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Abstract

In anti-citrullinated protein antibody positive rheumatoid arthritis (ACPA-positive RA), a
particular subset of HLA-DRBL1 alleles, called shared epitope alleles (SE), is the highest genetic
risk factor. Here, we aimed to investigate whether gene-gene interactions influence this HLA-
DRB1 related major disease risk; specifically, we set out to test if non-HLA SNPs, conferring
low diseases risk on their own, can modulate the HLA-DRB1 SE effect to develop ACPA-
positive RA.

To address this question, we computed the attributable proportion (AP) due to additive
interaction at genome-wide level for two independent ACPA-positive RA cohorts: the Swedish
EIRA and the North American NARAC. We found a strong enrichment of significant
interactions (AP p-values<0.05) between the HLA-DRB1 SE alleles and a group of SNPs
associated with ACPA-positive RA in both cohorts (Kolmogorov-Smirnov [KS] test D=0.35
for EIRA and D=0.25 for NARAC, p<2.2e-16 for both). Interestingly, 201 out of 1,492 SNPs
in consistent interaction for both cohorts, were eQTLs in SE alleles context in PBMCs from
ACPA-positive RA patients. Finally, we observed that the effect size of HLA-DRB1 SE alleles
for disease decreases from 5.2 to 2.5 after discounting the risk alleles of the two top interacting
SNPs (152476601 and rs10739581, AP FDR corrected p <0.05).

Our data demonstrate that the association between the HLA-DRB1 SE alleles and the risk of
ACPA-positive RA is modulated by massive genetic interactions with non-HLA genetic

variants.
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Introduction

Additive interaction, defined as the deviation from the expected sum of the effects of two
different factors, is a way to explore the complexity of how individual genetic risk variants
interplay in the development of complex diseases. However, the possibility to address these
additive interactions between candidate variants is often limited by low statistical power.
Additionally, genome-wide gene-gene interaction studies conceivably result in a high number
of false negative results due to the massive and conservative correction for multiple testing. An
alternative strategy to study interaction is to identify genetic “hubs” that may accumulate
multiple interactions with different variants. As a result of these interactions, such genetic
“hubs” may have a strong influence on the risk of disease.

In rheumatoid arthritis (RA [OMIM: 180300]), a particular subset of HLA-DRB1 gene variants
(major alleles at *01, *04, and *10 groups), commonly called shared epitope (SE) alleles, is the
most important genetic contributor for the risk of developing anti-citrullinated protein antibody
(ACPA) positive RA (1, 2). It is noteworthy that the strength of the association between non-
HLA genetic variants and ACPA-positive RA risk is, in general, very moderate in comparison
to that of the HLA-DBR1 SE alleles (3-6), (Fig. 1a). This prompted us to suggest that the HLA-
DRBL1 SE alleles could be a genetic “hub” that captures multiple interactions. Indeed, previous
studies have demonstrated interactions between the HLA-DRB1 SE alleles and several SNPs,
including variations in PTPN22, HTR2A, and MAP2K4 with regard to the risk of developing
ACPA-positive RA (7-10), where the combination of both risk factors shows significantly
higher risk (measured as odds ratio (OR)) than the sum of their separate effects. Departure from
additivity is a way to define and subsequently demonstrate interaction between risk factors
regarding the risk of disease. The additive scale, defined by attributable proportion (AP), has
the advantage of a straightforward interpretation in the sufficient-component cause model

framework (7, 11-14).
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In our current study, we aimed to investigate whether gene-gene interactions influence the
major HLA-DRBLI related disease risk to develop ACPA-positive RA; more specifically, we set
out to test if non-HLA SNPs, conferring low diseases risk on their own, can modulate the HLA-
DRBL1 SE effect to develop ACPA-positive RA. First, we assessed departure from additivity
regarding the interaction between the HLA-DRB1 SE alleles and SNPs at the genome-wide
level. The outcome of this analysis was tested for the enrichment of significant interactions by
comparing the distribution of studied statistics (p-value of interaction) between two defined
groups of SNPs: the pool of SNPs which exhibited a significant nominal association with
ACPA-positive RA in comparison to SNPs that are not associated with disease risk. Second,
we performed the same type of analysis in an independent ACPA-positive RA cohort in order
to replicate our findings. Third, we analyzed the effect size from the HLA-DRB1 SE alleles with
regard to risk of ACPA-positive RA before and after step-by-step discount of the risk alleles of
the strongest SNPs in interaction with SE. Finally, we performed an expression quantitative
trait loci (eQTL) analysis stratifying by the HLA-DRB1 SE alleles and pathway enrichment
analysis, in a further step to contextualize the selected SNPs in interaction with the HLA-DRB1
SE alleles from both studied cohorts. Our observations indicated that the effect of the HLA-
DRBL1 SE alleles in the development of ACPA-positive RA is influenced by interactions with
multiple non-HLA genetic factors, supporting the concept that these HLA-DRBL1 alleles act as a
“hub” of cumulative additive interactions with multiple genetic variants. We proposed with the
present methodology a novel approach to study the impact of gene-gene interactions with HLA

alleles in autoimmune diseases.
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Results

This project was based on genome wide association studies (GWAS) data from two independent
case control studies of RA, Epidemiological Investigation of Rheumatoid Arthritis (EIRA) (5,
12, 15-18) and North American Rheumatoid Arthritis consortium (NARAC) (5, 16, 19, 20).
The overall methodology workflow is shown in Fig. 1b. We assessed pair additive interactions,
measured by AP, between the HLA-DRB1 SE alleles and non-HLA SNPs in EIRA and NARAC.
We used the described workflow (Fig. 1b) in parallel to both the original genotyped data sets,
the imputed data sets and the rs4507692 SNP instead of the HLA-DRB1 SE alleles. The
rs4507692 was considered as a negative control, since this variant exhibit the same minor allele
frequency (MAF) as HLA-DRBL1 SE alleles but is not associated to ACPA-positive RA (Table
1). We tested for enrichment of significant interactions between two predefined groups of SNPs,
the ACPA-positive RA risk SNPs (nominal p-value of association < 0.05) and the ACPA-
positive RA non-risk SNPs (nominal p-value of association > 0.05) using the Kolmogorov-
Smirnov (KS) test. The KS test statistic quantifies the maximum distance (D) between the two
empirical cumulative distribution functions (ECDF) of the AP p-values from the risk and non-

risk SNPs groups.

Table 1. Description of studied populations.

Frequenc rs4507692 Number
q y MAF and Number

Number of Female: of HLA- nominal p-  SNPs in SNPs in
individuals  Male ratio DRB1 SE value of GWAS b imputed

alleles o GWAS?®
association

EIRA 0.45 MAF=0.45 282,527 4,756,851
p_
value=0.57

Study

Cases ? 1,151 2.4:1 0.59
Controls 1,079 2.6:1 0.30
NARAC 0.43 MAF=0.43 398,551 9,032,420

p_
value=0.67
Cases ? 867 2.8:1 0.68
Controls 1,194 2.5:1 0.26

* ACPA-positive Rheumatoid Arthritis (RA) patients.
® After removing the extended MHC region.
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116

117  Interaction of the HLA-DRB1 SE alleles with ACPA-positive RA associated SNPs is more
118  common than with non-associated SNPs

119  EIRA was considered as a discovery cohort to test for enrichment of significant interactions
120  between the HLA-DRB1 SE alleles and the set of SNPs enriched for risk SNPs from this study.
121 The risk SNPs represent 5% of the variants analyzed for interaction in EIRA. Out of these risk
122 SNPs, 24.5% of them exhibited an AP p-value (attributable proportion due to interaction p-
123 value) less than 0.05 (Table 2, Fig. 2a). On the other hand, among the non-risk variants (nominal
124  p-values of association >0.05) representing the remaining SNPs analyzed for interaction in
125  EIRA, only 2.8% displayed a significant interaction (AP p-value <0.05) with the HLA-DRB1
126  SE alleles (Table 2, Fig. 2b). Thus, there is a dramatic difference in the frequency of significant
127  interactions with the HLA-DRB1 SE alleles between the risk and non-risk SNPs in ACPA-
128  positive RA. This observation is reflected in the KS test, where a striking difference was
129  observed between the AP p-values’ distributions of risk and non-risk SNPs with a D value of
130 0.35 (KS test p-value <2.2e-16) (Table 2 and Fig. 2c¢).

131

132 Table 2. The Kolmogorov-Smirnov (KS) test for AP p-values distributions of the interaction

133 analysis with the HLA-DRB1 SE alleles and risk or non-risk SNPs in EIRA and NARAC
134 imputed data.

% of A Group of
Case- Number Number I(;lfungbs;' analyzed vglJe SNPs with
SNPs of initial of SNPs % of SNPs - SNPs with enrichment
Control - with AP from
group input after cut analyzed AP p- of
Group p-value KS Lo
SNPs off @ value < b significant
<0.05 test . .
0.05 interactions
EIRA Risk 241,759 160,358 66..33 39,518 24.64
No-risk 4,515,110 2,979,344 65.99 83,287 2.80 0.354 Risk
NARAC Risk 787,499 209,890 26.65 31,992 15.24
No-Risk 8,244,955 1,916,701 23.25 64,012 3.44 0.247 Risk
#Interaction was done using sex and the 10 first eigenvectors as co-variables. Cutoff used a minimum of 5 individuals for each of the OR
combinations.

® The alternative hypothesis for KS test (Kolmogorov-Smirnov test) was that the ECDF (empirical cumulative distribution function) of AP p-
values for risk SNPs lies above that of non-risk SNPs (Figure 2). KS test p-value <2.2e-16 for both EIRA and NARAC. As it is mentioned in
the materials and methods, these KS test p-values are lower than the machine precision, meaning that when the precise p-value was calculated
the result was 0.

O S SR
AW
[esNeolo LN [e){V)]


https://doi.org/10.1101/221416
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2214186; this version posted November 17, 2017. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

141

142 The difference in the distribution of the whole spectrum of AP p-values does not directly inform
143 about the performance of the values below significance threshold of 0.05. Therefore, we
144 specifically tested for difference in this segment of the AP p-values distributions for risk and
145  non-risk SNPs. We found a strong enrichment of significant interactions in the group of risk
146  variants in comparison with the non-risk variants (KS test D=0.25, p-values <2.2e-16, Fig. 2d
147  to Fig. 2f). This suggests that the significant difference between the ECDF from the risk and
148  non-risk groups detected in the full distribution of AP p-values is principally due to the
149  enrichment of small AP p-values in the risk group of SNPs.

150  Since genetic variants located in the PTPN22 gene are the second most important genetic risk
151  factor for RA in Caucasians (Fig. 1a), we excluded the SNPs of this locus from the analysis and
152 tested for the enrichment of significant interactions between the HLA-DRB1 SE alleles and the
153 risk group of SNPs. The exclusion of the PTPN22 locus did not remarkably affected the
154  obtained D and p-values from the KS test (D=0.353, p-value<2.2e-16). This highlights that the
155  enrichment of significant interactions between the ACPA-positive RA risk SNPs and the HLA-
156  DRBLI SE alleles is due to multiple variants, and it is not explained by the PTPN22 locus alone.
157

158  The ECDF difference between the AP p-values from the risk and non-risk variants almost
159  disappeared completely when the rs4507692 SNP was tested instead of the HLA-DRB1 SE
160  variable as a negative control (Table 1, Supplementary Material Table S1). We found that the
161  proportion of interacting risk SNPs with rs4507692 variant dropped to 2.8%, (Supplementary
162  Material Table S1 and Fig. Sla to Fig. S1f). Since the same group of risk variants was tested
163  for interaction with the HLA-DRB1 SE alleles and rs4507692 SNP, we evaluated for differences
164  inthe AP p-value distributions between both set of analyses. This analysis confirmed that there

165  is a high enrichment of significant interactions between the risk variants and the HLA-DRB1
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166  SE alleles (D value=0.35, KS-test p-value< 2.2e-16, Supplementary Material Fig. S2a). These
167  results demonstrate that the enrichment of interactions found for the HLA-DRB1 SE alleles is
168  unlikely due to a random effect and point to the specific role of the HLA-DRB1 SE alleles in
169  the architecture of gene-gene interaction in ACPA-positive RA.

170  Consistent results were observed when the workflow was applied to only non-imputed
171  genotyping data for EIRA (Supplementary Material Table S2). Additionally, we also removed
172 all chromosome 6 markers (where the MHC region lies) to exclude any influence of LD with
173 the HLA-DRBL1 SE alleles in this chromosome. In this analysis, we observed an enrichment of
174 significant interactions between the HLA-DRB1 SE alleles and the risk variants, either when
175  only the MHC region was removed (KS-test D=0.33, p-value<2.2e-16, Supplementary Material
176  Table S2) or when the entire chromosome 6 was removed (KS-test D=0.33, p-value<2.2e-16,
177  Supplementary Material Table S2). No significant differences in the ECDF of AP p-values were
178  observed when the rs4507692 SNP was implemented in the workflow instead of the HLA-DRB1
179  SE alleles (KS-test D=0.006, p-value=0.39 for non-imputed EIRA GWAS without the MHC
180  region and KS-test D=0.007, p-value=0.32 for the non-imputed SNPs GWAS without the
181  chromosome 6, Supplementary Material Table S2). These results indicate that high LD variants
182  present in the imputed GWAS data set do not inflate the difference between the ECDF of AP
183  p-values from the interaction analysis of the HLA-DRB1 SE alleles and groups of risk or non-
184  risk SNPs.

185

186  An independent replication supports the observed enrichment of significant interactions
187  between the HLA-DRBL1 SE alleles and the ACPA-positive RA associated SNPs.

188  In order to confirm the results observed in the EIRA study, we applied the same methodology
189  inthe independent case-control NARAC study. Similar to EIRA, we found a higher enrichment

190  of significant interactions between the HLA-DRB1 SE alleles and the risk SNPs (15.2%) in
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191  comparison to the significant interactions detected between the HLA-DRB1 SE alleles and the
192  non-risk SNPs (3.3%) (Table 2, Fig. 2g and Fig. 2h). The KS test reflected such a difference in
193 the ECDF of the AP p-values, with a D value of 0.25 (p-value <2.2e-16, Table 2, Fig. 2i).
194  Similar to our findings in the discovery cohort, the fraction of AP p-values below 0.05 is
195  enriched in the risk group of SNPs compared to the non-risk group of variants in the NARAC
196  study (D=0.17, p-value <2.2¢-16, Fig. 2j to Fig. 21). As in EIRA, when the rs4507694 SNP was
197  used in the workflow instead of the HLA-DRB1 SE alleles, there was not an enrichment of
198  significant interactions in the risk group (2.6%) compared to the non-risk group (3%) of SNPs
199  (Supplementary Material Table S1, Fig. S1g to Fig. S11). Also, the distribution of AP p-values
200  from the HLA-DRBL1 SE alleles and the risk SNPs is strongly different from the distribution of
201  the AP p-values from the rs4507692 (with the same MAF as SE, but not associated to ACPA-
202  positive RA) and the risk SNPs (KS test D=0.26, p-value<2.2e-16; Supplementary Material
203  Fig. S2b). Consistent results were observed when genotyped sets of SNPs (non-imputed
204  GWAS) were used for the analyses in the NARAC study (Supplementary Material Table S2).
205

206  Step-by-step discount of the risk alleles of top interacting SNPs decreases the HLA-DRB1 SE
207  risk for ACPA-positive RA.

208  The definition of additive interaction model predicts that removing individuals with an
209  interacting allele from the analysis should decrease the effect size of the HLA-DRBL1 SE alleles
210  among the remaining subjects. To directly determine if the OR for the HLA-DRB1 SE alleles in
211  ACPA-positive RA is affected by the absence or presence of other risk alleles from SNPs in
212  interaction with the HLA-DRB1 SE alleles, we calculated the combined OR for the HLA-DRB1
213 SE alleles, including and excluding the effect of two of the top SNPs in interaction. Figure 3
214 shows how the combined OR is affected by the exclusion of individuals with one or both of the

215  risk alleles of the selected SNPs in combination with the HLA-DRB1 SE alleles. Importantly,
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216  in EIRA, removing the risk alleles gradually decreases the ORs from 11.48 (8.9-14.9 95%CI,
217  YGG: SE positive, rs2077507G, rs1004664G) to 3.97 after removing one risk allele (95%CI:
218  3.3-4.7; YAG: SE positive, rs2077507A, rs1004664G) or to 4.11 after removing the other risk
219  allele (95%CI: 3.3 —5.1; YGT: SE positive, rs2077507G, rs1004664T) and finally, to an OR of
220  2.57 when both risk alleles are removed (95%CI: 2.2 — 2.9; YAT: SE positive, rs2077507A,
221  rs1004664T, Fig. 3a). A similar result was seen in the NARAC study for the top interacting
222 SNPs (Fig. 3b). This gradual drop in effect size indicates that the high OR of the HLA-DRB1
223 SE alleles in the disease could be at least partially attributed to the interaction with other SNPs,
224 which exhibit modest individual effect on the risk for ACPA-positive RA.

225

226  An exploration of selected SNPs in interaction with the HLA-DRBL1 SE alleles from EIRA and
227  NARAC.

228  Weidentified 1,492 SNPs in interaction with the HLA-DRB1 SE alleles with AP p-values <0.05
229  and the same direction of AP when comparing the results from the EIRA and NARAC studies
230  (Supplementary Material Table S3).

231  Figures 4a and 4b visualize how these 1,492 SNPs are distributed across the genome. We ranked
232 the chromosomes based on the minimum AP p-value, the maximum AP value, and the
233 percentage of these 1,492 SNPs in interaction with the HLA-DRB1 SE alleles (Supplementary
234  Material Table S4). Based on these criteria, chromosomes 1 and 9 reach the highest position
235  for both studied cohorts (minimum AP p-value 4.3e-10 in EIRA and 1.6e-08 in NARAC;
236  Supplementary Material Table S4). Chromosomes 2, 7, 8, and 13 followed in the ranking when
237  the results from both EIRA and NARAC were considered. The majority (84.6%) of these SNPs
238  in interaction with the HLA-DRB1 SE alleles exhibited a positive AP, and most of them had
239  values under 0.5 (Fig. 4a and Fig. 4b). The genotypes of 201 variants out of 1,492 (13.5%) were

240  statistically significant correlated with the expression of different genes located 2Mb around

10
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241  them, in peripheral blood mononuclear cells (PBMCs) from the ACPA-positive RA patients,
242 when the HLA-DRB1 SE alleles stratification was applied (SE-eQTLs). Supplementary
243 Material Table S5 contains a complete list of the SNP-gene pairs that exhibited a false discovery
244  rate (FDR) g-value< 0.05 for the SE-eQTLs analysis. Among the top SE-eQTLs are
245  1rs10404242-TLEG (transducing like enhancer of split 6) at chromosome 19, rs5763638-ZNRF3-
246 AS1 (ZNRF3 antisense RNA 1) at chromosome 22, rs28513183-HSD11B1 (hydroxysteroid 11-
247  beta dehydrogenase 1) at chromosome 1, and rs1781279-MTPAP (mitochondrial poly(A)
248  polymerase) at chromosome 10 (Supplementary Material Fig S3). Since these SE-eQTLs are
249  context related, it gives biological evidence for the statistically detected interactions between
250 these variants and the HLA-DRB1 SE alleles.

251  The loci 9933 (Fig. 4c and Fig. 4d) and 1p13 (Fig. 4g and Fig. 4h) contain the SNPs in
252  interaction with the HLA-DRB1 SE alleles that exhibited the lowest AP p-values
253  (Supplementary Material Table S3). Several SNPs in interaction with the HLA-DRB1 SE alleles
254  from the 9q33 locus are in moderate LD (r*>0.6<0.8) among them (Fig. 4c and Fig. 4d,
255  Supplementary Material Table S3). For instance, the rs3761847 SNP is one of the top replicated
256  variants (EIRA: AP=0.38, 95%CI=0.22-0.55, AP p-value=6.9e-6, FDR g-value=0.04;
257 NARAC: AP=0.43, 95%CI=0.29-0.59, AP p-value=1.6e-8, FDR g-value=2.5¢-4,
258  Supplementary Material Table S3) which has previously been associated with RA (3, 5, 17, 21,
259  22), and it is in moderated LD (r*=0.73) with the rs7033753 SNP, which is an SE-eQTL for the
260  GSN-AS1 (GSN antisense RNA 1) and PHF19 (PHD finger protein 19) genes (Fig. 4f to Fig.
261  4g, Supplementary Material Table S5). On the other hand, the top SNP in interaction with the
262  HLA-DRBL1 SE alleles is the non-synonymous variant rs2476601 in the PTPN22 gene located
263  inthe 1p13 locus (Fig. 4g and Fig. 4h). Although the interaction between rs2476601 SNP and
264  the HLA-DRBL SE alleles in ACPA-positive RA has been reported previously (7), we observed

265  in our SE-eQTLs analysis that the rs2476601 SNP is an SE-eQTL for HIPK1 (homeodomain

11
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266 interacting protein kinase 1), PTPN22 (protein tyrosine phosphatase, non-receptor type 22), and
267  CSDE1 (cold shock domain containing E1) genes (Fig. 41 to Fig. 4k, Supplementary Material
268  Table S5). Additionally, there is evidence from capture Hi-C technology that the rs2476601
269  physically interacts with the HIPK1 and CSDE1 genes in foetal thymus cells, monocytes, CD4

270  naive T cells, CD8 naive T cells, neutrophils and B cells (https://www.chicp.org)(23-25). This

271  supports our finding of 152476601 SNP as SE-eQTLs and suggest that the detected additive
272  interaction with HLA-DRB1 SE alleles in ACPA-positive RA likely reflect functional
273 implication.

274

275  We applied gene ontology (GO) analyses of these 1,492 selected SNPs and 56 terms where
276  highlighted as significant after FDR correction (Supplementary Material Table S6). The list of
277  significant GO terms, when ranked by the FDR hypergeometric g-value, is enriched by
278  pathways related to regulation of secretion (5 terms), signaling (11 terms), cell differentiation
279  and development (11 terms), immune cells related (3 terms) and bone disease related (5 terms),
280  which are relevant to ACPA-positive RA.

281  Together, these results suggest the plausibility of the high impact of 1,492 selected SNPs for
282  the pathogenesis of ACPA-positive RA through interaction with the HLA-DRB1 SE alleles.
283  Nevertheless, when multiple testing correction by FDR was applied 15 SNPs remain significant
284  (from the Ipl3 and 9933 loci; AP FRD g-value < 0.05) in both EIRA and NARAC
285  (Supplementary Material Table S3). Thus, these results require additional replication in
286  independent cohorts of ACPA-positive RA patients and controls.

287  Finally, we observed that the step-by-step removal of the risk alleles of the two-top replicated
288  SNPsin interaction with the HLA-DRB1 SE alleles (rs2476601 at 1p13 and rs10739581 at 9933,
289 AP FDR g-value<0.05), decreases the effect size of SE alleles for ACPA positive RA in the

290  studied cohorts (Fig 5). This observation also suggests that the association between the HLA-
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291 DRBLI SE alleles and the risk of ACPA-positive RA is at least partly influenced by multiple
292  interactions with non-HLA genetic variants.

293

294

295  Discussion

296  Our study of two independent ACPA-positive RA cohorts demonstrates that the HLA-DRB1 SE
297  alleles are involved in multiple interactions with disease-associated SNPs in comparison to non-
298  associated SNPs. We show evidence of gradual decrease of the effect size of the HLA-DRB1
299  SE alleles in the risk of ACPA-positive RA after adjusting for top SNPs in interaction (Figs. 3
300 and 5). Based on these findings, we would like to propose the sovereignty hypothesis, which
301  suggests that the HLA-DRB1 SE alleles act as a genetic hub of simultaneous multiple
302  interactions with the non-HLA genetic variants that by themselves have a modest effect size in
303 RA (OR<2), and in turn, cumulatively contribute to the high effect size of the HLA-DRB1 SE
304  alleles in development of the ACPA-positive RA. Our hypothesis deals with a missing link that
305 integrates the HLA alleles with other genetic variations across the human genome in providing
306 knowledge about the risk of developing this common autoimmune disease.

307 Low statistical power and inevitable high number of type I and type II errors hamper the
308 genome-wide analysis of the gene-gene interactions in existing RA cohorts. Therefore, we
309  chose to address the distribution of probabilities associated with the interaction statistics, AP
310  (attributable proportion due to interaction), using a comparison between empirically observed
311  ACPA-positive RA risk (nominal association p-values <0.05) and non-risk SNPs (nominal
312 association p-values >0.05). With this relatively liberal threshold, we can expect that the first
313 group will be enriched with true ACPA-positive RA associated variations, while the second
314  group will be enriched with true non-associated variations. With this setup, our results clearly

315 indicate that there is a strong difference in the distribution of p-values of interaction (AP p-
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316  values) between both groups of predefined SNPs, and this difference is mainly due to an
317  enrichment of small p-values of interaction between the HLA-DRBL1 SE alleles and the ACPA-
318  positive RA associated polymorphisms. These observations are in line with our sovereignty
319  hypothesis, which also has foundations in the sufficient-component cause model (14). This
320  model suggests that diverse components are part of a sufficient cause for a disease in a given
321  affected individual, where each sufficient cause can include one or more component causes and
322  form a minimal set of conditions that yield disease (26). Our study demonstrated that the HLA-
323  DRBL SE alleles are a relevant component (but non-sufficient by itself) in the cause of ACPA-
324  positive RA by interacting with multiple non-essential genetic risk factors.

325  Interestingly, a study showed that interacting loci were part of radial epistatic networks, where
326  the hub loci interacted with multiple quantitative trait loci (QTLs); the hub locus acts as a
327  genetic capacitor that modifies the effect of the radial loci in the network (27). If we extrapolate
328  Forsberg et al.’s (27) observations with our results, we could assume that in ACPA-positive
329  RA the principal QTL hub is represented by the HLA-DRB1 SE alleles. This hub concentrates
330  acomplex interaction network of multiple non-HLA QTLs, where the effects could be modified
331  mutually.

332  Interactions between the variants of the HLA region in ACPA-positive RA could be expected
333 and this together with the strong LD in this locus prompted us to exclude the extended MHC
334  region from our study, for the sake of simplicity. A previous study has explored interactions
335 among the different HLA alleles (8), nevertheless a more extended investigation of these
336 intricate interactions is required.

337

338  The present finding of multiple polymorphisms interacting with the HLA-DRB1 SE alleles and
339  their mutual effect size influence in the risk for disease, suggest that many mechanisms will

340  affect the impact of HLA-DRBL1 SE alleles in the context of ACPA-positive RA. Although the
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341  present analysis was mainly performed with statistical methods, some preliminary functional
342  mechanisms can be extrapolated from our data. Indeed, the statistical approach in our study
343  resulted in a list of 1,492 SNPs as good candidates that interact with the HLA-DRB1 SE alleles
344  in the risk of developing of ACPA-positive RA. From them, 13.5% are suggested SE-eQTLs in
345  ACPA-positive RA individuals, indicating that the additive interactions detected may be a
346  reflection of biological processes.

347  For instance, ACPA-positive RA patients who carry both the risk allele of the top interacting
348  variant, the rs2476601 SNP, and the HLA-DRB1 SE alleles, seem to have a higher expression
349  of PTPN22, HIPK1 and CSDEL1 genes in PBMCs (Figs. 4i to 4k). Intriguingly, the 1rs2476601
350  SNP physically interacts with the HIPK1 and CSDE1 genes in certain type of immune cells,
351  including CD4+ T cells, that in turn are known to be relevant in the pathogenesis of RA (28).
352 Moreover, the T-box transcription factor Eomesodermin (EOMES) is part of 11 highlighted GO
353  terms in our analysis (Supplementary Material Table S6). EOMES was annotated due to three
354  SNPs in interaction with HLA-DRB1 SE alleles (rs1506691, rs6804917 and rs12630663;
355  Supplementary Material Tables S3 and S6), which interestingly also physically interact with
356 EOMES in CD4+ and CD8+ T cells (https://www.chicp.org)(23, 25). EOMES is a transcription
357  factor important for memory T cell formation and cytotoxic T cell differentiation (29). On the
358  other hand, a study has demonstrated that MHC genotype, and HLA-DRB1 in particular, has a
359  key role in shaping the T cell receptor repertoire (30), evidence that goes in line with our
360  suggestion that the observed statistical interactions are a reflection of functional implications.
361  Nevertheless, additional replication and interpretation of these interactions (pointed by the
362 1,492 selected SNPs and the highlighted GO terms centered in the HLA-DRB1 locus) in relation
363  to biological processes will be the next step to further increase the etiological understanding of

364  ACPA-positive RA.
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365 The four most statistically significant SNP-gene pairs from the SE-eQTL analysis are new
366 candidates in the genetic component of RA: rs10404242-TLE6 (transducing like enhancer of
367  split 6), rs5763638-ZNRF3-AS1 (ZNRF3 antisense RNA 1), rs28513183-HSD11B1
368  (hydroxysteroid 11-beta dehydrogenase 1), and rs1781279-MTPAP (mitochondrial poly(A)
369  polymerase). Particularly, the HSD11B1 gene encodes the 113-HSD1 enzyme involved in the
370  biosynthesis of steroid hormones, related to an increase in the intracellular glucocorticoids
371  levels. A knockdown HSD11B1 mice model presents an increased acute inflammation after
372 induction of experimental arthritis (31). Notably, all these SNPs show eQTL effects only in a
373 context of the HLA-DRB1 SE alleles, and further implication in ACPA-positive RA should be
374  elucidated.

375

376  In conclusion, we used a new approach for the investigation of interactions at the genome-wide
377  level in ACPA-positive RA, which led us to detect a significant enrichment of interactions
378  between the HLA-DRB1 SE alleles and associated with the disease SNPs in comparison to all
379  other, non-associated SNPs. There is a visible reduction of the size of the effect of HLA-DRB1
380  SE alleles on ACPA-positive RA risk when the risk alleles of the top interacting SNPs are
381  discounted in a combined OR calculation (Fig 5). Our approach is potentially applicable to
382  other autoimmune diseases or complex traits, where a single or a limited number of strong risk
383  factors are observed. This approach could be used as a tool to explore the next level of
384  complexity of multifactorial diseases, eventually allowing the detection of interconnected
385  genetic variants in the risk for a phenotype, which could in turn contribute to a better
386  understanding of disease mechanisms.

387

388

389
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390  Materials and Methods

391  Studied populations

392  This project was based on GWAS data from two independent case control studies of RA, EIRA
393 (5,12, 15-18) and NARAC (5, 16, 19, 20). Briefly, the EIRA study recruited incident RA cases
394  and healthy individuals selected from a national register that matched the cases by gender, age,
395  andresidence area (17, 18). Unrelated RA cases from multicase families from the United States
396  were included in the NARAC study and matched with unrelated controls recruited from the
397  New York Cancer Project (17, 19). In both studies, the RA patients were diagnosed based on
398  the American College of Rheumatology (ACR) criteria from 1987 (32). Ethical approval was
399  guaranteed for each study from the respective ethical committees and are in accordance with
400  the Declaration of Helsinki. A total of 4,291 individuals were included in this study, with 1,151
401  ACPA-positive RA cases and 1,079 healthy controls from EIRA and 867 ACPA-positive RA
402  cases and 1,194 healthy individuals from NARAC (Table 1).

403

404  HLA genotyping

405 HLA typing in the EIRA study was made by sequence-specific primer polymerase chain
406  reaction assay (SSP-PCR) (DR low-resolution kit; Olerup SSP, Saltsjobaden, Sweden), and the
407  PCR products were loaded into 2% agarose gels for electrophoresis. An interpretation table was
408  used to determine the specific genotype according to the manufacturer’s instructions (33). In
409  the NARAC study, the HLA typing was also performed by SSP-PCR based methods as
410  described elsewhere (34).

411  HLA-DRBL1 SE alleles included *01 (except *0103), *04 (using high resolution data for *0404,
412 *0405 and *0408 when possible), and *1001. A variable for the HLA-DRB1 SE alleles was
413  coded as NN, NY, and YY genotype like, where N and Y stand for “no” or “yes” based on the

414  presence of the HLA-DRBL1 SE alleles.
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415

416  GWAS data, data filtering, and SNP grouping

417  Asdescribed previously (5), the genotyping platforms used were HumanHap300 BeadChip and
418  HumanHap550 BeadChip from [llumina® for EIRA and NARAC, respectively. The data were
419  filtered for minor allele frequency (MAF) <1%, missing rate higher or equal to 5%, and p-
420  values <0.001 for Hardy-Weinberg equilibrium (HWE). A principal component analysis (PCA)

421 was performed using the EIGENSOFT (v6.1.1) (https://www.hsph.harvard.edu/alkes-

422 price/software/)(35) software to model the population stratification between the cases and

423 controls after removing the extended MHC region and pruning the GWAS data sets (from non-
424 imputed SNPs) based on the linkage disequilibrium (LD), excluding a SNP from a pair when
425  their r* was higher than 0.5. The 1000 Genomes Phase I (o) Europeans was used as a reference

426  panel for imputation in IMPUTE2 (v2.3.0)

427  (https://mathgen.stats.ox.ac.uk/impute/impute_v2.html#home)(36) for EIRA and minimac

428  (release stamp 2011-10-27) (http://genome.sph.umich.edu/wiki/Minimac)(37) for NARAC.

429  Duplicated SNPs and SNPs with a low imputation score (Rsq <0.5) were removed; thereafter,
430  the same filters of MAF, missing rate, and HWE, described above were applied again for both
431  cohorts. The sex chromosomes were not included in the present study.

432

433  We removed the extended MHC region (chr6:27339429 to chr6:34586722, hg19) from on our
434 analyses, to exclude the influence of high LD and independent signals of association (38). A
435  logistic regression model implemented in plink (v1.07)

436  (http://pngu.mgh.harvard.edu/~purcell/plink/)(39) was used to estimate the association between

437  each of the SNPs in GWAS and risk of ACPA-positive RA in EIRA and NARAC. Based on
438  the nominal p-values of association, the SNPs were grouped into risk (p-values <0.05) or non-

439  risk SNPs (p-values >0.05). The number of SNPs and percentages are shown in Fig 1b and
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440  Table 2. Five percent of the EIRA imputed SNPs showed a nominal p-value of association less
441  than 0.05, while 8.7% was observed in the NARAC. There was an overlap of 19,769 SNPs
442  between the two studies.

443

444  Interaction Analysis

445  After applying the filters mentioned above, we tested for additive interaction between the HLA-
446  DRB1 SE and each SNP from the EIRA and NARAC GWAS. The null hypothesis of the
447  additive model assumes that there is additivity between the different sufficient causes for a
448  phenotype, while the alternative hypothesis is assumed when departure from additivity is
449  observed. The departure from additivity is estimated by the attributable proportion (AP) due to
450 interaction using OR as the risk estimates(40) with the following equation:

451 AP = (ORsEgisNpi-ORSsE1sNPo-ORSsEosNp1+1)/ORSsE 1 sNpy

452  Where 1 and 0 refer to presence or absence of the risk factor/allele respectively, the ORs are
453  calculated using SEOSNPO as a reference group. A cut-off of five for each of the cell frequencies
454  was applied in the interaction analysis. The gender and the first ten principal components from
455  PCA were included as covariates in the model. AP value, its respective p-value and confidence
456  interval (95%CI) were assessed using logistic regression by means of the program

457  GEISA(v0.1.12) (https://github.com/menzzana/geisa)(11, 41). An update JAVA coded

458  software of the previously published GEIRA algorithm (42). The numbers and the percentage
459  of SNPs analyzed for each studied cohort are presented in Table 2.

460

461  Comparison of the distribution of AP p-values between the risk and non-risk groups of SNPs
462  and quality control approaches

463  The distribution of AP p-values observed in the interaction analysis from the ACPA-positive

464  RA risk SNPs was compared with the distribution of AP p-values observed in the interaction
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465  analysis from the non-risk SNPs using the Kolmogorov-Smirnov (KS) test, implemented in the
466  stats package of R software(v3.3.2) (https://www.r-project.org/)(43). The KS test statistic
467  quantifies the maximum distance (D) between the two empirical cumulative distribution
468  functions (ECDF) of the AP p-values from the risk and non-risk SNPs groups. The alternative
469  hypothesis for the KS test was that the ECDF of the AP p-values from the risk SNPs is higher
470  than the one for the non-risk SNPs influenced by an enrichment of small AP p-values due to
471  the interaction between the HLA-DRB1 SE alleles and the risk group of SNPs. The p-value
472  obtained from this KS test was lower than the machine precision, represented as <2.2e-16 or
473  zero when the absolute p-value was asked. The <2.2e-16 value corresponds to the default
474  double.eps component of the numerical characteristics of R machine. Thus, the threshold for
475  the permutations was set to 2.2e-16. We permuted the category for the SNPs, of risk and non-
476  risk ten thousand times, applying the KS test each time to identify the proportion of p-values
477  from the KS tests that are less than the set threshold (<2.2e-16). The percentage of the KS test
478  results with p-values less than 2.2e-16 was 0, the maximum D value observed was 6.1e-03 in
479  both analyzed cohorts. Likewise, we permuted the HLA-DRB1 SE variable using non-imputed
480 GWAS data and a smaller number of permutations (n=1000), due to the computational
481  limitations to calculate the interaction for each randomized SE variable against all SNPs in the
482 GWAS. We applied the KS test to detect differences in the AP p-values’ distribution for risk
483  (nominal p-values of association <0.05) versus non-risk (nominal p-values of association >0.05)
484  SNPs, each time the SE variable was randomized. The maximum D values observed were 0.05
485 and 0.03 for EIRA and NARAC, respectively. The percentage of the KS test p-values from
486  permutations less than 2.2e-16 were 0.1 for both EIRA and NARAC. Both types of
487  permutations showed that less than 5% of the KS test will exhibit a p-value under 2.2e-16,
488  strongly indicating that differences in the AP p-values distribution detected by the KS test from

489  the original data are unlikely to be by chance.
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490

491  In order to verify that the observed results were not due to statistical artifacts, we employed
492  several approaches. First, we performed two types of permutations, for SE alleles and for the
493  groups of SNPs, described in detail above. Second, we removed the SNPs from the PTPN22
494  locus (chrl:113679091 to chr1:114679090, GRCh37/hg19) and applied the same workflow,
495  from step one to nine of Fig 1b, to determine whether this locus significantly influences the
496  observed enrichment due to the known gene-gene interaction between the rs2476601variant (or
497  SNPs in LD with this variant) and the HLA-DRB1 SE alleles (7). Third, we used the above
498  mentioned workflow, from step one to nine of Fig 1b, replacing the SE variable with the
499  rs4507692 SNP as a negative control, since the rs4507692 SNP is not associated with RA but
500  has the same MAF as the HLA-DRB1 SE alleles (Table 1). Fourth, non-imputed GWAS data
501  was used in the same methodological workflow, from step one to nine of Fig 1b, as well as
502  removing data from the entire chromosome 6, to address possible inflation in the results due to
503  ahigh LD with the HLA-DRBL1 SE alleles.

504

505  SNPsin interaction with SE between EIRA and NARAC

506  We selected those variants with AP p-values < 0.05 and same AP direction from both the EIRA
507 and NARAC studies to evaluate their distribution across the genome and their possible
508  implication in expression of the neighboring genes in the HLA-DRB1 SE alleles context. We
509 also applied FDR correction to the AP p-value of these 1,492 SNPs and considered significant
510  g-values less than 0.05 (Supplementary Material Table S3).

511

512 Expression Quantitative Trait Loci (eQTL) in the context of the HLA-DRBL1 SE alleles

513 We evaluated whether the selected SNPs in interaction with the HLA-DRB1 SE alleles were

514  eQTLs in the HLA-DRB1 SE alleles context for genes £1Mbp around them (GRCh37/hgl9
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515  assembly was used) using data from the PBMCs found in the COMBINE study (44). Briefly,
516  the PBMCs from the RA patients were sampled at the Rheumatology Unit, Karolinska Institute,
517  Stockholm-Sweden. RNA was purified from the PBMC samples and sequenced using I[llumina
518 HiSeq 2000 with TruSeq RNA sample preparation. DNA was genotyped using Illumina
519  OmniExpress arrays (12v1) (44).

520  The eQTLs in the context of the HLA-DRBL1 SE alleles (SE-eQTLs) were analyzed in 97 ACPA-
521  positive RA patients (69% females) that were undergoing a change or start of a new treatment
522 regimen. In the analysis, the following formula was applied:

523 Expression ~ genotype * SE

524  Where expression was the normalized gene expression values of a proximal gene, processed
525  according to the edgeR package (v3.8.6)
526  (https://bioconductor.org/packages/release/bioc/html/edgeR.html)(45, 46) i.e., the log2
527  transformed and TMM-normalized (trimmed mean of M-values normalization method). The
528  genotype was the numerically encoded genotype of the SNP (AA=0, AB=1, BB=2), and SE
529  was the HLA-DRBL1 shared epitope alleles status as either true or false. Sex and treatment cohort
530  were used as covariates and subject-ID as repeated measure, which was assumed as random
531 intercept for each subject in the mixed-linear model (Data available on request). The calculation
532 was performed using the mixed-linear model function in the nlme 3.1 package from
533  R/Bioconductor (v3.3.2) (https://www.bioconductor.org/)(47). Low expressed genes (TMM-
534  normalized < 1.4) were filtered out and 5% FDR(48) was considered.

535

536 Gene ontology analysis

537  In order to have a global view of the plausible biological pathways pointed by these SNPs in
538 interaction with the HLA-DRBL1 SE alleles, gene ontology (GO) was assessed with GREAT

539  (v3.0.0) (http://bejerano.stanford.edu/great/public/html/index.php)(49) to the list of 1,492
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540  SNPs. Those SNPs have AP p-values <0.05 and same AP direction in both the EIRA and
541 NARAC results (Supplementary Material Tables S6 and S7).

542
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722  Figure Captions

723  Fig 1. (a) Genetic variants associated with ACPA-positive RA. This plot represents the
724  association signals (p-values < 1.0e-05) from different GWAS in ACPA-positive RA, taken
725  from the NHGRI-EBI GWAS catalog (https://www.ebi.ac.uk/gwas/home) (50-52). The x-axis
726  shows the physical positions for the chromosomes of the human genome including chromosome
727 X (marked as 23). The y-axis represents the OR value observed for each SNP in different
728  studies. As examples, some polymorphisms are pointed out together with the OR observed for
729  the HLA-DRBL1 SE alleles in EIRA and NARAC studies. (b) Methodology work flow. The
730  workflow applied in the present study. [a] The same workflow was applied using only
731  genotyping data (non-imputed) from both cohorts. In an independent analysis, all genetic
732 variations from the MHC locus or from the entire chromosome 6 were removed from the
733 analysis (Supplementary Material Table S2). [b] An alternative step was included at this point
734 of the workflow. The PTPN22 locus (chr1:113679091 to chr1:114679090) was removed from
735  the analysis due to the previously reported interaction in RA between the non-synonymous
736  variant rs2476601 in the PTPN22 gene and the HLA-DRB1 SE alleles (7). [c] The gender and
737  the first ten principal components from PCA were included as covariates in the model. The
738  interaction test was only applied when at least 5 individuals were present in each combined
739  category of the calculation. AP value, its respective p-value and confidence interval (95%CI)
740  were assessed using logistic regression by means of the program GEISA
741  (https://github.com/menzzana/geisa)(11, 40). [d] In order to verify that the observed results
742  were not due to statistical artifacts, we employed several approaches. First, we permuted the
743 category of risk and non-risk for the observed AP p-values ten thousand times, applying the KS
744  test each time to identify the proportion of p-values from the KS tests that are less than the set
745  threshold (<2.2e-16). The percentage of the KS test results with p-values less than 2.2e-16 was
746 0, the maximum D value observed was 6.1e-03 in both analyzed cohorts. Likewise, we
747  permuted the HLA-DRB1 SE variable using non-imputed GWAS data, with a smaller number
748  of permutations (n=1000) due to the computational limitations, to calculate the interaction for
749  each randomized SE variable against all SNPs in the GWAS. We applied the KS test to detect
750  differences in the AP p-values’ distribution for risk (nominal p-values of association <0.05)
751  versus non-risk (nominal p-values of association >0.05) SNPs, each time the SE variable was
752  randomized. The maximum D values observed were 0.05 and 0.03 for EIRA and NARAC,
753  respectively. The percentage of the KS test p-values from permutations less than 2.2e-16 were
754 0.1 for both EIRA and NARAC. Both types of permutations showed that less than 5% of the
755  KS test will exhibit a p-value under 2.2e-16, strongly indicating that differences in the AP p-
756  values distribution detected by the KS test from the original data are unlikely to be by chance.
757  Secondly, as it is mentioned before, we tested the same workflow after removing the PTPN22
758  locus, to test whether the enrichment of interactions observed was significantly influenced by
759  these variants. Third, we applied the same workflow up to this point, replacing the SE variable
760  with the rs4507692 SNP as a negative control, since the rs4507692 SNP is not associated with
761  ACPA-positive RA but has the same MAF as the HLA-DRB1 SE alleles. Fourth, as it is
762  mentioned before, non-imputed GWAS data were used in the same methodological workflow,
763  as well as removing data from the entire chromosome 6, to address possible inflation in the
764  results due to a high LD with the HLA-DRBL1 SE alleles.

765  Abbreviations: SEISNP1: presence of the HLA-DRB1 SE alleles and the risk allele from the
766  SNP, SEISNPO: presence of the HLA-DRB1 SE alleles and absence of the risk allele from the
767  SNP, SEOSNP: absence of the HLA-DRB1 SE alleles and presence of the risk allele from the
768  SNP, ACPA-positive RA — anti-citrullinated protein antibody positive rheumatoid arthritis, SE:
769  share epitope, GWAS — genome-wide association study, NHGRI — National Human Research
770  Institute, EBI — European Bioinformatics Institute, OR - odds ratio, EIRA — epidemiological
771  investigation of rheumatoid arthritis, NARAC — North American rheumatoid arthritis
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772  consortium, MHC locus — major histocompatibility locus, PTPN22 — gene abbreviation, PCA

773  — principal component analysis, KS — Kolmogorov-Smirnov test, MAF — minor allele
774  frequency, LD — linkage disequilibrium.
775

776  Fig 2. Comparison of the distribution of p-values for attributable proportion in EIRA and
777  NARAC studies for interaction tests between the HLA-DRB1 SE alleles and genetic
778  variants. (a) Density plot of AP p-values for the interaction between the HLA-DRB1 SE alleles
779  and the risk group of SNPs (nominal p-value of association <0.05) or (b) non-risk group of
780  SNPs (nominal p-value of association >0.05) in the EIRA study. (c) The respective ECDF plot
781  of'the AP p-values distribution of risk (red line) or non-risk (blue line) SNPs in interaction with
782  the HLA-DRB1 SE alleles (KS test, D=0.35, p-value <2.2e-16; Table 2). We tested for
783  differences in the AP p-values distribution on the fraction that could be considered as significant
784  interactions with the HLA-DRBL1 SE alleles (AP p-value <0.05). (d) Density plot for the AP p-
785  values from the interaction tests between the risk SNPs and the HLA-DRBL1 SE alleles or, (e)
786  between the non-risk SNPs and the HLA-DRBL1 SE alleles in the EIRA study. (f) ECDF of the
787  fraction of AP p-values distribution corresponding to <0.05 in the EIRA study (KS test, test
788  D=0.26, p-value >2.2e-16). Similar results were observed from the NARAC study, an
789  independent replication cohort: (g) Density plot of the AP p-values for the interaction between
790  the HLA-DRBL1 SE alleles and the risk group of SNPs or (h) non-risk group of SNPs. (i) The
791  respective, ECDF plot from the NARAC study (KS test, D=0.25, p-value <2.2e-16, Table 1).
792 (j) Density plot of the fraction of the AP p-values distribution of less than 0.05 from the
793  interactions between the HLA-DRB1 SE alleles and the risk SNPs or (K) non-risk SNPs. (I) The
794  ECDF plot from this fraction of the AP p-values distribution (KS test, D=0.17, p-value >2.2e-
795  16).

796  Abbreviations: EIRA — epidemiological investigation of rheumatoid arthritis, NARAC — North
797  American rheumatoid arthritis consortium, AP — attributable proportion due to interaction,
798  ECDF - Empirical cumulative distribution function, KS test — Kolmogorov — Smirnov test.
799

800 Fig 3. Three-factor’s OR calculation: the HLA-DRB1 SE alleles and the two most
801  significant SNPs in interaction with each cohort. On the x-axis — the combinations of
802  presence or absence of risk alleles for allelic or dominant models. On the y-axis — the combined
803  ORs with 95% CI of HLA-DRB1 SE alleles (presence - Y, or absence - N) and the most
804  significant SNPs in interaction from each cohort. Panel (a) shows data from the EIRA study,
805  where the rs2077507(A>G) and rs1004664(T>G) SNPs are represented. The YGG alleles
806  combination represents all risk alleles. The rs2077507 SNP is in significant interaction with the
807 HLA-DRBL1 SE alleles (AP=0.57 95%CI=0.47-0.67, p-value <le-16). Similarly, rs1004664 is
808  in significant interaction with the HLA-DRB1 SE alleles (AP=0.46 95%CI=0.34-0.57, p-
809  value=6e¢-14) in the EIRA study. Panel (b) shows data from the NARAC study, where the
810  chr14:97082932(C>T) and rs56130735(G>A) variants are represented. The YTA alleles
811  combination represents all risk alleles. The chr14:97082932 wvariant shows significant
812  interaction with the HLA-DRB1 SE alleles (AP=0.54 95%CI=0.34-0.75, p-value=2.1e-07) as
813  well as 1s56130735 (AP=0.37 95%CI=0.19-0.54, p-value=4.7¢-05) in the NARAC study.

814  Abbreviations: OR - odds ratio, CI — confidence intervals, EIRA — epidemiological
815 investigation of rheumatoid arthritis, NARAC — North American rheumatoid arthritis

816  consortium, AP — attributable proportion due to interaction.
817

818  Fig 4. Selected SNPs from both studied cohorts with AP p-value <0.05 and same direction
819  of AP for the additive interaction test with the HLA-DRBL1 SE alleles. The circos plots for
820  (a) the EIRA study and (b) the NARAC study represent with triangles each of the 1,492 selected
821  SNPs in additive interaction with the HLA-DRB1 SE alleles. The outermost track of the circos
822  plots is the cytoband for 22 human chromosomes. The y-axis of the second track is the negative
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823  logarithm of the AP p-values due to additive interaction with the HLA-DRB1 SE alleles. In the
824  third track, the y-axis corresponds to the AP value. The internal connector lines highlight the
825  interactions that exhibited an AP p-value<le-03. (c-d) Representation of locus at chromosome
826 9933 centered on rs7033753 SNP for (c) the EIRA study and (d) the NARAC study. The
827  1s7033753 is in LD (r>>0.6) with several other variants in interaction with the HLA-DRB1 SE
828 alleles in both the studies. (e-f) The genotype of rs7033753 variant is significantly correlated
829  with the expression of (€) GSN-AS1 and (f) PHF19 genes in PBMCs from the ACPA-positive
830  RA patients when stratification by the HLA-DRB1 SE allelic status is considered (SE-eQTL
831 FDR g-value=0.04 for both SNP-gene pairs). (g-h) Representation of locus at chromosome
832  1pl3 centered on rs2476601 SNP for (c) the EIRA study and (d) the NARAC study. (i-K) The
833 152476601 genotype in stratification by the HLA-DRB1 SE allelic status significantly correlates
834  with (i) HIPK1, (j) PTPN22, and (k) CSDE1 genes expression in PBMCs from the ACPA-
835  positive RA patients (SE-eQTL FDR g-value=0.04). Panels (c), (d), (g) and (h) were done using
836  LocusZoom(v0.4.8) (http://locuszoom.org/genform.php?type=yourdata)(53, 54).

837  Abbreviations: EIRA — epidemiological investigation of rheumatoid arthritis, NARAC — North
838  American rheumatoid arthritis consortium, AP — attributable proportion due to interaction, LD
839  —linkage disequilibrium, PBMCs — peripheral blood mononuclear cells, ACPA-positive RA —
840  anti-citrullinated protein antibodies positive rheumatoid arthritis, SE-eQTL — expression
841  quantitative trait loci in shared epitope context, FDR — false discovery rate. GSN-AS1, PHF19,
842  HIPK1, PTPN22, and CSDEL1 are abbreviations for the genes.

843

844  Fig 5. Three-factor’s OR calculation: the HLA-DRBL1 SE alleles and two of the replicated
845  SNPs in significant interaction. On the x-axis — the combinations of presence or absence of
846  risk alleles for allelic or dominant models. On the y-axis — the combined ORs with 95% CI of
847  HLA-DRBL1 SE alleles (presence - Y, or absence - N), the rs2476601(G>A, in the 1p13 locus)
848  SNP and the rs10739581(T>C, in the 9933 locus). The YAC allelic combination is a risk factor
849  to develop ACPA-positive RA in the study populations. Panel (a) shows data from EIRA study,
850  where both rs2476601 and rs10739581 are in significant interaction with the HLA-DRB1 SE
851  alleles after FDR correction (AP=0.45 95%CI=0.31-0.60, p-value=4.3e-10, FDR g-value=5.2e-
852  5and AP=0.40 95%CI=0.24-0.57, p-value=1.4e-6, FDR g-value=0.04, respectively). Similarly,
853  panel (b) shows data from NARAC study for the combined OR of HLA-DRB1 SE alleles,
854 152476601 and rs10739581 variants. The rs2476601 SNP at 1p13 locus and rs10739581 at 9q33
855 locus are in significant interaction with HLA-DRB1 SE alleles after FDR correction in the
856 NARAC study (AP=0.41 95%CI=0.23-0.6, p-value=1.1e-5, FDR g-value=0.04 and AP=0.43
857  95%CI=0.28-0.6, p-value=2.1e-8, FDR g-value=2.5e-4, respectively).

858  Abbreviations: OR - odds ratio, CI — confidence intervals, ACPA-positive RA — anti-
859  citrullinated protein antibodies positive rheumatoid arthritis, EIRA — epidemiological
860  investigation of rheumatoid arthritis, NARAC — North American rheumatoid arthritis
861  consortium, AP — attributable proportion due to interaction, FDR — false discovery rate.

862

863  Supplementary Material

864  Fig S1. Comparison of the distribution of p-values for attributable proportion in the EIRA
865 and NARAC studies for interaction tests between the SNP rs4507692 and RA risk or non-
866  risk SNPs. The rs4507692 is a variant that has the same MAF as the HLA-DRB1 SE alleles but
867  isnotassociated with ACPA-positive RA. (a) Density plot of the AP p-values for the interaction
868  between rs4507692 and the ACPA-positive RA risk group of SNPs (raw p-value of association
869  <0.05) or (b) non-risk group of SNPs (raw p-value of association >0.05) in the EIRA study. ()
870  The respective ECDF plot of the AP p-values distribution of risk (red line) or non-risk (blue
871  line) SNPs in interaction with the rs4507692 (KS test, D=0.018, p-value=1.4e-43, (Table 1 and
872  Supplementary Material Tables S1 and S2). We tested for differences in the AP p-values
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873  distribution on the fraction that could be considered as significant interactions with rs4507692
874 (AP p-value <0.05). (d) Density plot for the AP p-values from the interaction tests between the
875  risk SNPs and rs4507692 or, () between the non-risk SNPs and rs4507962 SNP in the EIRA
876  study. (f) ECDF of the fraction of the AP p-values distribution corresponding to <0.05 in the
877  EIRA study (KS test, D=0.009 and p-value= 0.50). Similar results were observed from the
878  NARAC study, an independent replication cohort: (g) Density plot of the AP p-values for the
879  interaction between the rs4507692 and the risk group of SNPs or (h) the non-risk group of
880  SNPs. (i) The respective, ECDF plot from the NARAC study (KS test, D=0.001, p-value=
881  0.458, Supplementary Material Table S2). (j) Density plot of the fraction of the AP p-values of
882  less than 0.05 from the interactions between the rs4507692 and the risk SNPs or (K) the non-
883  risk SNPs. (I) The ECDF plot from this fraction of the AP p-values distribution (KS test, D=
884  0.027 and p-value=1.29¢-07) is not significant since it is higher than the significant threshold
885  set for the KS-test of 2.2e-16.

886  Abbreviations: EIRA — epidemiological investigation of rheumatoid arthritis, NARAC — North
887  American rheumatoid arthritis consortium, ACPA-positive RA — anti-citrullinated protein
888  antibodies positive rheumatoid arthritis, AP — attributable proportion due to interaction, ECDF
889 - Empirical cumulative distribution function, KS test — Kolmogorov — Smirnov test.

890

891  S2 Figure. ECDF for the KS test between the AP p-values of the risk SNPs test for
892  interaction with the HLA-DRB1 SE alleles (upper line in light red) or with the rs4507692
893  variant (bottom line in dark red). (a) in EIRA (KS test, D=0.352, p-value< 2.2e-16) and (b)
894  in NARAC (KS test, D=0.258, p-value<2.2e-16).

895  Abbreviations: ECDF - Empirical cumulative distribution function, KS test — Kolmogorov —
896  Smirnov test, AP — attributable proportion due to interaction.

897

898  S3 Figure. The four most significant SE-eQTLs. SNPs in interaction with the HLA-DRB1 SE
899  alleles from the EIRA and NARAC studies were selected (AP p-value <0.05 and same direction
900  of AP in both studies) and evaluated as cis-eQTL in the presence or absence of the HLA-DRB1
901  SE alleles (SE-eQTL) in PBMCs from the ACPA-positive RA patients (COMBINE study(44)).
902  We observed that 201 SNPs in interaction with the HLA-DRB1 SE alleles are eQTLs when the
903  SE allelic status is considered (FDR g-value<0.05). The top four SNP-gene pairs are
904  represented in the plots: (a) rs10404242-TLE6, SNP-gene pair (SE-eQTL p-value=6.7¢-4, FDR
905  g-value=0.04). The rs10404242 variant is in interaction with the HLA-DRB1 SE alleles in the
906 EIRA study (AP= 0.25, 95%CI=0.09-0.42, AP p-value=0.002) and in the NARAC study
907  (AP=0.23 95%CI=0.04-0.43 AP p-value=0.02). (b) rs5763638-ZNRF3-AS1, SNP-gene pair
908  (SE-eQTL p-value=1.9¢-3, FDR g-value=0.04). The rs5763638 variant is in interaction with
909  the HLA-DRBL1 SE alleles in the EIRA study (AP=0.19, 95%CI=0.013-0.37, AP p-value=0.03)
910 and in the NARAC study (AP=0.22, 95%CI=0.02-0.44, AP p-value=0.03). (c) rs28513183-
911 HSD11B1, SNP-gene pair (SE-eQTL p-value=2e-3, FDR g-value=0.04). The rs28513183
912  wvariant is in interaction with the HLA-DRB1 SE alleles in the EIRA study (AP=0.22,
913  95CI=0.02-0.44, AP p-value=0.03) and in the NARAC study (AP=0.27, 95CI=0.07-0.49, AP
914  p-value=9.4e-3). (d) rs1781279-MTPA, SNP-gene pair (SE-eQTL p-value=2.9¢-3, FDR g-
915  value=0.04). The rs1781279 variant is in interaction with the HLA-DRB1 SE alleles in the EIRA
916  study (AP=0.19, 95%CI=0.02-0.37, AP p-value=0.03) and in the NARAC study (AP=0.24,
917  95%CI=0.05-0.44, AP p-value=0.01).

918  Abbreviations: SE-eQTL — expression quantitative trait loci in shared epitope context, EIRA —
919  epidemiological investigation of rheumatoid arthritis, NARAC — North American rheumatoid
920  arthritis consortium, AP — attributable proportion due to interaction, PBMCs — peripheral blood
921  mononuclear cells, ACPA-positive RA - anti-citrullinated protein antibodies positive
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922  rheumatoid arthritis, FDR — false discovery rate. TLE6, ZNRF3-AS1, HSD11B1 and MTPA are

923  abbreviations for the genes.
924

925  Table S1. The Kolmogorov-Smirnov (KS) test for AP p-values distributions of the interaction
926  analysis with the rs4507692 SNP 2P in EIRA and NARAC imputed data.

927

928  Table S2. The Kolmogorov-Smirnov (KS) test for AP p—values distributions of the interaction
929  analysis in EIRA and NARAC GWAS (non-imputed data).

930

931 Table S3. Selected SNPs in interaction with the HLA-DRB1 SE alleles from EIRA and
932  NARAC. The SNPs were selected whether they exhibited AP p-values < 0.05 and the same
933  direction of AP in both studies.  The interaction tests were done using the risk allele from the
934  tested SNPs. P 1 refers to the risk factor or alleles. Complementary 0 refers to the opposite no-
935  risk factor or allele.

936

937  Table S4. Distribution across the human genome of the selected SNPs in interaction with the
938 HLA-DRBL1 SE alleles.

939

940 Table S5. SE-eQTLs observed in ACPA-positive RA patients. Only selected SNPs in
941 interaction with the HLA-DRB1 SE alleles were tested.

942

943  Table S6. Gene ontology (GO) terms obtained using 1,492 selected SNPs in interaction with
944  the HLA-DRBL1 SE alleles.

945

946  Table S7. Setting used, input, output data, and results from the gene ontology (GO) analyses.
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