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ABSTRACT 

Objective. The endoplasmic reticulum aminopeptidases ERAP1 and ERAP2, encoded on 

chromosome 5q15, trim endogenous peptides for human leukocyte antigen (HLA) mediated 

presentation to the immune system. Polymorphisms in ERAP1 and/or ERAP2 are strongly 

associated with several immune-mediated diseases with specific HLA backgrounds, 

implicating altered peptide handling and presentation as a prerequisite for autoreactivity 

against an arthritogenic peptide. Given the thorough characterisation of disease risk-

associated polymorphisms that alter ERAP activity, this study aimed instead to interrogate 

the expression effect of chromosome 5q15 polymorphisms to determine their effect on ERAP 

isoform and protein expression. Methods. RNA sequencing and genotyping across 

chromosome 5q15 was used to detect genetic variants in ERAP1 and ERAP2 associated with 

altered total gene and isoform-specific expression. The functional implication of a putative 

mRNA splice-altering variant on ERAP1 protein levels was validated using mass 

spectrometry. Results. Polymorphisms associated with ankylosing spondylitis significantly 

influence the transcript and protein expression of the ERAP aminopeptidases. Disease risk-

associated polymorphisms in and around both genes are also associated with increased gene 

expression. Furthermore, key risk-associated ERAP1 variants are associated with altered 

transcript splicing, leading to allele-dependent alternate expression of two distinct isoforms, 

and significant differences in the type of ERAP1 protein produced. Conclusions. In 

accordance with studies demonstrating that polymorphisms that increase aminopeptidase 

activity predispose to immune disease, the elevated risk also attributed to increased 

expression of ERAP1 and ERAP2 supports the therapeutic notion of aminopeptidase 

inhibition to treat AS and other ERAP associated conditions. 
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Human leukocyte antigen (HLA)-mediated presentation of endogenous peptides to CD8+

1

 T-

cells educates the immune system to differentiate between self-derived and foreign antigens. 

Consequently, aberrations in peptide presentation pathways may evoke misinformed immune 

cell reactivity against host tissue, leading to pathology. Aminopeptidases function in the 

processing of peptide precursors to generate molecules of optimal length and composition for 

HLA loading. Disease risk-associated polymorphisms in the endoplasmic reticulum 

aminopeptidase genes ERAP1 and/or ERAP2 are seen in several immune-mediated diseases, 

including ankylosing spondylitis (AS) ( , 2), psoriasis (3), Crohn’s disease (CD) (4) and 

Behçet’s disease (5). 

Robust genetic interactions exist between ERAP1 and the HLA class 1 allele HLA-

B27 and HLA-B40 in AS (1, 6), HLA-Cw6 in psoriasis (3), and HLA-B51 in Behçet’s disease 

(5). Synergism between HLA Class I loci and ERAP1 is most pronounced in AS, with risk-

associated polymorphisms in the gene contributing to strong disease risk (lead SNP rs30187 

P=4.4x10−45 7, OR=1.29;( ) in HLA-B27 carriers alone (1). Whilst 80-95% of AS patients 

carry the major genetic risk factor HLA-B27, this allele contributes only ~20% of the genetic 

risk for the disease and over 113 further genetic loci have confirmed disease associations (1, 

2, 7-10). Evidence points to the involvement of altered peptide handling in disease 

pathogenesis (11-13) potentially driving production of an immunogenic HLA-B27 specific 

peptide repertoire that misinforms the immune response and/or impedes the folding, stability 

and function of HLA-B27.  

 In AS the ERAP1 locus contains two independent association signals (1). The 

strongest is tagged by SNP rs30187 (K528R; OR=1.29, P=4.4x10−45 7;( ), the protective allele 

at which confers a ~40% decrease in enzymatic activity (1). Conversely, the rs30187 risk 

allele alters the B27-bound peptidome by causing both elevated production and destruction of 

different HLA-B27 epitopes (11, 14-16). The second association signal is tagged by 

rs10050860 (D575N; P=9.28x10−36

1

). This SNP has previously been shown not to be 

functional in both recombinant protein and cellular assays ( , 17), and the functional 

mechanism driving disease association at this signal has not been determined.  In vitro studies 

have demonstrated that ERAP1 protective variants, as well as ERAP1 silencing or inhibition, 

reduces surface expression of HLA-B27 free heavy chains (18), although this finding has not 

been universal (19). HLA-B27 free heavy chain expression on the cell surface has been 

shown to induce the expansion of Th17 cells and secretion of the pro-inflammatory cytokine 

IL-17A (20). ERAP1 homozygous deletion in the HLA-B27 transgenic rat model of AS does 
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not alter levels of folded HLA-B27 or HLA-B27 heavy chain dimers on the surface of 

peripheral blood mononuclear cells, and does not prevent the development of 

spondyloarthritis in these rats (21). The relevance of this to human spondyloarthritis however 

is unclear. Rats lack ERAP2 which is thought in humans to interact with ERAP1 to influence 

peptide presentation, and because the transgenic rats involved have upward of 20 copies of 

the HLA-B27 transgene per cell, as opposed to one or two copies in human HLA-B27 

positive AS, they may develop spondyloarthritis as a result of a different pathogenic process 

to human disease. Evidence suggests that disease-associated polymorphisms in ERAP1 also 

exert an expression effect (12), with risk genotype correlated with increased gene expression 

(22). 

At ERAP2 the AS-associated nonsense mutation, rs2248374, is an expression 

quantitative trait loci (eQTL) at which the protective G allele results in complete loss of gene 

expression due to nonsense-mediated decay of an alternatively spliced transcript (23). 

Presence of ERAP2 influences the HLA-B27 peptide pool, decreasing the abundance of 

peptides with N-terminal basic residues, and increasing the percentage of 9-mer peptides 

presented (24), lowering the affinity of the HLA-B27 peptidome (16, 25). Given the intricate 

role of both aminopeptidases in shaping the HLA-B27 peptidome, it is possible that variants 

increasing aminopeptidase expression may act concordantly to increase AS risk in individuals 

carrying disease-associated active variants of ERAP1 and ERAP2. 

 In this study we used RNA-Seq to identify ERAP1 and ERAP2 polymorphisms 

associated with varied gene and isoform expression in AS cases and healthy controls (HCs). 

RNA-Seq allows interrogation of the transcriptional landscape of a gene, enabling 

identification of splice-altering variants (sQTLs) that may drive the production of distinct 

isoforms with phenotypic consequences. Despite extensive characterisation of alternate 

ERAP2 transcripts that radically transform the global expression of this gene (23), alternate 

isoforms of ERAP1 have been infrequently studied in the broader literature. We demonstrate 

that AS risk-associated SNPs in ERAP1 and ERAP2 are associated with substantial eQTL 

effects at both the transcript and protein level, and show that risk-associated variants in 

ERAP1 are associated with altered splicing of the encoded gene transcript. This indicates that 

the disease-associated SNPs in ERAP1 and ERAP2 influence disease risk through effects on 

transcription and splice variation, in addition to the functional effects of coding variants in 

ERAP1.  

 

PATIENTS AND METHODS 
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Ethics 

Human ethics approval was granted by the Princess Alexandra Hospital and The University 

of Queensland Ethics Committees (ethic no. Metro South HREC/05/QPAH/221 and UQ 

2006000102). Written informed consent was received from all participants prior to inclusion 

in the study. 

 

Sample Selection 

54 AS patients, diagnosed according to the modified New York criteria (26), and 70 HCs 

were included in this study (Table S5). Peripheral venous blood was collected from AS 

patients at the Princess Alexandra Hospital Ankylosing Spondylitis Clinic and peripheral 

blood mononuclear cells (PBMCs) from patients and controls extracted as described 

previously (7). 

 

Genotyping, Imputation and Disease Association Analysis 

Genotyping was conducted during the 2013 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/plink/; (27), with inclusion of rs30187 genotype as a 

covariate. Imputation of SNPs within an R2

28

 window of 0.1 with rs30187 (ERAP1) or 

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

subset of 124 individuals used in this study. Phasing was conducted using SHAPEIT ( ) and 

imputation using IMPUTE2 (29) with the ‘info’ metric used to remove poorly imputed SNPs 

(info < 0.5). A total of 1221 SNPs spanning ERAP1 and ERAP2 were used in the final 

analysis.  

 

RNA Sequencing 

RNA was reverse transcribed, prepared for sequencing using Illumina TruSeq Standard Total 

RNA Library Prep Kit, and sequenced on an Illumina HiSeq 2000. Reads were mapped to the 

human genome Ensembl Reference Consortium build 37, release 75 (GRCh37.75) using 

TopHat version 2.0.6 employing the Bowtie 2 version 2.0.2 aligner (30, 31). Aligned reads 

were supplied to HTSeq (32) to generate counts per gene. Isoform-specific reads were 

generated using the Cufflinks suit (33) 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 DESeq2 (35).  
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Statistical Analysis for eQTL Detection 

All statistical analyses were performed using the R statistical software (36). A generalised 

linear mixed model (GLMM) with a negative binomial distribution and logarithmic link was 

fitted using the lme4 package (37) to test for the effect of genotype on gene or isoform 

expression, correcting for the fixed effect of patient sex and random effect of sequencing 

batch: 

glmer(expression ~ genotype + sex + (1|batch. no.), family = neg.bin) 

The change in gene or isoform expression attributed to the addition of a minor allele was 

quantified as the exponential of the genotype coefficient returned from the model (referred to 

as the incident rate ratio, IRR), with IRR2

38

 comparable to the fold change in expression 

between individuals with minor allele count 2 over count 0. P-values were adjusted for 

multiple testing using Benjamini and Hochberg false discovery rate correction ( ). 

Significant SNPs were cross-referenced to the set of significant disease-associated SNPs 

previously identified at this locus (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:  

glmer(expression ~ genotype + sex + conditional SNP genotype + (1|batch. 

no.), family = neg.bin) 

A Wilcoxon test was used to test for differences in gene expression between cases and 

controls. 

 

Statistical Analysis for sQTL Detection 

Splice-altering quantitative trait loci (sQTLs) were found for two highly expressed isoforms 

of ERAP1, herein termed isoform 19E and 20E. Isoform 19E proportion was calculated from 

isoform counts as isoform 19E / (isoform 19E + 20E) for each individual. A two-sample t-test 

was used to assess the difference in isoform proportion between cases and controls. A linear 

model was applied to test for the effect of genotype on isoform proportion while correcting 

for any disease status effect: 

lm(isoform 19E proportion ~ genotype + status) 

SNPs that were determined to be significant eQTLs for both transcripts, and significant 

sQTLs with an effect on isoform proportion, were cross-referenced to the set of significant 

disease-associated SNPs previously identified at this locus (7), and the direction of the effect 
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of the disease risk allele inferred. A Wilcoxon test was used to test for differences in isoform 

expression between cases and controls. 

 

Statistical Analysis of Haplotype Data    

A chi-squared test assessed the disease association of a haplotype containing the ERAP1 

activity altering SNP rs30187 and splice-altering SNP rs7063 using the European cohort of 

9,069 AS cases and 13,578 HCs genotyped in the Immunochip investigation (7).   

 

Mass Spectrometry for Quantification of ERAP1 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 homozygous for the protective allele; Table S5) were prepared 

for mass spectrometry as per the Supplementary Methods. The following peptides were 

targeted for detection and quantification in samples using the Agilent 1260 Chip HPLC-6490 

triple quadrupole mass spectrometer (Table S6 for details): 

 ERAP1 isoform 19E: VWLQSEKLER 

 ERAP1 isoform 20E: VWLQSEKLEHDPEADATG 

 ERAP1 common peptide: NPVGYPLAWQFLR 

Samples were spiked with 0.5fmol weighted peptide mix standard for quantification, and 8μL 

(~2μg) was subjected to mass spectrometry. Standard curve was generated by injecting 1μL 

peptide mix standards at 0.1fmol/μ 0.2fmol/μL, 0.4fmol/μL, 0.6fmol/μL, 0.8fmol/μL.  

 

Statistical Analysis of Mass Spectrometry Data 

Mass chromatograms were analysed using Skyline (39) 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 and HLA-B27 status. A t-test was used to test for differences in 

isoform or total ERAP1 expression between cases and controls.   

 

Protein modelling of ERAP1 Isoform 20E 

The sequence of human ERAP1 isoform 20E was taken from the Uniprot sequence entry 

Q9NZ08-2. The sequence was submitted to the online modelling server Phyre2 (40) in 

intensive mode. A set of four templates were used by the server to generate the final model, 

with 92% of the sequence modelled at >90% confidence. A total of 80 residues (residues 1-

45, 487-513 and 941-948) were built ab initio, including residues in the C-terminal 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. Total gene expression information (normalised transcript counts) was tested for 

an association with genotype at 1,221 genotyped and imputed SNPs across chromosome 

5q15. There were 113 disease risk-associated SNPs identified as eQTLs significantly 

influencing total ERAP1 expression (Table S1). At every SNP the disease risk allele was 

associated with an increase in gene expression over the corresponding protective allele. 

Pairwise conditioning identified 38 SNPs as variants controlling the expression effect at this 

locus (Table S1); conditioning with any of these 38 abolished the significance of all 113 

original eQTLs. The 38 variants span a region from between the 19th intron of the gene to 

approximately 50kb upstream of the first exon (Fig.1A). All 38 SNPs lost their disease 

association but retained their expression association upon conditioning on rs30187, which 

itself displayed a modest eQTL effect (IRR2=1.185, P=2.4x10−3). Imputed SNP rs39840 

(linked with genotyped SNPs rs27038 and rs27041, AS disease associations P=5.7x10−19 and 

P=4.9x10−19 respectively) was the most significant eQTL identified (IRR2=1.343, 

P=1.5x10−7

ERAP2 expression has a bimodal distribution due to the effects of the rs2248374 

nonsense mutation found at approximately 50% frequency in the population (

), at which risk homozygous genotype conferred a 34.3% increase in ERAP1 

expression over the protective homozygous genotype (Fig.1B, Table S1). There was no 

significant difference in mean ERAP1 expression between AS cases and HCs. 

23). To 

generating an expression distribution amendable to modelling, 38 rs2248374-GG individuals, 

expressing very low to no ERAP2 transcript, were removed, and the rs2248374 genotype was 

corrected for to ablate the expression effect of this SNP in heterozygotes. There were 156 

SNPs that exhibited a significant association with ERAP2 expression. Pairwise conditioning 

identified 94 SNPs that controlled for the ERAP2 expression association of all others (Table 

S2). Tight linkage disequilibrium between SNPs across the entirety of the ERAP2 locus 

(Fig.1C) made it diff icult to pinpoint a position for the eQTL signal. As at ERAP1, disease-

risk genotypes were consistently associated with increased gene expression at all expression-

controlling SNPs within and about the ERAP2 gene, with the risk genotype at the top eQTLs 

resulting in a 148% elevation in expression (IRR2=2.476, P=1.7x10−6; Fig.1D). There was no 

significant difference in mean ERAP2 expression between AS cases and HCs; this study had 
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low power to detect such a difference given the small sample size (38 cases and 48 controls) 

upon removal of rs2248374 homozygotes, and the need to control for rs2248374 (which is 

disease associated) in the analysis. 

 

Alternate expression of two ERAP1 isoforms is governed by genotype and associated 

with disease. Eleven unique ERAP1 isoforms were assembled from the RNA-Seq data 

(Fig.S1A). Only two transcripts, differing in the inclusion of the C-terminal exon 20 

(RM[STOP]  HDPEADATG[STOP]), Ensembl ID ENST00000443439 (941 amino acids, 

19 exons; 19E) and ENST00000296754 (948 amino acids, 20 exons; 20E) (Fig.2, Table S3), 

were highly expressed in all individuals (Fig.S1B). We identified 158 disease-associated 

SNPs as significant eQTLs for both isoforms when tested independently for an expression 

effect on each (Table S4). At every SNP, the disease risk variant was associated with a 

significant increase in the expression of the isoform 19E and a significant decrease in the 

expression of the isoform 20E. The proportion of isoform 19E transcript expressed by an 

individual was significantly associated with disease status (P=0.047, T-test), with cases 

expressing a significantly greater proportion of the 19-exon isoform (66.1% 19E) than 

controls (61.9% 19E).  

Genotype at the same 158 disease-associated SNPs (henceforth called sQTLs) had 

significant effects on ERAP1 isoform proportions. Pairwise conditioning identified 9 SNPs 

that controlled for the sQTL effect; conditioning with any of these 9 ablated the effect of all 

other SNPs on the expression of isoform 20E, and thus their effect on isoform proportion 

(Table S4). The SNP rs7063 (disease association OR=1.34, P=1.3x10-41 7;( ), situated 

between exon 19 and 20 (Fig.2), exhibited the most significant effect on isoform proportion 

(OR=1.16, P=1.2x10-23), at which risk (major allele) homozygotes expressed 105% more 

(IRR2=2.05, P=8.7x10-12) and 47% less (IRR2=0.53, P=1.0x10-17) of the 19-exon and 20-

exon isoforms respectively than protective homozygotes (Fig.3A, 3B). rs7063 heterozygotes 

expressed similar amounts of both transcripts (56% isoform 19E, 44% isoform 20E), whereas 

risk allele homozygotes expressed predominantly isoform 19E (71% on average) and 

protective allele homozygotes predominantly isoform 20E (59% on average; Fig.3D). None 

of the 58 most significant sQTLs exhibited significant eQTL effects on total ERAP1 

expression, and all retained a significant disease association upon correction for rs30187 

(Table S4) but lost this association upon correction for both rs30187 and rs10050860. These 

SNPs clustered within and about the C-terminus encoding exons 19 and 20 (Fig.3C). Upon 

correction for rs10050860 alone, rs7063 retained a genome-wide significant disease 
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association (P=1.4x10-10). Conversely, a far weaker association remained for rs10050860 

(P=2.6x10-5) following correction for rs7063. LD between rs7063 and rs10050860 (R2=0.55) 

is considerably stronger than between rs7063 and rs30187 (R2

 

=0.21).  

A strong disease-protective haplotype results from co-occurrence of the protective 

alleles at rs30187 and the sQTL rs7063. The protective haplotype, rs30187-C/rs7063-T 

(low ERAP1 enzyme activity /decreased expression of ERAP1 isoform 19E, increased 

expression of isoform 20E), showed a disease association of P=1.1x10-61 (Table 1) in 9069 

genotyped AS cases and 13578 HCs. This haplotype association exceeded the individual 

disease association of both SNPs in isolation (rs30187: P=4.4x10-45; rs7063: P=1.3x10-41

 

). 

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

ERAP1 isoforms at the protein level. Protein derived from both the 19E and 20E isoforms 

of the ERAP1 transcript was detected using mass spectrometry. SNP genotype at rs7063 was 

significantly associated with protein expression of both isoforms independently, and total 

ERAP1 expression (the sum of the expression of both isoforms; Fig.3F and 3G). Individuals 

homozygous for the risk allele at rs7063 expressed 3.52 times more isoform 19E (P=3.1x10-

6) and 0.29 times less isoform 20E (P=2.1x10-5), and expressed 2.37 times more total ERAP1 

protein overall (P=5.6x10-5) than those homozygous for the protective allele. At the protein 

level, isoform 19E was the predominantly expressed form of ERAP1 in all three genotype 

groups (Fig.3E), expressed significantly higher on average than isoform 20E (P=1.4x10-10

 

). 

There was no significant difference in the mean expression of either isoform at the protein 

level, or total ERAP1 protein levels, between AS cases and HCs. 

In silico analysis of ERAP1 isoform 20E predicts folding nature of the alternate protein.  

Ab initio protein structure modelling of the ERAP1 20E isoform suggests that the unique 

additional residues on the C-terminal end of the protein fold back across the surface of 

domain 4 (D4) of ERAP1, potentially forming salt-bridge interactions with residues Arg750 

and Arg708 (Fig.4).  

 

DISCUSSION 

The genetic association of variants in ERAP1 and ERAP2 with several immune-mediated 

diseases make these enzymes important targets for functional investigation. This study 

showed that AS risk-associated variants in these genes consistently demonstrate an eQTL 
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effect that increases aminopeptidase expression. Indeed, the protective influence of the 

nonsense mutation rs2248374 (23) in ERAP2 implies that some aspect of the enzyme’s 

functional role in peptide presentation is linked to pathology in a way that can be ablated with 

loss of expression. It is expected that this is also the case at ERAP1, at which increased 

expression may be exacerbating the pathogenic effect of co-occurring missense mutations 

shown to alter enzymatic activity and peptide handling (11, 12). It has been previously shown 

that ERAP1 mRNA and protein expression is elevated in lymphoid cell lines carrying disease 

susceptibility variants across ERAP1 haplotypes (15, 22). Our results validate the influence of 

genetic variants across ERAP1 and ERAP2 on transcript and protein expression levels. 

 Previous fine-mapping and haplotype evolution studies indicate that association at 

ERAP1 with AS is driven by two independent association signals, one tagged by the coding 

variant rs30187 (K528R) which is likely the causative SNP, and the second tagged by the 

coding variant rs10050860 (D575N) (1, 6). Further studies using recombinant ERAP1 and 

cell lines carrying ERAP1 variants have shown that rs30187 has a substantial effect on 

peptide cleavage and peptides presented by HLA Class 1 antigens (1, 17, 41). A suggestion 

has been raised that ERAP1 variants act in haplotypic combinations (42, 43). However, many 

of the variants and haplotypes reported in these studies have been shown either not to exist or 

to be found in markedly different frequencies to those reported in the literature that they 

likely represent experimental artefact (44, 45). In the current study we have aimed to 

investigate the functional mechanisms by which ERAP1 and ERAP2 variants operate, to 

explain the known genetic association of these genes with AS and other diseases. 

The major finding of this study suggests complex regulation of ERAP1 expression by 

two independently acting variants; one in moderate LD with rs30187 that influence global 

ERAP1 expression, and the second in moderate LD with rs10050860 that influences alternate 

splicing of two distinct transcripts. Our results suggest that the differences between these two 

forms of the ERAP1 transcript, and encoded protein, are critically important, and influence 

the levels of functional enzyme in cells. Given the cross-disease concordant action of ERAP1 

and ERAP2 polymorphisms in conditions such as psoriasis and Crohn’s disease (46), these 

finding have relevance far beyond AS alone. 

Harvey et al. (12) demonstrated a strong positive correlation between the strength of 

AS disease association for variants in ERAP1 and their effect on ERAP1 expression (r=0.75) 

(47). Similarly, we noted that the most significant ERAP1 eQTLs are strongly associated with 

AS. Although linked within the haplotype containing the key functional variant, rs30187, 

these SNPs retained a significant expression effect upon rs30187 correction. This implies 
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that, additional to the effects of rs30187 on ERAP1 activity, there are one or more variants in 

moderate LD with rs30187 driving altered enzyme expression. Joint inheritance of these 

alleles would mean that any alterations in the HLA-B27 peptidome due to ERAP1 

hyperactivity would be exacerbated by enzyme overexpression. This could potentially flood 

HLA-B27 with an immunogenic repertoire stimulating CD8-mediated immune response (48), 

or lead to destruction of peptides that protect in some way against the immunological 

processes that lead to AS (49). Concordantly, increased transcript expression in individuals 

expressing ERAP2 and carrying ERAP2 disease risk-associated polymorphisms supports the 

significance of increased aminopeptidase expression in disease pathology. The identification 

of disease-associated expression-influencing variants at this locus, independent of the 

rs2248374 null mutant, implies that the portion of the population that do express ERAP2 

have varied expression phenotypes and thus disease susceptibility.  

Of great interest was the identification that two expressed isoforms of ERAP1, the 

alternate expression of which correlated with genotype at strong disease risk-associated 

SNPs, may play a substantial role in disease. These two transcripts, encoding different 

versions of the ERAP1 protein, have been previously identified (50, 51) and annotated as 

ENST00000443439 (19 exons, 18 coding; 19E) and ENST00000296754 (20 exons, 19 

coding; 20E) in the Ensembl database (52). Isoform quantification on the transcript level 

revealed that 19E and 20E are both predominant forms ERAP1, expressed in all 124 

individuals, and at high enough levels to potentially contribute to the functional output of the 

enzyme. We demonstrate here that alternate expression of these two isoforms is likely 

modulated by a genetic splice-interfering variant rather than by the common mechanism of 

alternate splicing, and that this variant is strongly AS associated. The observation that the 

disease risk-associated allele at all significant ERAP1 sQTLs correlated with increased 

expression of the 19E transcript and decreased expression of the 20E transcript suggests there 

may be some disease protective feature of the 20E isoform specifically. SNPs exhibiting the 

most significant sQTL effect were localised around the exon/intron 19 boundary, around the 

first point of sequence variation between the two isoforms, and it has been previously noted 

that a number of the strongest disease-associated variants in ERAP1 fall in this location with 

a potential involvement in splicing (12). The most significant sQTLs retained a strong disease 

association upon correction for rs30187, implying they are situated within the rs10050860 

tagged haplotype; perhaps a splice site variant governing ERAP1 isoform expression is of 

greatest functional importance at this position. Our data suggests that the rs10050860 

association is driven by the sQTL rs7063, but we cannot formally exclude effects due to other 
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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 spectrometric quantification of isoform expression showed that both the 19E 

and 20E forms of the ERAP1 protein were present at detectable levels in all 39 assayed 

samples. Likewise, observed differences in the molecular mass of ERAP1 isolated from 

various human cell lines confirms the co-occurrence of the two forms of the full-length 

protein (53). One putative mRNA splice-altering mutation (rs7063) in ERAP1 contributed to 

marked variability in the type of ERAP1 protein expressed. This variant has an AS 

association of P=1.3x10-41 7( ) and 2.5x10-17 upon correction for rs30187. The observation 

that a far stronger association of rs7063 with AS remains after correction for rs10050860 

(P=1.4x10-10), than the converse (rs10050860 association having corrected for rs7063, 

P=2.6x10-5

54

) supports rs7063, or a marker in tight linkage disequilibrium with it, being the 

more important variant the second ERAP1 disease-associated haplotype. rs7063 falls in the 

middle of the conserved transcription termination sequence (AATAAA) in the 3́UTR of 

isoform 19E, a motif recognised by cleavage and polyadenylation specific factors involved in 

3ʹ-end transcription termination in mammals ( ). The risk allele (major allele T on the 

reverse strand in the motif AATAAA , allele A on the forward strand) would be expected to 

promote correct termination of the 19-exon form of the transcript, whereas the protective 

allele may result in loss of termination sequence recognition, producing the 20-exon form of 

the transcript. Variant rs111774449, falling in the splice donor sequence at the 3ʹ end of exon 

19 (55), may also be a candidate for isoform switching but is rare (MAF < 0.01 ExAC) and 

was not genotyped or imputed in this study. The strong disease-protective haplotype that 

arises from co-occurrence of rs30187 and rs7063 protective alleles is evidence that ERAP1 

expression dynamics contribute to the pathogenicity afforded by increased enzyme activity. 

The enhanced genetic contribution of SNP haplotypes at 5q15 has been previously noted, 

with carriage of both the two disease-associated haplotypes increasing risk by ~4 fold, a far 

greater risk than the additive effects of either variant alone (1.2-1.3 fold for either variant in 

isolation) (1). The current study provides a potential functional mechanism for this 

observation. 

Quantification of ERAP1 protein isoforms in individuals with different rs7063 

genotypes implied differences in the dynamics of translation from mRNA to protein. Despite 

approximately equal levels of the 19E and 20E transcripts in rs7063 heterozygotes, 81% of 

the ERAP1 protein detected in these individuals was of the 19E form. This raises the 

question, is loss of isoform 20E post transcription due to sequence or structural variation 
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between the two isoforms (gain of a C-terminal exon), perhaps contributing to less efficient 

translation of isoform 20E, or misfolding and degradation of the protein, with subsequent 

lack of functionality? If this is the case, the mechanism of protection conferred by the disease 

protective genotype at splice site SNPs may arise due to skewed expression towards the 20E 

transcript, subsequent loss of this isoform at the protein level, and thus a decrease in the 

overall level of functional ERAP1 available to the cell.  

Ab initio modelling of the additional amino-acid residues of isofom 20E was required 

to explore the role of the exon 20 residues in the structure of ERAP1. The area of the ERAP1 

domain 4 with which the exon-20 derived residues are predicted to interact (Fig.4) is 

effectively invariant structurally between the open and closed forms of ERAP1, implying that 

the presence of the isoform 20E C-terminal extension is unlikely to alter the open to closed 

form dynamics believed to be required for substrate binding and release (56, 57). Tertiary 

structure modelling, however, could not predict whether these residues interfere with folding 

of the mature protein. The UCSC 100 vertebrates conservation track (58) shows very low 

sequence conservation in exon 20 relative to the other 19 exons of ERAP1, and, indeed, other 

coding exons in general. This suggests that the 19-exon ERAP1 is the predominant functional 

form of the enzyme and that the appended seven amino acids in isoform 20E are either 

irrelevant to the mature enzyme which is thus tolerant of substituting mutations, or that the 

protein itself is removed from the cell before it can actively contribute to peptide trimming.  

To date, differential gene expression studies in AS have found no evidence for 

significant changes in the expression of genes encoding disease-associated aminopeptidases 

in patients relative to healthy controls (59, 60). Here we demonstrate the ability of eQTL 

studies to identify genotype-driven altered gene expression in disease, which would go 

unnoticed by differential expression studies that pool samples of different genotypes. 

Foremost, it must be acknowledged that dynamic changes in the isoforms derived from a 

transcriptional unit can be far more insightful than measures of total gene expression, adding 

layers of complexity to the functional output of a gene. It appears that increased 

aminopeptidase expression governed by altered transcript dynamics at both ERAP1 and 

ERAP2 is a key mechanism driving the degree to which these enzymes contribute to immune-

mediated disease. These findings support ERAP inhibition as a therapeutic approach for 

treating diseases including ankylosing spondylitis and psoriasis, where protective genetic 

variants lead to loss of both ERAP levels and function.    
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The RNA sequencing data used for transcript expression analysis have been submitted to 

NCBI’s Sequence Read Archive (project no. SRP100652, experiment no. SRX2586069) with 

all sample metadata included within BioProject PRJNA376610. 
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TABLES 

Table 1: Results of a Chi-Squared test for association of the haplotype rs7063, risk allele A; 

rs30187, risk allele T with ankylosing spondylitis in 6096 cases and 13578 HCs. 

rs7063 rs30187 
Haplotype 

Frequency 

Frequency 

Controls 

Frequency 

Cases 
P-value 

T T 0.0458 0.0429 0.0501 3.2 x 10−4 
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FIGURE LEGENDS 

Fig.1: Genotypes across chromosome 5q15 locus SNPs correlate with ERAP1 and 

ERAP2 gene expression. Locus plot of P-values for the ERAP1 (A) and ERAP2 (C) 

expression 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 colour key at the 

top of the plot. Box plot of lead ERAP1 eQTL rs39840 (risk allele G; B) and lead 

T C 0.2360 0.2630 0.1955 1.1 x 10
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representative ERAP2 SNP rs2927608 (risk allele A; D) genotype verses total transcript 

expression of the corresponding gene; P-values derived from a generalised linear mixed 

model regressing genotype against gene expression taken from normlised RNA-Seq counts. n 

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

for genotype groups in D.  

 

Fig.2: Graphical representation (not to scale) of the 3ʹ end of two ERAP1 transcripts 

found to be highly expressed in PBMCs. Isoform ENST00000443439 has 19 exons (19E) 

and isoform ENST00000296754 20 exons (20E) with an alternate 3ʹUTR sequence. Encoded 

amino acids are indicated 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. Arrows indicate the location of two putative splice interfering 

SNPs; rs111774449 (G/A; Arg/His) at the exon-intron 19 interface, and rs7063 (A/T) falling 

within the transcription termination motif in the 3ʹUTR of isoform 19E, identified as the most 

significant ERAP1 sQTL from the statistical analyses conducted on RNA-Seq data. 

Fig.3: Genotypes across chromosome 5q15 locus SNPs correlate with expression of two 

isoforms of the ERAP1 gene. (A) Transcript expression of ERAP1 isoforms 19E (gray) and 

20E (white) split by genotype at sQTL rs7063 (risk allele A). (B) ERAP1 isoform 19E 

proportion split by genotype at rs7063. (C) Locus plot showing P-value for the effect of 

chromosome 5q15 locus SNPs on ERAP1 isoform 19E proportion plotted against genomic 

region. Top sQTL rs7063 is marked in purple and SNPs are coloured according to LD with 

this variant as per the colour key at top right. Pie graphs show proportional contribution of 

each isoform to expression on the transcript level (D) and protein level (E) for individuals 

split by genotype at rs7063. The radius of each graph denotes mean total ERAP1 expression 

on the transcript or protein level. (F) Protein expression of ERAP1 isoforms 19E (gray) and 

20E (white) split by genotype at rs7063. (G) 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 RNA-Seq 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 and G.  

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 20E extension shown 
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as bonds colored by atom type, with carbon atoms white. Residues in the body of the protein 

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 residues sit across the 

surface of domain 4 of ERAP1 and are unlikely to interfere with protein function. (Inset) 

Overview of the model, with the protein shown as a cartoon colored in a rainbow gradient 

from the N-terminus (blue) to C-terminus (red). The region indicated by the circle is shown 

expanded in the main figure. 
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