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ABSTRACT

Objective. The endopasmic reiculum aminopeptidaseERAP1 and ERAP2 encodedon
chromosome 5g35rim endogenous peptidéor human leukcyte antigen (HLA)mediated
presentation to the immune systelRolymorphisms irERAP1 and/orERAP2 are strongly
associated, withseveral immunenedated diseases with specific HLAackgrounds,
implicating.altered peptide handling and Enetation as a prerequisite for autoreactivity
against an, arthritogenic peptid&iven the thoragh characterisation of disease fisk
associated polymorphisms that alEERAP activity, his study aimednsteadto interrogate
the expression-effect of chromosome 5q15 polymorphisms to detehmineffect on ERAP
isoform™and protein expressiorMethods. RNA sequencing and genotypingcross
chromosome 515 was ustddetet genetic variants ilERAP1 andERAP2 associated with
altered total gene and isoforspecific expression. The functianimplication of a putative
MRNA splicealtering variant onERAP1 protein levels was validated using mass
spectrometry Results. Polymophisms associated witAnkylosing spondylitissignificantly
influence thetranscript and proteiexpression bthe ERAP aminopeptidasedisease risk
associategbolymorphisman and around kb genesarealsoassociated with increased gene
expression“Furiermore, key riskassociatedERAP1 variants are associated withltered
transcript splicingleading toalleledependentlternate expression of two distinct isoforms,
and significant differences in the typef ERAP1 protein produced.Conclusions. In
accodance with, studies demonstragi that polymorphismsthat increase aminopeptidase
activity predispose tammune disease, the elevated riskiso attributed to increased
expression ofERAP1 and ERAP2 suppats the therapeutic notion of aminopeptidase

inhibition to treatAS and other ERARSssociated conditions.
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Human leukocyte antigen (H)Anediated presentation of endogenous peptides to” TD8
cells educatethe immune system to differentidtetwesn selfderivedand foreign antigens.
Consequentlyaberrationsn peptide presentation pathways may evwkginformed immune
cell reactivity againsthost tissue leading topathology Aminopeptidase function in the
processing-of'peptide prersors tayenerate moleculesf optimal length and compositidar
HLA loading Disease rislassociatedpolymorphisms in the endoplasmic reticulum
aminopeptidase gen&RAP1 and/orERAP2 are seen in several immuneediated diseases,
including ankylosing spondylitis (AS)1, 2), psoriasis(3), Crohn’s disease (CDW) and
Beheet's diseaséb).

Robust _genetic interactions exist betwddRAP1 and the HLA class 1 allelélLA-
B27 andHIEA-B40 in AS (1, 6),HLA-Cw6 in psoriasiq3), andHLA-B51 in Behegt's disease
(5). Synergsm between HLA Class | loci anBRAP1 is most pronounced iAS, with risk-
associated polymorphisnis the genecontributing tostrongdisease risklead SNP rs30187
P=4.4x10",_OR=1.29(7) in HLA-B27 carriers along(1). Whilst 80-95% of AS patients
carrythe major genetic risk factétitLA-B27, this allele contributes only ~20% of the genetic
risk for the.diseasandover 113 further geneticloci have confirmed disease associadigh
2, 7-10) Evidence points to the involvement of altered peptide handling in disease
pathogenesis (11-13)otentially drivingproduction of an immunogenitlLA-B27 specific
peptide repertoire thamisinforms the immune responsndbr impedsthe folding, stability
and function oHLA-B27.

In AS the ERAPL locus containstwo independentassociation signalgl). The
strongests tagged by SNP rs301§K528R; OR=1.29, P=4.4x18:(7), theprotective allele
at which confersa ~40% decrease in enzymatic activify). Conversely, thes30187 risk
allelealters the B27bound peptidome bgausing botlelevatedoroduction andlestruction of
different HLA-B27 epitopes(1l, 14-16). The secondassociation signals tagged by
rs10050860.(D575N; P=9.28xff). This SNP has previously been shown not to be
functional “in“both recombinant protein and cellular assdysl17) and the functional
mechanismrdriving disease association at this siggmhot been determineth vitro studies
have demonstrated thBRAP1 protective variantsas wd as ERAP1 silencing or inhibition,
reduces surface, expression of HBR7 free heavy chaind 8), although this finding has not
been universa(19). HLA-B27 free heavy chain expression the cell surfacdas been
shown to induce the expansion of Th17 cells and secretion of theflarmmatory cytokine
IL-17A (20).ERAP1 homozygous deletion ithe HLA-B27 transgenic rat model of AGoes

This article is protected by copyright. All rights reserved



not alter levels of folded HLA27 or HLA-B27 heavy chain dimers on the surface of
peripheral bdod mononuclear cellsand does not prevent the development of
spondyloarthritign these rat$21). The relevance of this to human spondyloarthhitgvever

is unclear Rats lack ERAP2 which is thought in humans to interact with ERAP1 to influence
peptide presentation, and because the transgenic rats involvedpgveae of 20copies of

the HLA-B27 transgenger cell,as opposed to one or two copies in human HB2Y
positive AS,theymay develop spondyloarthritis as a result of a different pathogenic process
to humandiseasé&vidence suggests that diseassociated polymorphisms ERAP1 also

exert an expression effe(®2), with risk genotype correlated with increased gene expression
(22).

At ERAP2 the AS-associatednonsense mutation, rs224837, an expression
guantitative trait loci€QTL) at which theprotectiveG allele resultsn complet loss of gene
expressiondue to nonsensmediated decay of an alternatively spliced transc(gs).
Presence of ERAPfluences the HLA-B27 peptide pooldecreasing the abundance of
peptides with Nterminal basic residugesnd increasing the percentage Qamer peptides
presented24);.lowering the affinity of the HLAB27 peptidomg16, 25).Given theintricate
role of bothaminopeptidases in shaping tHeA-B27 peptidome,tiis possiblehat variants
increasingaminopeptidase expression nagt concordantly to increase AiSk in individuals
carrying diseas@ssociate@ctive variants oERAP1 andERAP2.

In"this studywe used RNASeq to identify ERAP1 and ERAP2 polymorphisms
associated with varied gene and isoform expredsidkt casesndhealthy control§HCs).
RNA-Seq allows interrogation of the transcriptional landscapef a gene, enabling
identificaion of splicealtering variants (sQTLsphat may drive the productiorof distinct
isoforms with_phenotypic consequenceBespie extensive characterisation afternate
ERAP2 transcrifis that radically transfornthe global expressioaf this gene(23), alternate
isoforms ofERAP1 have been infrequentlgtudiedin the broader literaturéVe demonstrate
tha AS risk-associatecd5SNPs inERAP1 and ERAP2 are associated with substanteTL
effects at bothithe transcript and mtein leve] and show thatrisk-associatedvariantsin
ERAP1 areqassociated withltered splicing of the encoded gene transcriftis indicates that
the diseaseasseciated SNPs BRAP1 andERAP2 influence disease risk through effects on
transcription and splice variation, in addition to the functional effectoding variants in
ERAP1.

PATIENTSAND METHODS
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Ethics

Human ethics approval was granted by the Princess Alexandra Hospital and Thaityniver
of Queensland Ethics Committees (ethic no. Metro South HREC/05/QPAR221UQ
2006000102). Written informed consent was received from all participants priotusiamc

in the study:

Sample Selection

54 AS patients diagnosed according to the madd New York criteria(26), and 70HCs
were included,in this study (Table S5). Peripheral venous blood was collectedAfs
patients at,the/Princess Alexandra Hospital Ankylosing Spondylitis Clirdcperipheral
blood mononuclear cells (PBMCdjom patients and controlextracted as described

previously (7).

Genotyping, Imputation and Disease Association Analysis

Genotyping was conductelliring the2013 Immunochip study of 9049 AS cases and 13607
HCs (7). P-values for SNP disease associations upon conditioning with rs30187 were derived
using logistic'regression on the complete Immunochip data set in PLINK
(http://pngu.mgh.harvard.edu/purcell/plink27), with inclusion of rs30187 genotype as a
covariate. Imputation of SNPs within aA Window of 0.1 with rs30187ERAP1) or

rs2910686 ERAP2) was conducted usinge 1000 Genomes Phase 1 reference panel for the

subset of 124 individuals used in this study. Phasing was conducted using SHAREIT ( ) and
imputation using IMPUTEZ2 (29) with the ‘info’ metric used to remove poorly imputedsSNP
(info < 0.5). A total of 1221 SNPs spanniBBAP1 andERAP2 were used in the final

analysis.

RNA Sequencing

RNA was reverse transcribed, prepared for sequencing using lllumina Tru&dgqr8taotal

RNA Library=Prep Kit, and sequenced on an lllumina HiSeq 2B@adsvere mapped to the
human genomdé-nsembl Reference Consortium build 37, release 75 (GRCh37.75) using
TopHat version,2.0.6 employing the Bowtie 2 version 2.0.2 ali¢B@r31). Aligned reads
were supplied to HTSe{B2) to generate counts per gene. Isofapecific readswere
generated using the Cufflinks s(83) and assembled into a reference transcriptome to which
RSEM (34) was used to align reads to generate isoform counts of known and novel

transcripts. Gene and isoform counts were normalised using DESeq?2 (35).
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Statistical Analysisfor eQTL Detection
All statistical analyses were performed using the R statistical sofi{8&jeA generalised
linear mixed model (GLMM) with a negative binomial distribution and logarithmic link was
fitted using~the“Ime4 packag87) to test for the effect of genotype on gene or isoform
expression, correcting for the fixed effect of patient sex and random effectju#neeng
batch:

gl mer (expressi on ~ genotype + sex + (1] batch. no.), fanily = neg. bin)
The change in gene or isoform expression attributed to the addition of a minomaltele
guantified'as the exponential of the genotype coefficient returned from the meddeled to
as the incidentyrate ratio, IRR), with IRRomparable to the fold change in expression
between individuals with minor allele count 2 over count@alues were adjusted for
multiple testing, using Benjamini and Hochberg false discovery rate corre3®)n
Significant SNPs were croseferenced tahe set of significant diseasssociated SNPs
previouslyidentified at thislocus (7) and the direction of effect of the disease risk allele
inferred. Pairwise conditioning was conducted by adding each significant eQTL individually
as a covariate into the GLMM and assessing the genotype effect on expression at each
remaining=SNP:

gl mer (expressi on ~ genotype + sex + conditional SNP genotype + (1] batch.
no.), famly = neg. bin)
A Wilcoxon test was used to test for differesde gene expression between cases and

controls.

Statistical Analysisfor sQTL Detection

Splicealtering quantitative trait loci (SQTLs) were found faro highly expressed isoforms
of ERAP1, herein termed isoform 19E and 20Eoform 19E proportion was calculatEdm
isoform countsasisoform 19E / (isoform 19E + 20E) for each individuwatwo-samplet-test
was used to assess the differencesafiorm proportion between cases and controls. A linear
model was applied to test for the effect of genotypesoform proportion while correcting

for any diseas status effect:

| m(i sof orm 19E proportion ~ genotype + status)
SNPs that were determined to be significant eQTLs for both transaupds significant
sQTLs with an effect on isoform proportion, were creferenced to the set of significant

diseaseassaiated SNPpreviouslyidentifiedat thislocus (7) and the direction of the effect
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of the disease risk allelaferred. A Wilcoxon test was used to test for differerindsoform

expression between cases and controls.

Statistical Analysis of Haplotype Data

A chi-squared-test assessed the disease association of a haplotype containing Rie ERA
activity alterng SNP rs30187 ansplicealtering SNPrs7063using the European cohort of
9,069 AS cases and 13,5A&s genotyped in the Immunochip investigation (7).

Mass Spectrometry for Quantification of ERAPL Isoform and Total Protein Expression
PBMCs from 39 samples (cases and controls; 15 homozygous for the risk (major) allele at
rs7063, 15'heterozygous and 9 homozydoushe protective allele; Table S5) wgneepared
for mass spectrometry as per the Supplementary Metfdas.following peptides were
targeted for detection and quantification in samples using the Agilent 1260 Chip-&I0C
triple quadrupole mass spectreter (Table S6 for details):

ERAP1 isoform 19E: VWQSEKLER

ERARZL.isoform 20E: VWLQSEKEHDPEADATG

ERAP1 common peptide: NSYPLAWQFLR
Samples were spiked with 0.5fmol weighted peptide mix standard for quantification, and 8uL
(~2png) was subjected to mass spectrometry. Standard curve was generated by injecting 1uL

peptide mix standards at 0.1fmol/p 0.2fmol/uL, 0.4fmol/uL, 0.6fmol/uL, 0.8fmol/uL.

Statistical Analysis of M ass Spectrometry Data

Mass chramatograms were analysed using SkyB8¢to determine ERAP1 19E, 20E and

total protein_concentrations in each sample. A linear model was used to test for the effect of
rs7063 genotype on protein expression for each isoform and total protein, correcting for the
effect of disease status:ichHLA-B27 status. At-test was used to test falifferences in

isoform ortotaERAP1 expression between cases and controls.

Protein medelling of ERAP1 | soform 20E

The sequence,of human ERAP1 isoform 20E was taken from the Uniprot sequence entry
Q9NZ082. The sequence was submitted to the online modelling server P{@@eh
intensive mode. A set of four templates were used by the server to generatel timediela

with 92% of the sequence modelled at >90% confidence. A total of 80 residues (residues 1
45, 487513 and 94048) were builib initio, including residues in the-@rminal extension
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caused by the additional exon 20.

RESULTS
Disease risk SNPs in ERAP1 and ERAP2 are associated with increased total gene
expression. “Fotal geneexpression informatiofnormalisedtranscript counfswastested for
an associatiowith genotypeat 1,221 genotyped and imputed SNPs acrdssmosome
5g15. There were" 113 diseasesk-associatedSNPs identified as eQTs significantly
influencingtotal ERAPL expression(Table S1). At every SNP thealiseaserisk allele was
associated_with an increase gene expression over the corresponding protective .allele
Pairwise coenditioningdentified 38 SNPsasvariants controliig the expression effect at this
locus {Table &); conditioning with any of these38 abolished the significance of all 113
original eQTLsThe 38variantsspana regionfrom between the 19intron of the gene to
approximately 50kbupstream of the first @ (Fig.1A). All 38 SNPslost their disease
association_but retained their expressamsociationupon conditioningon rs30187 which
itself displayed a modest eQTL effediRR*=1.185, P=2.4x10°). Imputed SNP $39840
(linked withgendtyped SNPs rs27038 and rs270¥43 disease associatioRs 5.7x10"° and
P=4.9x10", respectively was the most significant eQTL identified (IRRP=1.343
P=1.5x1G7); at Which risk homozygous genotype conferred 8%4increase inERAP1
expression_over the protective homozygous geno(fjiglB, Table S)1 There was no
significant difference in meaBRAP1 expression between AS cases &tk

ERAP2 expressionhas a bimodal distribution due the effeds of the rs224834
nonsensemutation found at approximately 50% frequency in the populati@3). To
generating an expressialistributionamendable to modellin@8 rs22483745G individuals,
expressing.very.low to nBRAP2 transcript, were removednd thers2248374 genotype was
correctedfor._to_ablate the expression effect of this SNP in heterozygolese werel56
SNPsthatexhibited a significant association wWiRAP2 expressionPairwise conditioning
identified 94SNPsthat controlled for theERAP2 expression association of alihers (Table
S2). Tight#linkage disequilibriumbetween SNPs across the entiretytlod ERAP2 locus
(Fig.1C).madet difficult to pinpoint apositionfor theeQTL signal As at ERAPL, disease
risk genotypswereconsistently associatedth increased gene expressiatnall expression
controlling SNPawithin and about th&RAP2 gene with therisk genotype athe top eQTLs
resulting in a 14% elevationin expressior(IRR°=2.476 P=1.7x10"°; Fig.1D). There was no
significant difference in meaBRAP2 expression betweelS cases antiCs this study had
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low power to detect such a differengi@en the small sample size (38 cases andofrols)
upon removal of rs2248374 homozygotes, and the need to control for rs2248374 (which is

disease associated) in the analysis.

Alternaterexpression of two ERAPL isoforms is governed by genotype and associated
with disease. Eleven uniqueERAPL isoforms were assembled from tRNA-Seq data
(Fig.S1A)."Only o transcripts differing in the inclsion of the Germinal exon 20
(RM[STOR] > HDPEADATG[STOP]) Ensembl IDENST00000443439 (941 amino acids,
19 exons 195 and ENST00000296754 (948 amino acids, 20 ex20B) (Fig.2 Table S},
were highly, expressedn all individuals (Fig.S1B). We identified 158 diseaseassociated
SNPsas significant eQTLs for both isoform¢hen tested independently for an expression
effect on eacHTable S3. At every SNR the diseaseisk vatiant was associatedith a
significantincreasein the expression of thessoform 19Eand asignificantdecreasen the
expression_of thésoform 20E. The proportion of isoform 19&anscriptexpressed by an
individual was significantly associated with disease staRs0(047, Ftest) with cases
expressing.as=significantly greater proportion of theek®n isoform(66.1% 195 than
controls (619% 198.

Genotype athe same 15&liseaseasociated SNPs (henceforth calle@TL9 had
significant effecs on ERAPL isoform proportios. Pairwise conditionig identified 9 SNPs
that controlled for the sQTL effect; conditionimgth any of these 9 ablated te&ect of all
other SNPs on the expression of isoform 20E, and thus their effect on isoform proportion
(Table S4).The SNP rs7063(disease associatio®R=1.34, P=1.3x10%%(7), situated
between exon 19 and %Big.2), exhibited the most significaeffect onisoform proportion
(OR=1.16, P=1.2x10%), at whichrisk (major allele)homozygotes expressed3% more
(IRRP=2.05,P=8.7x10"%) and 4%6 less (IRR?=0.53, P=1.0x10"") of the 19exon and 20
exon isoforms. réspectivetyran protective homozygotégig.3A, 3B). rs7®B3 heterozygotes
expressedimilaramounts obothtranscripty56% isofam 19E, 44% isoform 20E), whexe
risk allele=hemozygotes expressed predominantly isoform 19E (@Ga%average) and
protective. allele homozygotes predominantly isoform 20E (58%aveage Fig.3D). None
of the 58 maost, significant sQTLs exhibitedignificant €@TL effecs on total ERAP1
expression, anall retained a significant disease association upon correction for rs30187
(Table S2 but lost this association upon correction both 1530187 anads10050860These
SNPs clustered within and about theég@minusencoding exons 19 and 20 (F¢). Upon

correction for rs10050860 alone, rs7063 retainedjemomewide significant disease
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association P=1.4x10'%). Conversely,a far weaker asswtion remainedor rs10050860
(P=2.6x10°) following correction for rs7063. LD between rsB0nd rs10050860 @R0.55)
is considerably stronger than between rs7063 and rs30180.2®).

A strong-disease-protective haplotype results from co-occurrence of the protective
alleles at rs30187 and the sQTL rs7063. The protective haplotypers30187-C/rs7063-T
(low ERAP1 enzyme atvity/decreased expression &RAP1 isoform 19E,increased
expression ofsoform 20E),showed a disease associatiorPefL.1x10°% (Table 1)in 9069
genotyped AS, cases and 135HM&s This haplotype associatioexceededhe individual
disease association of both SNPs in isolatieB0187P=4.4x10*; rs7063:P=1.3x10").

Genotype at ERAP1 sQTL rs7063 is strongly associated with alter nate expression of two

ERAP1 isoformsat the protein level. Protein derived from both the 19E and 20Hasms
of the ERAPL transcript was detectagsing mass spectrometi$NP genotypeat rs7063vas
significantly_associateavith protein expression of botisoformsindependentlyand total
ERAP1 expression (the sum thie expression of both isoforms; Fig.3F and.3@dividuals
homozygous for the risk allele at rs7063 expedss52 timesmore isoform 19EP=3.1x10

®) and 0:29'timetess isoform 20EP=2.1x10°), and expressi2.37 timesmoretotal ERAP1
protein overall(P=5.6x10°) than those homozygous for the protective all&kethe protein
level, isoform 19E was the predorantly expressed form of ERAPL in all thrgenotype
groups (Fig.3E)expressed significantly higher on average than isoform P8E.4x10%).

There was no significant difference in the meapression of either isoform #te protein

level, or total ERAP1 proteilevels betweerAS cases anHCs

In silico analysis of ERAPL isoform 20E predictsfolding nature of the alter nate protein.

Ab initio protein’ structure maaling of the ERAP1 20E isoforrauggests that the unique
additional 'residues on the-t€rminal end of the proteifold back across the surface of
domain 4 (D4)«0f ERAP1potentially forming satbridge interactions with stddues Arg750
and Arg708+«(Fig.4).

DISCUSSION
The genetic association of variants ERAP1 and ERAP2 with several immunenediated
diseasesmake these enzymes importamargets for functional investigam. This study

showedthat AS riskassociated variants ithese genesonsistently demonstrate &QTL

This article is protected by copyright. All rights reserved



effect thatincrease aminopeptidasexpression. Indeedhe protective influence of the
nonsensemutation rs2248374 (23) irERAP2 implies thatsome aspecof the enzymis
functional rolein peptide presentatids linked to pathologyn a way that can be ablatedth
loss of expressiont is expected that this ialso the case &RAP1, at which increased
expression“may be exacerbating the pathogenic effecb-o€curring missense mutations
shown to alter enzymatic activigndpeptide handling11, 12) It has been previously shown
that ERAPIT MRNA"and proteirexpression is elevated ipmphoidcell linescarryingdisease
susceptibiliy variants acrosERAP1 haplotypes (15, 22ur results validatéhe influence of
genetic variants acro&RAP1 andERAP2 on transcript and protein expression levels.

Previous/ finemapping and haplotype evolution studies indicate that association at
ERAP1 with" ASis driven by two independent association signals,taggedby the coding
variant rs30187 (K528R) which is likely the causativePSEnd the second tagged by the
coding variant rs10050860 (D575K), 6) Further studies using recombinant ERAd&
cell lines carrying ERAP1 variantsave shownthat rs30187 has a substantial effect on
peptide cleavage and peptides presented by HLA Class 1 anfigelis 41) A suggestion
has been raised thBRAP1 variants act in haplotypic combinatio@2, 43). However many
of the variants.and haplotypes reported in these studies have been shown eithexisbbor
to be found in markedly different frequencies to thogmonedin the literaturethat they
likely represent experimental artefa@t4, 45) In the current study wéave aimed to
investigate the functional mechanisms by whiE&RAP1 and ERAP2 variants operate, to
explain the known genetic association of these genes with AS and other diseases.

The major finding othis studysuggest complex regulation oERAP1 expres®on by
two independently acting variantsne in moderate LD witlis30187that influenceglobal
ERAP1 expressionandthe second in moderate LD wite10050860 that influeesalternate
splicing of twodistincttranscripts Our resultsuggest that thdifferences between these two
forms of.the ERAP1 transcipt, and encoded protein, acetically important andinfluence
the levels ®functional enzyme ircells. Given the crosslisease concordant actionERAPL
and ERAP2:polymorphismsn conditions suchspsoriasis and Crohn’s disegg®), these
finding have'relevance far beyoA& alone.

Harveyet al. (12) demonstrated strongpositive correlation between thdrength of
AS diseasassociation for variants iIBRAP1 and their effect o ERAP1 expression (r=0.7%5
(47). Similarly, we notedhatthe most significanERAP1 eQTLs arestrongly asociated with
AS. Although linked within the haplotype containing tkey functional varant, rs30187,

these SNPsetained a significant expression effegton rs30187 correctionThis implies
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that additional to the effects of rs30187 on ERAP1 activityrele@eone or morevariantsin
moderate LD with rs3018driving alteredenzyme expregsn. Joint inheritance othese
alleles would mean that any alterationsn the HLA-B27 peptidome dugo ERAP1
hyperactivitywould be exacerbatday enzyme overexpressi. This could potentially flood
HLA-B27withranimmunogeniaepertoire stimulatin@D8-mediated immune responé48),
or lead to destructionfopeptides that protect in some way against the immunological
processes that lead to A&9). Concordantly, increasetranscriptexpressionn individuals
expressingERAP2 and carryingERAP2 disease riskassociategbolymorphismssupports the
significanceof increased aminopeptidase expression in dispag®logy.The identification
of diseasaassociatedexpressionnfluencing variantsat this locus independent of the
rs2248374null"mutanimplies that the portion of the population that do exprEssAP2
have varied»pression phenotypes and thus diseaseeptibility.

Of great interest was the identificatitimat two expressed isoforms &RAP1, the
alternate gpression of whichcorrelated withgenotype atstrong disease ristassociated
SNPs may. play a substantial role in disea3éese wo transcripts encoding different
versions of.the/ERAP1 proteihave been previously identifig®0, 51) and annotated as
ENST00000443439 (19 exons, 18 codiriE) and ENST00000296754 (20 exons, 19
coding 20Bin the Ensembl databag$b2). Isoform quantificatio on the transcript level
revealed that«=19E and 20E abeth predominant form&RAP1, expressed in all 124
individuals,and at high enough levels to potentially contribute to the furatariput of the
enzyme. Wedemonstratehere that alternate expression of these tigoformsis likely
modulated by a genetic spliagterfering variant rather than by ttemmonmechanism of
aternate splicing, and that thisariant is strongly ASassociged. The observation that the
diseaserisk-associatedallele at all significantERAP1 sQTLs correlated with increased
expression.of the Botranscript andlecreaseéxpression of th@0Etranscriptsuggestshere
may be somgliséase protectivieature ofthe 20E isoformspecifically SNPs exhibiting the
most significant@TL effect were localised arourtde exon/intron 19 boundary, around the
first point ofssequence variation between the two isofoand, it has been previously noted
that anumber of the strongest diseassociated variants ERAP1 fall in this location with
a potential invelvement in splicing.2). The most significardQTLs retained a strong dese
association upon correction for rs30187, implying they are situated within the rs10050860
tagged haplotypeperhaps asplice site variant governingRAP1 isoform expression is of
greatest functional importance at this positi@ur data suggests thahet rs10050860

association is driven by the sQTL rs7063, but we cannot formally exclude effects duerto ot
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polymorphisms in strong linkage disequilibrium with it, noting that rs10050860 itself has
been shown not to affect ERAP1 peptide cleavage (1, 17).

Mass spectrometriquantification of isoform expression showed that both the 19E
and 20E forms of the ERAP1rptein were present at detectable levels in all 39 assayed
samplesikikewise, observed differences in the molecular mass of ERi&8lated from
various human  cell linesonfirms the ceoccurrence of the two forms of the H#ingth
protein (53) One putativanRNA splicealteringmutation(rs7063) inERAP1 contributel to
marked variability in the type of ERAPfrotein expressedThis variant has an AS
association.oR=1.3x10" (7) and 2.%10*" upon correction for rs3018The observation
that a far stronger association af7063 with AS remains after correction for rs10050860
(P=1.4x10%) fthan the converse (rs10050860 association having corrected for rs7063,
P=2.6x10")"supports rs7063, or a marker in tight linkage disequilibrium with it, being the
more important varianthe secondERAP1 diseaseassociated haplotypes7063falls in the
middle of the conserved transcription termination sequencel ¥\) in the 3UTR of
isoform 19E, a motif recognised by cleavage and polyadenyigpiecific factors involved in
3-end transgption termination in mammal§54). The risk allele (major allele T on the
reverse strand.in the motif APAAA, allele A on the forwardtrand would be expectetb
promote correct termination of the -88on form of the transcript, whess the protective
allele mayresuit'in loss of termination sequence recognjtpmoducingthe 26exon form of
the transcriptVariant rs111774449, falling in the splice donor segeat the3' end of exon
19 (55),may also be aandidate for isoform switching but is rare (MAF < 0.01 EXAC) and
was not genotyped or imputed in this study. The strong diggasective haplotype that
arises from canccurrenceof rs30187 and rs706@rotectivealleles is evidence th&RAP1
expression_dynamiosontribute tothe pathogenicity afforded by increasezyme activity.
The enhanced geneticontributionof SNP haplotypes &ql5 hasbeen previously noted
with carriage. of/both the two diseaassociated haplotypes ieasing risk by ~4 fold, a far
greater risk'than the additive effects of either variant alonel(B.2old for either variant in
isolation) (L)==The current study provides a potential functional mechanism for this
observation:

Quantification of ERAP1 protein isoforms in individuals with different rs7063
genotypesmplied differences in thelynamcs of translation from mRNA to proteiespite
approximately equdkevels of the 19E and 20Eanscriptsin rs7063 heterozygote81% of
the ERAP1 protein detected in these individuals was of the 19E form.rdikssthe

guestion,is loss of isoform 20E post transcriptia@lue to sequence ostructural variation
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between the two isoformgain of a Cterminal exon)perhapscontributing toless efficient
translation of isoform 20E, amisfolding anddegradation of the protein, with subsequent
lack of functionality?If this is the case, the mechanism of protectionferredby the diseae
protective genotype at splice site SNRay arise due to skewed expression towsnd20E
transcript'subsequent loss of this isoformthe protein level, and thus a decrease in the
overall level of functioal ERAP1 available to the cell

Ab initio modelling of theadditional amineacid residuesf isofom 20Ewas required
to exploregthe role of the exon 20 residues in the structure of ERARlarea of thERAP1
domain 4 with,which the exot20 derived residuesre predicted tdnteract (Fig.4) is
effectively‘invariant structurally between the open and closed forms of ERARIYjnmthat
the presence/ofithe isoform 20Et&minal extension is unlikely to alter the open to closed
form dynamis believed to be required for substrate binding aneas®(56, 57) Tertiary
structure modelling, howevetpuld notpredict whethetheseresiduednterferewith folding
of the mature proteinThe UCSC 100 veebrates conservation tra¢k8) shows very low
sequence ‘conservatiomexon20relative to the other 19 exons BRAP1, and indeed, other
coding exons.in‘genetalhis suggestthat the 19%xon ERAP1 is the predominafinctional
form of the, enzyme and that the appended seven amino acids in isoform 20E are either
irrelevant to themature enzymevhich isthus tolerant of substituting mutations, or that the
protein itself isremoved fronthe cell before it can actively contribute to peptide trirmgnmi

To date, differential gene expression studies in AS have found no evidence for
significant_changes in thexpression ofjenes encodindiseaseassociated aminopeptidases
in patients relative tdealthy controlg59, 60).Here we demonstratéhe ability of eQTL
studies toidentify genotypedriven altered gene expression in disease, which would go
unnoticed by differential expression studies that psamples of differentgenotypes.
Foremost,it. must be acknowledged that dynamic changes in the isoforms derived from a
transcriptional unit can be farare insightful tham€measures of total gene expression, adding
layers of reomplexity to the functional output of a gene. It appears itaeased
aminopeptidase expression governed by altered transcript dynamiesth ERAP1 and
ERAP2 is_akey mechanism driving the degree to whichshe&nzymes contribute to immune-
medided diseaseThese findings support ERAP inhibiticas a therapeutic approadior
treating diseasesicluding ankylosing spondylitis and psoriasis, where protective genetic

variants lead to loss &foth ERAP levels and function.
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Table 1: Results of a ChEquared test for association of the haplotype 13,708k allele A;
rs30187, risk'allele T with ankylosing spondylitis in 6096 cases and 135%8
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T C 0.2360 0.2630 0.1955 1.1 x 10-°
A T 0.3194 0.2956 0.3552 1.7 x 10-%°
A C 0.3988 0.3985 0.3992 0.89

FIGURE LEGENDS

Fig.1: Genotypes across chromosome 515 locus SNPs correlate with ERAP1 and
ERAP2 "gene expression. Locus plot of P-values for theERAPL1 (A) and ERAP2 (C)
expresion effect of chromosome 5q15 locus SNPs plotted against genomic region, with
eQTLs controlling for the expression effect bracketed in red. Lead eQTLs are marked in
purple and SNPs are coloured according to LD with these variant as per the colouthkey at
top of the plot. Box plot of leadERAP1 eQTL rs39840 (risk allele GB) and lead
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representativeERAP2 SNP rs2927608 (risk allele A)) genotype verses total transcript
expression of the corresponding geReyalues derived from a generalised linear rdixe
model regressing genotype against gene expression taken from normlise8dgNAunts. n

= 79(CC), 39(CG) and 6(GG) for genotype groups in B and n = 44(GG), 54(GA) and 26(AA)

for genotypergroups in D.

Fig.2: Graphical representation (not to scale) of the’2®nd of two ERAPL transcripts

found to be highly expressed in PBM Cs. Isoform ENST00000443439 has 19 exons (19E)
and isoform,ENST00000296754 20 exons (20E) with an alterb&tR Sequence. Encoded

amino aci@, are/Iindicated above exons 19 and 20 (black boxes, numbered at top of figure)
and encoding codons beneath, beginning two amino acids prior to the first point of variation
between the transcripts (RM*HDPEADATG*). The codon for amino acid H in isoform

20E spans a splice junction.rdows indicate the location of two putative splice interfering
SNPs; rs111774449 (G/A; Arg/His) at the exnotron 19 interface, and rs7063 (A/T) falling
within the transcription termination motif in th8&JIR of isoform 19E, identified as the most

significantERAPZ sQTL from the statistical analyses conducted on Fo¢4 data.

Fig.3: Genotypes across chromosome 5915 locus SNPs correlate with expression of two
isoforms of the.ERAP1 gene. (A) Transcript expression &RAP1 isoforms BE (gray) and

20E (white). split by genotype at sQTL rs7063 (risk allele @) ERAPL isoform 19E
proportion split by genotype at rs706&) Locus plot showingP-value for the effect of
chromosome. 5g15 locus SNPs BRAP1 isoform 19E proportion plotted amst genomic
region. TopsQTL rs7063 is marked in purple and SNPs are coloured according to LD with
this variantiassper the colour key at top right. Pie graphs show proportional cootribfiti
each isofarm to expression on the transcript I1€i23land protein level(E) for individuals

split by genotypet rs7063. The radius of each graph denotes meanBB#sP1 expression

on the transcript or protein levgF) Protein expression of ERAPL1 isoforms 19E (gray) and
20E (white) split by genotype at rs706&) Total ERAP1 protein expression split by
genotype at rs7063. n=73(AA), 43(AT) and 8(TT) for genotype groups in A and B, n=124 in
the RNASeq cohort and n=39 in the mass spectrometry cohort in D and E, n=15(AA),
15(AT), 9(TT) for genotype groups in F aGd

Fig.4: Diagrammatic representation of the modeled structure of ERAP1 isoform 20E.

The protein is shown as a cartoon colored blue, with the residues of the 20k0exténg/n
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as bonds colored by atom type, with carbon atoms white. Residues in the body of time protei
that are within contact with the modeled 20E extension are shown as bonds colored by atom,
with carbon atoms green. The model suggests that the 20E extension residuesssithac
surface of domain 4 of ERAP1 and are unlikely to interfeith protein function. (Inset)
Overview-of'the model, with the protein shown as a cartoon colored in a rainbow gradient
from the Nterminus (blue) to @erminus (red). The region indicated by the circle is shown

expanded inthe main figure.
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Exon 18 Exon 19

..LERM*
ENSTO0000443439 (19E)

H FUTR

— .

...GTT GAACGT ATG TAA

..LE
ENSTO0000296754 (20E), I

GT
oo
CTTGAAC
rs111774449

rs7063
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Exon 20

DPEADATG*
F—_

3'UTR

AG

AT GAT CCT GAA GCT GAC GCAACA GGATGA
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