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Abstract 
Objective: Raynaud’s phenomenon (RP) is the first noticeable symptom of systemic sclerosis (SSc), appearing even years 
before other signs. Vascular and immune pathways, hallmarks in SSc pathogenesis, are implicated in primary RP. Hence, 
we aimed to define the shared genetic architecture between these conditions to explore pathogenic mechanisms and 
whether pleiotropic loci could help identify primary RP patients at increased genetic risk of developing SSc.

Methods: We analysed genome-wide association study (GWAS) summary statistics for primary RP (4 986 cases and 850 981 
controls) and SSc (10 654 cases and 18 043 controls). We performed a cross-trait meta-analysis (�8.6M single nucleotide 
polymorphisms) to identify variants associated with both diseases. Functional annotation was used to prioritise potential 
causal genes. We also constructed a polygenic risk score (PRS) to assess clinical implications.

Results: Beyond the well-known HLA associations, we identified five additional pleiotropic loci, including MEOX2 as a novel 
association for both traits with opposing effects, ADRA2A representing a novel genetic factor for SSc, and IL12A, NFKB1 
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and TNIP1 as novel loci for primary RP. Functional annotation highlighted vascular and inflammatory pathways. Finally, the 
PRS model shows modest discrimination (area under the curve = 0.57). However, it allows the identification of primary RP 
individuals at high genetic risk of developing SSc (75th percentile, relative risk =1.29 [95% CI 1.02, 1.62]; P- 
value= 3.58 × 10−2).

Conclusion: This study reveals a genetic link between primary RP and SSc, identifying five novel pleiotropic loci and 
supporting the potential of genetic profiling for early risk assessment and personalised monitoring strategies.

Keywords Raynaud’s phenomenon, systemic sclerosis, GWAS, MEOX2, cross-trait, polygenic risk score

Introduction
Systemic sclerosis (SSc) is an immune-mediated inflammatory 
disease (IMID) that affects the connective tissue [1]. It is consid
ered a rare disease (<500 cases per million) and remains a ma
jor therapeutic challenge despite the progress in understanding 
its pathogenesis, imposing a significant socioeconomic burden 
among those who suffer it [1–4]. Genome-wide association stud
ies (GWAS) have improved our understanding of disease patho
genesis, and may also contribute to the development of genetic 
predictors for the disease [5]. In SSc, multiple loci associated 
with disease risk have been identified, such as key aspects of im
mune dysregulation and fibrosis, including those linked to vas
culopathy [6].

RP is a vascular disorder that causes sympathetic-mediated va
soconstriction in the extremities (primarily the digits, i.e. finger 
and toes) upon cold exposure, impairing thermoregulation and 
potentially disrupting nutrient blood flow [7]. In SSc, RP is classi
fied as secondary RP and usually represents the initial clinical 
manifestation, emerging even years before any symptom [7, 8]. 
Notably, RP in SSc often presents in its severe form, exacerbating 
vascular and tissue complications [7]. Additionally, RP is signifi
cantly more prevalent in SSc patients (95%) than in the general 
population (5%) [7, 8]. RP can also occur in the absence of any un
derlying disease, where it is classified as primary RP. Recent 
GWAS have identified multiple loci associated with susceptibility 
to primary RP [9, 10], including ADRA2A, IRX1 and the major histo
compatibility complex (MHC) region. Notably, ADRA2A and IRX1 
play key roles in vascular function, while the MHC region is 
strongly implicated in autoimmune diseases such as SSc.

However, previous GWAS have been conducted independently 
for each condition, limiting the ability to detect shared genetic 
effects, particularly those with modest effect sizes acting across 
related phenotypes. In this context, cross-trait meta-analysis 
approaches are a powerful tool to systematically identify the 
common genetic component underlying correlated traits. 
Identifying shared genetic and molecular factors between pri
mary RP and SSc could help predict which RP patients are at 
increased genetic risk of developing SSc and may provide 
insights into the pathogenic mechanisms involved, particularly 
those underlying differences in vascular severity. Thus, this 

study aimed to identify pleiotropic loci influencing both condi
tions through a cross-trait meta-analysis.

Methods
Primary RP cohorts
An overview of the primary RP cohorts included in this study is 
shown in Supplementary Table S1. Summary statistics for primary 
RP were retrieved from previously published GWAS conducted by 
Tervi et al. [9]. Specifically, we used the summary statistics from 
the meta-analysis of primary RP data from the FinnGen and UK 
Biobank, comprising 4 986 primary RP patients and 850 981 con
trols. Primary RP patients were defined following criteria estab
lished by Wigley and Flavahan [7] and all the secondary RP 
patients were removed from further analyses. Quality control pro
cedures are described in detail in Supplementary Data S1.

SSc cohort
An overview of the SSc cohort included in this study is shown in 
Supplementary Table S1. The cohort comprised GWAS data 
from a previous study [6] and newly recruited participants, 
resulting in a total of 10 654 cases and 18 043 controls. All SSc 
patients fulfilled the 2013 American College of Rheumatology 
classification criteria, or the criteria proposed by LeRoy and 
Medsger for early SSc [11, 12]. In addition, patients were classi
fied based on the extent of fibrosis as having limited cutaneous 
SSc (lcSSc) and diffuse cutaneous SSc (dcSSc), as described in 
LeRoy et al. [13]. In lcSSc, fibrosis is limited to distal skin areas 
such as the hands and face, whereas in dcSSc, the fibrosis extends 
to the whole body and potentially affects internal organs and is 
usually associated with a worse prognosis. Patients lacking suffi
cient clinical data for subtype classification were excluded from 
these analyses. Moreover, the difference in sample size between 
lcSSc (n = 6 316) and dcSSc (n = 2 936) led to unequal statistical 
power across analyses, limiting the ability to detect statistically sig
nificant associations. Details regarding quality control procedures 
are provided in Supplementary Data S1. This study followed all 
relevant ethical regulations and was approved by the Ethics 

Rheumatology key messages

· We identified five pleiotropic loci including MEOX2 as a novel genetic factor for both diseases. 
· Shared loci highlight common vascular and inflammatory pathways in primary RP and SSc. 
· The polygenic risk score model identified individuals with primary RP at high risk of developing SSc. 
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Committee of the ‘Consejo Superior de Investigaciones Cient�ıficas’ 
(CSIC). Written informed consent was voluntarily provided by all 
participants, in line with the principles outlined in the Declaration 
of Helsinki.

Cross-trait meta-analysis
Cross-trait meta-analysis between primary RP and SSc was per
formed using METASOFT [14]. To assess population stratifica
tion, genomic inflation factors were calculated using METASOFT. 
Furthermore, residual confounding, including potential sample 
overlap, was calculated using LDSC genetic covariance [15]. 
Additionally, different meta-analyses were conducted for pri
mary RP and SSc clinical subtypes: lcSSc and dcSSc. Cochran’s 
Q test was performed to assess heterogeneity, applying a fixed- 
effect model to singlenucleotide polymorphisms (SNPs) showing 
no evidence of heterogeneity (Cochran’s Q P-value> 0.05) and 
the random effect model (RE2) for SNPs exhibiting heterogeneity 
across datasets (Cochran’s Q P-value< 0.05). Only non-HLA var
iants present in primary RP and SSc summary statistics were 
considered as the MHC region is highly complex and its genetic 
associations are well characterised. The criteria for defining shared 
genetic associations included three cutoffs [1]: a genome-wide sig
nificance threshold in the cross-trait meta-analysis (P-value <
5 × 10−8) [2], a nominal significance cutoff (P-value< 0.05) in each 
individual trait summary statistics, and [3] a lower P-value in the 
cross-trait meta-analysis compared with each specific trait sum
mary statistics, ensuring that both diseases contribute to the ob
served association. Next, we used the COJO tool from GCTA to test 
for independent signals [16]. Additional details are included in 
Supplementary Data S1.

Functional annotation of shared genetic 
variants and gene prioritisation
Potential causal genes were prioritised using the SNP2GENE 
function from Functional Mapping and Annotation (FUMA) [17] 
based on variants identified in the cross-trait meta-analysis. 
Prioritisation included positional, quantitative trait loci (QTLs) 
and chromatin interaction mappings across relevant tissues for 
both diseases, including blood, immune cells, vascular, nervous 
and skin tissues. Additional methodological details are provided 
in Supplementary Table S2 and Supplementary Data S1.

Genetic risk prediction
To estimate the genetic predisposition of patients with primary 
RP to develop SSc, we conducted a polygenic risk score (PRS) 
based on the five shared lead variants identified in the cross- 
trait meta-analysis. PRS was calculated using the score function 
in PLINK, which sums the effect alleles weighted by the natural 
logarithm of the corresponding odds ratios. SNP selection was 
conducted following the predefined stringent criteria used to 
identify shared genetic associations in the cross-trait analysis. 
We applied this model to two UK Biobank cohorts: 708 individu
als with primary RP and 213 SSc patients. Each participant was 
assigned a PRS based on the combination of alleles across the 
selected variants. PRS distributions were compared using a two- 
sample Student’s t-test to assess discriminatory power, and 

model performance was evaluated via area under the curve 
(AUC) using the pROC package in R [18]. Additionally, we evalu
ated the ability of the PRS to identify individuals with primary 
RP at high genetic risk of developing SSc. For that, we categor
ised the individuals into two groups by applying a threshold at 
the 75th percentile of the PRS distribution. The statistical signifi
cance was tested using a chi-squared test.

Results
Genetic correlation
To evaluate the extent of the genetic overlap between primary 
RP and SSc, we conducted a pairwise genome-wide genetic cor
relation analysis. Remarkably, a statistically significant genetic 
correlation was observed between the two traits (rg = 0.315 
[0.105], P-value = 0.003), indicating a moderate genetic overlap. 
This supports the idea that a subset of individuals with primary 
RP may carry genetic susceptibility factors relevant to SSc, and 
highlights the utility of genetic profiling for early risk assessment 
(Supplementary Table S3).

Identification of shared loci
Three cross-trait meta-analyses were performed between primary 
RP and SSc, lcSSc and dcSSc, analysing >8.6 million variants 
(Supplementary Table S1). Genomic control analysis showed no 
evidence of substantial test statistic inflation (Supplementary 
Table S4). In addition, we estimated the genetic covariance inter
cept using LDSC. The intercept between primary RP and SSc was 
close to zero (intercept = 0.0064, SE = 0.0054), indicating negligible 
sample overlap. Consistent with this, the mean product of Z-scores 
was low (0.0348), supporting the independence of the datasets 
and suggesting that the observed associations are unlikely to 
be driven by overlapping individuals. As a result of the meta- 
analyses, 31 variants met the criteria in the primary RP-SSc meta- 
analysis, while three variants were identified in the primary 
RP-lcSSc meta-analysis and four in the primary RP-dcSSc meta- 
analysis (Supplementary Table S5). Following conditional analysis, 
five non-HLA loci were identified in primary RP-SSc meta-analysis: 
IL12A, NFKB1, TNIP1, MEOX2 and ADRA2A (Fig. 1). Notably, MEOX2 
was newly associated with both SSc and primary RP and was the 
only locus where the effect differed by trait, acting as a risk factor 
for SSc but as a protective factor for primary RP. This trait-specific 
pattern likely reflects context-dependent regulation driven by 
differences in cell type, tissue environment or disease mecha
nisms. It is noteworthy that colocalization analysis revealed a 
high posterior probability (PP) for this locus (PP = 84.1%) indicat
ing a shared causal variant between SSc and primary RP 
(Supplementary Table S6). Furthermore, ADRA2A emerged as a 
novel associated locus to SSc in both primary RP-SSc and primary 
RP-dcSSc meta-analyses, potentially representing a new candi
date susceptibility locus contributing to vasculopathy in the 
disease. Additionally, IL12A, NFKB1 and TNIP1 were identified as 
novel loci associated with primary RP, highlighting the involvement 
of immune and inflammatory pathways in its pathogenesis. Finally, 
other non-HLA loci were identified such as IL12A in primary RP and 
lcSSc meta-analysis (Supplementary Fig. S1) and LINC02572 in the 
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primary RP and dcSSc meta-analysis (Supplementary Fig. S2). 
Table 1 summarizes the lead variant statistics from primary RP and 
SSc meta-analysis.

Functional annotation of pleiotropic loci
Notably, all significantly associated variants were located in 
non-coding regions of the genome. Thus, to prioritise potential 
causal genes, functional annotations of the lead SNPs and their 
proxies (r2 ≥ 0.6) were performed. Interestingly, the majority of 

the pleiotropic loci were associated with functional categories, 
including QTLs in relevant tissues or cell types, and chromatin 
interactions, suggesting that their contribution to disease may 
occur through alterations in regulatory mechanisms (Fig. 2).

In total, 17 potentially causal genes were prioritised (Fig. 2). 
Notably, our results indicate that the shared genetic variants 
may influence genes involved in vascular and immune path
ways, both of which play key roles in the pathogenesis of 
primary RP and SSc. On the vascular side, variants on chromo
some 7 act as expression QTLs (eQTLs) for MEOX2 in tibial 

Figure 1 Manhattan plot for the cross-trait meta-analysis of primary RP and SSc. Chromosomes are displayed on the x-axis, while statistical 
significance is represented on the y-axis in −log10(P-value) format. The red line denotes the genome-wide significance threshold (P-value = 5 × 10−8), 
and the blue dashed line marks the suggestive significance threshold (P-value= 5 × 10−6). Variants shown in grey are significant but do not meet the 
predefined criteria (nominal significance in each trait and a lower P-value in the meta-analysis compared with each individual trait). Loci that meet 
these criteria are labelled. RP: Raynaud’s phenomenon; SSc: systemic sclerosis 

Table 1 Summary statistics for the meta-analysis of primary RP and SSc

rsID Chr BP  
(hg38)

EA Gene Cross-trait SSc Primary RP

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

rs55669430 3 16 0189611 A IL12A 1.27 
(1.17, 1.37)

6.21 × 10−9 1.40 
(1.24, 1.57)

2.22 × 10−8 1.15 
(1.04, 1.28)

6.71 × 10−3

rs230507 4 10 2559089 A NFKB1 0.92 
(0.89, 0.94)

5.74 × 10−9 0.87 
(0.84, 0.92)

7.13 × 10−9 0.95 
(0.92, 0.99)

1.74 × 10−2

rs7708392 5 15 1077924 C TNIP1 1.11 
(1.08, 1.15)

5.16 × 10−11 1.17 
(1.11, 1.22)

5.59 × 10−11 1.06 
(1.01, 1.11)

1.38 × 10−2

rs6971581 7 15 789995 T MEOX2 0.99 
(0.99, 1.00)

4.67 × 10−8 1.12 
(1.06, 1.19)

1.36 × 10−4 0.88 
(0.83, 0.93)

1.18 × 10−6

rs61862976 10 11 1100974 T ADRA2A 1.19 
(1.13, 1.26)

1.92 × 10−9 1.11 
(1.01, 1.23)

3.30 × 10−2 1.24 
(1.15, 1.33)

4.46 × 10−9

BP (hg38): base pair position (human genome build 38); Chr: chromosome; EA: effect allele; OR: odds ratio; RP: Raynaud’s phenomenon; rsID: reference single 
nucleotide polymorphism identifier; SSc: systemic sclerosis.
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artery and tibial nerve. MEOX2 encodes a transcription factor 
involved in endothelial cell differentiation and vascular remod
elling [19, 20]. In addition, variants on chromosome 10 influ
ence ADRA2A expression in vascular tissue (tibial artery). As 
ADRA2A encodes 2-adrenergic receptor, a key regulator of vaso
constriction [9], altered expression provides a mechanistic link 
to the exaggerated vascular response characteristic of RP. 
From an immunological perspective, variants on chromosome 
5 are located within the gene body of TNIP1 and also exhibit 
eQTL activity in blood. Considering that TNIP1 negatively 
regulates nuclear factor κB (NF-κB) signalling, changes in 
its expression may point to systemic modulation of pro- 
inflammatory pathways. Moreover, according to the V2G score 
from OpenTargets, NFKB1 showed the strongest functional as
sociation with the variants identified on chromosome 4. The 
variants map within the NFKB1 gene body and act as eQTLs 
across multiple tissues, including blood, skin and immune 
cells, such as neutrophils, T cells and monocytes. They also 
function as splicing QTLs in fibroblasts and tibial artery tissue. 
This complex QTL pattern across tissues further suggests a 
broad and context-dependent immunomodulatory role for NFKB1, 
a central regulator of inflammatory responses. In addition to 
NFKB1, QTL effects were also observed for MANBA in the same 

tissues and cell types, including protein QTL (pQTL) associations in 
blood plasma. Finally, variants on chromosome 3 point to IL12A, a 
cytokine crucial for promoting T helper 1 cell-driven immune 
responses, which have been consistently implicated in SSc patho
genesis [6, 21]. Additionally, other potential candidate genes such 
as SMC4 and SCHIP1 could also be considered.

Genetic risk prediction
Remarkably, the PRS significantly distinguish individuals with 
primary RP from those with SSc (mean PRS primary RP: 
−3.51 × 10−3 vs mean PRS SSc: 7.01 × 10−5; P-value two sample 
t-test = 7.52 × 10−3). Although the model showed modest dis
criminative ability (AUC = 0.57; Supplementary Fig. S3), individu
als in the top 25% PRS risk group within the primary RP cohort 
had a significantly higher likelihood of SSc comorbidity (P-value 
= 3.58 × 10−2, chi-squared test), corresponding to a relative risk 
of 1.29 (95% CI: 1.02, 1.62).

Discussion
Our study reveals a significant genetic correlation between pri
mary RP and SSc, providing new evidence of shared genetic risk 

Figure 2 Functional annotation summary for all cross-trait meta-analyses. Colours indicate lead SNPs and/or proxies overlapping with the regulatory 
features analysed. Positional mapping: orange; eQTL effect: green; others QTL effects: purple; chromatin interaction: blue. eQTL: expression 
quantitative trait loci; pQTL: protein quantitative trait loci; SNP: single-nucleotide polymorphism; sQTL: splicing quantitative trait loci; V2G: variant to 
gene score from OpenTargets Genetics 
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factors between these two conditions. This contrasts with the 
findings of Tervi et al. [9], where no statistically significant ge
netic correlation was detected between primary RP and RP in 
SSc (Supplementary Table S3). This discrepancy is likely attrib
uted to the smaller sample size for SSc used in their study com
pared with the one reported in this analysis. Considering all of 
the above and the markedly higher prevalence of RP in patients 
with SSc compared with the general population, our study rein
forces the hypothesis of a shared genetic predisposition, sug
gesting that primary RP may, in some cases, represent an early 
or partial expression of the genetic risk underlying SSc.

Through a cross-phenotype GWAS meta-analysis, we identi
fied five significant non-HLA loci representing new associations 
with one or both traits: MEOX2, NFKB1, TNIP1, IL12A and ADRA2A. 
Particularly, NFKB1, TNIP1 and IL12A were newly associated with 
primary RP, ADRA2A with SSc, and MEOX2 with both conditions. 
Notably, the identified loci intersect known vascular and im
mune pathways in SSc and offer potential mechanistic links 
with primary RP.

Interestingly, our results revealed MEOX2 as a novel locus as
sociated with both primary RP and SSc showing opposite 
effects and evidence of a shared causal variant (Fig. 1, Table 1
and Supplementary Table S6). It is worth noting that cross-trait 
meta-analyses of IMIDs occasionally reveal single genetic alter
ations that can increase risk for one disease while being neu
tral or protective in another [22]. MEOX2 is a mesodermal 
transcription factor that plays a critical role in vascular homeo
stasis by inducing cycle arrest, and acting as a negative regula
tor of angiogenesis, primarily through the inhibition of NF-κB 
in vascular endothelial cells [19, 20]. Remarkably, functional 
annotation showed that the associated genetic variants act as 
eQTLs in the tibial artery, supporting a regulatory role for 
MEOX2 in vascular function. In that sense, the effect allele cor
relates with a decreased MEOX2 expression in endothelial cells. 
Given that MEOX2 has been linked to inhibited angiogenesis 
[19, 20], reduced MEOX2 expression could be beneficial in pri
mary RP by promoting angiogenesis and microvascular perfu
sion, while the same molecular shift may become pathogenic 
once systemic immune activation and other complementary 
processes characteristic of SSc emerge. Notably, MEOX2 sup
presses NF-κB signalling, thereby exacerbating inflammation 
and fibrosis, hallmarks of SSc pathogenesis [23]. Taken to
gether, the antagonistic effects observed at MEOX2 variants 
may provide insight into the transition from isolated vaso
spasm to immune-mediated vasculopathy. Noticeably, a study 
in synovial tissues from rheumatoid arthritis has highlighted 
the role of MEOX2 in the disease as a novel transcriptional regu
lator in its pathogenesis [24].

Additionally, our study also identified NFKB1 as a novel asso
ciation for primary RP (Fig. 1 and Table 1). NFKB1 encodes nu
clear factor κB subunit 1, which undergoes protein processing to 
generate the key regulatory complex NF-κB. Functional annota
tion showed variants at this locus associated with differential 
NFKB1 expression in immune cells and fibroblasts among other 
cell types. This complex cell-type-specific QTL profile suggests 
that NFKB1 regulation in primary RP and SSc does not follow a 
uniform pattern but instead reflects a broader immunomodula
tory role. Remarkably, NFKB1 likely affects both vascular and im
mune pathways, contributing to a subtle interplay between 

angiogenesis, inflammation and fibrosis. Thus, dysregulated NF- 
κB signalling cascade, long recognised in SSc [23], might be in
volved in primary RP pathogenesis. Moreover, our study also 
highlights MANBA as a potential candidate gene that harbours 
significant QTLs in blood, immune cells, fibroblasts and the ner
vous system, including a pQTL in blood plasma (Fig. 2). This 
gene has been previously linked to IMIDs in European popula
tions, including systemic lupus erythematosus (SLE) and pri
mary sclerosing cholangitis [25, 26]. MANBA encodes 
β-mannosidase, a lysosomal enzyme essential for the autophagy 
process, which has been reported in conjunction with NF-κB in 
primary biliary cholangitis, an autoimmune digestive disorder 
genetically correlated with SSc [27, 28]. Although MANBA has not 
been previously associated with SSc, autophagy-related loci 
such as ATG5 and RAB2A have already been identified, support
ing a role for this mechanism in SSc pathogenesis [6, 29]. In this 
context, MANBA could represent a novel autophagy-related can
didate gene contributing to SSc and primary RP susceptibility.

In addition to previously identified loci, our meta-analysis 
also reveals TNIP1 and IL12A as novel risk genes implicated in 
the pathogenesis of primary RP (Table 1). TNIP1, which encodes 
TNFAIP3-interacting protein 1, is a well-known negative regula
tor of the NF-κB signalling pathway. This gene has been previ
ously associated with impaired regulation of innate immune 
signalling and vascular inflammation in SSc [29]. Thereby, these 
findings suggest that dysregulated TNIP1-mediated NF-κB con
trol may also contribute to the pathogenesis of primary RP. 
Dysregulated IL-12 signalling has been implicated in the imbal
ance between T helper 1 and T helper 2 cells and has been asso
ciated with SSc [6, 21]. Moreover, altered IL-12 regulation has 
also been reported in other IMIDs such as SLE [30]. Given its 
role, IL-12 signalling could contribute to primary RP pathogene
sis by driving immune activation and inflammation [23, 31].

Our study identified ADRA2A as a novel risk locus for SSc. 
Variants annotated to ADRA2A are eQTLs in the tibial artery, 
where the effect allele showed an increased gene expression. 
These findings align with previous results from Tervi and col
leagues [9], who proposed the ADRA2A role in primary RP. 
ADRA2A encodes the α2-adrenergic receptor, which, when over
expressed in smooth muscle cells under cold conditions, leads 
to enhanced adrenergic signalling and excessive vascular con
traction. In SSc, this mechanism may contribute not only to 
thermoregulatory dysfunction, but also to the impaired nutri
tional blood flow commonly seen in SSc patients with RP, along
side the broader vascular abnormalities characteristic of the 
disease. Notably, in the primary RP-dcSSc meta-analysis, 
ADRA2A-associated variants exhibit a stronger effect compared 
with SSc meta-analysis (Table 1 and Supplementary Table S5), 
suggesting a possible role of ADRA2A in vascular pathogenesis in 
dcSSc, where ADRA2A may contribute more significantly. This 
finding is consistent with the observation that ADRA2A was not 
identified in the primary RP-lcSSc meta-analysis. Finally, ADRA2A 
was not identified in the secondary RP GWAS conducted by 
Tervi et al. [9], which may indicate that this locus is specifically 
relevant in SSc rather than other IMIDs that also manifest RP. 
Therefore, this locus integrates directly into SSc vasculopathy, 
in which excessive vasoconstriction and reduced perfusion are 
drivers of tissue inflammation and endothelial cell injury [23].
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The identification of shared genetic variants between primary 
RP and SSc enabled the development of a PRS. Our PRS model 
shows lower discriminative ability than those reported in other 
IMIDs [5, 32–33], likely due to the reduced number of SNPs used 
to construct the PRS. However, because SNP selection was de
rived from the cross-trait meta-analysis between primary RP 
and SSc, our PRS was specifically developed for primary RP 
patients rather than for the general population; therefore, direct 
comparisons of PRS are not entirely suitable. Additionally, as in 
Bossini-Castillo et al. [5], integrating key clinical predictors 
would improve the PRS predictive power, particularly when in
cluding nailfold capillaroscopy patterns, antinuclear antibodies 
positivity or puffy fingers, which have been shown to be associ
ated with increased risk of SSc among patients with RP [34]. 
Despite these limitations, individuals within the top 25% of the 
PRS distribution exhibited a significantly higher SSc associated 
genetic load, corresponding to an increased relative risk 
(RR = 1.29). This suggests that patients initially classified as having 
primary RP who present a high PRS could potentially be identified 
early as at elevated risk and prioritised for closer monitoring. 
These findings represent a first step toward integrating genomic 
data into personalised monitoring strategies for patients with pri
mary RP. Future research using larger cohorts and integrating 
clinical markers of early SSc may improve the predictive power of 
this PRS and support its applicability in clinical practice.

We acknowledge several limitations of this study. While we 
demonstrate a shared genetic component between primary RP 
and SSc, some individuals classified as having primary RP may 
later develop SSc or other IMIDs. This potential phenotype mis
classification could not be resolved using externally derived sum
mary statistics. Nevertheless, the consistency of the signal across 
analyses and the well powered study suggests that the genetic 
overlap is not solely driven by random error, thereby enhancing 
the reliability of our findings. Moreover, we acknowledge that the 
PRS was not externally validated or calibrated, as no independent 
cohort was available. Additionally, our results are based on 
European-ancestry populations, limiting their transferability to 
other ethnic groups. Future studies in more diverse populations 
are necessary to determine whether the identified loci exert simi
lar effects across different genetic backgrounds.

In conclusion, we identified five non-HLA pleiotropic loci, 
highlighting MEOX2 as a novel gene associated with both traits. 
Notably, MEOX2 showed an antagonistic effect, being protective in 
primary RP while conferring increasing risk in SSc. Although our 
PRS model is still far from clinical implementation, the results are 
promising and underscore the potential of genetic profiling to sup
port early evaluation and tailored monitoring strategies for individ
uals with primary RP with high genetic risk of SSc development.
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