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Polygenic risk scores (PRS) are widely used to estimate disease risks and predict clinical outcomes. 
However, ethnic differences exist worldwide. We aimed to use PRS for predicting the development 
of rheumatoid arthritis (RA) in a Taiwanese population and investigate whether PRS of RA may be 
associated with structural damage. PRS was calculated via GWAS data from 2,042 RA patients and 
7,950 controls from the Taiwan Precision Medicine Initiative. LDpred2, PLINK, and PRSice-2 models 
were used to evaluate RA susceptibility via AUC. Clinical factors, including rheumatoid factor (RF), anti-
citrullinated protein antibody (ACPA), medication, and bone erosion identified by X-ray or ultrasound, 
were compared across PRS quartiles. PRS derived from 97,396 SNPs via LDpred2 had the highest AUC. 
Participants in the highest quartile of RA-PRS had the highest proportions of rheumatoid factor (RF) 
and anti-citrullinated protein antibody (ACPA) positivity (74.8% and 65.0%, respectively), bone erosion 
(86.4%), and use of bDMARDs or tsDMARDs (42.3%) compared to the other quartiles. PRS remained a 
significant predictor of bone erosion, particularly in patients under 60 years of age, even after adjusting 
for RF, ACPA, and treatment. PRS is associated with seropositivity, erosive bone disease, and need for 
advanced therapy among Taiwanese patients with RA.
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Rheumatoid arthritis (RA) is an autoimmune rheumatic disease associated with chronic inflammation that 
requires early diagnosis and timely treatment to prevent structural deformities and bone erosions1. During 
the last decade, the advancement of biologic and targeted synthetic disease modifying anti-rheumatic drugs 
(bDMARDs and tsDMARDs) has provided an opportunity to control synovial inflammation and greatly reduced 
the potential threats of permanent joint damage2,3. However, a substantial number of patients with RA still fail 
to respond to bDMARDs or tsDMARDs and develop bone erosions and functional disabilities2,3. Rheumatoid 
factor (RF) and anti-citrullinated protein antibody (ACPA) seropositivity is associated with bone destruction 
and appear to be clinical predictors for structural damages4. However, RF and ACPA alone are not sufficient to 
identify all radiographic progressions and disease remission in patients with RA5,6. Therefore, it is imperative to 
optimize the prediction model for joint erosion to guide therapeutic strategies in patients with RA.

The inheritance of RA is often in a familial aggregation pattern, indicating a genetic contribution in its 
pathogenesis7. Previous genome-wide association studies (GWAS) identified genetic variations in the human 
leukocyte antigen (HLA) and non-HLA regions associated with the development of RA8,9. Moreover, gene alleles 
at HLA-DRB1 and non-HLA genes were also linked to joint destructions10indicating a potential role of genomic 
variation in the pathogenesis and prediction of structural damages in RA.

Polygenic risk score (PRS) is a novel technique to calculate and integrate the summative association 
of multiple genetic loci with clinical phenotypes11. PRS for RA has recently been widely investigated across 
ethnicity groups12–15. Genetic predisposition in terms of PRS predicted the propensity among patients with 
pre-RA condition to develop RA12. Moreover, RA patients within the highest quartiles of PRS exhibited the 
greatest risk of radiographic progression in a Japanese cohort15. However, PRS derived from different ethnicity 
groups may have different prediction powers13. To date, no RA-PRS generated from the Taiwanese population 
has been reported. Furthermore, whether RA-PRS is associated with the treatment patterns of bDMARDs and 
tsDMARDs remains unknown.

In this study, we aimed to establish a Taiwanese-ancestry specific PRS for RA in a hospital-based cohort. The 
primary objective was to determine the association of RA-PRS established from a Taiwanese population with 
RF/ACPA seropositivity, bone erosions, and RA treatment.

Methods
Study design, participants, and ethics statement
The study population was enrolled in the Taiwan Precision Medicine Initiative (TPMI) from January 2010 to 
August 2022. The TPMI study cohort (N = 43,035) consists of individuals who participated in TPMI before 
September 2021, with a follow-up period of at least one year. The outcomes were last updated in August 2022, 
ensuring that our data reflects the most recent clinical information. The genetic profiles of TPMI participants 
were recorded and linked to their electronic health records, which included physical measurements, blood 
biochemical analyses, diagnostic information, and genotyping. In this study, we included patients diagnosed 
with RA, identified using International Classification of Diseases (ICD)−9 and ICD-10 codes (714, M05, M06), 
recorded more than once during inpatient admissions and twice in outpatient clinics. We excluded participants 
with ICD-10 code M06.1 and those younger than 20 years old. Our cohort’s medical records were available 
longitudinally, allowing for a thorough evaluation of outcomes. A total of 2,183 arthritis (RA) patients were 
selected based on the 2010 American College of Rheumatology and the European League Against Rheumatism 
criteria for the classification of RA16. A control group of 8,732 individuals was selected by matching age, sex, and 
periodontitis symptoms with cases at a 1:4 ratio17. After removing the sex check error, heterozygosity, ancestry 
differences, and related samples from the 10,915 patients after matching, the final number of participants in the 
study was 9,992.
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All eligible participants from all cohorts were required to complete a written informed consent form by 
following the protocols approved by their institutional ethical committees. The institutional review boards of 
Taichung Veterans General Hospital approved this study (No. SF19153A) and ensured compliance with the 
Declaration of Helsinki. We have complied with all relevant ethical regulations.

Genotyping and quality controls
The blood samples of patients were collected for DNA extraction and genotyped at Taichung Veterans General 
Hospital (VGHTC). The Affymetrix TWB 2.0 SNP chip contains 714,431 SNPs and was designed specifically 
for Taiwan’s Han Chinese population. A quality control procedure was performed to exclude markers that 
were present on the sex chromosomes, had a genotype missingness rate < 5%, had a minor allele frequency 
(MAF) < 1%, failed the Hardy-Weinberg equilibrium tests with P-value < 1.1 × 10–7, and different genotype 
missing rates in case and control group. A total of 435,605 SNPs were retained after the quality control. Post-QC, 
we conducted a principal component analysis (PCA) to adjust for potential population stratification.

Genetic construction of polygenic risk scores
The class method of polygenic risk score (PRS) calculation is by computing the sum of effect alleles from the 
individual’s genotype, weighted by the risk allele effect sizes as estimated by a GWAS on the phenotype. The PRS 
were calculated using summary statistics from a rheumatoid arthritis (RA) training cohort of 4,996 individuals. 
We chose to handle the complexity of the HLA region by incorporating only selected TagSNPs from this region. 
To handle the issue of linkage disequilibrium (LD), in this study, we evaluated the performance of polygenic 
risk scores (PRS) using three different methods: Plink, LDpred2, and PRSices11. We controlled the LD issue 
by clumping and threshold (C + T) in plink18–20. Plink used clumping R2 < 0.1 and thresholding (C + T) with 
P-value < 10−5 to control LD. LDpred2, which used the SNPs from the TPMI datasets and HapMap3, included 
97,396 SNPs. Ldpred2 did not use the C + T (clumping and threshold) method to select PRS SNPs, but rather 
a Bayesian approach and auto-regression model for constructing polygenic risk scoring. For PRSice-2, the 
threshold p-value was set at 5 × 10−8, and R2 was 0.2, following the C + T method for scoring PRS.

The capacity of the polygenic risk score to predict RA development was evaluated using the area under 
the curve (AUC) for PRS calculated by the LDpred2, PLINK and PRSice-2 packages in R. In addition, using 
logistic regression analysis, we constructed quartile plots to examine the risk of RA development according to 
the quartile of polygenic risk score. The quartile was based on significance levels, with the top quartile indicating 
the highest and the bottom quartile displaying the lowest polygenic risk scores.

Age stratification
Studies on autoimmune diseases have shown that PRS are associated with age at onset21,22. Moreover, disease 
onset age significantly affects the treatment and prognosis of RA15,23. Therefore, patients were classified into two 
groups according to their age: the younger-onset group (YORA) for those with onset under 60 years, and the 
elderly-onset group (EORA) for those aged 60 years or older.

Outcome measurement
The primary outcome, bone erosions were assessed using both X-ray and ultrasonography. Plain films of both the 
hands and feet were obtained in the postero-anterior view for all participants, in line with the criteria outlined 
in the original Sharp score24. For ultrasonography, we utilized the dorsal longitudinal view to examine all 
metacarpophalangeal (MCP) and metatarsophalangeal (MTP) joints. This technique aligns with the standards 
set forth by the Outcome Measures in Rheumatology Clinical Trials (OMERACT) group25. The images obtained 
from both X-ray and ultrasonography were reviewed by two experts in the field: a rheumatologist and a 
radiologist. The presence of bone erosion was determined based on the identification of erosive changes in either 
modality—X-ray or ultrasound.

Covariates
Demographic data, comorbidities, rheumatoid factor (RF), anti-citrullinated protein antibody (ACPA), RA 
disease activity and treatment with biologic and targeted synthetic disease-modifying anti-rheumatic drugs 
(bDMARDs and tsDMARDs) were extracted from the electronic health record.

Periodontitis symptoms in our study were identified using ICD-9 codes 523.3-5 and ICD-10 codes K05.2-
6, along with relevant procedure codes for periodontitis management. This identification was based on the 
presence of these codes in patients’ medical records more than once during inpatient admissions or more than 
twice in outpatient clinic visits.

Statistical analyses
Quantitative variables are expressed as the mean ± standard deviation (SD). A Student’s t-test or analysis of 
variance (ANOVA) was used to compare the means of continuous variables. The statistical differences in the 
relationships between the categorical variables between the cases and controls were analyzed using the chi-
square test. A logistic regression model was applied to analyze the association between quartiles of PRS and 
seropositivity of RF, ACPA, targeted therapy, and bone erosions with adjustment of age, sex and smoking status. 
Moreover, we evaluated factors associated with bone erosion by the enter mode of multivariate logistic regression 
with covariates of RA-PRS, seropositivity and targeted therapy in both EORA and YORA groups. The odds ratios 
(OR) and 95% confidence intervals (CI) were calculated. All statistical analyses were performed in SAS version 
9.4 (SAS Institute Inc. Cary NC) and significance was set at p < 0.05.
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Results
Patient characteristics
The patients were randomly divided into training and validation groups, each of which consisted of RA patients 
and controls matched on age, gender, and proportion of periodontal disease. The training set was used for the 
selection of the best model, and the testing set was used for validation of the data (Supplementary Fig. 1 A). We 
performed a GWAS to identify SNPs associated with RA. As shown in Supplementary Fig. 1B, the main SNPs 
at chromosome 6 were the HLA regions in all RA participants, and similar results were shown in the training 
group (Supplementary Fig. 1 C). To establish the genetic distinctiveness of each ethnic group, we projected the 
genotypes of different ethnic groups on the principal component (PC) (Supplementary Fig. 2). We included the 
VGHTC cohort and 11 other cohorts, with the final study population comprising 2,042 patients with RA, 1,115 
control individuals of CEU (Utah residents with Northern and Western European ancestry), ASW (African 
ancestry from southwest USA), MKK (Maasai from Kinyawa, Kenya), MEK (Mende from Sierra Leone), CHD 
(Chinese from metropolitan Denver), CHB (Han Chinese from Beijing, China), JPT (Japanese from Tokyo), 
LWK (Luhya from Webuye, Kenya), TSI (Toscani from Italia), GIH (Gujarati Indians from Houston), and YRI 
(Yoruba from Ibadan, Nigeria) ethnicities, and 7,950 TPMI controls. The results showed that while the genotypes 
of our study population, VGHTC, were similar to those of the JPT, CHB, and CHD ethnic groups in Asia, there 
were still distinct differences among them. However, the genetic variations between VGHTC and other ethnic 
populations were more substantial. Thus, it is crucial to establish a Taiwanese-specific PRS for the prediction of 
RA development.

PRS algorithms establishment
To establish the optimal PRS for RA in a hospital-based cohort, the training group was used to select the best 
algorithms. The RA susceptibility was evaluated by the AUC. In the training group, the AUC values of LDpred2, 
PLINK, and PRSice-2 were 0.751, 0.637, and 0.611, respectively (Fig. 1A). Although there were no statistically 
significant differences in the testing group among the AUCs using these three methods (Fig.  1B), the AUC 
of LDpred2 consisting of 97,396 SNPs was the numerically highest value (Fig. 1C). Therefore, LDpred2 was 
selected for the subsequent analyses.

Clinical characteristics of enrolled patients with RA by PRS quartiles
The RA patients were divided into quartiles by PRS score (RA-PRS), the lowest score group was the first 
quartile, and as the PRS score increased, it was divided into the second, third and the top groups. The patients’ 
characteristics, including demographic data, seropositivity of rheumatoid factor (RF), anti-citrullinated protein 
antibody (ACPA), and treatment with targeted therapy including biologic and targeted synthetic disease 
modifying anti-rheumatic drugs (bDMARDs and tsDMARDs) are recorded in Table 1. Age of onset is known 
to be associated with differences in clinical features and prognosis15,23. However, whether the age of onset is 
associated with RA-PRS remains unknown. Analyzing by RA-PRS grouping, the proportion of YORA was 
70.84% among patients in the first quartile group and increased to 78.28% in the highest quartile (Fig. 2). In 
contrast, the proportion of EORA decreased from 29.16% to 21.72%. Because PRS appeared to be associated 
with RA onset age, we focused on the YORA group.

Autoantibody profiles by PRS quartiles
In the autoantibody analysis, RF positivity significantly increased from 57.37% to 74.84% in the first quartile to 
the top quartile of the RA-PRS score, p < 0.0001 (Table 1). Similarly, the proportion of ACPA positivity increased 
from 38.83% to 64.98%, p < 0.0001 (Table 1). The odds ratio was used to evaluate the risk factor, while the first 
quartile was used as the reference. The odds ratios of RF positivity significantly escalated with RA-PRS quartiles 
in the YORA group from 1.19 (95% CI: 0.87–1.62, p = 0.27) to 2.39 (95% CI: 1.72–3.22, p < 0.001) (Fig. 3A and 
Supplementary Table 1). Similarly, the odds ratios of ACPC positivity were upregulated from 1.35 (95% CI: 0.98–
1.87, p = 0.08) to 2.85 (95% CI 2.06–3.96, p < 0.001) (Fig. 3B and Supplementary Table 1). Additionally, the odds 
ratios of APCA positivity underwent a significant increase in the EORA group from 1.99 (95% CI 1.11–3.56, 
p = 0.02) to 3.69 (95% CI 1.98–6.88 p < 0.001), but significant changes were only observed in top quantile of RF 
positivity, 1.91 (95% CI 1.05–3.48, p = 0.03) (Supplementary Table 1). The results indicated that in the YORA 
group, the positive rates and odds ratios of RA and ACPA served as significant identification markers above the 
3rd quantile of RA-PRS.

RA treatment pattern by PRS quartiles
We then investigated whether RA-PRS was associated with RA treatment. As shown in Table 1, the proportion 
of glucocorticoid and conventional synthetic disease-modifying anti-rheumatic drugs (csDMARDs) treatments 
(i.e. Methotrexate, Hydroxychloroquine, Sulfasalazine, Cyclosporin, and Leflunomide) increased with PRS 
quartiles. In addition, we also found that the proportion of experienced bDMARDs or tsDMARDs treatments 
also increased with PRS scores, with 26.42% in the first quartile and 42.27% in the top quartile. In addition, 
the proportion of RA patients who had underwent two or more bDMARDs or tsDMARDs ranged from 9% 
in the first quartile to 16.63% in the top quartile (Table 1). Figure 3C and Supplementary Table 1 depicted the 
age and sex-adjusted risk for the necessity of targeted therapies in patients with RA by RA-PRS categories. We 
found that the need for targeted therapies was associated with RA-PRS, with the OR for the top quartile vs. 
the first quartile in YORA and EORA groups, 1.71 (95%CI: 1.27–2.31, p = 0.0004) and 3.31 (95% CI 1.86–5.89, 
p < 0.0001), respectively. The results indicated that higher PRS scores significantly increased the likelihood of 
using targeted therapy to control inflammation in patients with RA.
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Association of bone erosions and RA-PRS
Bone erosion, detected by either plain X-ray or ultrasonography, is one of the most crucial complications of 
RA that warrants intensive treatment and monitoring to prevent further structural damages and functional 
disability2. We discovered that RA-PRS was associated with the prevalence of bone erosion, ranging from 77.07% 
in the first quartile to 86.44% in the top quartile (p = 0.01) (Table 1). It is worthnoting that patients in the third 
and top quartiles of RA-PRS exhibited a significant risk of bone erosion compared to those in the first quartile 
(OR: 2.21 [95% CI 1.25–3.91, p = 0.01], and OR:1.84 [95% CI 1.08–3.11, p = 0.02]) in the YORA group (Fig. 3D). 
However, the tendency of higher RA-PRS associated with bone erosion was not observed in the EORA group. 
(Supplementary Table 1).

Multiple logistic regression was used to analyze variables associated with bone erosions, with adjustments for 
RA-PRS, ACPA/RF positivity, and target therapy. We demonstrated that RA-PRS (OR: 1.86, 95% CI: 1.12–3.1, 
p = 0.02), ACPA positivity (OR: 3.11, 95% CI: 1.82–5.32, p < 0.001), and treatment with targeted therapies (OR: 
2.73, 95% CI: 1.75–4.27, p < 0.001) were independent predictors for bone erosions in the YORA group (Fig. 4 
and Supplementary Table 2). However, only ACPA seropositivity (OR: 3.32, 95% CI: 1.04–10.58, p = 0.04) was 
associated with bone erosion in patients with EORA. Taken together, our results suggested that, in addition to 
autoantibody positivity, RA-PRS could be a valuable predictor for structural damage.

Fig. 1.  Algorithm establishment of polygenic risk scores in predicting rheumatoid arthritis (RA) development. 
LDpred2 (blue), PLINK (purple), and PRSice-2 (yellow) methods were used to estimate the RA susceptibility. 
Area under the curve (AUC) analyses for assessment of the accuracy of the model in predicting RA 
development in the training set (A), the testing set (B), and in all patients (C).
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RA PRS (N = 2042)

 1 st quartile
(n = 511)

2nd quartile
(n = 510)

3rd quartile
(n = 510)

top quartile
(n = 511)

p valueN % N % N % N %

Demography

Age 57.71 14.13 56.84 12.89 58.36 12.87 56.64 13.91 0.15

RA Age 0.04

< 60 362 70.84 389 76.27 386 75.69 400 78.28

≥ 60 149 29.16 121 23.73 124 24.31 111 21.72

Gender 0.34

Man 107 20.94 96 18.82 108 21.18 120 23.48

Female 404 79.06 414 81.18 402 78.82 391 76.52

BMI (mean) 23.7 4.10 24.3 4.41 23.9 4.14 23.6 4.06 0.04

< 24 320 62.62 292 57.25 304 59.61 322 63.01 0.17

>=24 191 37.38 218 42.75 206 40.39 189 36.99

Smoking 40 7.83 40 7.84 42 8.24 42 8.22 0.99

Immunology

RF (positive) 249 57.37 274 60.62 303 65.16 345 74.84 < 0.0001

ACPA (positive) 153 38.83 201 48.32 256 60.52 282 64.98 < 0.0001

ESR (mm/hr) 31.38 26.18 32.56 29.24 33.61 27.82 35.93 29.05 0.07

CRP (mg/L) 0.77 1.80 0.89 1.90 0.79 2.21 0.97 2.21 0.39

DAS28 (first) 3.47 1.49 3.58 1.39 3.41 1.33 3.60 1.52 0.38

DAS28 (highest) 4.29 1.44 4.27 1.44 4.12 1.35 4.42 1.47 0.10

Comorbidities/outcome

Periodontitis 36 7.05 32 6.27 37 7.25 30 5.87 0.79

Bone erosion 158 77.07 193 78.78 227 85.34 255 86.44 0.01

Drug

Methotrexate 280 54.79 320 62.75 353 69.22 390 76.32 < 0.0001

Hydroxychloroquine 412 80.63 432 84.71 444 87.06 452 88.45 0.003

Sulfasalazine 151 29.55 195 38.24 188 36.86 223 43.64 < 0.0001

Cyclosporin 98 19.18 96 18.82 118 23.14 157 30.72 < 0.0001

Leflunomide 107 20.94 116 22.75 131 25.69 154 30.14 0.004

Glucocorticoids

No 109 21.33 89 17.45 78 15.29 65 12.72 0.002

Yes 402 78.67 421 82.55 432 84.71 446 87.28

Target drug

Treatment with bDMARDs or tsDMARDs < 0.0001

No 376 73.58 348 68.24 316 61.96 295 57.73

Yes 135 26.42 162 31.76 194 38.04 216 42.27

Number of bDMARDs or tsDMARDs treatment < 0.0001

0 376 73.58 348 68.24 316 61.96 295 57.73

1 89 17.42 98 19.22 119 23.33 131 25.64

≧ 2 46 9 64 12.55 75 14.71 85 16.63

TNFi 88 17.22 102 20 130 25.49 153 29.94 < 0.0001

Etanercept 35 6.85 39 7.65 59 11.57 67 13.11 0.001

Adalimumab 40 7.83 37 7.25 53 10.39 63 12.33 0.02

Golimumab 16 3.13 21 4.12 16 3.14 29 5.68 0.13

Certolizumab 8 1.57 13 2.55 9 1.76 13 2.54 0.58

Infliximab 0 0 0 0 0 0 0 0 -

Non-TNFi 56 10.96 81 15.88 92 18.04 105 20.55 0.0003

Tocilizumab 23 4.5 43 8.43 41 8.04 41 8.02 0.05

Abatacept 20 3.91 23 4.51 24 4.71 38 7.44 0.05

Rituximab 21 4.11 28 5.49 40 7.84 39 7.63 0.04

JAKi 31 6.07 41 8.04 48 9.41 41 8.02 0.26

Tofacitinib 23 4.5 34 6.67 35 6.86 31 6.07 0.38

Baricitinib 11 2.15 8 1.57 18 3.53 11 2.15 0.20

Continued
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Discussion
In this study, we established a Taiwanese-specific PRS for predicting the development of RA. We discovered 
that RA-PRS was associated with RF/ACPA seropositivity, bone erosion, and the use of bDMARDs/tsDMARDs. 
Taken together, polygenic genetic information and clinical phenotypes contribute to the prediction model for 
structural damages. Our result shed light on the integration of PRS in the clinical assessment strategy to identify 
RA patients at high risk of structural damage.

Several PRS with different approaches for the prediction of RA development have been reported13–15. 
Rostami et al. calculated the best-fitting risk score of 27 SNPs selected from relevant GWAS studies using P-
value selection criteria ≦ 5 × 10−8 in a Norwegian cohort of 489 RA cases and 61,584 controls14. Another study 
by Honda et al. used Asian GWAS data to select 43,784 SNP and calculate PRS15. They further trained and 
tested the performance of PRS in a Japanese cohort from the Institute of Rheumatology, Rheumatoid Arthritis 
(IORRA) cohort of 1,240 patients with RA15. In this study, we selected SNPs from GWAS data of 686,534 SNPs 
from 10,915 samples with a P-value threshold < 1.11 × 10−7. We compared the PRS performance in predicting 
RA susceptibility and selected the LDpred2 method, which had the best AUC. We believed that using different 
approaches for the PRS calculation of the GWAS cohort from distinct ethnicities could lead to variation in 
prediction performance. A previous report indicated that PRS based on multi-ancestry GWAS may outperform 
PRS derived from a single ethnicity13. We explored the use of the Ishigaki 2022 GWAS multi-ancestry dataset 

Fig. 2.  Stratified Analysis by RA-onset age. Proportion of incidence in RA-PRS quartiles. The blue bar 
indicates the RA onset age of under 60 years (YORA); the green bar indicates the RA onset age of equal to or 
more than 60 years (EORA).

 

RA PRS (N = 2042)

 1 st quartile
(n = 511)

2nd quartile
(n = 510)

3rd quartile
(n = 510)

top quartile
(n = 511)

p valueN % N % N % N %

TNFi: tumor necrosis factor inhibitors
JAKi: Janus kinase inhibitors

Note: “Age” and the values for “BMI,” “ESR,” “CRP,” and “DAS28” are presented as the mean 
with the corresponding standard deviation (SD). All other variables are represented as Number 
(N) and Percentage (%), which reflect the count and the proportion of patients within each 
categorical variable.

Table 1.  Basic characteristics of study populations.
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Fig. 4.  Forest plot of RA-PRS, autoantibody positivity, and targeted therapy associated with bone erosion. 
Multiple logistic regression was used to analyze the odds ratios. The circles indicate odds ratio, and the line 
indicates the range of the 95% CI. ○ indicates the RA onset age of over or equal to 60 years; ● indicate the RA 
onset age under 60 years; blue line indicates RA-PRS; purple line indicates ACPA positivity; black line indicates 
RF positivity; green line indicates experienced targeted therapy. Targeted therapy refers to treatment with 
bDMARDs or tsDMARDs.

 

Fig. 3.  PRS quartile plots of RF, ACPC, target therapy, and bone erosion positivity for YORA. According 
to the PRS and odds ratios, the association between the quartile of polygenic risk score and (A) RF positivity, 
(B) ACPA positivity, (C) Target therapy, and (D) erosion was generated using logistic regression analysis. The 
RA patients under 60 years RA onset were separated into quartiles. The top quartile in RA patients showed 
significantly higher risks for RF positivity, ACPA positivity, and target therapy compared with the first quartile. 
However, the second and third quartiles were significantly higher in the erosion group. Values are the odds 
ratios with 95% confidence intervals.
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to construct our PRS. The results show that we need more SNPs based on the threshold of 0.00270005, which 
included 2388 SNPs. The PRS R² was 0.0437746. Additionally, we did not observe a significant enhancement 
in predictive ability when estimating the AUC. Protein heritability could vary substantially across a population 
with diverse genetic backgrounds26. The present study is the first to use GWAS data and a training and testing 
cohort from a Taiwanese hospital-based population that is of Chinese Han ancestry. Future studies are needed 
to confirm whether training and testing cohort differences in ancestry might contribute to PRS performance.

In our comparison with previous GWAS studies, we meticulously analyzed our results alongside existing 
GWAS data, obtained from the GWAS catalog as of January 15, 2024. In this analysis, 201 SNPs in our GWAS 
were found to have been reported as significantly associated with RA in other studies. Notably, among these, 
3 SNPs (rs1571878, rs2301888, and rs9268839) were also significant in our study (P < 1 × 10−4), indicating that 
these SNPs are significant markers related to RA across different studies and populations. Furthermore, we 
discovered 787 previously unreported SNPs in our GWAS, of which 73 SNPs shared LD with the reported 
rs9268839, with an R2 > 0.85. Nonetheless, these findings still indicate that the SNPs discovered in this study 
suggest potential ancestry-specific genetic variations. These findings may offer a deeper understanding of the 
genetic predisposition to RA in this specific ancestry group.

GWAS is a hypothesis-free research approach that enables the exploration of genetic variants associated 
with specific phenotypes across the entire genome. The advantage of this method lies in its ability to uncover 
previously unknown pathogenic mechanisms without being limited by existing functional annotations, thereby 
providing novel insights into disease mechanisms. SNPs identified through GWAS are often located in non-
coding regions, particularly within introns, which have crucial regulatory functions that can influence gene 
expression, splicing regulation, and even the production of non-coding RNAs. We further analyzed the SNPs 
used for PRS and found that these variants could potentially affect up to 822 genes. However, only 12 SNPs were 
found to result in coding sequence variants. A subsequent analysis of these affected genes using DAVID revealed 
that the primary functional clusters were closely related to MHC immune regulatory functions, highlighting the 
potentially pivotal role of immune mechanisms in these genetic variations.

Additionally, we considered the effect of the shared epitope (SE) and found that only one SNP, rs14391466, 
located in DRB1, was involved. Removing SE did not affect the predictive ability of the PRS.

Our study was the first to indicate that the patients in the top quartile of RA-PRS exhibited a higher probability 
of RF and ACPA seropositivity, particularly among RA patients aged under than 60 years (YORA group). This 
suggests that genetic risk scores may be more predictive in younger-onset RA cases. A Japanese study similarly 
reported that ACPA-positive RA patients in the top PRS quintile had significantly higher rates of radiographic 
progression15. A Dutch cohort of patients with clinically suspect arthralgia, a pre-RA stage, demonstrated 
that PRS was associated with early RA in the ACPA-positive population, but not in ACPA-negative group12. 
Interestingly, a significant interaction between occupational inhalation, smoking, and genetic background in 
terms of PRS was observed only in ACPA-positive RA patients from a Swedish cohort27. This suggests that 
genetic susceptibility may manifest differently depending on environmental exposures and disease onset timing. 
Overall, RA-PRS could provide an opportunity to evaluate the complex interactions between heritability, 
autoimmunity, and environmental exposure in the future.

We found that RA-PRS was associated with bone erosion, particularly in RA patients aged less than 60 
years (YORA group). This was consistent with the Japanese study by Honda et al. that reported that quartiles 
of PRS were associated with severe radiographic progression in patients with a younger onset age of RA (< 40 
years)15. However, we showed that PRS quartiles were correlated with the use of targeted therapy in our cohort. 
According to Taiwan’s National Health Insurance reimbursement criteria, patients with RA were only eligible for 
treatment with either bDMARDs or tsDMARDs if the disease activity was high despite a combination therapy 
of three csDMARDs. Although our analysis did not demonstrate the significant correlation between PRS and 
disease activity score by 28 joints (DAS28), we observed that the PRS was increased and speculated that RA 
patients with high PRS might exhibit a more severe disease activity. This also explains why our results indicated 
that treatment with bDMARDs or tsDMARDs was associated with bone erosion. Further study is needed to 
confirm our findings.

One of the strengths of our study was that it incorporated a large sample size of 2042 RA cases and 7950 
non-RA controls. We also compared the prediction power of RA susceptibility using three PRS algorithms of 
LDpred2, plink, and PRsice2. However, some limitations did exist in this study. Firstly, our cohort was enrolled 
in a single medical institution and the PRS algorithm was not validated in an independent cohort. Furthermore, 
our study population was all Taiwanese. Our data might not be applicable for extrapolation to RA patients with 
other ancestry. Secondly, the study design was retrospective and cross-sectional. Therefore, clinical parameters 
were not prospectively collected, and missing data might exist in our analysis. Lastly, shared epitope (SE) HLA 
alleles were not included in the analysis, and to determine whether PRS might have an interaction with SE was 
beyond the scope of the current study.

Conclusions
PRS is associated with autoantibody seropositivity and bone erosion in Taiwanese patients with RA, especially in 
RA patients aged less than 60 years (YORA group). Future studies might incorporate PRS to identify the groups 
that are at high-risk of radiographic progression and guide the early initiation of targeted therapy in genetically 
vulnerable patients with RA.

Data availability
All data used in this study in this article are available through the corresponding author.
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