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Objective: This study aimed to investigate the associations of multi-omics polygenic risk score (PRS) and
rheumatoid arthritis (RA) to identify potential genes/proteins and biological pathways.
Methods: Based on multi-omics data from 48,813 participants in the INTERVAL cohort, we calcu-
lated multi-omics PRS for 13,646 mRNAs (RNASeq), 308 proteins (Olink), 2380 proteins (SomaScan),
726 metabolites (Metabolon), and 141 metabolites (Nightingale). Using the generalized linear model, we
first evaluated the associations between multi-omics PRS and RA in 58,813 UK Biobank participants. The
Gene Ontology (GO) project and Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed to
identify the functional pathways in RA. Furthermore, differential gene expression profile datasets were
used to validate the identified genes/proteins in our study.
Results: We identified 59 transcriptomics PRS and 29 proteomics PRS significantly associated with
RA. Both proteomics and transcriptomic PRS identified HLA-DQA2 (RNASeq: OR=1.19, P=1.18 x 107%¢;
SomaScan: OR=1.24, P=4.43 x 10?7) and AGER (RNASeq: OR=0.91,P=4.18 x 1 0~4; SomaScan: OR=0.93,
P=3.97 x 10-3) were significantly associated with RA. Proteomic PRS from different profiling plat-
forms (SomaScan and Olink) identified a consistent association between TFF3 (SomaScan: OR=0.90,
P=4.08 x 1075; Olink: OR=0.93, P=4.87 x 1073) and RA. The identified gene/proteins were mainly
enriched in the NF-kappa B signaling pathway (hsa04064, P=5.06 x 10~°) and Cytokine-cytokine recep-
tor interaction (hsa04060, P=2.49 x 10~4). In addition, a total of 12 candidate genes in our study were
verified in two independent GEO datasets, such as FLOT1 and ABCF1.
Conclusion: Our findings provide novel insights into the involvement of identified genes/proteins and
pathways in the pathogenesis of RA from multi-omics levels.

© 2024 Soci6td Franodaise de Rhumatologie. Published by Elsevier Masson
SAS. All rights are reserved, including those for text and data mining, Al training, and similar technologies.
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1. Introduction

Rheumatoid arthritis (RA) is a common systemic autoimmune
disease characterized by chronic synovitis and vasculitis, which
eventually leads to progressive destruction of articular cartilage
and disability [1]. The etiology of RA remains unclear, involving
environmental and genetic factors. RA has a significant genetic sus-
ceptibility, with an estimated heritability of 60% [2]. Rheumatoid
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factor (RF) and anti-citrullinated protein antibodies (ACPAs) are
currently used clinically as biomarkers for early diagnosis of RA,
but their sensitivity and specificity are limited [3,4]. Therefore, it is
critical to identify new biomarkers of RA for early recognition.
Previous studies have pinpointed risk locus for RA using single-
omics techniques such as genomics, transcriptomics, proteomics,
and metabolomics. For example, a genome-wide association study
(GWAS) refined the understanding of the genetic framework and
variant-driven biology of RA, revealing 11 new loci linked to RA sus-
ceptibility [5]. In another study, Luan et al. identified 26 biomarkers
by analyzing metabolomic and lipidomic alterations in the serum of
RA patients, which were used to develop a machine-learning-based
model for RA case stratification [6]. These single-omics analyses
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can identify potential risk factors and provide insights into dis-
ease mechanisms. However, a single-omics data layer, such as
proteomic, only focuses on a specific biological process from a sin-
gle perspective, providing insights only at a particular level. As a
result, single-omics approaches are limited in their ability to fully
analyze the intricate and precise mechanisms underlying RA.

Recently, integrative multi-omics analyses have been able to
infer novel insights into disease causality and deepen our compre-
hension of RA biological systems pathogenesis [7-9]. By integrating
GWAS and expression quantitative trait loci (eQTL) data, a set of
eQTL pathways linked to RA correlating with five distinct immune
cell types were detected. This provides new perspectives into the
underlying mechanisms of RA pathogenesis [8]. The involvement of
multi-omics studies facilitates the connection between genetic risk
variants and disease-specific gene expression. Multi-omics data
analysis allows for reconstructing complex biological networks and
pathways, providing insights into biological system-level interac-
tions. However, integrating data across various omics types poses
a significant challenge. In the INTERVAL cohort, an atlas of genetic
scores was constructed to forecast multi-omic traits encompassing
13,668 mRNAs, 2692 proteins, and 867 metabolites [10].

Polygenic risk score (PRS) is a quantitative method to assess the
genetic risk of diseases by amalgamating the effects of multiple
genetic loci [11]. It is limited in providing insights into the mecha-
nisms underlying diseases. Multi-omics genetic scoring allows for
systematically exploring associations between specific traits or dis-
eases and biological pathways across different levels. Therefore, we
conducted the study using data from the UK Biobank and OMIC-
SPRED platform to calculate multi-omics PRS (transcriptomics,
proteomics, and metabolomics). This study aimed to investigate
the associations of multi-omics PRS with RA to recognize potential
gene/proteins and biological pathways.

2. Methods
2.1. Study population

RA data were obtained from the UK Biobank. This large
prospective cohort study recruited over 500,000 individuals from
one of 22 assessment centers in England, Scotland, and Wales
between 2006 and 2010. Extensive health data were obtained
through questionnaires, verbal interviews, and biological and phys-
ical measurements. Detailed study design and population have
been described exhaustively in previous studies [12]. RA was
classified using the International Classification of Diseases 10th
Revision (ICD-10) coding system. The detailed contents are as
follows: RA_seropositive (M053, M058, M059, M068, M069), and
RA_seronegative (M060). The control group was defined as those
with no record of inpatient care related to any disease accord-
ing to the ICD-10 coding system. This study was conducted under
the approval of UK Biobank (UKB application 46478). It contained
health-related records of 58,813 subjects, including age, sex, body
mass index (BMI), frequency of smoking, and frequency of alcohol
drinking.

2.2. Genotyping and quality control

The INTERVAL study [13] is a randomized trial that enrolled
approximately 50,000 healthy blood donors recruited at 25 cen-
ters of England’s National Health Service Blood and Transplant
(NHSBT) and aged 18 years or older at recruitment. Genotyping was
conducted in INTERVAL samples with approximately 830,000 vari-
ants using the Affymetrix Biobank Axiom array. Imputation was
performed by IMPUTE2 using a combined 1000 Genomes Phase
3-UK10K reference panel. Quality control (QC) procedures were
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conducted during the genotype calling pipeline. Firstly, samples
were exclued with poor signal intensity (dish QC<0.82) and low
call rate (< 97%) based on about 20,000 high-quality probesets. Sec-
ondly, variants were excluded if they had a low call rate (< 95%),
had more than three clusters, and had cluster statistics. This study
further excluded duplicate samples and non-European ancestry
according to the principal component analysis (PCA), including
INTERVAL samples with 1000 Genomes European ancestry pop-
ulations. Finally, 10,572,788 variants for 43,059 samples were kept
after applying quality control measures. Details of the genotyping
and quality control procedures were published elsewhere [10].

2.3. Polygenic risk score analysis of multi-omics

The score files linked to 17,227 biomolecular traits
(13,668 mMRNAs from Illumina RNAseq, 2384 proteins from
SomaScan, 308 proteins from Olink, 726 metabolites from
Metabolon, and 141 metabolic traits from Nightingale) used
to calculate PRS were extracted from the OMICSPRED web-
site  (https://www.omicspred.org/) [10]. SNPs significantly
associated with each of the 17,227 biomolecular traits were
employed to calculate PRSs as a weighted sum of biomarker-
related alleles for UK Biobank participants using PLINK 2.0
(http://www.cog-genomics.org/plink/2.0/). Briefly, we set PRS, to
represent the biomarker-related (mRNAs/proteins/metabolites)
PRS value for the nth UKB sample, defined as:

1
PRSn = " EiDin
i=

Where | refers to the total number of biomarker-related SNPs;
E; denotes the effect size of significant biomarker-related SNP |, Dj,
represents the dosage of the risk allele of the ith SNP for the nth
individual (0 is coded for homozygous protective genotype, 1 for
heterozygous and 2 for homozygous polymorphic genotypes).

2.4. Statistical analysis

We evaluated the associations of multi-omics PRSs and RA by
logistic regression model, a specific model of generalized linear
model. Covariates include age, sex (male/female), body mass index
(BMI), alcohol use frequency/week, smoking frequency/day, as well
as the top 10 principal components (PCs). BMI was then calcu-
lated by dividing weight in kilograms by the square of height in
meters. We documented the odds ratio (OR) and corresponding
95% confidence intervals (CIs) from the model. The VIF diagnos-
tic method was used to evaluate the multicollinearity among the
variables. Table S1 shows the VIF results on significant blood
transcriptomic/proteomics PRS identified by the logistic model.
Generally, a VIF value greater than 5 indicates potential multi-
collinearity issues. The results indicated that the predictors derived
from the PRS calculated across different omics levels did not sig-
nificantly violate the independence assumptions. False discovery
rate (FDR)-corrected P-value of <0.05 were considered significant.
Tables S3, S6, S7, S9 and S10 showed the associations between
PRS for blood transcriptomics, proteomics, and metabolomics with
RA, with P-values adjusted using FDR correction. Additionally, to
examine the consistency of the association in subpopulations, we
conducted stratification analyses by sex. The statistical analyses
were all carried out by R software (version R 4.3.1).

2.5. Independent validation analysis

We used the microarray datasets (GSE93272 [14] and
GSE15573 [15]) downloaded from the Gene Expression Omnibus
(www.ncbi.nlm.nih.gov/geo/) to validate our results. Details on
sample quality control, experiment procedures, and data analyses
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Table 1
The basic characteristics of participants in the UK Biobank.
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Characteristics All (n=58813) Rheumatoid arthritis (n=6326) Control (n=52478)
Age (y), mean (SD) 54.99 (7.78) 60.06 (6.87) 54.38 (7.65)
Gender, n (%)
Male 27,609 (46.94) 2063 (32.61) 25,546 (48.67)
Female 31,204 (53.06) 4263 (67.39) 26,941 (51.33)
BMI (kg/m?), mean (SD) 26.76 (4.41) 28.50(5.42) 26.55 (4.23)
Daily smoking consumption, mean (SD) 5.02 (9.20) 8.95(11.68) 4.55 (8.73)
Weekly alcohol consumption, mean (SD) 10.37 (9.36) 9.14 (10.16) 10.50(9.27)

including normalization of raw data were described in the original
publications. The datasets were normalized by log2 transformation
and quantile standardization using the R package “Limma” [16].

2.6. Gene set enrichment analysis and network pathway analysis

To explore the functional similarity of the RA-associated genes,
we tested the probability of these genes clustering into specific
gene ontology (GO) terms and functional pathways defined by the
Gene Ontology project and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database. Specifically, the Database for Annota-
tion, Visualization, and Integrated Discovery (DAVID) integrated
database query tools (http://david.d.ncifcrf.gov/) were used to
annotate the significantly associated genes functionally. GeneMA-
NIA was used to build a protein-protein interaction (PPI) network
to find a series of genes related to a candidate gene and analyze the
interaction between these genes. We identified hub genes using the
Search Tool for the Retrieval of Interacting Genes (STRING) database
with a combined interaction score > 0.4 and the CytoHubba plugin
of Cytoscape(version 3.9.1). The FDR correction was adopted for
multiple tests.

3. Results
3.1. Characteristics of the study population

A total of 58,813 study participants were included in the study,
of which 6326 were diagnosed with RA. The baseline characteris-
tics are presented in Table 1. Data are presented as mean (standard
deviation, SD) for quantitative variables and as frequency with
percentages for categorical variables, respectively. The mean age
of study participants was 54.99 (7.78) years, 27,609 participants
(46.94%) were male, and the mean (SD) BMI was 26.76 (4.41) kg/m?.

3.2. Association of transcriptomics PRS and RA

A total of 59 transcriptomics PRS corresponding to 56 genes
were significantly associated with RA. Significant associations
were observed between a diversity of TRAV and TRBV genes and
RA (Table 2). To better understand the functions of 56 mRNAs,
we further conducted a functional enrichment analysis. By inte-
grating biological process (BP), molecular function (MF), and
cellular component (CC) and applying a screening criterion of
P-value<0.05, we identified 89 BP items, 32 MF items, and
21 CC items (Table S2, Fig. 1A-C). The significantly enriched
GO terms mainly included T-cell receptor complex (G0O:0042101,
P=7.72 x10729), plasma membrane signaling receptor com-
plex (G0:0098802, P=3.70 x 10722), and MHC protein binding
(G0O:0042287, P=4.79 x 1073) (Table S2). The enriched KEGG path-
ways mainly involved the Intestinal immune network for IgA
production (hsa04672, P=4.47 x 10-3), Human T-cell leukemia
virus 1 infection (hsa05166, P=9.98 x 10-3), Antigen processing
and presentation (hsa05166, P=1.10 x 102) (Table S2, Fig. 1D).
Table S4 showed the results of sex subgroup analyses. A total of
21 overlapping transcriptomics PRS were significantly associated
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with RA in both females and males, while 17 PRS were specifically
associated with females, and seven transcriptomics PRS specifically
for males.

3.3. Association of proteomics PRS and RA

A total of 27 proteomics PRS corresponding to 29 proteins
(27 proteins measured by Somascan, 2 measured by Olink,
1 overlapping protein) were significantly associated with RA,
such as HLA-DQA2 (Somascan: OR=1.24, P=4.43 x 10~27), CCL19
(Olink: OR=0.88, P=4.19 x 1079), and TFF3 (Somascan: OR=0.90,
P=4.08 x 107%; Olink: OR=0.93, P=4.87 x 10~3) (Table 2). The
29 genes were enriched by GO and KEGG analysis. We identi-
fied a total of 311 items related to BP, 35 items pertaining to
MF, and 12 items associated with CC (Table S5, Fig. 2A-C). The
enriched KEGG pathways mainly involved the NF-kappa B sig-
naling pathway (hsa04064, P=5.06 x 10~?), alcoholic liver disease
(hsa04936, P=1.70 x 10~4), and Cytokine-cytokine receptor inter-
action (hsa04060, P=2.49 x 10~4) (Table S5, Fig. 2D). Table S8
showed the results of sex subgroup analyses, a total of 11 over-
lapping proteomics PRS (10 proteins measured by Somascan, one
measured by Olink) were significantly associated with RA in both
females and males, while eight proteomics PRS specifically associ-
ated with female and four proteomics PRS specifically for males.

3.4. Protein-protein interaction construction

To view all possible RA-related protein interactions, we con-
structed a PPI network of the 29 proteins and 59 mRNAs using the
GeneMANIA tool, respectively. We further selected and visualized
the top 10 hub genes using the STRING database and cytoHubba
plugin (Fig. 3A-D). For instance, there were four significant targets
in the proteomics network corresponding to CCL19, CXCL3, CXCL2,
and IGLL5 (Fig. 3D).

3.5. Validation of RA-associated gene/proteins in independent
datasets

To confirm the validity of our analysis, we validated the candi-
date genes in our results that were commonly associated with RA
in independent datasets. As shown in Table 3, a total of 12 candi-
date genes in our study were all verified in two independent GEO
datasets (GSE15573 and GSE93272),including ZHX3, FLOT1, PHTF1,
LASP1, DCLRE1B, ABCF1, TUBB, VARS2, CD8A, CSNK2B, C60rf136,
and CCR10.

4. Discussion

This study explored the correlation between multi-omics PRS
and RA in a large population-based cohort and identified a list
of RA-associated genes/proteins. Further analysis indicated these
candidate genes/proteins mainly enriched in the cytokine-cytokine
receptor interaction and NF-kappa B signaling pathway.

In our results, both proteomics and transcriptomic PRS iden-
tified HLA-DQA2 and AGER were significantly associated with
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Table 2
The association between significant blood transcriptomic/proteomics PRS and RA.
OMICSPRED.ID Gene Platform OR P value FDR_P value
OPGS004213 NA RNASeq 1.134 1.89 x 10712¢ 1.36 x 1079¢
OPGS004404 TRIB3 RNASeq 0.925 2.05 x 10->¢ 6.08 x 1073P
OPGS004931 PLEKHF2 RNASeq 0.914 1.77 x 1076¢ 6.71 x 1074¢
OPGS004943 NA RNASeq 0.934 1.67 x 1074¢ 3.93 x 10722
OPGS004949 ILRUN RNASeq 1.071 9.48 x 10->¢ 2.44 x 10722
OPGS005230 LINC00243 RNASeq 1.101 1.57 x 1077¢ 7.14 x 1073¢
OPGS005389 TRAV23DV6 RNASeq 0.847 6.65 x 10723¢ 1.30 x 10719¢
OPGS006038 HLA-DQA2 RNASeq 1.191 4.33 x 10728¢ 1.18 x 10-24¢
OPGS006248 MCCD1 RNASeq 1.096 5.06 x 1077¢ 2.23 x 1074¢
OPGS006845 FLOT1 RNASeq 1.109 1.11 x 10°8¢ 5.61 x 1076¢
OPGS006866 AL662795.2 RNASeq 1.072 2.13 x 1074¢ 492 x 10722
OPGS007018 TRBV10-3 RNASeq 1.196 1.13 x 10-20¢ 1.71 x10717¢
OPGS007394 AL662844.4 RNASeq 0.928 2.90 x 1075¢ 8.42 x 1073P
OPGS007476 LGALS2 RNASeq 0.931 8.17 x 107°¢ 2.14x 10722
OPGS007956 PHTF1 RNASeq 0.934 1.59 x 1074¢ 3.80 x 1072¢
OPGS008402 TNXB RNASeq 1.152 5.34 x 10716¢ 5.20 x 10713¢
OPGS008889 TRAV20 RNASeq 1.225 9.81x 10731¢ 3.35x 107%7¢
OPGS009198 TRAV12-1 RNASeq 1.116 1.67 x 1079¢ 9.91x1077¢
OPGS009711 TRAV21 RNASeq 0.867 1.97 x 10714¢ 1.68 x 10711¢
OPGS009865 TRAV17 RNASeq 0.918 1.73 x 1076¢ 6.71 x 1074¢
OPGS010323 LASP1 RNASeq 1.078 3.38 x 107>¢ 9.61 x 1073P
OPGS010348 TRBV6-5 RNASeq 1.075 5.64 x 1075¢ 1.51x 10722
OPGS010492 HCG18 RNASeq 0.924 4.61x 107°¢ 1.28 x 10722
OPGS010607 TRAVS-1 RNASeq 0.889 1.62 x 10710¢ 1.05 x 1077¢
OPGS010693 TRBV5-1 RNASeq 0.933 1.33 x 1074¢ 3.23x1072¢
OPGS010700 DCLRE1B RNASeq 0.930 2.02 x 107%¢ 6.08 x 1073P
OPGS010917 LSM2 RNASeq 1.103 2.79 x 1076¢ 9.76 x 1074¢
OPGS011324 ARL2 RNASeq 0.931 9.91 x 107>¢ 2.50 x 10722
OPGS011344 NA RNASeq 1.084 1.15 x 10-3¢ 3.65 x 10730
OPGS011536 TRAV2 RNASeq 0.866 9.73 x 10715¢ 8.85 x 10712¢
OPGS011626 ABCF1 RNASeq 1.088 2.52 x 1076¢ 9.29 x 1074¢
OPGS011671 MICA RNASeq 1.121 1.24 x 10710¢ 8.46 x 1078¢
OPGS011784 TUBB RNASeq 1.090 2.77 x 1076¢ 9.76 x 1074¢
OPGS012006 VARS2 RNASeq 1.087 419 x 1076¢ 1.39x 10730
OPGS012171 TRBV15 RNASeq 0.841 3.48 x 1072%¢ 5.94 x 10719¢
OPGS012698 SNHG32 RNASeq 1.170 3.55 x 10-20¢ 4.84x10717¢
OPGS012808 TRBV20-1 RNASeq 0.921 6.74 x 1075¢ 2.19x1073P
OPGS013045 NEU1 RNASeq 1.105 6.40 x 10°8¢ 3.12 x 107>¢
OPGS013243 TRAV3 RNASeq 0.860 6.65 x 10717¢ 8.25 x 10714¢
OPGS013305 TRBV14 RNASeq 0.863 1.52 x 10716¢ 1.73 x 10713¢
OPGS013514 GZMK RNASeq 1.094 8.32x1077¢ 3.55 x 1074¢
OPGS013660 CD8A RNASeq 1.115 3.44 x 1079¢ 1.88 x 10°6¢
OPGS013699 TRAV5 RNASeq 1.147 3.32x 10714¢ 2.66 x 10711¢
OPGS013958 CSNK2B RNASeq 0.810 1.55 x 10-34¢ 7.05 x 10731¢
OPGS014075 AGER RNASeq 0911 1.01 x 10°6¢ 4.18 x 1074¢
OPGS015030 PRRC2A RNASeq 1.161 5.23 x 10716¢ 5.20 x 10713¢
OPGS015165 TRAV13-2 RNASeq 0.905 6.72 x 1078¢ 3.16 x 107>¢
OPGS015170 TRAV6 RNASeq 1.260 1.18 x 10-38¢ 1.61 x 10-34¢
OPGS015392 DXO RNASeq 0.903 1.97 x 1079¢ 1.12 x 10°6¢
OPGS015394 APOM RNASeq 1.078 4.75 x 10->¢ 1.30x 10722
OPGS015558 C6orf136 RNASeq 0.891 9.94 x 1079¢ 5.22 x 1076¢
OPGS015607 EGR2 RNASeq 1.086 3.06 x 1076¢ 1.04 x 10730
OPGS015819 TRAVS-3 RNASeq 0.886 2.85 x 10710¢ 1.77 x 1077¢
OPGS016039 TRBV12-3 RNASeq 1.210 4.94 % 10727¢ 1.12 x 1073¢
OPGS016242 CCR10 RNASeq 1.098 1.44 x 10°6¢ 5.78 x 1074¢
OPGS016480 ABHD16A RNASeq 1.118 1.04 x 10713¢ 7.88 x 107'1¢
OPGS016488 PRRT1 RNASeq 0.807 5.29 x 1073>¢ 3.61 x 10731¢
OPGS016623 NOTCH3 RNASeq 1.079 1.99 x 10->¢ 6.08 x 1073P
OPGS017180 CHEK2 RNASeq 0.944 1.22 x 1074¢ 3.03 x 10722
OPGS000137 C4A|C4B SomaScan 0.891 2.11 x 10710¢ 5.02 x 1078¢
OPGS000240 MICB SomaScan 0.933 1.24 x 1074¢ 1.23 x 10722
OPGS000402 HLA-DQA2 SomaScan 1.235 1.86 x 10-30¢ 4.43 x 10727¢
OPGS000517 AGER SomaScan 0.929 3.67 x 10->¢ 3.97 x 103P
OPGS000576 121 SomaScan 0.928 3.47 x 10->¢ 3.93 x 1073P
OPGS000645 PRSS3 SomaScan 0.883 8.60 x 10713¢ 4.09 x 10710¢
OPGS000690 RACGAP1 SomaScan 0.891 4.88 x 10711¢ 1.66 x 10-8¢
OPGS000905 TOR1AIP1 SomaScan 0.892 1.69 x 10-10¢ 4.47 x 1078¢
OPGS001123 SEMA3G SomaScan 0.930 6.52 x 107°¢ 6.75 x 1073P
OPGS001231 BGLAP SomaScan 1.091 1.63 x 107°6¢ 2.16 x 1074¢
OPGS001416 NSF SomaScan 1.129 2.13 x 10°11¢ 8.45 x 107°¢
OPGS001454 PTH2 SomaScan 1.155 1.91 x 10°15¢ 1.14 x 1071%¢
OPGS001492 EFEMP1 SomaScan 0.909 3.42 x 1077¢ 5.09 x 107>¢
OPGS001550 TFF3 SomaScan 0.896 2.23 x 1078¢ 4.08 x 1076¢
OPGS001553 MPIG6B SomaScan 1.093 2.31x 1076¢ 2.89 x 1074¢
OPGS001598 SPARC SomaScan 0.909 7.65 x 1078¢ 1.21 x1073¢
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OMICSPRED.ID Gene Platform OR Pvalue FDR_P value
OPGS001603 ZHX3 SomaScan 0.885 9.73 x 10710¢ 2.11x107¢
OPGS001693 ATF6 SomaScan 0.901 4.01 x 107¢ 7.95 x 1077¢
OPGS001773 HSD17B14 SomaScan 0.925 1.35x 1073¢ 1.61x1073P
OPGS001860 IGHE|IGK|IGL SomaScan 0.816 6.38 x 10729¢ 7.59 x 10-26¢
OPGS001911 EDA SomaScan 0.901 3.84x107¢ 5.38 x 107°¢
OPGS002070 CXCL2|CXCL3 SomaScan 0.844 5.56 x 10718¢ 4.41 x 10715¢
OPGS002103 TFF3 SomaScan 0.894 2.49 x 1078¢ 4.23 x 1076¢
OPGS002246 SPAG11B SomaScan 0.891 1.21 x 10710¢ 3.60 x 10-8¢
OPGS002530 TFF3 Olink 0.926 4.74 x 107>¢ 4.87 x 10730
OPGS002559 CCL19 Olink 0.881 1.36 x 1071¢ 4.19x1079¢
OPGS002672 BDNF Olink 0.907 1.18 x 10°6¢ 1.82x 104
2 P<0.05.
b p<0.01.
¢ P<0.001.
A Biological Process B Cellular Component
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e 2
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Fig. 1. GO enrichment and KEGG pathway analyses of transcriptomic candidate biomarkers associated with RA. (A) The top 10 biological processes. (B) The top 10 cellular
components. (C) The top 10 molecular functions. (D) The top 10 KEGG pathways. The color scales indicate the different thresholds for the P-values, and the sizes of the dots
represent the number of genes corresponding to each term. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

RA. HLA-DQA2 (major histocompatibility complex, class I, DQ
alpha 2) belongs to the HLA class II alpha chain family. The
encoded protein is a heterodimer with class II beta chain, which
is expressed in antigen-presenting cells (B lymphocytes, den-
dritic cells, macrophages). It presents antigenic peptides on the

cell surface for recognition by CD4 T-cells during inflammation
[17]. Genetic polymorphisms located in this gene region have
been implicated in autoimmune diseases [18]. The HLA region
has long been known to be a genetic factor in RA susceptibil-
ity [19]. Proteome-wide Mendelian randomization suggested that
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Fig. 2. GO enrichment and KEGG pathway analyses of proteomic candidate biomarkers associated with RA. (A) The top 10 biological processes. (B) The top 10 cellular
components. (C) The top 10 molecular functions. (D) The top 10 KEGG pathways. The color scales indicate the different thresholds for the P-values, and the sizes of the dots
represent the number of genes corresponding to each term. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

Table 3

Verified RA-associated genes identified in two independent datasets (GSE15573 and GSE93272).
OMICSPRED.ID Gene Description FDR_P value

GSE15573 GSE93272

OPGS001603 ZHX3 Zinc fingers and homeoboxes 3 4,03 x 1074 1.15 x 1074¢
OPGS006845 FLOT1 Flotillin 1 1.09 x 103> 2.65 x 10722
OPGS007956 PHTF1 Putative homeodomain transcription factor 1 2.74 x 1073P 3.08 x 10711¢
OPGS010323 LASP1 LIM and SH3 protein 1 2.70 x 10722 1.24 x 1074¢
OPGS010700 DCLRE1B DNA cross-link repair 1B 3.23 x 103" 3.45 x 10722
OPGS011626 ABCF1 ATP binding cassette subfamily F member 1 9.66 x 10730 6.51 x 10710¢
OPGS011784 TUBB Tubulin beta class | 3.84 x 1072P 3.10 x 1079¢
OPGS012006 VARS2 Valyl-tRNA synthetase 2 4,03 x 1074¢ 9.58 x 1075¢
OPGS013660 CD8A CD8a molecule 3.58 x 1074¢ 1.45 x 10730
OPGS013958 CSNK2B Casein kinase 2 beta 5.88 x 107°¢ 3.85 x 10722
OPGS015558 C6orf136 Chromosome 6 open reading frame 136 2.49 x 10722 3.26 x 10710¢
OPGS016242 CCR10 C-C motif chemokine receptor 10 5.97 x 1073P 3.19 x 1075¢
2 P<0.05.
b p<0.01.
¢ P<0.001.

variants located at the HLA-DQA2 region are closely associated with previous evidence. The AGER gene is located in the human leuko-

rheumatoid arthritis [20]. Our results suggested that HLA-DQA2 cyte antigen (HLA) class Il locus on chromosome 6, between the
was positively associated with RA genetic risk and supported by HLA class I and the HLA class II locus, which has been reported to
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Fig. 3. Construction of Protein-Protein Interaction Network (PPI) and Key Targets. A. Network of potential transcriptomic targets of RA analyzed by GeneMANIA. Genes on the
outer ring were submitted as query terms in searches. Nodes on the inner ring indicate genes associated with query genes. The functional association of targets was analyzed,
and different colors of connecting lines represent different correlations. B. Network of potential proteomic targets of RA analyzed by GeneMANIA. C. Key subnetwork of the
top 10 transcriptomic candidate nodes analyzed by CytoHubba. D. Key subnetwork of the top 10 proteomic candidate nodes analyzed by CytoHubba.

be associated with RA [21]. Integrative Mendelian randomization
reveals the soluble receptor for advanced glycation end products
(SRAGE), a transmembrane protein coded by the AGER gene, as
protective about RA [22], which is consistent with our results.
Proteomic PRS from different profiling platforms (SomaScan
and Olink) identified a consistent negative association with TFF3
and RA. TFF (Trefoil factor) peptides are expressed predominantly
in mucous epithelia (mucosa), performing cell type-specific inter-
actions with mucins. TFF peptides are important for maintaining
and repairing intestinal mucosa [23] and are involved in immune
responses [24]. It has been demonstrated that TFF3 aids wound
healing by enhancing tissue repair processes [25]. TFF was not
expressed in healthy human articular cartilage, but expression of
TFF3 was highly up-regulated in the cartilage of patients with OA
[26]. TFF3 protein levels in RA synovial fluid were significantly
lower than in healthy samples but slightly higher than in OA [27].
Furthermore, patients with Sjégren’s syndrome secondary to RA

exhibited significantly higher circulating levels of TFF3 compared
to healthy controls [28]. These findings suggested that TFF3 may
be involved in the inflammatory processes and pathogenesis of
RA, thus making it a promising candidate target for therapeutic
intervention in RA.

The KEGG pathway analysis showed that the candidate
gene/proteins were enriched in the cytokine-cytokine receptor
interaction and NF-kappa B signaling pathway. Cytokines are key
components in the innate immune defense, acting as essential
mediators of the immune response with roles in both immunoregu-
latory and inflammatory activities [29]. Cytokine-cytokine receptor
interactions play a significant role in the pathogenesis of RA. These
interactions involve various cytokines binding to their respec-
tive receptors on immune cells, triggering a cascade of immune
responses that contribute to the inflammation and joint damage
characteristic of RA [29,30]. NF-kappa B is a key signaling transcrip-
tion factor that regulates immune and inflammatory responses.
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There is increasing evidence that NF-kappa B activation is involved
in the pathogenesis of RA [31]. The NF-kB family of genes has been
reported to be highly expressed and activated in RA[31]. Zhou et al.
identified that receptor activator of NF-kappa B ligand (RANKL)
inhibitors can inhibit the proliferation and promote the apoptosis of
fibroblast-like synoviocytes (FLS) in RA by regulating the NF-kappa
B signaling pathway [32]. The bioactive ingredients of traditional
Chinese medicine have been reported to suppress joint inflamma-
tion by modulating the NF-kappa B signaling pathway [33]. This
evidence suggests that cytokine-cytokine receptor interaction and
NF-kappa B signaling pathway may be an attractive therapeutic
target for RA.

The current study identified chemokines-related genes enriched
in these two pathways above, such as CXCL2, CXCL3, and CCL19. It
is reported that chemokines are involved in the underlying patho-
genesis of RA by recruiting leukocytes and affecting angiogenesis
[34]. Zhang et al. revealed the characteristics of chemokine activ-
ity in synovial tissues of RA patients using the RNAseq analysis
[35]. The qRT-PCR results showed higher CCR2, CXCL3, and CXCL10
expression levels in RA synovial tissue samples compared to OA
[35]. CXCL2 can promote osteoclastogenesis and be related to bone
erosion in RA [36]. Moreover, some inhibitors and antagonists
of chemokine targets have been obtained as the key therapeutic
targets in RA [37]. There is a need to develop potential agents tar-
geting chemokines that influence multiple pathways involved in
the pathogenesis of RA.

A total of 12 candidate genes in our study were all verified
in two independent GEO datasets. A gene-based genome-wide
association analysis in European and Asian populations identified
overlapped genes differentially expressed between RA patients and
health controls, including ABCF1, TUBB, and FLOT1 [38]. A recent
GWAS study identified that ABCF1 were associated with the risk of
gout [39]. ABCF1 may play a role in modulating inflammatory path-
ways, which are central to the pathophysiology of gout and RA. Zhu
et al. demonstrated that the expression of TUBB was significantly
correlated to immunoregulator molecules and biomarkers of lym-
phocyte subpopulation infiltration [40]. More research is needed
to focus on the associations between these validated genes and RA.
Understanding how these genes contribute to the pathophysiology
of RA can provide valuable insights into disease mechanisms and
potentially identify new therapeutic targets.

Our findings provide more insights into the involvement of
identified genes and pathways in the pathogenesis of RA from dif-
ferent omics levels. To our knowledge, the main strength of this
study was its large sample size of the study population, which
allowed for high statistical power to ensure more reliable results.
Moreover, integrating data from multiple platforms enhances the
robustness and reliability of findings by cross-validating results
and minimizing biases inherent in individual omics datasets. Addi-
tionally, PRS aggregates the effects of numerous genetic variants
across the genome, providing a more comprehensive assessment
of the genetic susceptibility to RA from a genetic perspective and
less susceptible to interference from environmental factors. Future
research could focus on utilizing multi-omics PRS for risk prediction
in RA. By integrating diverse omics data, we can enhance the accu-
racy of risk assessments and better identify individuals at higher
susceptibility to RA. This approach may allow for more personal-
ized monitoring and intervention strategies, ultimately improving
patient outcomes.

However, there are several limitations to this study. Firstly,
because of the study’s cross-sectional design, we cannot assess
the causal relationships between these gene/proteins and RA. In
addition, integrating data from different omics levels may produce
different findings due to heterogeneity in platforms and technolo-
gies used for measurement. Variations in sensitivity and specificity
among different omics technologies can lead to inconsistencies in
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data quality. Moreover, Due to the complexities involved in inte-
grating multi-omics data, we used the FDR method to adjust for
multiple corrections. Additionally, the multifaceted nature of RA
pathogenesis means that relying solely on omics data may not
fully capture the biological complexities involved. The identifica-
tion of genes/proteins from multi-omics techniques is still in the
discovery phase. Further studies are needed to validate RA-related
genes/proteins and turn these results into analyses for clinically
applicable.

In conclusion, our study identified several potential
genes/proteins associated with RA based on multi-omics data.
These findings may provide new insights into the molecular
mechanism of RA.
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