
Intractable & Rare Diseases Research. 2025; 14(1):36-45.                              www.irdrjournal.comIntractable & Rare Diseases Research. 2025; 14(1):36-45.                              www.irdrjournal.com

Risk associated circulating biomarkers S100A3 identified in congenital
heart disease-associated pulmonary arterial hypertension

Weian Zhao1,§, Yijing Chen2,§, Zhongsu Yu3, Zhouping Wang2, Renke He2, Simian Cai2, 
Zhongzhong Chen2,*, Liangping Cheng3,*

1 Department of Anesthesiology Children's Hospital of Chongqing Medical University, National Clinical Research Center for Child Health and 
Disorders, Ministry of Education Key Laboratory of Child Development and Disorders, Chongqing, China;

2 Guangzhou Women and Children's Medical Center, Guangzhou Medical University, Guangzhou, China;
3 Department of Gastroenterology Children's Hospital of Chongqing Medical University, National Clinical Research Center for Child Health and 

Disorders, Ministry of Education Key Laboratory of Child Development and Disorders, Chongqing, China.

1. Introduction

Congenital heart disease (CHD) is the most common 
congenital malformation, occurring in approximately 
8 per 1,000 live births (1). Complex CHDs encompass 
a set of more severe conditions that are potentially 
influenced by multifactorial inheritance (2,3). Pulmonary 
arterial hypertension (PAH) associated with congenital 
heart disease (CHD-PAH) is a severe and complex 
condition that affects a significant number of patients 
worldwide and worsens their prognosis and quality of 

life. PAH is characterized by elevated pulmonary arterial 
pressure and vascular resistance, which can lead to right 
ventricular failure and ultimately, death. The survival 
rate for untreated PAH is dismal, with a median survival 
of 2.8 years from the time of diagnosis (4). Despite 
advancements in medical and surgical treatments, the 
management of CHD-PAH remains challenging due 
to its heterogeneous nature and the complexity of its 
underlying pathophysiological mechanisms (1,5,6).
 Current therapeutic strategies for CHD-PAH include 
pharmacological treatments, such as prostacyclin analogs, 
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SUMMARY: With improved survival rates among congenital heart disease (CHD) patients, pulmonary arterial 
hypertension (PAH) linked to CHD becomes more prevalent in both children and adults. PAH remains a significant 
contributor to morbidity and mortality in this population. Although genome-wide association studies (GWAS) have 
identified potential genetic variants with PAH risk and prognosis, the identification of circulating biomarkers with 
causal roles in CHD-PAH remains unclear. We employed the summary data-based Mendelian randomization (SMR) 
method, integrating expression profile data from the Gene Expression Omnibus (GEO) database related to CHD-PAH. 
This approach aimed to pinpoint genes causally associated with risk of CHD-PAH. We used a two-sample Mendelian 
randomization (MR) approach to efficiently screen for circulating proteins affecting CHD-PAH, leveraging publicly 
available genetic data from the UK biobank Pharma Proteomics Project (UKB-PPP) (54,219 UKB participants). 
Genetic determinants (cis-SNPs) of circulating proteins were used as instruments, and MR analyses assessed the 
influence of these proteins on CHD-PAH susceptibility in the largest PAH GWAS (2085 cases and 9659 controls). We 
conducted colocalization analyses to ensure shared genetic signals between circulating proteins and PAH and performed 
immune cell infiltration analysis to understand immune regulatory mechanisms in CHD-PAH. We found that a 1 SD 
increase in circulating S100 calcium binding protein A3 (S100A3) levels correlated with a reduced PAH risk (OR: 0.073, 
95% CI: 0.020-0.267; p = 0.00799). Sensitivity analyses including various cis-SNPs, provided consistent estimates for 
S100A3 (inverse variance weighted (IVW) OR: 0.085, 95% CI: 0.032-0.225; p = 7.5 × 10-7 and MR-Egger OR: 0.212, 
95% CI: 0.013-3.376; p = 0.387). Colocalization analyses confirmed a shared genetic signal for S100A3 and PAH, with 
a posterior probability of 99.9%. Transcriptomic investigations further highlighted S100A3's protective role in CHD-
PAH. Our study using SMR and GEO data identified S100A3 as a gene associated with a reduced risk of PAH in CHD 
patients. Elevated circulating levels of S100A3 were linked to a reduced PAH risk, and transcriptomic evidence further 
supported its protective function in CHD-PAH.
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endothelin receptor antagonists, and phosphodiesterase-5 
inhibitors, which improve symptoms and slow disease 
progression (6,7) but are not curative and often cause 
significant side effects. Surgical interventions, like defect 
repair or lung transplantation, carry high risks and are not 
suitable for everyone (8-10). This underscores the urgent 
need for novel therapeutics.
 Recent studies have highlighted the involvement of 
circulating proteins in the pathogenesis and progression 
of PAH, offering promise as biomarkers for early 
diagnosis, prognosis, and therapeutic targets (11). For 
instance, increased levels of soluble intercellular adhesion 
molecule-1 (ICAM-1) have been associated with PAH 
severity in pediatric CHD cases (12). MicroRNA studies, 
like the identification of microRNA-27b dysregulation, 
also suggest roles in CHD-PAH mechanism (13). Despite 
these discoveries, the exact role of many circulating 
proteins in CHD-PAH remains unclear, emphasizing the 
need for further investigation.
 Traditional statistical methods used in observational 
studies to investigate the association between circulating 
proteins and CHD-PAH risk are often limited by 
confounding factors and reverse causation. Mendelian 
randomization (MR) is a powerful epidemiological 
method that utilizes genetic variants as instrumental 
variables to infer causal relationships between exposures 
(e.g., circulating proteins) and outcomes (e.g., CHD-
PAH) while minimizing confounding and reversing 
causation (14). Common variants, which can be 
identified through genome-wide association studies 
(GWAS), typically have small genetic effects (15) but 
are often used as instrumental variables. By leveraging 
data from genome-wide association studies (GWAS) and 
protein quantitative trait loci (pQTL), MR can provide 
robust evidence for the causal role of specific proteins in 
disease development.
 CHD is recognized as the most prevalent birth defect 
(16) and is often associated with various complications 
(2). This study employs a two-sample MR approach to 
identify CHD-PAH-related proteins, validated through 
Bayesian colocalization and supported by lung tissue 
gene expression analysis. We also explore the immune 
regulatory mechanisms associated with CHD-PAH 
through analysis of immune cell infiltration. Our primary 
objective is to uncover novel circulating proteins that 
contribute to CHD-PAH pathogenesis and could serve as 
potential therapeutic targets.

2. Materials and Methods

2.1. Study design and data sources

We applied a two-sample MR design to identify 
circulating proteins associated with risk of CHD-PAH 
(Figure 1A). To achieve this, we used summary data 
from the largest genome-wide association study (GWAS) 
on PAH conducted among individuals of European 

descent (17), as well as protein quantitative trait loci 
(pQTL) GWASs from the Pharma Proteomics Project by 
Sun et al. (18) in the UK Biobank. Detailed methods of 
protein assays are described in this study (18).
 First, the GSE113439 dataset was analyzed to 
identify 1,082 differential mRNA genes associated 
with congenital heart disease-related pulmonary 
arterial hypertension (CHD-PAH) in patients. After 
ID conversion, 1,052 genes remained, with 893 
upregulated genes and 159 downregulated genes 
(Supplemental Table S1, https://www.irdrjournal.com/
action/getSupplementalData.php?ID=237). Through 
literature search, GWAS data related to pulmonary 
arterial hypertension, GCST007228, was identified, 
which summarized data from four studies: UK National 
Institute of Health Research BioResource (NIHRBR) for 
Rare Diseases study, US National Biological Sample and 
Data Repository for Pulmonary Arterial Hypertension/
PAH Biobank (PAHB) study, Paris Pulmonary 
Hypertension Allele-Associated Risk cohort (PHAAR) 
study, and British Heart Foundation Pulmonary Arterial 
Hypertension GWAS (BHFPAH) study, as outcome data. 
Exposure data were obtained from deCODE plus UKB 
with duplicates removed, pQTL_data, p < 5e-8, clump 
= 500 kb and R2 = 0.1 (Supplemental Table S2, https://
www.irdrjournal.com/action/getSupplementalData.
php?ID=238); both standard two-sample method 
pQTL analysis and SMR method pQTL analysis were 
conducted. Additionally, SMR's eQTL analysis was 
performed for all genes. The results of the standard 
two-sample method pQTL analysis were corrected for 
p-value FDR, yielding 102 positive genes; the SMR 
method's eQTL and pQTL results selected genes with 
p_SMR < 0.05, amounting to 1,213 and 142 genes, 
respectively. Combining this with transcriptome data 
from congenital heart disease with pulmonary arterial 
hypertension found in the GEO database, a single 
regulatory gene was identified through meta-analysis 
(Figure 1B): S100A3 (S100 calcium binding protein A3), 
and colocalization was performed using UKB protein 
data. The intersection of genes obtained from SMR_
eQTL [rs185078626; (Link to NCBI SNP) (https://
www.ncbi.nlm.nih.gov/snp/?term=rs185078626)] and 
SMR_pQTL [rs1005436; (Link to NCBI SNP) (https://
www.ncbi.nlm.nih.gov/snp/?term=rs1005436)] both 
map on S100A3, but they are not the same SNP; further 
colocalization analysis using UKB protein data revealed 
that only rs1005436 showed colocalization (Figure 1C), 
with a posterior probability of 0.99. This study reveals 
that the downregulation of S100A3 protein expression 
is closely associated with risk of PAH, consistent 
with the differential gene results from GEO (the 
expression of S100A3 is shown in Figure 1D, log2(FC) 
= -1.97, adj.P.Val = 0.001). Enrichment analysis of 
the downregulated genes revealed that the Calcium-
dependent protein binding pathway within the GO 
molecular function (MF) was regulated.

(37)
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correlated with each other, we then ranked them in order 
of the P values of their associations with UKB_PPP_
pQTL (https://registry.opendata.aws/ukbppp/) (19) and 
pruned to linkage disequilibrium correlation R2 = 0.1 and 
distance threshold 500 kilobases (Table 1).

2.4. MR

The MR approach was based on three key assumptions 
(19). First, the genetic variants used were associated 
with the risk factors. With the advent of large-scale 
modern GWASs, genetic variants associating with 
exposure can be identified in large datasets (20). 
Second, the genetic variants must not be associated with 

2.2. Ethical approval

No separate ethical approval was required due to the use 
of publicly available data.

2.3. Instrument selection and validation

To select genetic variants for studying the effect of CHD-
PAH, we considered SNPs within the S100A3 gene 
(GRCh37/hg19 chromosome 1 position 153519805–
153521734) that associated with expression of the gene 
(i.e., protein quantitative trait loci (pQTL)) in blood at 
genome-wide significance (p < 5×10-8). To ensure that 
the variants used as instruments in MR are not highly 

Figure 1. Overall study design. (A) Employing the classical two-sample MR and SMR methods, we obtained all gene eQTLs and pQTLs from the 
database and, in combination with GEO data, identified circulating protein targets for CHD-PAH; (B) one gene S100A3 was identified in four data 
analyses; (C) colocalisation analyses for the target rs1005436; (D) S100A3 expression significantly lower in CHD-PAH patients. Abbreviations: 
MR, Mendelian randomisation; GWAS, genome-wide association study; pQTL, protein quantitative trait loci; SNP, single nucleotide polymorphism; 
S100A3, S100 calcium binding protein A3; NIHRBR, UK National Institute of Health Research BioResource for Rare Diseases study; PAHB, US 
National Biological Sample and Data Repository for Pulmonary Arterial Hypertension/PAH Biobank study; PHAAR, Paris Pulmonary Hypertension 
Allele-Associated Risk cohort study; BHFPAH, British Heart Foundation Pulmonary Arterial Hypertension GWAS study; CHD-PAH, Congenital 
Heart Disease-associated pulmonary arterial hypertension; GEO dataset, GSE113439 in Gene Expression Omnibus. eQTLs, expression quantitative 
trait loci; GWAS, genome-wide association study; HEIDI, heterogeneity in dependent instruments; IVW-MR, inverse-variance-weighted Mendelian 
randomization; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and Outlier; MAF, minor allele frequency; SMR, summary-data-
based Mendelian randomization.

Table 1. Single nucleotide polymorphism employed as instruments for S100A3

rsID

rs1005436
rs185078626
rs28472359
rs73024420

Chromosome

1
1
1
1

aEstimates the proportion of variance in the phenotype explained by the genetic variant. bMeasure of instrument strength. Abbreviations: S100A3, 
S100 calcium binding protein A3, pQTL, protein quantitative trait loci; SE, standard error. UKB-PPP, UK Biobank Pharma Proteomics Project.

Effect 
allele

A
T
C
A

Position
(hg19)

153521932
153340640
153528079
153497360

Other 
allele

G
C
T
G

Effect allele 
frequency

0.128
0.006
0.098
0.017

beta

0.07
0.297
0.076
0.167

SE

0.011
0.05
0.013
0.029

p value

7.18E-10
5.42E-09
4.62E-09
1.45E-08

R2a

0.005
0.126
0.041
0.015

F statisticb

37.96
34.03
34.34
32.12

p value

0.002
0.715
0.006
0.067

UKB-PPP pQTL (n = 33777) pQTL
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confounders of the exposure–outcome relationship. A 
potential violation of this assumption can occur due to 
confounding by LD and/or population ancestry (21). 
Lastly, genetic variants must not affect the outcome, 
except through the exposure of interest (referred to as a 
lack of horizontal pleiotropy) (22).
 Large-scale GWASs for circulating proteins (23) have 
often found that the genetic determinants of circulating 
proteins reside cis (in close proximity) to the encoding 
genes. Use of cis-acting single nucleotide polymorphisms 
(SNPs) for MR reduces potential horizontal pleiotropy 
and increases the validity of MR assumptions, because 
a cis-SNP strongly associated with the protein is 
likely to directly influence the gene's transcription and 
consequently the circulating protein level.

2.5. Colocalization

A threat to the validity of cis-MR analyses is 
confounding by linkage disequilibrium. This occurs 
when a variant associated with the phenotype is in 
linkage disequilibrium with a variant associated 
with the outcome, thereby producing a spurious MR 
association. To test the robustness of our results against 
such confounding, we used Bayesian colocalization 
analysis via the Coloc method (23) between the protein 
marker S100A3 and all outcomes with significant 
MR associations. Coloc presents evidence for five 
hypotheses: no causal variant for either trait, a causal 
variant for trait 1 but not trait 2, a causal variant for trait 
2 but not trait 1, distinct causal variants underlying each 
trait, and a shared causal variant underlying both traits. 
A high posterior probability for the fifth hypothesis (> 
0.8) supports the presence of a shared causal variant 
underlying both traits, while a high posterior probability 
for the fourth hypothesis (> 0.8) supports the presence 
of distinct causal variants underlying each trait, thus 
indicating confounding by linkage disequilibrium in 
the corresponding MR association (also referred to as 
horizontal pleiotropy). In the presence of a statistically 
significant MR association that is not a false positive 
finding, if the posterior probabilities for both the fourth 
and fifth hypotheses are < 0.8, this would suggest that 
the colocalization analysis is likely underpowered to 
discriminate whether the MR association is attributable 
to a shared causal variant or a confounding variant in 
linkage disequilibrium (i.e., horizontal pleiotropy).

2.6. Sensitivity analysis

For proteins supported by MR and colocalization 
analyses, we conducted sensitivity analyses. In IVW 
(inverse variance weighted) and MR-Egger analyses, 
we included multiple cis-SNPs that are in weak linkage 
disequilibrium (R2 < 0.6) with the leading cis-SNPs 
for candidate proteins. These analyses considered 
correlated variants using the MR R package (24,25), 

as the consistency of estimates could strengthen the 
hypothesized effects. MR-Egger allows for a y-intercept 
term in a random effects model. An intercept that is 
different from zero indicates directional horizontal 
pleiotropy, suggesting a violation of the third MR 
assumption.

2.7. Transcriptomic data in lung tissue

We first investigated S100A3 using microarray-based 
transcriptomic data in CHD-PAH lung: GSE113439 
(26). Fresh frozen lung samples were obtained from the 
recipient organs of 4 patients with PAH secondary to 
congenital heart disease (CHD) and 11 normal controls 
(normal lung tissue obtained from tissue flanking lung 
cancer resections). RNA was extracted and hybridized 
on Affymetrix microarrays. During the analysis, two 
outlier samples were identified in the normal control 
group and subsequently excluded to ensure the 
robustness and reliability of the comparative analysis.

2.8. Differential gene expression analysis and probe 
reannotation

We obtained preprocessed data from Gene Expression 
Omnibus (GEO) using the R package "GEOquery". 
After acquiring the expression matrix, we annotated 
the probesets based on the annotation profile recorded 
in the "AnnoProbe" package associated with the 
"tinyarray" package (version 2.3.2), to filter out duplicate 
and unannotated probes. We performed quantile 
normalization on the log-transformed intensities using 
the "normalizeBetweenArrays" function in the "limma" 
R package. Subsequently, we used the "limma" package 
to identify differentially expressed mRNAs. P-values 
were adjusted using the Benjamini-Hochberg method. 
Unless otherwise specified, "differentially expressed" 
(DE) mRNAs are defined as having an FDR < 0.05 and 
a |log₂(FC)| > 1; log₂(FC) = 1 means fold change = 2 
(upregulated). log₂(FC) = -1 means fold change = 0.5 
(downregulated). |log₂(FC)| means  absolute log₂ fold 
change exceeds 1, meaning FC > 2 or FC < 0.5.

2.9. Functional and pathway enrichment analysis

We conducted Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis on the filtered differentially expressed genes 
(DEGs) using the R package "clusterProfiler" (V4.10.0) 
(27) and visualized the results. KEGG pathways and 
GO terms were considered statistically significant with 
a cut-off value of p < 0.05. The GO enrichment analysis 
consists of three components: molecular functions 
(MFs), biological processes (BPs), and cellular 
components (CCs).

2.10. Immune infiltration analysis
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To assess the proportion of infiltrating immune cells 
in CHD-PAH gene expression profiles, we utilized 
the CIBERSORT (28) bioinformatics algorithm. This 
method quantifies immune infiltration by referencing the 
LM22 dataset, which comprises 22 immune cell subtypes 
and 1,000 permutations. We analyzed and visualized 
correlations for these immune cells with R's "corrplot" 
package. Differences between CHD-PAH and control 
samples were depicted using violin plots created with 
the "vioplot" package in R. Additionally, we explored 
the relationships between S100A3 expression and the 
levels of infiltrating immune cells using Spearman's rank 
correlation analysis in R, with the findings graphically 
presented through the "ggplot2" package.

2.11. Software and preregistration

The MR analyses in this paper were conducted 
u s i n g  t h e  " Tw o S a m p l e M R " ( v e r s i o n  0 . 6 . 8 ) , 
"MRPRESSO"(version1.0), "locuscomparer"( version 
1.0.0) R packages, as well as the SMR & HEIDI methods 

and software tool (29,30). Some data from genome-wide 
association studies were extracted from the OpenGWAS 
platform (17) This study was not preregistered.

3. Results

3.1. Instrument selection and validation

First, we did classic two-sample MR. After clumping, we 
identified 4 variants to serve as the genetic instrument 
for S100A3 (Figure 2, A-C), in the MR analysis of 2,923 
proteins, we found that an increase of one standard 
deviation (SD) in circulating S100 calcium-binding 
protein A3 (S100A3) was associated with a reduced risk 
of PAH [odds ratio (OR): 0.08, 95% confidence interval 
(CI): 0.020-0.267; p = 7.51×10-7], used FDR for p-value 
adjustment) (Figure 2A). Then we used the SMR & 
HEIDI methods and software tool also found lead variant 
predicted that a one SD increase in serum S100A3 
protein levels would significantly reduce the occurrence 
of PAH, and the average F statistic across all variants was 

Figure 2. The association between genetically proxied serum S100A3 protein levels and pulmonary arterial hypertension related to 
congenital heart disease. (A) showed odds ratios are calculated per standard deviation increase in the exposure. Using the classical two-sample 
MR method, we obtained all potential regulatory SNPs upstream and downstream of the OID31352 marker probe encoding the S100A3 protein on 
human chromosome 1 and conducted MR analysis with PAH GWAS to identify positive instrumental variables, thereby confirming its potential 
as a therapeutic target for CHD-PAH treatment-related causal inference. (B) Four positive instrument SNP showed that rs1005436 was a good 
target. (C) Five methods were used for the examination, and the inverse variance weighted result was significant, suggesting that after accounting 
for confounding, the down regulation of S100A3 protein is causally associated with the occurrence of PAH. (D) displays the expression profiles of 
the top ten differentially expressed mRNAs, it shows that S100A3 was the top third down regulated mRNA in congenital heart disease associated 
pulmonary arterial hypertension patients. Abbreviations: MR, Mendelian randomization; S100A3, S100 calcium binding protein A3; CHD-PAH, 
congenital heart disease associated pulmonary arterial hypertension; HEIDI, heterogeneity in dependent instruments; IVW-MR, inverse-variance-
weighted Mendelian randomization; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and Outlier; MAF, minor allele frequency; 
SMR, summary-data-based Mendelian randomization.
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34 (Table 1), indicating a low risk of weak instrument 
bias. The positive control analysis identified a MR 
association in the expected direction between genetically 
proxied S100A3 and pulmonary arterial hypertension 
(p < 0.001) (Figure 2, B and C). Finally, we obtained 
consistent results in the transcriptome data expression 
profiles (Figure 1D). The heat map displays the 
expression profiles of the top ten differentially expressed 
mRNAs in the lung tissue of children with pulmonary 
arterial hypertension associated with congenital heart 
disease (Figure 2D).
 In two separate pQTL GWASs (deCODE+UKB, 
pQTL_data with duplicate proteins removed, filtered 
for p < 5 × 10-8, clumped at 500 kb with R2 = 0.1) and 
one independent eQTL GWAS (eQTLGen_Consortium 
blood cis_eqtl) (Supplemental Table S3, https://
www.irdrjournal.com/action/getSupplementalData.
php?ID=239), we conducted an MR scan to identify 
proteins associated with CHD-PAH. After Benjamini-
Hochberg correction, one candidate protein remained: 
circulating S100A3. A genetically determined increase 
of one SD in plasma S100A3 was associated with an 
average reduction of 63% in the risk of developing CHD-
PAH (OR (95% CI) from smr_eQTL was 0.683 (0.495 
to 0.872), p = 0.371; OR (95% CI) from smr_pQTL was 
0.063 (0.040 to 0.085), p = 0.004) (Table 2).

3.2. Colocalization analysis

We performed a colocalization analysis between the 
GWAS of the candidate protein (S100A3) from Sun et al. 
(18), and the PAH GWAS to assess potential confounding 
due to linkage disequilibrium (LD). The SNP site 
rs1005436, which was significant in both the classical 
two-sample pQTL and SMR_pQTL (Supplemental 
Table S4, https://www.irdrjournal.com/action/
getSupplementalData.php?ID=240 and S5, https://
www.irdrjournal.com/action/getSupplementalData.
php?ID=241), showed excellent colocalization with 
PAH, with a posterior probability of 99.9% in the 
colocalization analyses (Figure 1C), indicating the 
presence of a shared signal.

3.3. Lung tissue transcriptomic data

Using microarray-based transcriptomic data from whole 
lung samples (GSE113439), we confirmed that S100A3 
was significantly downregulated in the transcriptome 

sequencing results of fresh frozen lung tissues from 
patients with pulmonary arterial hypertension associated 
with congenital heart disease compared to the control 
group (log2(FC) = -1.97, p = 6.98×10-5, adj.P.Val = 0.001). 
Further analysis of all 159 downregulated genes through 
GO and KEGG annotation revealed that the Calcium-
dependent protein binding pathway within the molecular 
function (MF) category of GO was regulated (Figure 3A 
and 3B). Using the SMR method to obtain the risk factor 
corelation of CHD-PAH and PAH, the downregulation of 
S100A3 protein expression among the top-ranked genes 
reflects a causal association between these regulatory 
sites and the occurrence of PAH (Figure 3C), which is 
consistent with the data results from the GEO expression 
profiles (Figure1D, Figure 2D, and Figure 3C).

3.4. Immune infiltration analysis

The results of immune cell infiltration analysis showed 
that, compared to the control group, the expression of 
memory B cells, CD8+ T cells, and monocyte cells was 
significantly increased in CHD-PAH patients (Figure 
4A). Further analysis revealed that in CHD-PAH patients, 
the expression level of the S100A3 gene was positively 
correlated with CD8+ T cells, memory B cells, and NK 
cells (Figure 4B and 4C). These findings suggest that 
S100A3 may play a complex role in immune regulation 
by modulating the functions of these key immune cells, 
thereby influencing the progression of CHD-PAH.

4. Discussion

This study addresses the essential challenge of 
identifying circulating proteins linked to the risk of 
CHD-PAH. Using a two-sample MR approach that 
combines GWAS and pQTL analyses, the research 
aimed to identify proteins associated with CHD-PAH. 
Bayesian colocalization analysis was employed to 
confirm the robustness of the findings, and differential 
gene expression analysis in lung tissue was conducted 
to further substantiate the results. The study's significant 
contribution is the identification of S100A3 as a 
key protein associated with CHD-PAH, supported 
by differential expression and functional pathway 
enrichment analyses, which elucidates potential 
biological mechanisms underlying the disease.
 Several studies support the findings of our research, 
which identified S100A3 as a significant protein 

Table 2. The instrument SNPs that affect pulmonary arterial hypertension at both the transcriptional and protein levels, 
identified through the SMR method, were mapped to the gene S100A3

mRNA
Protein

Gene

S100A3

Abbreviations: SNPs, SNP, single nucleotide polymorphism; SMR, Summary-data-based Mendelian Randomization; S100A3, S100 calcium 
binding protein A3.

topSNP

rs185078626
rs1005436

Method

smr_eQTL
smr_pQTL

nsnp_HEIDI

7
7

p.value

0.371
0.004

OR

0.683
0.063

OR (95% CI)

0.683(0.495 to 0.872)
0.063(0.040 to 0.085)

https://www.irdrjournal.com/supplementaldata/239
https://www.irdrjournal.com/supplementaldata/240
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associated with CHD-PAH. For instance, the role of 
S100A3 in other pathological conditions has been 
explored extensively. Liu et al. observed that S100A3 
activation is involved in tumorigenesis in colorectal 
cancer, suggesting its critical role in cellular processes 
and disease progression (31). This aligns with our 
findings where S100A3 levels were significantly altered 
in CHD-PAH patients, indicating its broader relevance 
in various diseases. Furthermore, the study by Tao et 
al. on hepatocellular carcinoma (HCC) demonstrated 
that S100A3 is implicated in tumor aggressiveness and 
that modulating its expression could be a potential 
therapeutic strategy (32). This supports our hypothesis 
that S100A3 could be a therapeutic target in CHD-PAH 
as well. Additionally, a study by Gianni et al. highlighted 
the interaction of S100A3 with RARα and PML-RARα 
in breast and lung cancer cells, affecting the stability 
and activity of these receptors (33). This interaction 

underscores the importance of S100A3 in regulating 
cellular functions, which could be extrapolated to its 
role in CHD-PAH pathophysiology. Contrarily, some 
studies have reported different roles for S100A3. For 
instance, the work of Fritz et al. on the structural 
properties of S100A3 revealed its unique calcium 
and zinc-binding properties, which are crucial for its 
function in hair cuticle formation (34). While this study 
focuses on a different biological context, it highlights 
the multifunctional nature of S100A3, which could 
explain its involvement in diverse pathologies, including 
CHD-PAH. Moreover, the research by Minato et al. on 
the evolution of S100A3 and PAD3 genes in mammals 
provided insights into the adaptive significance of 
these genes in hair formation (35). Although this study 
does not directly relate to CHD-PAH, it underscores 
the evolutionary importance of S100A3, suggesting 
its critical role in mammalian physiology, which may 

Figure 3. Analysis of the S100A3 gene expression in CHD-PAH patients and involved pathways. (A) Enrichment analysis was performed on 
the downregulated genes, among which the Calcium-dependent protein binding pathway within the molecular function (MF) category of GO was 
found to be regulated. (B) and (C) The pQTL obtained from SMR analysis and present the volcano plot for positive exposure, showing that the 
downregulation of S100A3 protein expression is closely associated with the risk of PAH, consistent with the differential gene results from GEO 
datasect (logFC = -1.97, adj.P.Val = 0.001). Abbreviations: CHD-PAH , congenital heart disease associated pulmonary arterial hypertension ; GEO, 
Gene Expression Omnibus; logFC, log 2 fold change.
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extend to cardiovascular diseases. In conclusion, the 
existing literature supports our findings regarding the 
role of S100A3 in CHD-PAH. The consistent observation 
of S100A3's involvement in various diseases and its 
regulatory functions in cellular processes reinforce its 
potential as a biomarker and therapeutic target. However, 
further studies are necessary to elucidate the precise 
mechanisms by which S100A3 influences CHD-PAH and 
to explore its potential in clinical applications. Despite 
the limited specific literature on S100A3 in the context 
of CHD-PAH, the discussion can still be framed around 
the identified results and general mechanisms of S100 
proteins and their role in cardiovascular diseases.
 Our study identified S100A3 as a significant protein 
associated with CHD-PAH, suggesting a protective 
role against PAH. S100 proteins, including S100A3, 
are known to be involved in various cellular processes 
such as cell cycle progression and differentiation, 
which are critical in maintaining vascular homeostasis 
(31,33,35,36). The downregulation of S100A3 in patients 
with CHD-PAH, as observed in our transcriptomic 
analysis, indicates a potential disruption in these cellular 
processes, contributing to the pathogenesis of PAH. 
The significant association between S100A3 levels and 
PAH risk, supported by both MR and colocalization 
analyses, underscores the potential mechanistic role of 
S100A3 in modulating pulmonary vascular remodeling. 
This remodeling is a hallmark of PAH and involves 
the proliferation and migration of pulmonary arterial 
smooth muscle cells (PASMCs) and pulmonary vascular 
endothelial cells (PVECs). The protective effect of 

higher circulating S100A3 levels could be mediated 
through its influence on PASMCs, possibly by inhibiting 
their proliferation and promoting apoptosis, thereby 
preventing vascular remodeling and subsequent PAH 
development. Furthermore, the genetic association of the 
rs1005436 SNP with PAH, as demonstrated in our pQTL 
and SMR_pQTL analyses, highlights the importance of 
genetic factors in regulating S100A3 expression and its 
downstream effects on pulmonary vasculature. The high 
posterior probability of colocalization at this SNP locus 
suggests a shared genetic basis for S100A3 expression 
and PAH risk, providing a potential target for therapeutic 
intervention.
 Our findings are further supported by the GO and 
KEGG pathway analyses, which revealed that calcium-
dependent protein binding pathways are significantly 
regulated in CHD-PAH patients. S100A3 is a small 
calcium-binding protein (molecular weight ~10-12 kDa) 
belonging to the S100 protein family, characterized 
by tissue- or cell type-specific expression patterns. It 
contains two EF-hand calcium-binding sites, and calcium 
binding induces conformational changes that facilitate 
interactions with ligands or specific receptors. S100A3 
typically forms homodimers, heterodimers, and higher-
order oligomers, and is involved in various cellular 
processes, including cell cycle regulation, proliferation, 
differentiation, migration, metabolism, cytoskeletal 
dynamics, signal transduction, and cell death (36). The 
dysregulation of these pathways in CHD-PAH patients 
could contribute to the observed downregulation of 
S100A3 and its protective effects against PAH. Our study 

Figure 4. Analysis of the correlation between S100A3 gene expression and immune cell profiles in CHD-PAH patients. (A) Shows the 
differential expression of various immune cell types between CHD-PAH patients and normal controls, with significant differences indicated by 
p-values. (B) A lollipop plot illustrating the strength and statistical significance of correlations between S100A3 expression and different immune cell 
types. (C) Scatter plots and trend lines reveal the correlation between S100A3 expression and specific immune cell types (e.g., CD8+ T cells and NK 
cells), with each plot indicating the correlation coefficient (R) and p value.
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provides compelling evidence for the involvement of 
S100A3 in the pathogenesis of CHD-PAH. The protective 
association of higher S100A3 levels with reduced PAH 
risk, supported by genetic and transcriptomic analyses, 
suggests that S100A3 could be a potential biomarker and 
therapeutic target for PAH. Further research is needed to 
elucidate the precise molecular mechanisms by which 
S100A3 exerts its protective effects and to explore its 
potential in clinical applications.
 In our study, using a two-sample MR approach 
combined with GWAS and pQTL analysis, we identified 
circulating S100A3 protein as significantly associated 
with a reduced risk of CHD-PAH. This finding is novel 
and robust, supported by Bayesian colocalization 
analysis and differential gene expression in lung tissue, 
which consistently showed downregulation of S100A3 
in CHD-PAH patients. Previous studies have highlighted 
the complexity and high risk associated with pulmonary 
arterial hypertension in congenital heart disease (PAH-
CHD), emphasizing the need for precise biomarkers 
and therapeutic targets (7,33). The association of 
S100A3 with CHD-PAH provides new insights into 
the pathophysiological mechanisms underlying this 
condition and opens potential avenues for targeted 
therapy. Unlike earlier studies that primarily focused 
on clinical and hemodynamic parameters (37,38), our 
approach integrates genetic and proteomic data, offering 
a more comprehensive understanding of the disease. 
Additionally, our results remained significant after FDR 
adjustment, and the SMR & HEIDI methods further 
validated the findings, demonstrating the reliability of 
our results. The identification of rs1005436 SNP as a 
key genetic locus associated with PAH risk through 
colocalization analysis underscores its potential as a 
genetic marker for early diagnosis and risk stratification 
in CHD-PAH patients.
 In reflecting upon the limitations of this study, several 
aspects warrant consideration. First, the study primarily 
relies on computational methods and lacks integration 
with wet lab experiments, which could provide additional 
validation and insights into the biological mechanisms 
underlying the associations identified. Second, the 
sample size used in the analysis may be relatively 
small, potentially limiting the generalizability of the 
findings. Furthermore, the absence of clinical validation 
analyses means that the practical applicability of the 
identified proteins in clinical settings remains uncertain. 
Additionally, the use of multiple datasets introduces the 
possibility of batch effects, which could influence the 
results and interpretations.
 In summary, this study successfully identifies 
circulating proteins associated with the risk of CHD-
PAH, with a particular emphasis on the S100A3 protein. 
The integration of MR, colocalization analysis, and 
differential gene expression analysis provides robust 
evidence supporting these findings. Looking ahead, 
these results pave the way for further research to explore 

the biological mechanisms and potential therapeutic 
targets for CHD-PAH. Future studies should aim to 
incorporate larger sample sizes, clinical validation, and 
experimental approaches to enhance the understanding 
and applicability of these findings in clinical practice.
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