 2 9.38 (0.9098.15)
C/C 8 1 2.54(0.1543.18) 4 2 6.48 (0.4789.67)
M A/A 23 6 1.00 24 5 1.00
A/IC 18 2 2.94 (0.4818.14) 16 4 0.50 (0.162.55)
C/C 11 4 1.13 (0.134.48) 12 2 0.54 (0.074.09)
rs507392
F AA 5 2 1.00 048 2 5 1.00 0.03
AIG 9 1 3.62(0.2066.26) 8 2 18.48 (1.56227.27)
GIG 7 0 n/a 5 2 15.43 (1.02233.40)
M A/G 23 6 1.00 25 4 1.00
GIG 18 3 1.90 (0.379.73) 17 4 0.51 (0.162.63)
C/C 10 2 2.01 (0.2715.06) 10 2 0.45 (0.063.49)
rs551238
F TT 5 3 1.00 026 2 6 1.00 0.02
T/G 10 1 7.30 (0.48111.05) 9 2 19.16 (1.84199.49)
GIG 6 0 n/a 4 2 11.33 (0.84153.49)
M T/IT 26 6 1.00 27 5 1.00
T/G 17 3 1.67 (0.328.67) 15 5 0.47 (0.112.06)
GIG 9 2 1.78 (0.2313.69) 10 1 1.11 (0.1012.27)

S=sex, F=female, M=male, Geno.=genotype, OR=0dds ratio, Ctrl.=controls, int=interagtbrepl2DM=Type 2 diabetes mekis, HFpEF=Heart failure with

preserved ejection fraction



Table 324- Other variants identified by Sanger sequencing
Variants Total Anemia Dyslipidemia  T2DM HFpEF  Hypertension
-681CST 1
-591CsT 11
-500G>T
-494T>G
-454T>C
-433T>A
-428G>A
-422G>A
673A>G
1775A>G
1789insA
1797insA
1817GA
1826GA
2159CsT
2163C>
216722170?dé€l
216722170?d€el
2237GA
2374CA
2376insC
2384CA
2397CST
2404GA
3107CsT
3132insG
3136G>A
3149C>G
3150T>A
3154T>G
3154T>G
3194GxC
3289TA
3300TA
3324GA
3363insT
3434CST
3573CA
3606insG
3786C>T
3793insC
3798C>T
3806T>C
3806T>C
3833insA
3747insA
3892GA
3892insC
3948T>G
3976G>T
ins=insertion, del=deletion, T2DM=type 2 diabetes mellites, HFpEF=heart failure with preserved ejection
fraction
Tdeletion is heterozygous

PRrRNONNRPRXVRRrRrRrRRrARRRPRPPOIPRPPPORRPRPRPRPRPAGTOORRARPONRPNRRRRRTOR
POOOOOWORrROOOOROOO0OO0OORNOOOrRRRPROOROORTWWORORORRREERLRRERLAO
orkrrPRErNNORRPRRPORPRPPRPRPPOIRORRPNRPRPPPPPOTOUORAONNRPRPOOORR®O
rooorofoocoorroorrrrANoooorrrooorwiRrrrwonNNRrOOOORRNO
PFRroRrNORNMrROORPwWORrRPRRPOJOrRORrRWRORPRORAEDOORPPOWRRPRPRPOOOO

PRRPRENRRNVORRRRPRORRRRPPODRRPRRRENRRPRPRPORPATDIARMP AP WONRPRPPRPOORRL OO
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Zdeletion is homozygous

with alower appreciabl&POplasmadevel. These also correlated withmparably
highercholesterol, LDL and nehDL lipoprotein. The rs1617640 CC ale@s

associated with loweaflb and anemia in a log additive modE2DM in an overdominant
model.rs507392 GG genotype showed associatidh dyslipidemia in a recessive

model. Although hypertension did not show significance in association with the SNPs,

rs507392 and rs551238 were associated with hyperteagiongsfemales.

Much of the literature for rs1617640 report the allelesdasethe minus strand,
whereas rs507392 and rs551238 are reported based on the positived&i@ia, we
examine the positive strand for all three SNPs and therefore the C allele herein, relates
the G allele in many stuesand the A allele correspondsallele in the literatureChiou
et al?®found that the T allele (A allele herein) associated with anemia in a T2DM
population. However, in our study the C allele (G allele) associated with aremdia
decreased hemoglobin. The Chadwal studywas in a Chinese population with T2DM
and also have a lower G allele frequency compared to the C allele in our stud§f (0.19
vs.0.43, respaively). In studies that examine the EPO level the G allele tends to be
associated with higher EPO levéRs?®! whereas in our study it was associatedhwit
lower EPO levels Fanet al?’®also found the rs507392 CC (GG herein) and rs551238
CCrs551238 CC (GG herein) were associated with higher EPO protein in a Chinese
population of T2DM. As with the rs1617640, we found the inverse in rs551288GG
correlating with lower EPO and no significant correlation with rs507392. This may

indicate a difference between the population. Within our population we did find a higher
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prevalence of the mor alleles compared to other studies. In many other studies the
minor allele for each of the SNPs are under’(>37°In our population we found the
minor allelefrequenciedo range fron0.37 to 0.43, showing our populatioohorthas a
higher proportion of the minor allelesiowever, this difference is likely due to eitity
differences. Many of the previous studieze in Asian populations whereas New
Brunswickhas predominantly European ancestry. The Ensembl database supports a
lower minor allele frequency of tHePO SNPs in Asian compared to European
populations’®® Additionally, many of these previous studies were within a population
cohort ofdiabetes. Our population consists of CVD patients and therefore there may be
other clinical parameters we did not investigate that would also be a factor in these
differences. Therefore, there may be potential population differences irehR@seNPs

and further studies would need to investigate these variations.

Iron bioavailability is an important contributor two of the most common forms
of anemia, iron deficiency anemia and anemia of inflammation. Anemia of inflammation
is the form aemia the most associated with chronic diseases, such as€Vbe
rs1617640 C allele that associated with anemia, also showed an increase in the NLR.
higher NLR ratio is associated with adtiveinflammatory process>!! This suggest
the C allele for rs1617640 is associated with inflammation ateteasén Hb. It has
been purported that EPO can have an indirectadiant effect by utilizing iron in
erythrocytosigesulting in less bioavailable irdd Patients with anemia of inflammation
commonly have reduced serum iron and normal to elevated iron $foreslood iron
is bound to transferrit®and in macrophages and hepatocytes it is bound to féffitin.

Hepcidin is a hormone that reduces iron bioavailabiitydecreasing the relea of
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recycled iror?'® The HIFs reduce hepcidiwhile increasing transfien and ferritinto
increase iron bioavailabilit}’® To examine if th&PO SNPs altered iron bioavailability
we also measure hepcidin, transferrin and ferritin, but did not find any significant
differences. This leads us to conclude that the SNER@are not exertingheir effects
through ironbioavailability, but we cannot at this time rule out other effects in heme

metabolism

Although rhEPO has been shown to modulate triglycerides, cholesterol and other
lipoproteins?4°2%930E PO SNPs haveot previously been investigated for their
association talyslipidemia In a mouse model &ZKD treatment with rhEPQO
triglycerides, cholesterol and LDlere decreasedut not HDL?%® The GG genotype of
rs507392 correlated with lower EPO concentrations and had an increase in cholesterol,
LDL and ron-HDL, which corresponds with the results ofdtial?®® These variations
are also expected dyslipidemia which the GG genotype correlated wahprotection
against dyslipidemiaThis contradiction may be due to unexamined parameters. Those
diagnosed with dyslipidemia are likely to be prescribed statins that would lower their
lipoproteins!® Therefore, the lipoproteins of those with dyslipidemia may be decreased
below baseline in our data set due to medications. However, we did not examine use of
medications, such as statins, which should be included in future stullikmaugh
rs1617640 did not rehsignificance fodyslipidemia there was some variation in
cholesterol, LDL and no#DL lipoproteins The only difference seen in rs551238sv
in cholesterol and neHDL. Given the disequilibrium between these SNRsse
variations may be primarily associated with rs5073B@gether, our results show that

EPO SNPsinfluencelipid metabolism and rs507392 is associated with dyslipidemia.
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This is the first time this association is being made and adds to TableeSTlafde 25)
where dyslipidemia isow established anotherisk factor to be associatedth

variation inEPQO.

Table 325- Erythropoietin SNP associations (revised).

SNP Allele  Phenotype References
s1617640 G Higher Hct in healthy blood donors 272
Diabetic microvascular complications 273281
Decreased overall mortality in diabetes 282
Higher Hb, Hct, RBC count and earlier onse 28
PAD
MDS and ALL 284
Improved cognitive performance in 285
Schizophrenia
T Anemia in T2DM 286

Renal dysfunction following cardiac surgery 2%’
Improved response to platinubased 288
chemotherapy in NSCLC

rs507392 C Diabeticmicrovascular complications 273,275,276,289
Decreased overall mortality in diabetes 282
Dyslipidemia Northrup et al. in prep
rs551238 C Higher Hct in healthy blood donors 212
Diabetic microvascular complications 212,273,275
278,289,290
Preterm infant brain injury 291

Hct=hematocrit, Hb=hemoglobin, RBC=red blood cell count, PAD=peripheral artery disease,
MDS=myelodysplatic syndrome, ALL=acute lymphoblastic leukemia, T2DM=type 2 diabetes mellites,
NSCLC=nonsmall cell lung carer

In addition to each individual SNP, we conducted analysis of the haplotype
combining each of the SNPs. The GCC haplotype has been associated with diabetic
retinopathy”3and less mortality in T2DM®? In our study the CGG haplotype did not
reach significance to any phenotype. However, thialpe for anemia was just outside
the significant range (0.051). Potentially a larger sample wizieh caild also allow for
an ANCOVA to remove other influencesy yet show an association with anemia. The
CGT haplotype was found to be protective against dyslipidemia. However, this was a

rare haplotype found in less than 3% of our populatartortandmayrisk type 1 error.
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Therefore, this finding should be investigated further in a larger cahdrinterpreted

cautiously

Many of the clinical phenotypes we examined show sex diffesencheir
prevalenceresponse to treatment, or clinical outcormedtherefore examination of sex
difference in our population wasiperative but limited to potential sampling bias as
fewer female patients are operated upon indbsrtpopulation Although
hypertension did not shomnassociation with the SNPs withe sexes combined, the
presence of the G allele in rs507392 and the TG genotype in rs551238 appeared to be a
risk factor in females but not males. Hypertension is more prevalent in*fRales our
population did contain more males than females, which would explain why this potential
association was masked in our initial analydike relaionship betweerstrogerand the
renirnrangiotensiraldosterone system (RAAS) is thoughibe one of the main reasons
for the sex differences seen in hypertension. The RAAS has also been found to be
modulated by EPOIn Wistar ras rhEPO increases reriff and in isolated rat kidneys
rhEPO promotes angiotensin Il (Angll) productidh Also, at least in the oviduct and
endometrium, estrogen (170b EPEZ}Eiventaen pr o mo
relationship between EPO and the RAAS system by estrogen, thisbeoaldotential
mechanism for whyG allele of rs507392 and TG genotype of rs55122@8isk factors
for hypertension in females only. Although this finding does require validation in a
larger cohort, preferably with more femabesd direct assessment of sex hormottes
may be significant since hypertension tends to be a maaientisk factor for CVD in

females compared to mal&s
In addition to oulSNPs we identified novel variants that have not been
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previously identified. Most of these variaoiscurred as heterozygotes in a single
individual. However, there were four that occurred in multiple individuals and are
potential polynorphisms.Herein, we did not examine these polymorphisms for clinical
or pathophysiologicassociation buteport them fofuture studies in thatirection.
Geneticvariationin EPOhas previously been linked to isolated families. More recently
therehave been more variants reported to ClinVar, which is likely due to the in@nease
sequencing. In clinical care, sequendiagbecome more prevalent withe integration

of nextgeneration sequencing technologm® standard of careln others disorers, this
has led to an increase in variants being deteé¥8Urprisirgly, EPOhas long been
overlooked on many arrays and panels, which may account for the low prevalence of
EPOvariants in the literatureHerein we sequenced a small section of +omaling

element of EPO and therefore we are unable to perform a ratim-@fynonymous to
synonymous substitutions (dN/dS) to determine potential natural selection acting on
EPO. However, since oUEPO SNPs are ndn Hardy-Weinberg equilibrium a dN/dS
analysis could indicate selection acting on these SMBshe sequencing oEPO
increases, we anticipate there will petfurther variants detecteahd potentially allow

for dN/dSanalysis

Our study is not without limitations. One major limitation is the small sample
sizeand depth of patient file analyses, which does not allow asdount for many
covariaes, andcouldaffect our results, such aghnicity,other comorbidities, medical
managementr medications.As we selected a small subset of the OPOS calaonpling
bias could be present in our sabhort. Our small sample siaéso results in some of our

groups comprising only a few individuals. Or in the case of female HFpEF controls for
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two of our SNPs, nondn that regardtis study serves as a pilatidentify additional
associationsprioritized further analysis fdurther investigatiormand priority screening

Our study did identify dyslipidemia as a novel disorder and therefore will direct further
sequencing to include more dyslipidemia and pa#pinvestigate the ugefficacy of

statins as a covariant. Additionally, hypertension was identified in females but not males
with rs507392 G allele and rs551238 TG genotype being risk factors. As we had
relatively few females, aduture sequencingill attempt to bias recruitment toclude

more females with hypertension to investigaiehpotential sexdifferences further.

Also, we were unable to account for renal function within this catdttis time Since
decreased renal functiamassocited withlower EPCE this should be a variable that is
included in a larger sampéndmightbe collected prospectively with greater attention

We usel a ROUT test to determine outliers which assumes normal distribution. Many of
our variables examined did show normal distribution as determined by Kolmegorov
Simirnov test. However, some variables such as Hb should have variation between males
and femaleand thusshouldnot be normally distributed. The normal distribution we see
may be due to the small female cohddutliers could be caused by biological/population
variations or by technical effects (i.e. matrix effects), which we are unable to disking

at this time. Although our samples size is a limitation, we have been able to identify
variables that will be beneficial tocludein future studiesvith clinical relevance for

screening or precision medical management

For the first time weshow a correlation with the GG genotype for rs507392 to
dyslipidemia. The genotype also correlates with changes in the lipid profiles. The

rs1617640 C allele was correlated in anemia, but also showed changes in lipid
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metabolism and inflammationl2DM associated in an ov&tominance model with
heterozygotes (TC) with rs1617648Ilthough there was no overall correlation with

HFpEF orhypertension, the rs507392 and rs551238 SNPs correlated with hypertension in
females only. Together, our results sug@Ps inEPOare involved in Hb, lipid

metabolism, inflammation and potentially a female specific effect on blood pressure.
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Chapter 4- Erythropoietin variants in RNA

4.1 Introduction

Intron retention is a form of alternative splicing thegulateggene expressioand
bioavailability for translatiod*3® Splicing removeintrons from the prenRNA to form
mat ure mMRNA with 5 &% ®latrpnsretamingitrarsaiptsyreta{n Ane
or more introns in their mature mMRNAWit a 56cap and pol y(A)
retention is a common form of alternative splicing in plafiotsgi, and viruses, until
recently intronretaining transcripts wei@nsideredmproper splicing thatvould result
in decay of the transcript:*> However, recent transcriptomics studiescribantron
retentioncouldoccur in up to 80% of human geriatentionally and suggesatsignificant

role in posttranscriptional regulatio?f.3’

The fate of introrretaining transcriptsaries Intronretaining transcripts can
either remain within the nucleus (commonly referred to as intron detainbderported
to the cytoplasm. The intresietained transcriptsct asa reserve of mRNA until a
stimulus resulfin splicing to remove the final introrier extranuclear transition and
translation to the canonical protefte®>32° Alternatively, intronretained transcripts are
exporedto the cytoplasgwhere the transcript magymilarly be processed to remove
introns,be susceptible tmonsensenediated decay alirectly translated to form aon
canonical proteimsoform (Figure 1.2)*%° Thevariablefatesidentified forintron-
retaining transcriptsuggest intentional biological fations and thaintron retention

regulation aremportant mechanisato control gene expression and function.

Intron retention is more prevalent in brain and immune cells, although it is not
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limited to these cell types. Intreetentionis moreapparent in certaidevelopmental

stage®f the brain of drosophilanouse and humari®3¢-383° Hematopoietic cell lines,

including erythroblast®2! megakaryocyte progenitof$ granulocyte®’ and CD4+

cells3? have also demonstratedlientintron retention. In addition to differential intron

retention invariedtissues, it has been linked to various pathologiedress stimuli An
increase in intron retention has been | ink
hematological malignanci€&®?*A decrease in intron retentidras been linked to

amphitropic lateral sclerosi@\LS).3?° Taken together, thisuggest intron retention is an

important mechanism in physiology and pathophysiology.

Intron retention increases in response to hypoagMemonet al °° found an
increase in intron retention in HTC116 (human colorectal carcinomajrcélgoxic
conditions This correlated with a decrease in protein translation, which they suggest is a
mechanism to reserve transcripts for translation until thénaslinoreenergy to invest in
translation Intronswere identified agmportant innutrient deprivatiorin yeast® As
such, there ipotentialto use intron retentioas a mechanism to regulate gene expression

as a means of adapting to enedgynands elsewhere in the cell

EPO is a glycoproteiandhematopoietic cytokine that is primarily responsible for
erythropoiesis, but also involved in angiogenesis and cytoprotection. Unlike many other
hormones, EPO does not haveiatercellulamprotein reservé® EPQis transcriptionally
regulated by HIE/2 and is upregulated ingponse to hypoxjaften in concert with
other stimuli associated with nutrient sensing or inflammatit#® There have been
alternative splice forms &PQidentified h both human and moug€. However, the

role ofintron retentioras a form of alternativeplicing inEPOhas not been previously
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investigated. Herein we investigatgron retentioras a potential mechanism for post

transcriptional regulation @&PQO.

4.2 Results

4.2.1EPOIntrons 2 and 4 are present in RNAseq datasets

To determine which introns were likely to be retained we examined RNAseq
datasets submitted to the National Center for Biotechnology Information (NCBI) Gene
server (https://www.ncbi.nlm.nih.gov/gene/2056) EPO. Intron 2 and intron 4 show
reads in the RNAseq, whereas intron 1 and intron 3 do not show full coverage (Figure
4.1). This indicates that introns 2 and 4 are most liteelye retained These two introns

are also the smallest introns in EPO vhatso favors their retention.
4.22 Intron retention is presentin human tissues

We first wanted to examini intron-retaining transcripta/ere presenn human
tissues. Posgnortem brain tissues were obtained from the Maritime Brain Tissue Bank
(MBTB). Postmortem kidney and heart tissues were obtained thahlational
Institute of Health (NIH) Neurobiobank. Using-ERprimers for EPO3 and EPO%
we were able to detect intrgataining and introrexcised transcripts in brain, kidney
and heart. The band for intreataining transcripts is more dominant in brain compared
to kidney, to the degree where the intectised is outcompeted for amplifizat. The
intron-retained transcripts are found in all brain samples (Fig@je 4 both kidney and
heart the introfretaining transcrigareonly foundin some samples, and there is
variation betweelkPO2-3 (Figure 42a) andEPO4-5 (EPO42b). Sanger sequencing of

intron-retaining, and introrexcised transcripts confirmed the identity of the transcimpts
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Intron 2 Intron 4

Genomic regions, transcripts, and products

Go to reference sequence details

Senomic Sequence: [NC_000007.14 Chromosome 7 Reference GRCh38.p14 Primary Assemply |

Go to nucleotide: Graphics FASTA  GenBank

© NC_oooo07.14 = | Find: Yaoa @ b= I
100,720 K

A Tools ~ | L Tracks» ¥, Dowmload~ T 7 ~
100,723,500

100,720,500 180,721 K 10e.721.504 j1ee.722.500

108,724 K

NCBI RefSeq Annotation GCF.

H_ABa799.4 » P poB7e 2

LO00x
o0 x

oox

LO0x
_
169,720 K 100,720,500 109,721 K 100,721,500} 100,722 K 109,722,500 100,723 K 100,723,500 100,724 K

NC_000007.14: 101M..101M (4,203 nt) " ¥ Tracks shown: 6/906

Figure 4.1- EPO's introns 2 and 4 are featured in RNAseq datasets.

Summary page of National Center for Biotechnology Information (NCBI) Gene server or
humanEPOshows that introns 2 and 4 (in boxes) have been identified in previous
RNAse(q datasets.
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Figure 4.2- Intron retaining transcripts are detected in normal human tissues and

cell lines.

A) End-point PCR using EPQO2 IR-E primers and B) EPGBIR-E primers showing
introntretaining transcripts (IR) and intron excised (IE). Brain tissue (brain) consistently
has IR transcript with no IE, which suggei is more dominant in the brain. For both
kidney tissue (kidney) and heart tissue (heart) IR is found in only select tissues whereas
the IE is found in all samples. We see similar results with IR being present in most cell
lines, with brain cell lines (las B, C and H), with the exception of Astrocytes (A),

having more dominant IR bands. Liver cells (L) have only IE in EB@&d a small

amount of EPO4% IR with IR being the dominant band. The kidney cells (K) show a
high degree of IR transcripts, iomrast to their response to ischemia. M= GeneRuler

100 bp plus DNA ladder, K=HEK293(kidney), L=HEPG2 (liver), B=hCMEC/D3 (blood
brain barrier), A=Astrocyte, C=CHP212 (Neuroblastoma), H=HTB16 (Glioblastoma), R=
No reverse transcriptase control, N=no tertgontrol.
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bothEPO2-3 andEPO4-5 to beEPOintron-retained transcript an@POintron-excised
transcrips. These data suggest that intretention is organ and contedépendent as a

means of regulating MRNA processing and stability.

4.2 3 Validation of in vitro hypoxia/ischemia responses

To investigateEPOIn a cell model we used hypoxia (1%)@nd simulated
ischemia (nutrieateduced media + 1%#pto induceEPOtranscription. HIFIU i s
ubiquitously expressed and stabilized in responsg/poxia, which allows it to
heterodi merize with HIF1b and transl ocate
to genes with HRESs, includim@LUT1andVEGF% To validatethathypoxic signaling
was maintained duringell harvestingve performedmmunoblotting for HIF1U, which
wasincreased irthe cell modes of both hypoxia and ischemia, confirmitige cell model
washypoxidischemicafter 24 hours of hypoxia and ischemia (FiguRa¥HIF1-U wa s
increased at 2, 4, 8, and 16 hours of hypoxia (Figld® 4nd ischemia (Figure3t),
confirming hypoxidschemiasignalingwas increased by 2 hours amdainedfor at least

24 hourgn vitro.

To investigateEPO expressionywe used artPCR approach. The collection of
protein to confirm hypoxig not practical givethe number of samples needed the
different experimental approachesed.To address this and yet ensure internal reference
to hypoxia was sustained) mRNA marker of hypoxiavas confirmedAfter 24 hours of
hypoxia and ischemi@LUT1andVEGFexpression wreincreased in hypoxjand
GLUT1was increased irschemia, but no significant increasemRNA was seen in
HIF1-U(Figure 43b). GLUT1 (Figure 43e) andVEGF (Figure 43f) are both increased

in hypoxia at 2, 4, 8, and 16 hours and in ischemia at 4, 8, and 16 tmnsstent with
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Figure 4.3- Hypoxia and ischemia signaling are preserved in protein and mRNA.

A) HI F1U ipdicatar &f hypoxia, @as increased after 24 hours of hypoxia (1%

O2) and ischemia (1% £no glucose) in glioblastoma cells (H1IB). B) GLUT1mMRNA

was increased in both hypoxia and ischemia after 24 hourglEa@& was increased in
hypoxia. Hl FmWRNAwas unchanged. HI F1U protein was
hours in hypoxia (C) and ischemia (D) in HIB. GLUT1(E) andVEGF (F) mRNA

were increased at 2, 4, 8, and 16 hours of hypoxia, with ischemia being increased at 4, 8,

and 16 hours. Significanaketermind usingtwo-way ANOVA and p<0.05 were

significant. Error bars represent standard error of the mean (SEM).
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protein stabilization of HIFL . Similar data was obtained

not shown). These data demonstratetility of VEGFandGLUT1mRNA expression

to verify in vitro cellularhypoxia and ischemia by rtPCR.

4.24 Intron retention is a mechanism of posttranscriptional regulation of EPOin
brain cells

After 24 hours of ischemiBPOexpression was increased in all but the blood
brain barrier and liver cells (Figuredd. The intron retention ratio decreases in most
brain cells lines, with the exceptiahastrocytes (Figure 8c-f). Liver cells showe@n
increase in intron retention ratio and there was no change in kidney cells (Figuibg, 4.
suggesting intron retention could be a tisspecific mechanism dPOregulation in
response to ischemia. The melt curve for the IE primer (Figbgg donfrms a single
product, whereas the melt curve forERprimers shows two products (Figurél).

Since there was no product in the no RT control (data not shown), and intron retention
transcripts have been sequerakdatedwe conclude the second prodigthe intron
retaining transcript. The low transcript ratio suggests that intron retention is

accumulating in response to ischemia in the brain.

4.25 Intron retention shows a temporal effect

To investigate potential temporal effects of intronéibn we examined intron
retention after 2, 4, 8, and 16 hours of ischemia or hypoxia. We observed temporal
variations in the overall expressionEfO (Figure 46) and the transcript ratio (Figure
4.7 af). The temporal effect is also seen wkkemparing the 2%¢&hanges between the
primer pairs (Figure 4.9). The IE primers increase at a slower rate compared to the IR

E suggesting that intron retention is increasing over time.
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Figure 4.4- EPO expression in cell models after 24 hours diypoxia and ischemia.

Box A shows the mRNA expression using intron excised (IE) primers showing the fold
change of the 2®<from controls for i) HEK293, ii) HEPGZ2, iii) h\CMEC/D3, iv)
astrocyte, v) CHP212, vi) HTB16. Box B shows the mR&k@sression using the iR
primers showing the fold change of th@®2from controls (black) for i) HEK293, ii)
HEPGZ2, iii) hCMEC/D3, iv) astrocyte, v) CHP212, vi) HTB16EPQ &fers to primers
spanning exons-3 and EPO4% primers spanning exonss EBror bars represent SEM.
p-value calculated using Twway ANOVA.




A. Renal Cell (HEK293) B. Liver Cell (HEPG2) C. Blood Brain Barrier (nCMEC/D3)

0.01 0.04
1.5
1.5 1.5 0.009 [ -
0.005 0.001
E g H I
w s o
x [ 1.0
z 1 IEEI s ol f=H B :
m T -
0.5 ' '
0.5 . . 0.5 r T EPO2-3 EPO4-5
EPO2-3 EPO4-5 EPO2-3 EPO4-5
’ Astrocyte ' Neuroblastoma (CHP212) Glioblastoma (HTB16)
1.5 1.5 0.0009 0.03 1.5
<0.0001
2 S 2
g g g
I 1.0 z 1.0 z 1.0
o T mi
0.5 . - 0.5 . . 0.5 . .
EPO2-3 EPO4-5 EPO2-3 EPO4-5 EPO2-3 EPO4-5
G . IE primer-single product H . IR-E primers-two products
8 8-
= Control
6 6
‘ =1 Hypoxia

= Ischemia

Floresence (AU)
B
Floresence (AU)
T

1Y)
Y]
1

0 T |L 1 0 T T 1
60 70 80 90 60 70 80 90
Temperature (°C) Temperature (°C)

Figure 4.5 - Intron retention increases in most brain cell lines in response to

ischemia after 24 hours.

Renal (A) cells showed no change in intron retention ratio and liver (B) showed an
increase in intron retention ratio in EPB4n response to ischemia. The BBB (C),
CHP212 (E), and HTB16 (F) all showed a decrease in intron retention ratio,
correspondingo an increase in intron retention, suggesting Astrocytes (D) being the only
brain cell line not to demonstrate a change in intron retention ratio. The presence of a
single product is shown in the IE primers from BBB (G) and two products in tke IR
primes from BBB (H).
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Figure 4.6- EPO expression shows temporal changes between 2 and 16 hours of
hypoxia and ischemia in EPO45.

Box A shows the mRNA expression using IE primers fold change of 8% fom

controls for i) HEK293, ilHEPGZ2, iii) hCMEC/DS, iv) astrocyte, v) CHP212, vi)

HTB16 at time points of 2, 4, 8 and 16 hours of hypoxia and ischemia. Box B shows the
mRNA expression using the iR primers fold change of the®*<from controls (black)

for i) HEK293, ii) HEPGZ2, iilhCMEC/D3, iv) astrocyte, v) CHP212, vi) HTB16 at time
points of 2, 4, 8, and 16 hours. Error bars represent SEM-wiaycANOVA used to
determine pvalue.
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Figure 4.7- Intron retention ratio is decreased in a temporal manner in most brain

cells in the EPO45 primers.

Renal (A) liver (B) cells show no change in intron retention ratio in EB@dresponse

to ischemia. The BBB (C), CHP212 (E) show a decrease in the intron retention ratio
suggestin@n increase in intron retentiovith Astrogytes (D) having no change in the

intron retention ratio. Changes in intron retention ratio increased over time in HTB16 (F)
but did not reach the significance seen at 24 hours. G) PR¢ éf the EPO45 IE and

IR-E primers showing IFE changing at a fer rate than IE primer fromI6 hours. P

values were calculated using Taw@y ANOVA.
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4.26 Intron retention is not an artifact of pre-mRNA

Introns could be present as immature-mi@NA prior to splicing and processing
of t he @®§Ataildo fam rdature mRNA* To verify the transcript ratio was
not due to the presence of newly formedimRNA, we used Oliga@T primers to
generate cDNA from HTHRL6 cells after 24 hours of ischemia. The useligio-dT
generates a cDNA library only of mRNA thatsteapoly-A tail (i.e. mature mRNA).The
transcriptratio is maintained when using cDNA generated with etigaFigure4.8),

indicating the intron retention ratio is not immature mRd&bhtamination

Actinomycin D(ActD) is anantibiotic that blocktranscription by intercalating
with the DNA and blocking RNA polymerase elongatféh?*® We used ActD to block
de novaranscription in HTB16 cells prior to ischemia. We confirmed withth the IR
E and IR primers that ActD bloektranscription in response to ischemia after 24 hours
(Figure 48 a and b).Both controls (normoxia) and ischemic cells treated with ActD
resulted in an increase in ttranscriptratio compared to vehicle caots (Figure 48c).
This indicates that intron retention is decreasing in ActD treated safigesting intron
retainingtranscripts are being utilizédonverted to introrexcised angbotentially
translated)n responséo ischemia when new transcripts am being generatedTaken
together our results show that intron retention is an intentional mature mRNA product
that is accessible for pestinscriptional processing and translation when transcription is

otherwise epressed at the site of intien of MRNA production.

4.2.6 Intron retention shows circadianrhythmicity

Serum levels of EPO have been shown to have circadian riythfo
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Figure 4.8. Changes in intron retention ratio is not an artifact of premRNA.

The IE primers (A) and IFE primers (B) both show an increase in the expression of

EPO, as previously seen, when a poly(A) enrichment cDNA synthesis protocol was used.
The intron retention ratio in EP@2(C) also is maintained indicating the intron rétam

ratio differences seen in ischemia are not caused by immature mRNA. Actinomycin D
diminishes the increase EPOexpression in response to ischemia and decreases intron
retention after 24 hours of ischemia in HIB. HTB-16 cells were treated with §{mL
Actinomycin D ( or DMSO as vehicle) for one hour before being placed in ischemia. For
both IE primers (D) and HE primers (E) treatment with Actinomycin D diminished the
increase irEPOtranscription in response to ischemia. The intron retentiom (f&t

increased in both control and ischemia treated with Actinomycin D. Ctr=control,
Isch=ischemia, DMSO=dimethyl sulfoxide, ActD=Actinomycin D. Tway ANOVA

was used with <0.05 being significant. Error bars represent SEM.
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investigate if introne@tention may also respond to circadian rhythm, we synchronized the
circadian rhythm in HTBL6 using dexamethasone and forskolin. We measured mRNA
of circadian rhythm genddR1D1 PER2 CRY2andCLOCKto confirm circadian
synchronisation (Figure 4.9 Box A). We did not observe circadian rhythmicity in the
EPOmMRNA expression but did observe a degree of rhythmicity in the transcription ratio
(Figure 4.9 Box B). These results suggest that intron retentay also have a role in

the circadian rhythm of EPO.

4.3 Discussion

The transcript ratio decreases in most brain cell models in response to ischemia,
but not in kidney or liver cell types. The changes in the transcript ratio show a temporal
effect with an increase in intron retention over time in most brain cell lines. The
transcript ratio also shawa degree of circadian rhythmicity. The transcript ratio changes
are not due to the formation of new immature mRNA. Taken together this deatesistr
that intron retention is a physiological mechanisreBO posttranscriptional regulation

in brain cell types.

An overall increase in intron retention has previously been linked to hypoxia in
colon cancer cell® and breast cancer cef&. In our cell modelswe did not observe a
significant change by hypoxia but did with ischemia. Hypoxia is a component of
ischemia, but ischemia also involves the lack of nutrieitts an accrual of metabolites
suggesting a rolef nutrienthypoxia regulation of intron retention the brain Although
brain hypoxia and ischemia are sometimes expressed interchangegsjaiypnymously
as stimuli, they do not result in the same pathophysiology or molecular mechanisms of

regulation. A study by Miyamoto and Ad&tshowed in Wistar rats that ischemic coma
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Figure 4.9 - Intron retention ratio in EPO shows a circadian rhythm.

Circadian rhythm was establishiedvitro using dexamethasone and forskolin and
confirmed using circadian gendR1D1(Box A i), PER2(Box A ii), CRY2(Box A iii),
andCLOCK (Box A iv). EPO23 IR-E (Box A v) and EPO% IR-E (Box A vi) did not
demonstrate a circadian rhythm-a¥Xis in box A is the percentage of th& 2¢4f time 0
hours. The intron retention ratio based on the IR arB fRimers did demonstrate
circadian rhythm in EPO23 (Box B i) and EPO% (Box B ii). Y-axis in box B is the
intron retention ratioError bars represent SEM.
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caused brain necrasiwhereas hypoxic coma did not. Our results also sugf&3tand

in particular the intromretainedePO, responds differently to ischemia than hypoxia.

Many disease states, such as anemia, are salient risk factors for fulsome heart or brain
ischemi&®2%or directly contribute to tissue hypoxia. Therefore, intron retenti&@Pi@

may play a role in pathophydogy of chronic disease of the brain contributing to or

sensitive to conditions of anemia or ischemia.

An increasing number of pathophysiologies have been linked with differential
intron retentiopincludingn eur odegener ative disor &&¥Ys suc
Recombinant human EPO (rhEPO) has also been proposed as artreatmfeor Al z hei n
disease as it has been shown to decrease amyloid cytotoxicity and improve cognition in
animal model$3¥ 33 The benefits of exogenous rhEPO could indicate that endogenous
EPO Ekvels may have an effect on the pathophysiology of neurodegenerative disorders.
The increase imtron retentiors e en i n Al z h e ialsencréasantrdn s eas e m:
retentionin EPOthus decreasing overall EPO levids metabolicregulationand
cytoproection Asintron retentiorhas recently only begun to be investigated in
pathophysiologies there dikely manyclinical situationsvhereintron retention
becomes maladaptive or causative to the underlying disease pheribiygpeale of
intronretentian in EPOrequiresfurther studiesn physiological, preclinical models, or

clinical settings to reveal this molecular mechaddiss r el evance

We found that intron retention was increased in response to ischemia, which we
hypotheszeis decreasing the amount of protein EPO compar&POmRNA
produced. However, IEPOmMRNA is also increasedolikely EPO itself would still

overall be upregulated during ischemia. Guegal!?°tested the effds of fluid and
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food restriction in 29 men undergoing survival training and fahatduring fluid and
food deprivationserum EPO was lowered but increased atlbgaormal range during
therecoveryphase This suggestthere is a mechanism by which EPO is suppressed
under stress and increasadependent dfiypoxia. Intron retentiormay be one such
mechanismas it has been shown to be a mechanism to decrease translation in response to
cell stress? Introns have been found to be important to starvation respongeast.
Parenteaet al>® deleted introsfrom budding yeast and found they were less resilient to
starvation compared to intr@montainingyeast. In our cell model, we postulate the
increase inntron-retainedtranscripts is tdhold in ready reerve som&POtranscripts for
translation after the ischem({llIF trough) whereas thetron-excisedranscripts are
generated for immediate response to hypisult (HIF peak) Theintron-excisedePO
would be availabl¢o protect the tissue during ischemia, whereasntinen-retaining
EPOtranscripts would be translatdtereafteduring the recoverphasewhen the cell

has more energy to invest in translatarto paracriniutocrineactiors of EPO on its
cognate recepts) (Figure 4109. In a physiological state thmsight occurduring the
reperfusiorphaseas a means of protection framidativeischemiareperfusion injury.
This mayalsobe a potential mechanism to protect the braisug during this timas

well in the case adtrokeor elsecontribute as a mechanism mediating remote ischemic
pre/postconditioning However, introfretaining transcripts have been found to have
variedfates, including forming different isofornod protein such asvas identifiedwith

E P Ocognatereceptorr? Additionally, it has been shown that EPO has alternative
splice forms in tk brain®?’ and thereforéntron retention couldhave a role in production

of alternative splice forms. As in many of our cell modeis,canonicalranscript isalso
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Figure 4.10 - Potential mechanism of intron retention and fates of intron retaining

transcripts in EPO.

Transcription oEPOis stimulated by HIF2 to generate the-pntRNA. Most transcripts
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increased in response to hypoxia, so we cannot whah EPO molecules are generated
from either introrexcised or introsretained transcripts at this time. The exact fate of the
introntretaining transcripts is outside of the scope of this study, but future studies could

investigate differential fatesntracellular compartmentation, or translated products

We observed intron retention responding to ischemia in brain cells, but not in
other cell types tested. This was correlated with the irrgtaningtranscriptseing
more dominant in brain tissuesrapared to kidnefput could also be the brain cells are
more sensitive and energy conservative by natlites indicates a degree of tissue
specificity to intron retentiofor EPO. Many forms of alternative splice forms show
tissue specificity. Bonnag al.*?’ identified anEPOsplice variant that is missing exon 3
( hEPO®3) t hthebrain it ndt bvarn Idtron retention has also been shown to
be more prevalent ithe braingenerallycompared to other tisssi2° butit is not limited
to thebrain, which may rely on such mechanisms due to metabolic sensitivity and low
toleranceo substrate limitationsOur data suggest that intron retentidmrain EPOis a
posttranslational regulatory mechanigesponsive taschemia. This correlates with the
intron retaining banthatis more dominant ithebrain compared tthekidneyor heart
Kidney cells did not change théfanscriptratio in our cell model bugtill possesitron-
retaining tanscripts. This could indicate that either a different cell type in the kidney is
regulated by intron retemin or the stimulus for intron retention may not be ischemia
kidney cells Even within our different brain cell typese observed variati@tointron
retention patternswith astrocyte showing naranscript raticchanges. This may indicate
that alorg with tissue specificity, even the different cells within a tiggileze intron

retention in varied ways-urther studies are needed to understand the tissue and cell
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specific mechanissthat controlintron retention

EPO has been shown to have cireadihythmicity with the lowest concentration
in the morning:!® Circadian rhythm regulates many behavioural and physiological
processes in a rhythmic oscillation based on the 24 hourDiayuptions in circadian
rhythm has been linked to CVA3 metabolic disorder&® and cance?*® At the cellular
level, BMAL and CLOCK are higher during the daylight phaise.(morning).
BMAL/CLOCK translocate to the nucleasd bind to Ebox elements in the promoter
region of the Period geneBER1, PER2andPER3J andcryptochromegenes CRY land
CRY3. PER and CRY are upregulated during the dark (i.e. night) phase and inhibit
BMAL and CLOCK in a negative feedback loopdditional feedback loops occur with
REV-E R B UIR1D1andNR1D2J repressing BMAL geneARNTL) and retinoic acid
related orphan recepo r (R OFORA, RORBmdRORQ that activates
ARNTL3373%8 |n our cell model we useldR1D1, PER2, CRY2ndCLOCK o verify we
established circadian r NRLIDhRER2ZNAERY2were T h e
hi ghest between 20 and 24 ClOCKwashighesther eas
between 8 and 12 hours, which confattwe hal circadianlike synchronization in our
cell models.Hypoxia has been reported to disrupt circadian rhythm, particularly when
mice are kept in constant darkné$s>*° BMAL/CLOCK are reportedo interact
bidirectionally with the HIFshatregulate EPO in hypoxia. Additionally, there is an E
box in theEPO promoter {36 to-31 bp from TSS). HEK293 cells that overexpressed
CLOCK/BMAL increasedEPOexpression in a luciferase reporter assayis iflcrease
in EPOexpression could beliminated when the ox was mutated in the promotét.

Although we did see variation ihé expression dEPQ, it did not show circadian
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rhythmicity. However, when we examined the intron retention ratio thasecvidence

of a circadian rhythm with peaks at 20 hours (similadRiLDJ). A transcriptomics study

of genes with circadian oscillatis inArabidopsis thalianahaved thatintron retention

was a major type of alternative splici#fgThis indicates that intron retention may be an
important postranscriptional regulatory mechanism to control circadian rhythm. Since
the intron retention ratimiEPO shows some rhythmicity, it could be a potential post
translational regulatory mechanism that contributes to the circadian rhythm of EPO. This
warrants further investigation to elucidate the role of intron retention and circadian
rhythm and their pantial function in physiology and pathophysiolagyd requires

validationin vivowhere circadian rhythm can be accounted for fully

Our study does have its limitations. We are measuring the intron retention ratio
using an indirect measurement of the inclusion of the intron, which can decrease the
sensitivity. However, sincEPOis a low expression gepgirect targeting of the intron
for our primers would likelyall below the limit of detection using rtPCR. Potentially
targeting the intron with a more sensitive method, such as droplet digitabPCR
RNAscope could directly targesind assess thetron inEPO. Droplet digital PCR
(ddPCR)would allow for a more sensitive measurement as well as an absolute
assessment of intron retenti on, b3 Bawvewprar ed
this would increase the cost atwouldbe impradtcal for adiscoverybasedstudy, such as
this seeking to establish the first line evidence for intron retenti®@Pi@. We are also
unable to account for other genes that may be located within intron, such as snoRNAs. A
long read RNAseq, such as PacBio, could be used to confirm the intron retention is not

due to other gene present in the introlmsour circadiadike rhythmin vitro we are
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unable to combine circadian synchronicity with ischemia sincenustopen the

incubator to harvest every 4 heuthus resulting in F@xygenation and abolishing
ischemia signaling. Establishing the intron retentadio in a mouse rodel where we

could manipulateircadian rhythm and potentially investigate its role in pathophysiology,
such as anemia@Ml, or stroke would allow for a better understanding of the role if

intron retention irEPOon its circadian rhythm

Herein, we dmonstrate thaatleast two of the four introns IBPOundergo
intron retentioras a postranscriptional regulation mechanism in response to ischemia in
the brain. Although intron 2 and intron 4 show some similarities in intron retention, they
canvary slightly between cell types, suggesting the roles of these smtray also
slightly differ. The change in the intron retention ratio has temporal, tisgeeific
effects, indicating a potential role in physiology. Further study is needed to ¢duitida
fate of the intron retaining transcripts and their potential physiological roles. Since intron
retention has begun to be linked to some pathophysidfdgyther investigation is

needed to establish if intron retentiorBRO may also impagpathophysiology.
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Chapter 5 Erythropoietin Variants in Protein
5.1 Introduction

EPOis a hematopoietic cytokirgest known for its erythropoietic effects but also
reported to elicitytoprotectve and metabolitunctionsin various cells and stress
causing contextérigure 1.9) MostESAs are based on the amino acid sequence of the
endogenous human EP@SAs wereoriginally approved to treanemian CKD by
virtue oftheir erythropoietic effecf®’ and have since been expanded to treat other forms
of anemia, such as in canceespitethe risk for adverse effects in reducing efficacy of
chemotherapeutic ager#sThe cytoprotective properties of ERoled to
investigatios using rhEPQin ischemic injuries, such as AMI andake 191:243Although
the erythropoietic effects are well establisR&dhe results from studies examining the
cytoprotective properties have been inconsisi@md it remains uncertain why there is
such variability, though it might possibly be the results of variation in ESA formulation
and dosing translationally from modelhumanjn addition to physiological

variability. 191243

The erythropoietic potentiaf ESAs ha been well establigtdwith multiple
clinical trials that have shown increased Hb in patients treated28ifts>** Currently
there is insufficient evidence to recommend onenfof ESA over another based on
erythropoietic potential. Other considerations such as dosing and access are
considerationn the clinical setting** However,ESAsdo carry riskthat are dose
dependant. A metanalysis compared risk of nonfatal thrombosis andsening

hypertension in studies that targeted high vs low Hb targets. Those targeting higher Hb,
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which typically requires higher dosesE$ASs wereassociated witkelevatedisk of
adverse event§?® Although ESAs arebeneficial to improving Hb/Hct, there remains
uncertainty about whether it resolves the comorbid risks associatedneittiafully
without the additional risk of adverse events. Indekdmused to treat anesmn cancer
it may not reducemortality, because the mitogeneic and cytoprotective effgcsiote

tumour growthand resilency®’233

In in vitro assayshEPO has been found to be cytoprotective against ggdro
peroxide3*¢24’hypoxia,anoxia®*® staurosporin&® and chemotherapeutic agents
including cisplatif*®3*and paclitaxef>* This could be helpful in redirng
cardiotoxicityof chemotherapyo mitigate the negative effects associated with cancer
anemia. Yetother studies using hydrogen peroxide, hypoxia and staurosporine have not
foundrhEPO to be cytoprotectivié® The cell typesformulation/sourcef rhEPO, dose
duration,and timingof the interventionsary in these studies, which may accaofamtthis
lack of consensus T h e a mo u nt-CR danalsoRa®yRetveeenctell bypes,
which can affect the ability of EPO to act on the céft&lycosylation patterns caaiso
vary between rhEPOsiitl the intended or unintendedfecs by phamacodynamics and
pharmacokinetic&®”:299212 Although no significant difference between ESAs for
erythropoietic furtions have beeabservedtlinically (and were often establishad
priori as primary comparative outcomes for finferiority),3**this has not been as wel
studied for cyoprotection. The dose of rhEPO that tend to elicit cytoprotection are

higher than for needed for erythropoiefs3°2

The inconsistency seemongsin vitro models has alsoelen observenh vivo.

rhEPO has been found to be cardioprotective in many animal models, includingouse,
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rat16423%237 rapbit?*® and dog?*® Yet, rhEPO was also not cardioprotective in a sheep
model andvasinconsistent in pig&?* The inconsistency wasarried forward intalinical
trials with some tria$ showing improved LVEF and infarct si2¥;*®othersshowingno
significant improvemenriut ratherhigher rsk of adverse effectS! As with thein vitro
models, then vivoand clinical trials doses of rhER@ried and did not rely upamy
patient tailoring nor were informed by a theranostic regdowh as platelet reactivity,
monocyte receptor density, or titration to set point of Hb/Hme study that attempted
to decrease the dose of rhEB&ow the risk threshold was able to mé#ieadverse
effects buthenshowed no improvement in strokatcome?*® This ha alsoled to the

investigatios of EPO derivativethat aremoreselective for thevariedfunctions of EPO.

The glycosylation pattern @&SAsvaries based on the cell type used and
purification protocolsused'®’1% N-linked glycosylation hstbeen shown to be necessary
for theerythropoietidfunctions with EPO derivatives (CPEO and a&leO) that lack N
linked glycan having nerythropoieticfunctions!®%:153:244245Sjnce CPEO and asilBPO
are cytoprotective the-linked glycosylationlikef pl ay a | ess signi fic
cytoprotective functionsGiven the importance of tié-glycansd ar bepoet i n U
(Aranesf?) was developed by five amino acid substitutions that result in an additional
two N-linked glycosylation sitebeing incorporad Theadditionalglycosylation
increases the halife, but also does decreakihe binding affinity to the EPOR3
Dar b e p was shown tolbeytoprotective againgirostaglandinnducedapoptosis,
but not against hydrogen peroxjdeiggesting that reptor affinity and signaling and
type of stress vary in whether EPO is cytoprotective ar Agiainst staurosporine some

studies did find cytoprotection using other ESa&lfhoughthere did not appear to be
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cytoprotection®*with darbepoetin U.

Epoet(Epre)U and d a r(hranesf)diéfer in the dégree of
glycosylation. A rhEPO from Peprotech is s
variation in the glycoforms. Mouse recombinant Epo (rmEpo) is based on the mouse
Epo, which shares the thrikeglycans but th&©-glycan site is nbconserved (Figure 1.6).

Herein, we test the erythropoietic and cytoprotective functions of these rEQspare

their relativebiological functions.

5.2 Results
5.2.1 Variation in rhEPOsand mrEpos

Glycosylation accounts for approximately 40% of the molecular mass of EPO and
is important inits stability and function*”-1%® Changes to the glycosylatiqratternwill
result in variatiorof apparenmolecular mass. To see the differences in the molecular
mass of the recombinant EPOs we ran a Coomassie gel (FigdyeBpoet i n U
(Eprex®) (Figure 5.1a,d)Peprotech (commerciglavailable rhEPO from CHO cells)
(Figure 5.1a,dandrmEpo (based on masesequenceavith similar N-linked glycosylation
as rhEPQ(Figure 5.1c,dhave similar molecular weights-&87 kDa(ranging from 30 to
40 kDa) Peprotectand mEpo have broader bagdhatmay indicate greater variations
in glycoforms within the mixturesompared t@ p o e.t Thenbarld at70 kDa in
Peprotechs albuminfrom the BSAadded to stabilize the suspended protein. The larger
molecular mass shown tha r b e p (@rantesp®(~50kDa)(Figure 5.1b,dyeflects the
higher degree aflycosylation as it contains fiid-glycosylation sites compared to three

in the otherEPOs!%8
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Figure 5.1- Coomassie staining of commercial rhEPOs and rmEpo.

Molecular structures of a) Epoetirand Peprotech, b) darbepoetirand rmEpo.
Pharmaceuticajrade ESAs are written in blue and commercially available rEPOs are
indicated in black. D) Gammasie gethat lane 1 contains epoetuf) lane 2 is Peprotech,
lane 3darbepoetirtdand lane 4mEpo. The molecular weight is indicated to the left.
The ~70kDa band seen in the Peprotech is albumin (not EPO) that was added when
resuspending the protein for stability.
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5.2.3 Erythropoietic potential of mouse rEPOs

ESAs are commonlysed to treat anemia dueBEdP Oénghropoietic
propertie$!® To compare a human and a mouse recombinant EPO, we performed a
CFU-E assay witte p o e thiiman) &hdmEpo (mouse). Epe t and rmBpo has
similar erythropoietic activity, witlanECsp of 0.3 ng/mL ad 0.8 ng/mL,. respectively
and achieved Egaxat approximately 1.65 ng/mL. The small variation in response in the
CFU-E betweerepo e t and rmBpo wasnot significant as expectetased on the

similar N-linked glycosylation.

5.2.4 Proliferative effect ofrhEPOs

We first wanted to determine an appropriate seeding density for H9c2 myoblast in
a 96 well plate for proliferative and cytoprotection assays. We seeded cells at densities of
5,000 to 15,000 cells for either 24 or 48 hours (Figure 5.3). PrestoBlue wassused
indicator of relative number of viable cells, with a higher absorbance indicating more
metabolically activeells presentwhich we interpreted as either more or more viable
cells depending on the timing of growth or insultetween 5,000 and 10@@ells
showed a linear relationship with absorbance and number of cells seeded, whereas the
curve plateasiabove 10,000 cells per well. 5,000 and 7,500 cells also showed a
difference between 24 hour and 48 hours indicating that cells were still prtolideaa
these densities. 10,000 to 15,000 cells showed a marked decrease in variation between
24 and48 hours suggesting the cells were confluent by 24 hours at these densities.
Therefore, we concluded the seeding density should be between 5,000 afdc&0s00

per well.
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Figure 5.2-Epoeitin U and rmEPO show comparative
A) Examples of CFLE plates at 0.55 ng/mL (left) and 1.65 ng/mL (right) with epdgtin

on the top and rmEpo on the bottom. B) The dose of EpdetimmEPO in ng/mL is on

the xaxis and the CFU(E) are on theaxis. Nonlinear regression line generatesing

log (agonist) vs. responsariable slope (four parameters) equation in GraphPad. Error

bars show the SEMn=3
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Figure 5.3- Absorbance versus cell density in H9c2 myoblasts.

Cells were seeded at varying densities and grown for either 24 or 48 hours. Presto Blue
was added 1 hour before reading the absorbance at 560/590 nm. Error bars represent the
SEM.n=6
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To establish the effects of the rhEPO on H9c2 myoblagilated cells at either
5,000 or 10,000 cells per well. Cells were treated with either&p ,iPaprotéch
rhEPOord a r b e pfor@4 hours atl used PrestoBlue to determinetagive
numberof viable cells. The absorbance was normalized totreated cells (set as
100%). We foundhate p o e hais the highest degree of proliferation (determineal as
higher increase in % absorbance) followedPprotectand lastyd ar b e paiet i n U
10,000 cells per well (Figure 54-C, top row). Bothe p o e andReprdiechreacted
their Enaxby 55ng/mL. The same dose elicits only a small increase idthe be poet i n
treated cells.With as starting number & 000 cellévell 55 ng/mL also elicits an
increase ire p o e andReprdiectbut to a lesser extent thémat seerat 10,000
cellswel. However, i n ep asgby5.5ng/dL, which thee showtedhae E
flattening of the curverhe largest difference between 5,000 and 10,000 cells was seen
withd a r b e p. Ae5t000rced a r b e p didenbt showarly appreciable
proliferation up to 37 ng/mL but then increased at doses up30 ng/mL. When we
compared the proliferative effects based on the % absorbance of all rEPO at 137 ng/mL
at 5000 cells (Figure 5.4 G) amongstthe man ESAs, epoetin U had
of proliferation, followed by Peprotech an
most effect on the degree of proliferation
be speciation or secondary strualleffects. Taken together, this data suggests that these
rEPOscanhave a proliferative effect bthat this capacity varies considerably with the
dose, cell/receptatensity and ESA formulation, which may partly explain the disparity

in the literaturedue the lack of ligandeceptor pharmacodynamic accountability

5.2.5 Metabolic effects of EPO
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Figure 5.4- Proliferation of H9c2 myoblasts in response to rEPO

Cells were seeded at 10,000 cells/well (top row; A or 5000 cells/well (middle row, D

F) 24 hours before treatment with Epodiifieft column, A and D)), Peprotech (middle
column, B and E)), or darbepoeitii{right column, C and F)) for 24 hours. &the
proliferative effect of the rEPO, including rmEPO at 137 ng/mL on 5000 cells per well.
Presto blue was added to cells 1 hour before absorbance was read at 560/590 nm. After
subtraction of no cell control well, the % Absorbance was normalized t& 6o E

treatment (100%). Error bars represent SEirmalized absorbance versus dose of
rhEPOs.Nn=6

138



EPO has also been shown to increase the mitochondrial respiratibo.
examine if rhEPO changes mitochondrial respiration we used Oxygkaph H9c2 cells
that were treated wite p o e fori 15 mitilites or 24 hours for acute and chronic
measurements, respectivelyhere was no significant change in respiration after acute
e p o e exposurgBigure 5.53). After chronicexposure (24 hours) there was a
significant increase in mitochondri@spiration ine p o e treiatad cé#i compared to
controls (Figure 5.5). The malate and the pyruvate prime the cells for oxidative
phosphorylation. The first does of GviM ADP (D0.1) is a physiological amount of
ADP. The addition up to 0.5 mM followed by 5 mM show the maximal limit of
oxidative phosphorylationThe addition of FCCP uncouples mitochondrial respiration
allowing us to examine thelectrontransport capagit®>® There was a significant
increase at these stages in the oxygraphy after 24 hours. Rotenone is a complex |
inhibitor, which prevents oxidativehosphorylatiorthrough complex.f°® Succinate is
the substrate for Complex Il, and therefore its addition allows us to examine Complex Il
respiratior™>’ The addition of succinate did increasfeerchronicEPOexposure but did

not reach significance Taken together this suggsshat after 24 hoursa@ poet i n U

treatment H9c2 have a higher mitochondrial respiration.

5.2.6 Cytoprotective effects of rhEPOs

EPO has been investigatiat its cytoprotective properties in the treatment of
ischemic injuries, such ageke andAMI. 191243Tg investigate the cytoprotection of
rEPOwe first did dosaesponse curves ghrious preoxidative orxenogenic agents.

We tested hydrogen peroxide>(®4$), doxataxel (DTX), hemin and staurosporine (Figure

5.6) to determine the Ko, Doxataxel only reached approximately 20% cell death and
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Figure55-Epoetin U shows chronic but not acute
respiration.

A) There was no significant changes in mitochondrial respiration measured by Oxygraph

2k oroboros after 15 minutes efp o e treatment) B) After 2dour treatment with 137
ng/mLe p o e H9chcelld showed a significant increase in mitochondrial ratiir.

M= 0.5 mM malate, PYR= 5mM pyruvate, D0O.1= 0.1 mM Adenine Diphosphate (ADP),
D0O.5= 0.5mM ADP, D5=5mM ADP, pFCCP=0.5¢M c
trifluromethoxyphenyl hydrazone (FCCP), R=
AMA=5¢ M Ant i mywayiANOVA with a Fvalwe of >0.5 deemed significant.

Error bars represent SEM.

a
0
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therefore an 165 could not be calculated. Hydrogen peroxide had andC140 pM,

hemin had an 1§ of 176 uM and staurosporine had andol@f 8.2 nM. Both hydrogen
peroxide andiemin reachd 100% cell death &200uM and 300uM, respectively
Staurosporine only reaed approximately 75% cell death by 25 nM and did not respond
furtherat increasing doses. Since hydrogen perosateinduce both necrotic and
apoptoticcell deatfi*® and hemif® and staurosmine®®® aregenerally associated with

oxidativeapopt®is, we decided to use these theggnts in survival assays.

H9c2 cells were seeded at 5,000 cells per well odied to adhere for 24 hours.
Cells were then treated with theEPOs for 24 howbeforethe addition of each
xenogenic agentThe riEPOs ranged in dos&om 5.5 ng/mL up to 550 ng/mvhich
was the range of doses that elicited a proliferative response in both 10,000 and 5,000 cells
and were in agreement with prior literature ranges for cytoproteclibe IGowas used
at a constant dose across all EPO concentrations. The use ajdrygheroxide was
cytoprotective at 55g/mL and 137 ng/mL ie p o e {Figure 5Fa), 5.5g/mL in
Peprotecl{Figure 5.7b) and 55 ng/mL and 550 ng/mldira r b e p (Figuteis.ic). U
We also tested thenEpo at 137 ng/mL, but it did not show acytoprotetion (Figure

5.5 d. The greatest degree of cytoprotection was seenat I87 mL of epoet i n L

together, this data suggests epoetin U off

darbepoetin U offers the | east cytoprotect

To determine cytoprotection against apoptotic agents we used staurosporine
(Figure 5.8) and hemin (Figure 5.9). None ofiEePOs showed cytoprotection against
either hemin or staurosporine. This would suggest that EPO is not protective against

oxidativeapoptotic agents. Taken together with the hydrogen peroxide, there appears to
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Figure 5.6- Survival of H9c2 cells against various toxins.

A) Hydrogen peroxide (kD2), B) Doxataxel (DTX), C) Hemin, and D) Staurosporine.

Y -axis shows the percent of survival as compared to no treatment control cells based on
theabsorbance at@®/590nm. Xaxis shows the concentration of each cytotoxin. The

ICso is indicated in eachrgph with the exception of DTX as ansi@ould not be

calculated. Error bars represent SEiNV6
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Figure 5.7- rEPOs show different degrees of cytoprotection against2:.

H9c2 myoblast were plated at a densityp000 cells/well 24 hours before a-Bdur
prophylactic treatment with EPO. After 24 hours in EPO 140uMxt¥.Hvas applied

for 24 hours. A) Epoetitlis cytoprotective at 55 and 137 ng/mL. B) rhEPO is
cytoprotective at 5.5 ng/mL and 550 ng/mL and C) Dabepbh#rytoprotective at 55
ng/mL and 550 ng/mL. D) a comparison of rhEPO and rmEpo at 137 ng/mL with the
hydrogen peroxide treat indicated by B&1202. 400uM Nacetylcysteine (NAC) is a
positive control for cryoprotection. Absorbance values were subtracted from no cell
controls and normalized to no treatment controls (100%)allres are determined by
Two-way ANOVA. Error bars represent SENEG
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be a small degree of cytoprotection against necrotic cell deatbdsuscapoptotic.

To investigate potential mechanisfor the cytoprotection observed we treated
H9c2 cells with 137 ng/mbf rhEPGs for 24 hous before harvesting the prate We
usedWestern blot to examine some of the downstream targets of EPO to see which
pathways were activated. Although we did see an increase in some proteins, such as
Hmox-1 and Akt, nostdid not reach significance (Figure 5.19gt there was a
significant increase id a r b e pio ghosphoryldied i&1/2 andtotal Erk1/2 (ration
did not reach significance). The apparent lackustainedesponse in many of these
pathways that are tymdy thought to be involved in the cytoprotective effelcE®O
may explain the lack of cytoprotectiagainsthemin or staurosporine and the minimal

amount of cytoprotection against hydrogen peroxidie time and doses tested

5.3Discussion

Epo e t ,iasa répresentative of rhEPO, had a sireitgthropoieticeffect
compared to rmEpo. However, rmEpo did not elicit cytoprotective efféespite
having shown the most proliferative effectshereas rhEPCOasfferedvarying degreesf
protectionagainst hydrogen peroxidie H9c2 cells Ep e t hanl a ddeater degree of
cytoprotection followed byeprotech and lastlg a r b e p. dleetrhEROs Were
cytoprotectve against hydrogen peroxide but not hemin or staurospohesignificant
increasesn downstream EPO signalingere detectedexceptpossibly byErk1/2 and
phosErk1/2. There was a significant ingase in mitochondrial respiration after chronic
e p o e exposurelaken together, we show that rEPOs with similar effects for

erythropoietigpotential vary in their mitogenic or cytoprotective effects.
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Figure 5.8- rhEPOs are not cytoprotective against staurosporine.
H9c2 myloblast were plated at a density of 5000 cells/well 24 hours beforea4

prophylactic treatment witthEPO. After 24 hours irhEPO 10nM of Staurosporineas
applied for 24 hours. A)[Eo e t B) PepratectC)D a r b e p.oNoeiofrth€EBOs

were able to show any significant cytoprotection. Absorbance values were subtracted
from no cell controls and normalized to no treatment controls (100%alues are
determined by Twavay ANOVA. Error bars represent SENE6
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Figure 5.9- rhEPOs are not cytoprotective against hemin.
H9c2 myloblast were plated at a density of 5000 cells/well 24 hours beforea4

prophylactic treatment witthEPO. After 24 hours ihEPO 170uM ofhemin as applied
for 24 hours. AE p o e B)PeprotéciC)D a r b e p.dAksbrbance alues were
subtracted from no cell controls and normalized to no treatment controls (100%). P
values are determined by Tweaay ANOVA. Error bars represent SENEG
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Figure 5.10- Protein changes in response to rhEPOs.

H9c2 cells were treated with 137 ng/mL of each EPO for 24 hours before cell harvest.
C=control, EA=epoetitt) DA=darbepoetit), PT=peprotech. Protein densities were
normalized to total protein (Memcode) and significance calculated byn@peANOVA
with ap<0.05 being significant. Error bars represent SEM3.
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One of the main uses clinically BfSAs is to treat anemia dueloP O 6 s
erythropoietic functiori** We found that botlepoet n (a thEPO) and rmio had
similar erythropoietic potential in a CFBlassay Biological crosgeactivity has been
documented due to the high degree of evolutionary conservation between vestebrate
EPCs 8487 Additionally, the site oN-glycosylation are conserved, which have been
shown to be important for the erythropoietic activftyWe did not tesCFU-E by
d ar b e pa Pepdtenh hétein and therefore are usihg results o p o e toi n U
represent rhEPOP e p r o tatasHedteports their rhEPO lsa similar EGoand
ECnaxas we observed with p o e.tJamalet &1®3c omp ar e d egbemetin U t o
and found both to have erythropoietic potential,darbepoetind s sova 3.78 IU/mL
compared to epoetn  Ufcf 0.32 [L/mL. However, there was no significant
difference in their E@ax. Theincreased number ®¥-glycosylation sites odarbepoetin
Udoes increase the hdife but can decrease receptor bind#twhich may be the

cause®f thehigher determine&Cso.

Mitochondrial respiration was increased in response to chronic exposure to
epoetin U. This is in agreement with prev
mitochondrial respiratio®®* However, PrestoBlue, which we use to measure viability,
alsomeasures metabolic activit}? As such, he change in metabolic function may
impact our proliferative analysisterpretations This is less likely ta@ffect our
cytoprotective assay as we normalize the viability to cells treated widathe
appropirate dose without theenogenei@agent. As we were more concerned with the
cytoprotective functions, we did not investigate furtitoeresolvespecificity ofmitogenic

effects, which were marginadgardless However, a more sensitive assay to
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proliferaion, such as measurement of DNA synthesis by EdU flow cytoroetlyrect
proliferation using carboxyfluorescien succinimidyl ester (CFSE) dye in flow cytometery

could be useith future to resolve mitogenic variation

Althoughe p o e and mEf® had similar erythropoietic potential, rmEpo did
not exhibit cytoprotective function at the same dose pfo e,tdiam b paret i n U
PeprotechtmEpo did have a higher degreenaitogenic potentialbut unlike the rhEPO
this did not translate tan increase in cytoprotectiofihe cytoprotective functions are
reportedlynot as dependent on theglycosylation siteswhich are conserved between
humans and mouselfwo EPO derivatives that ladklinked glycosylation (CPEO and
asiloEPO) arecytoprotetive butlack erythropoietic functiof??:153:245.363The O-
glycosylation site is not conserved between mouse and human (Figure 1.6). Alfhough
glycosylation has been shown to play a significant roteefiunction in other proteins, it
has been much less studied in ERMpared to th&l-glycosylation3®* One study that
examined both #1N andO-linked glycosylation found thH-linked were necessary for
erythropoiesis, but th@-glycosylation was not?? The effects of-glycosylation on the

cytoprotectbn have not been studied. Thkésre, understanding the role of tBe

glycosylation may be another avenue in understanding the cytoprotective effects of EPO.

Both the rhEPO used and the seeding density affecteditbgeniceffect
observed Ep e t showedla doseesponse up t65ng/mL at 10,000 cells but reached
Emaxby 5.5ng/mL at 5,000 cellsD a r b e p saw veryfittletditogeniceffect at
10,000 cells but showesbmeat higher dosewith 5,000 cellsseededThe increased
glycosylation ofd r b e p @wamipadred telp o e tesulisin &longer haHife (25.3

hours vs. 8.5 hours, respectivety). This difference in responssy cell number may be
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due to receptdoioavailability. The doubling time for H9c2 cells is approximately 24
hours3%4We postulate tha p o e satumateslihe receptdrs10,000 cellsvell at55

ng/mL and5.5ng/mL in 5,000 cells As cells proliferate the p o e may have)

degradedr been internalizednd cannot act on the newly generating qelisnew

receptors) Withd a r b e p, the increasebdlhlycosylationcan decrease EPOR

binding though withunknown effecto n-CR), decreasing its proliferative effect.
However, as more cells proliferatee higher doses af a r b e p arestill likely U
persistent in media and thhseing persistentlpresenivould beable to act on the

receptors of the ndwformedcellsto potentiallycau® a greater degree of proliferation.
This could also indicate a pr e-Chcoulialsoi oni ng
increase rhEPO effect®etailed analyses of agonisceptor interactions, agonist
bioavailability, and receptor expression/compartmentation optimization for
pharmacological assays in future will be necessary to resolve these findings. However,
we can conclude that erythropoiebimequivalence is neither grortional nor

transferable to an apparent mitogenic or proliferative effect.

Cytoprotection using rhEP{@ vitro has been reported in different cell types with
different xenogenic agenksitwith widely inconsistent result®® There are multiple
forms of cell death that occur due to activation of various pathwatfsyariably time
dependencies to reverse or arrest death activation casttmbeg)h there is overlap
between the various pathwals. In our study we examined the cytoprotective effects of
rhEPO in response to tworms ofgenerally presumeckll death necrsisand apoptosis.
Necrasisis typically consideredincontrolledcell death that is induced by external injury,

such aoxidative stressr toxic agents$®>3%Apoptosisi s fipr ogr ammed cel |
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occurs physiologically and pathophysiologicallych as in response to hypoxia or
inflammation®®°3%Hydrogen peroxidés elevatedn inflammatory state®}’ and can
trigger both necrsisand apoptosi& EPO has been purported to be cytoprotective
through both antoxidant and antapoptotic dowrstream signalin§® which may be
cytoprotective against necrosis and apoptosis, respectielardiac myocytes
majority of studieshowed a modest increase in viability against hydrogen
peroxide346:367:368yhijch is consistent witbur results However, another two studies
found no increase in viabili§#%2%° In one study using DLEL cells (colon cancer cell
line) the use ofhEPGs wasevensuggested tocrease the cytotoxicity of hydrogen
peroxide3’° Against staurosporin@n apoptotic agenf; three of six studies showed
modest reduction in apoptosis, whereas the others di%ét.In our study, none of the
rhEPO were protective against staurosponor hemininduced apoptosisSinclairet
al.3*¢ suggest one reason for the lack reproducibility in Eft@protection $ due to
EPORDbeing undetectabl@ manynon-erythroidcell types In neonatal rat
cardiomyocyteshey wereunable to elicit downstream EPO signaluging 10 U/mL of
rhEPO(estimated to be 66 ng/me4¢ Herein, at 137 ng/mLapproximating?5 1U/mL)

we elicited a small increase imkd/2 and phosdrk1/2 with no change to the ratio. This
may suggest that H9c2 myobladtsnothaveor have | ow expr-@Rssi on c
However, we di d n-CRaswexdidmotantieipate thi® potetial b
limitation a priori given the demonstrati of effecsin H9c2 cels*¢”*® and to do so at
this time isoutside the scope of ourtended comparative evaluatibotwill be

considered irfurther investigabns

Another factor that may potentially limit the reproducibilityiofvitro rhEPO
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experiments is the lack of othgrowthfactorsand cytokineshat would be present

endogenouslypr appear in serum supplementatidnhas previously been shown that

factors,such as SCF, areecessarfy or EPOO6s er yt¥rindgedhyouet i ¢ f un
CFU-E assays are performed using St2iekgroundn the medidormulation In

cervical cancer cell line& has been shown that EPO alone resulted in transient ERK1/2
activation, whereas the combination of EPO and SCF had a stronger and more sustained
activation®’# This suggestthat SCF could be a potentiation factor of ER6d

coordinated paracrine signalingvivomay lead to differentiated effect3he activatbn

of Erk1/2 may also explain the increasecirioprotectionbyd ar bepoet i n U. [ n
darbepoetin U had the | oyateasmitogbrcgtb@@ of cyt
cells at higher doses, which we suspediie to its longer half life. Darbepe t was U

the only rhEPO to reach significance in Erk1/2 and gadd/2. Againthis may be due

to its long hallife and beingextendedreserein media toactivate Erk. This maglso

suggesthat variablgiming may elicit different result3.herefore, future studiesuld
examinegtestingadditional compoundombinationsvith EPOand potentially different

time pointsto improver h E PdfféctivenessHowever, the intended need for lasting

protection rathethan transient signalling interference suggests a limitation in

translational benefit clinically.

As a molecular mechanism screening piot study to examine the various
facets of rhEP@y in vitro modekit has gverallimitations. One major limitation is we
did not exa mCRieouEsRi@RSirlartal*f has suggested the low
amount of EPOR may be the cause of I imited

are requireddr cytoprotective effects of ERPON152.15415Therefore, ifproliferating
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H9c2domt e x pr e s sordsPiti@nalizeiiresponse to stress or agonism, then

it will not respond to rhEPO aridtherefore not a good modeEven by exploring this
expression by mMRNAhte EPOR: bCR al so must be | ocali ze
which typically happesin hypoxia and in the presence of proinflammatory cytokiffes.
Therefore, along with the addition of SCF,
the plasma membrane mhg necessary to resolve ampactin theresponse to rEPOs.

Also, testing different time poigsafter rhEPO therapy may be necessary to see the full

effectsin signalling We opted to use 24 halbrased on previous studies, but this may

not have been the optimal tiptbough the absence of Hmox1 suggest that there is no

lasting phas detoxification response to protect cells from accumulative oxidative stress

either

We have established that rhEPO and rmEpo have similar erythropoietic potential
but do not haveroportionalmitogen orcytoprotective pofiles. The rmEpo was not
cytoprotective buthe rhEPOs were cytoprotective against hydrogen peroxide, but none
we protective against heman staurosporine. This suggsthie rhEPO, but not rmEpo,
may beslightly protective againgarly necroti¢necroptoticcell death Given that the
rhEPOdid not appear to activatlwrstreamEPO antiapoptoticsignalingpathways, the
cytoprotecti on obs eabiltetaelicihsome ldsgwelllkmavnt o EP O6
associate@ntroxidant effectsor else alter the nature of cell metabolism alternatively
This demonstrates that the type of rhEPO may be important in the cytoprotective effects

and requires further studies to elucidate these differences.
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Chapter 6- Discussion

6.1 Summary of results

The aim of this thesis was to investigate the biological differeoiceariations in
EPOat the various levels of regulation, including genomiB&NA, and protein. The
salientcontributions achieved to the fielldclude: 1) SNPs ilEPOare associated viit
risk-factors and cemorbidities related t€VD, 2) intron retention is a form of past
transcriptional regulation of EPO in the brain, and 3) variation in glycosylatideRs

can result in variation in the functions of ERCa stresgontextdependent manner

Variations inEPOin thegDNA, in the form of SNPsare associated with risk
factors and comorbidities f@VD (Chapter 3). Specifically, SNPs EPO change the
amount of EPOn the plasmawith the CC genotype for rs161764tdahe GG genotype
of rs507392 associag with decreased plasma EPThe CC genotype in rs1617640 also
associated with lower Hb, higher cholesterol,##tDL, LDL and NLR, suggesting a role
in erythropoiesis, lipoprotein metabolism and inflammation. Tladlele in rs1617640
associated with anemia in a ladditive model of inheritance, further supporting a
potential role in erythropoiesis and potentially inflammatidhe GG genotype in
rs507392 was associated with increased cholesterckibdnand LDL, suggesting a
role in lipoprotein metabolismThe role in lipoprotein metabolism is further supported
by an association in a recessive model of inherittmdgslipidemia. In females only,
the G alleles in both rs507392 and rs551238 associated wail\aated risk of
hypertension.Together, this shows that variations in the gDNA alter the regulation of

EPOleading to altere€VD co-morbidity risk.
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Variationsatthe mRNA level oEPOcan also altethe regulatiorof EPO. Intron
retentionin EPOmMRNA increases in brain cell lines in response to ischemia, suggesting
a tissue specific mechanism of parsinscriptional regulation (Chapter 4). The intron
retention was shown to not beesult of immature mRNAdemonstratingntron
retention is a delibate regulatory mechanism. In addition to response to ischemia,
intron retention iIEPOMRNA also shows circadian rhythmicity. Togethéis suggest
that intron retention is a tissue specifiechanism to respond to ischemia and assist in

EPOG6s circadian rhythmicity.

Vari ati on iparticidygigcesyl&idn\patterngan alter the
function of rEPOgChapter5)Epoetin U and r mEpo had simil &
but differ intheir cytoprotectivgpotential. EpoetinUshows the greatest degree of
cytoprotectioragainst hydrogen peroxideompared to a smaller degree by Peprotech
rhEPO and d a r roapprecatle cytoprdtectiow frommmEpBowever,
there was no cytoprotection from any of the rEPOs against hemin or staurosporine,
suggesting cytoprotection only againstrosigi.e. hydrogen peroxide). Only Erk1/2
was elevated, with many of the kinasxpected to respond to EPO showing no
significantincreases. However, chroecx posur e (24 hours) to epo
mitochondrial respiration, suggesting the cytoprotection magdieectthrough
metabolicprocessesCollectively, ourresultsshow that genetic variations in the gDNA,

MRNA and protein level influence the regulation and function of EPO.

6.2 Molecular variation of EPO by pathophysiological and anatomical drivers
EPO is a pleiotropic hormoribatis expressedly, and acts oymany tissues’

The kidney has historically been seen as the primary producer of EPO in’adults
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although many other tissues including brain, uterus and heart have been found to express
EPO3’® 1t is speculated that the EPO produced by the kidney accounts for the majority of
the circulating EPO andr e s p o n's i b kergthrdpaetifuretF6 £PO

produced by other organs may also contribute to the circulating EPO, but to a lesser
extent,although this may be stimulus dependant. However, the production of EPO by
many other tissues thouglt to act in a paracrine or autocrine fashion to exert its effects
on the tissue producing the ERtTherefore, there may be mechanisjfior the

regulation of EPO thatretissue specific. Indeed in the liver, which is the primarydite
EPO production in the fetus before switching to the kidney in the third trinié%ter,
hepatocyte nuclear factor 4 alpha (H¥Fin addition to HIF2 is required f@&PO
transcriptionHIF2and HNF4 U bind to the LI E®®0 promot e
Additionally in the uterussPOmMRNA has been found to be under the $aiptional
control of b o tesradiolyE.38Anibath thenivkr anduterus, HIFs are

still required forEPOregulation and HNE U azmal witE HIF to upregulate
EPQ:376:3793801n our cell modelsbrain cells responded moreisashemia, in both the
increase MRNA and intron retentigdhan hypoxia alondn two neuroblastoma cell lines
(Kelly and SHSY5Y), Stolzeet al*8' reported an increase BPOMRNA in resporse to
anoxia (no oxygen) and a significantly lower response to hypoxia @%wbile HEPG2

cells responded more to hypoxia than anoxia. This is similar to what we observed with
brain cell lines responding more to ischemia than hypoxia, with HEPG2 (liver cells)
responding more to hypoxia than ischen\de used hypoxia to model pgxic hypoxia
(decreased £availability) and ischenai b modelanemic/stagnant hypoxia (impaired O

transport or deliverinsufficient blood flow)*®? The brain consunsamore glucose
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compared to its proportion of the bodyweight (consg20% of glucosdor ~2% of

body weight)*®3 The high energy demand of the braiay make it more sensitive to
anemic/stagnant hypoxia than hypekigpoxiadueto nutrient demandlhe more potent
response in the brain cellsiszthemia in our cell model would suppadditional ce
factors that are nutrient sensing in the brain cell lines that assist in reg@BRting
transcription. Although HNRB U i edfon EP®id the liverit is also a transcription
factor inlipid and gluose metabolisrf4 3% andexpressed in liver, kidney, intestine and
pancreas®? 3! put hasnot been found in braitf! AlsoEz is needed foEPOregulation

in the uterusbut was not foudto beinvolved in cerebrunEPOregulation®’® As yet

there has not been a brain specififactor that regulareEPO mMRNA transcriptiorbut

our results do suggest there may be one that has yet to be described

In addition to the difference IBEPOMRNA responding more to ischemia in the
brain, intron retention also increased mioreesponse tesschemia andhenonly in the
brain. Intronretention is a form of alternative splicing tlaa&more prevalent in the
brain343>33%ut the mechanisms governing its tissue specificity is unknimtnons
have been shown to be important for survieaiutrient deprivation in yeast.Although
intron retention was not examined in the stutg, lack of intron in the gDNA would
preventintron retention Therefoe, intron retentioeing a mechanism to reserve mRNA
during starvationcould explain their requirement for survivalyeast Al z hei mer 6 s
disease is linked to increased intron reterifiand also linked to a decreased brain
glucose metabolisi#? This suggestthere may also be mechaniswhere nutrient
deprivation regulates intron retention in a tissue specific manmemans At this time

it is unknown if the intron retention BPOwill results in an mRNA reserve or a novel
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isoform. We did perform preliminary analysis of potential transcripts generated by
retention of intron 2 or intron 4 (Figure 6.1). The ratanbf intron 2 would result in

small EPO that would not contain receptor binding sites and is therefore less likely to be
a viable isoform.Only 40% of the intron 2 containing isoform (Figure 6.1 b) could be
modeled since the portion that would be adolgthe intron does not resemble other

known proteins. The unmodeled portion of the isoform may generate a unique isoform,
but we are unable to verify this currentidowever, retention of intron 4 produces a
truncated EPO that still contains many of teeeptor binding sites, suggesting it has the
potential to be a novel isoform. It is possible the two introns have different biological
roles and may explain some of the differences seen between the brain cells between the
EPO23 and EPO% primers. Foexample, EPO-3 showed more significant intron
retention in glioblastoma compared to EP&4vhereas neuroblastoma had similar

effects between both introns. This may suggest in addition to the tissue specificity, the
cell type specificity may utilize inbn retention for different functionddowever,our
understanding of the mechanisms governing tissue specific, or stimuli specific regulation
of intron retentions very limitedand therefore more studies are needed to better

understand this phenomenand its biological function

Tissue differencemay alsaaffectthe phenotypes observedi®O SNPs.
Although the CC genotype of rs1617640 and GG genotype of rs507392 both result in a
reduced plasma EPO, they correlated with anemia and dyslipidespactively. EPO
from the kidney is primarily responsible for erythropoiesis thaslink decrease in EPO

to anemia. However, the liver is the primary site of lipoprotein metabéifsnhere

HNF-4 U i s al s @POregulation’>EHNF4d)r i s al so i mplicat e
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A) Exon 1 Exon 2

E MGVHECPAWLWLLLSLLSLPLGLPVLGAPPRLICDSRVLEEH
S GVHECPAWLWLLLSLLSLPLGLPVLGAPPRLICDSRVLEREH
b= M GVHECPAWLWLLLSLLSLPLGLPVLGAPPRLICDSRVLEES

Signal peptide

Exon 3

RYLLEAKEAENITTGCAEHCSLNENITVPDIKVNFYAWKREEEN
RYLLEAKEAENITTGCAEHCSLNENITVPDTKVNFYAWKREEE
B S A P VAP LPQHIP@MNSRSGLQGTPFRSRNLA 20
k%

Exon 4

MEVGQQAVEVWQGLALLSEAVLRGQALLVNSSQPWE PLQ L
SRMEVGQQAVEVWQGLALLSEAVLRGQALLVNSSQPWE PLQ Lty

B)

COOH

Wild Type EPO EPO_Intron2 EPO_Intron4

Figure 6.1- Predicted amino acid sequence and protein structure of intrometaining
transcripts.

A) Intron retaining transcripts compared to wild type. The exons are indicated above the
alignment. Canonical amino acids up to Exonetsdrown with a black background with
the novel amino acids form the intron with a white background. Signal peptide is
indicated below with &#ine and receptor binding sites are denotedh tviAlignment

made in Multiple Alignment Showfnvw.bioinformatics.org/SMS/multi_aligrhtml). B)
Predicted protein structure based on intron retaining transcripts if generating novel
isoforms. Structure geneeal using Protein Homology/analogy Recognition Engine
(Phyre) v 2.0 and visualized using Mol*3D Viewer at protein data bank (PDB,
rscb.org/3eview). Glycan structures added usiBgpRender.com
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metabolism, and therefore the GG genotype in rs507392 could have an effect @h BINF
binding, potentially in linkage disequilibrium with the binding site, resulting in
association with dyslipidemia. Additionally, the rs507392 SNP is located in an intron.
Although not one of the introns investigated in Chapter 4, there may be some link to
intron retention regulatory sequencé&ur sudy (Chapter 3jvas limited to investigating
associationsand therefore the mechanisms were outside the scopestéitiyto

establish causation (such as by mutagenic study or CRISPER technigstsly by
Tonget al?® examined the A and C allele for rs1617640 in a luciferase assay and found
the C allele hadn increase@&POexpression. A eQTL study alsaggested that the
rs1617640 affecteBPO expressiort®® Together these studies suggest a direct link with
the rs1617640 SNP amtPOexpression, however the exact mechanism governing the
expression is unknown. It does not appear to be a direct binding site for transcription
factors but is in proximity tar&nscription binding sites and it may act in a steric effect
and transcription binding site. Similar studies have not been performed for the other
SNPs and therefore more directed mecstassi studies to confirm their role BPO
expression would be beneitil. However, the link to dyslipidemia has not previously
beenreportedand herein we provide evidence that warrants further investigation into

EPO6s role in |Iipid metaboli sm.

The temporal effects of EPO can also vary based on tissue. In a mouse model,
kidneyEpomRNA peaked by 4 houfsllowed by a reduction However, the cerebrum
(i.e. brain) had a sustain&bo mRNA for up to the 24 hourg® It has been suggested
that the sustaineépomRNA in the brain mpabe necessary for the neuroprotection for

the duration of the hypoxic exposufé.In our cell models the liver cells did increase

160



and then decrease in a temporal manner in response to hypoxia and ischemia, whereas the
brain cells, with the exception of BBB, all increased and remained high throughout our

24 hour time periodlhe requirement for sustained EPO for neuroprotection may be

potential physiological reason for the intron retention specifically in the brain. As the

brain is repgused intron-retaining transcriptsould beused to generate EPO, thus

maintaining EPO levels during the reperfusion to protect against iscihepeidusion

injury. However, this is only one possible reason for the intron retention seen in the

brain. Asour data discovered thesgron-retaining transcripts, future studies are needed

to understand the role of intron retentiorEIRO more fully.

The tissue specific effects of EPO may also be due to recepiations between
tissuesThe erythropoietic functions of EPO agkcitedthrough the EPOR:EPOR
homodimers on the erythroid progenitor cé#s*3 In other tissue& P O RCRb
heterodimersre thought to elicit many of the other EPO functi@\goprotective
effectsof EPChave been shown tP°bRecemaysihave aso llEenOR: b CR.
suggested as a potential explanation for the irreproducklétseon the cytoprotection of
EPOin vitro andin vivo. Sinclairet al34found the amount of EPOR was much liess
northematopoietic tissueddowever, Sinclair assumed all EPOR was a homodimer,
which would not be the case outside the er
heterodimerdditionally or alternavely. Ot her st udi es have identif
neuronal mouse tissd& adult mesenchymal ceff& umbilical cord blood?>? liver,
endothelial progenitor celf87 and inrat cardiomyocytesH9c¢2).%¢” In studies that
identifiedt h e E P OGR, rEROdvasbshown to lmytoprotectivet>t:152:367:396,397

Studies that did not observe cytoprotection did not directly examine the receptors, and
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therefore the lack ¢br the internalisation of the receptocsuld be responsible for lack

of the EPO response. Herein, we did not directly examine the receptors since H9c2 had
previously been s ho®@R3>® Haweverxapwealisl sot dEdRt)R a n d
measure the receptors and their localization our lack of EPO signaling could be due to the
unavailability of t hePré&viBuSsRdidsitafhavefound ur cel |
E P OR R n @9c2 used differentiated cef§,whereas we used proliferating H9c2s,

and the state of the cell malsochange the receptobsoavailability. Future studies

should include analysis of the receptors, along wthir cellulariocalization to ensure

the receptors are present and localized at the cell membrane.

The persistenEPOmMRNA production in the brain has been speculated as needed
to maintainhe cytoprotection in the brai* This would also require persistent
activation of the receptors to elicit the cytoprotective effelsrein, we used a cardio
myoblast cell line, which has not been studied for its temporal productEgpmoghRNA.
However, we hypothesizeahEPO is having a cytoprotective role in the heart and
therefore may be similar to the persistent mMRNA seen in [E&®@. signaling through
ERK1/2pathwaywith EPO alone was transiefitut was sustained with the addition of
SCFin cervical cancercel 1 n our study, darbepoetin U w
response in Erkl/after 24 hours Since darbepo-#gitmy U has a
remain in our media longer to provide continuous activation of Erk1/2, similar to that of
addng of SCFfor co-receptor pathway activatioithis may indicate timing of treatment
asan avenue for future studies to determineRfIsignaling is time dependant and if

addition of cefactors are dependent ahe BPOresponse Application of growth factor

reducel media conditions (eg. FBS presence/type) with greater control of variables will
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be necessary to resolve the cell signaling effects.

6.3 Molecular variation of EPO in therapeutics

ESAs have been used for the past few decades to treat differeatdbrm
anemig®** and recently investigatefor use against ischemic injuri€8:242 The
erythropoietic function of rhEP®@ave been widely supported in many clinical trials.
However, theesults frompre-clinical and clinical studies on EROsytoprotective
function have nobeenconsistent There are multiple factors that may be driving the
irreproducibility, such as the cell type used (and potentially the re¢gmapression),
the type doseand timing of rEPQr influence ofpotential cofactorgpositive or negative
crosssignaling)Cl i ni cal trials examini nEpASE& O6s cyt
have been approved for use in ane(plaarmaceutical gradeyhereas rany preclinical
trials utilize commercially available rhEPO mnEpo (nonpharmaceutical grade)
Although most EAs and commercial rEPOs are generated using the endogenous EPO
amino acid sequence, there can be variation in the glycoforms gergrakex
production processWe found small variations in size between ESAs and rEPOs used
herein, which is likely due teariation in the glycoforms. Although we observed similar
erythropoietic functions, there was variation in their cytoprotective potential, which may
be attributable to the glycosylation. Much of the literature has focused on the
significance of thé\-linked glycosylation site of EPO since fdinked glycosylation
was not found to be significant in the erythropoietic potential, whereas-linkedx
glycosylation was found to be necessary for erythropoi€sithough there is a high
degree of conservation between mouse and human EPO and they demomssate

reactivitypotencyin erythropoiesi$#®8in our study and a previous study by Pathipati
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and Ferrierd®® did not find rmEpo to be cytoprotective againsOzl One region that

differs between the mouse and human is in the regionQvithked glycosylation, with

the site forO-linked glycosylation onlypresenin human.Since theO-linked

glycosylation was not found to be significant in the erythropoietic funtfidgrnas been
assumed that it was not significant in EPO
examined in rEPOs. However, since there does appear to be a difference in the
cytoprotectivepotentialbetween human andouse rEPOs, it suggseshe O-linked

glycosylation site may have significance in the cytoprotective funclitvere are other

sites that differ between mouse and human that may also be responsible for this variation

in function.

In addition to the typ of rEPO varying between studies examining
cytoprotection, the doses algary between studiesThe dosing of the rEPOs to elicit
cytoprotection is generally higher thamat isused to elicit erythropoiesté2>°2
Comparing doses across studies is made difficult as different units are usaddiaos
rEPO. Many rhEPO use U, whilepoetinuse IU. There is a general standard for dose
conversions between epoetin aredid b e p 0 qug~R0OOIU I butlconversion factors
are not as clear from U to ng or IU. The use of different units of measurements may
result in discrepancies in the doses required to elicit cytoprotection. It was for this reason
we tested multiple doses in cstudy.As with other studie®®® rhEPO showed
cytoprotection up to a certain dose, but higher doses (550 ng/mic stualy) were not
cytoprotective. This could suggest that the dose, both too high and too low, may result in
anegativefinding. The reason for this curve is unknown but may be due to

overwhelming the receptgmwhich mightthenbeinternalized preventma continuous
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activation needed for cytoprotection.

There have also been a range of different cytotoxins used in studies examining
cytoprotection with rEPOs. Not all cell death is equivalent and different cytotoxins can
elicit different forms of celtleath. Herein, we examine batlcrosisferroptosis and
apoptotic cell death and found EPO to be cytoprotective only ageosisigi.e.,
hydrogen peroxide). However, other studies have found EPO to be protective against
apoptotic and oxidative calleath!®'3¢"The lack ofEPQD anti-apoptotic signalling may
be the reason behirtde lack of antiapoptoticcytoprotection, while pointing to a more
antioxidant role in gtoprotection. Thisg supported by the increase in mitochondrial
respiration. Therefore, the mechanism for cytoprotection may be another area of further

investigation to improve reproducibility.

A better understanding of the properties thlience thecytoprotective function
of EPOare importanto improve the reproducibility and translation of EPO
cytoprotective potentialHerein, we tested multiple rEPOs that demonstrated similarity
in their erythropoietic potential but differed in the cytoprotecpotential. Since wean
see molecular weight differences between the rEPO, this inslgzatee variation in
glycoforms thatveremore or less cytoprotective. Future studies should compare
di fferent glycoforms, sucheOglwanegnparedtoi n ¥ t
other epoiteing!’ If features are found in rhEPOs that effect the cytoprotectioayt m
allow for development of ESAs that optimiteese features, similar to the increase in N

l inked glycosylation idife’darbepoieitin U to

6.4 Molecular variation of EPO in national and global public health
EPOQis apleiotropic hormone that is involved in a multitude of functiand
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SNPs inEPOhave been associated with a variety of diseases (See Table 3.1). The SNPs
rs1617640, rs507392 ansbb1238 are generally though dlicit effects bythe amount

of EPO produced. We found the CC genotype and GG genotype in rs1617640 and
rs507392, respectively, did decrease the amofuBPO in the plasmand consequently
associated with anemia and dyslipidemia, respectivElys likely has added tde

diseases and emorbidities associated witkssEPO.

ESAs have been an important advancement in the treatment of anemia. However,
there is variation between populatiin their effectivenes®4% In an observational
study of ESA doses i6KD patients undergoing hemodialysis, black patients received
12.6% higher doses to achieve similar Hbvhite patientd® Based on data from the
1000 genome projeceported in the Ensembl databate SNRBrs1617640, rs507392,
and rs5512380o show variation in frequency across ethniciBenerally Asian
populatiors have a lower minor allele frequency compared to Euroffaiany of the
previous studies investigated Asian populatiand had similar allele frequencies as
those reported in Ensembl, wheréasfrequenciesve report hereimremore similar to
European, which reflects the European ancestry predominant in New Brunswick.
Although none of the SNPs we examined have been investigated across different
ethnicitiesfor function a majority of prior work was assess@dAsian populatios?’’
andother SNPs show variation$ impact byethnicity°* The variation in prevalence
could indicate there may be variations in different populatmrmgotential health
implications. The association wiEPO SNPs with responsiveness to ESAs has also not
been examined. Sin€é&PO SNPs have been associated veittecrease in EPO, higher

doses of EPO may be needed to elicit the same response due to a lower starting point.
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Our population in New Brunswick is reikeely homogenous of European decent. We did
not specially examine ethnicity and may struggle to obtain sufficient diversity in this
population, which is a limitation of this studiuture studies should further examine the
differences in these SNPs iiffdrent ethnic backgrounds and response to EBAs

precision medicine and clinical trial design that tteeg¢ffect As mentioned previously,
herein we did not investigate causality. Future studies to link the functionality of these
SNPs to a clinicgbhenotype are needed to better understand the role of these SNPs to a

clinical phenotype.

Intron retention has only recently been examined as a mechanism-of post
transcriptional regul ation in mammal s. Al
diseasg® ALS,3?° and various canceféwhich suggest a role in humaathophgiology.

EPO has been shown to improve cognifi®Yand the increased intron retention in

Al zhei mer s disease could decrease availahb
disease progressioiixaminationof EPOmMRNA is common practictor the study of

most tissue EPO since the glycosylation makes immheteationdifficult and the protein

is not stored intracellularlylf measuring=POmRNA in the brain, the intron retention

may alter the predicted amount of EPO protein. The fate of the irdtaiming

transcripts was outside the scope of this study, but future studies should explore the role
of EPO protein levesuch as with knockn reporter cell lines or mouse straing)ntron
retention is found to alter protein levelSEPO in the brainthis will need tdbe
accommodaie into study designs and limitation that otherwise might presume 1:1 ration
of mMRNA:protein for EPO, and whethe feedback regulation or effects are described in

terms of erythropoiesis, cytoprotection, or metabalism
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Intron retention has also been linked to a variety of cancers. Intron retention i
cancer has been linked to aberrant proteins generatedHeoimtrorretaining
transcripts’??4%3 There is also evidence to suggest the integaining transcripts may be
able to evadaonsensanediated decayNMD) and result in partial inactivation of
tumour suppressors, includiig53, ARIDIA30 and VHL31In other genes and SNP
may introdue a PTM into a retained intron that results in an increase in NMD, such as in
NBEAL2403404 Higher EPO levels of serum have been linkednygelodysplatic
syndrome (MDS) In particular, higher EPO levels have been suggestgdedictive
marker inanemiaof unknown etiologyas an early indicator of MD%> Although intron
retention inEPOhas not been investigated for a potential role in cancer, this may be an

additional area to investigate for pathophysiological roles.

6.5 Future Directions

Herein we present three studies that investigate biological variati@i0.
These studiewill serve as a basis for future studies to further investigate the genetic
variations in EPO and their biological significan@eir association dEPO SNPs used a
relatively small cohortand should be expanded to include additional participants
particularly those with dyslipidemia and females with hypertension. In our study we did
not include kidney function or medical management and/or medicattanare studies
should include analysis of gonorbidities, medical management, and use of medication,
such as ESAs or statins. Additionally, for the lab values we use one time point, which
may not provide a full picture afhebaseline lab values medcation effectiveness
Potentially a prospective study that incorporated more time points for lab values

(potentially before introduction of medications) would be usefully in determining
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baselingisk factors The increased population size could alsonaflar moreinvolved

analysis such ANCOVA.

Herein, we showed intron retention&fPOincreases in response to ischemia in

the brain anaks potentialcontribution tocircadian rhythm oEPOexpression Although

we speculate this is acting as a reserve of mRNA, we did not confirm the fate of mMRNA.

Future studies should investigate the role in intron retenti&@P@on EPO protein

levels. Herein we have investigated cell models, which limits outyatolimanipulate
circadian effects. Am vivomodel could allow for manipulation of circadian rhythm and
potentially in combination witlhypoxia orischemia. Arin vivomodel could also allow
for investigation into pattphysiologies, such as anemia atibke. Therefore, future
studies should examine intron retentioreiRO usingin vivomodek to delve into cell

and system integrative physiolagy

An improved understandingf the molecular basis governing rEPO effants
vitro could improve the trandian toin vivo studiesandinform clinical study design
This should include aC@Rimooradll ynadel snclalihgits h e
localization. Cell modelslike H9c2 myoblastsare likelygood moded for study only if
thereceptorexpression, density, and bioavailability are more certain and could be the
basis to choose a more appropriate motiektudy. Further, it remains to be determined
how much EPO signaling interdependent on other cytoksjend whethepre-
conditioning (for receptor localisation) or if potentiation factors, such as SCF, are
required tcelicit defined BPO signallingn cell or tissuaegulated mannergdditional

time points may better capture EPO downstream signalingmppoving the EPO
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downstream signalinop vitro, it could lead to improvenh vivotranslation that may

eventuallyimprove the use of ESAs as cytoprotectants in the appropriate clinical context.

6.6 Concluding remarks

For the first time we have demonstrated that the rs507392 SEPQrms
associateavith dyslipidemiaand confirmed a role for rs1617640 in anemia. Algothe
first time we have shown that intron retention is a{@stscriptional regulatory
mechanisnof EPOIn the brain. We lastly examined the various functions of rEPO to
establish potential differences in their functidiogether, our data show that variations
at the gDNA, mRNA and protein level of EPO have implications in human health and
potential therapeutics based on EPO. Ouristiill serve as a basis for future studies
to further elucidate the role and sign#fice of these variations fiandamental biology,

human health anthe design and application thferapeutics.
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