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Abstract:  
This study aims to explore the association between 4907 plasma proteins and genetic susceptibility to 

aplastic anemia (AA). Genetic associations with levels of 4907 plasma proteins were extracted from a large-

scale protein quantitative trait loci study involving 35,559 Icelanders, with data sourced from deCODE 

GENETICS. Additionally, an aplastic anemia-related genome-wide association study (GWAS) dataset (ebi-

a-GCST90018794) was obtained from the IEU OpenGWAS project, which conducted a GWAS on 473,500 

European individuals analyzing approximately 24,192,378 SNPs following quality control and imputation. 

Inverse variance weighting and MR Egger methods, implemented via R packages, were primarily used to 

assess the causal associations between 4907 plasma proteins and aplastic anemia. The Mendelian 

randomization (MR) analysis revealed 12 types of plasma proteins associated with decreased genetic 

susceptibility to AA. The inverse variance weighting (IVW) results indicated significant associations for 

several proteins, including CCL25 (odds ratio (OR), 0.868; 95% confidence interval (CI), 0.790–0.954; 

p=0.003), DSG2 (OR, 0.882; 95% CI, 0.795–0.979; p=0.018), EPHA4 (OR, 0.896; 95% CI, 0.824–0.975; 

p=0.011), EPHB4 (OR, 0.876; 95% CI, 0.782–0.981; p=0.022), IL3RA (OR, 0.860; 95% CI, 0.788–0.938; p 

<0.001), MDGA2 (OR, 0.906; 95% CI, 0.832–0.986; p=0.022), MET (OR, 0.871; 95% CI, 0.777–0.976; 

p=0.017), PEAR1 (OR, 0.868; 95%CI, 0.766–0.985; p=0.028), PLXND1 (OR, 0.914; 95% CI, 0.849–0.985; 

p=0.018), SELE (OR, 0.889; 95% CI, 0.821–0.963; p=0.004), and TLL1 (OR, 0.844; 95% CI, 0.725–0.982; 

p =0.028), all showing a reduced genetic susceptibility to AA. Conversely, MMP7 was associated with an 

increased genetic susceptibility to AA (OR, 1.211; 95% CI, 1.011–1.452). The pathway analysis showed 

that 12 plasma proteins were enriched in Cytokine-cytokine receptor interaction and PI3K-Akt signaling 

pathway. In summary, our MR study systematically evaluated the causal relationships between plasma 

protein biomarkers and AA, identifying 12 plasma proteins that have a causal influence on AA. 
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Introduction 

Aplastic anemia (AA) is a bone marrow failure 

syndrome characterized by diminished 

proliferation of bone marrow hematopoietic cells 

and pancytopenia. The primary clinical 

manifestations include anemia, bleeding, and 

infection. The pathogenesis of AA is intricately 

linked to external cytotoxic agents, mutations in 

DNA repair, telomere maintenance, or 

hematopoiesis-related genes, and immune-

mediated damage to the bone marrow 

microenvironment
[1]

. Epidemiological studies 

indicate that the incidence of AA in China is 

approximately 0.7 cases per 100,000 people, 

which is 2-3 times higher than that observed in 

Western countries. In addition, the prevalence of 

AA in China is on the rise, contributing 

significantly to the socioeconomic burden on the 

nation, society, and individual patients
[2].

 

Proteins are key regulatory elements in molecular 

pathways and have become primary targets in 

drug development. The plasma proteome, 

https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST90018794/
https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST90018794/
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comprising circulating proteins produced by cells 

and tissues, is secreted into the circulation during 

periods of cell damage or function
[3]. 

In 2021, 

Ferkingstad E et al. reported GWAS data for 4907 

plasma proteins from 35,559 Icelanders, 

establishing a foundational dataset  for exploring 

the relationship between plasma proteins and 

human diseases
[4].

 Numerous studies have 

demonstrated a strong association between plasma 

proteins and the development of conditions such 

as deep vein thrombosis
[3]

, stroke
[5],

 complications 

of diabetes
[6-7],

 multiple myeloma
[8]

, 

cardiovascular diseases
[9-10]

, and mental 

disorders
[11],

 highlighting their potential as 

therapeutic targets. Therefore, a comprehensive 

analysis of the causal relationship between plasma 

proteins and aplastic anemia may shed light on the 

pathogenesis of AA and could also identify 

potential therapeutic targets for its treatment. 

Mendelian randomization (MR) is an 

epidemiological method that enhances causal 

inference by using genetic variants as instrumental 

variables for exposure factors, such as plasma 

proteins
[3]

. MR is considered a natural random 

experiment, which assesses the potential causal 

relationships between exposure factors, such as 

plasma proteins, and diseases, such as aplastic 

anemia. This method involves the random 

allocation of individuals to subgroups at 

conception based on genetic variants, during 

which confounding factors are also randomized 
[5].

 

In our study, we used protein and genetic data 

reported by Ferkingstad E et al. in the Icelandic 

population to conduct cohort and MR analyses to 

explore the relationship between 4907 plasma 

proteins and the risk of AA. 

Materials and Methods 

Study Design 

The study design is illustrated in Figure 1. We 

used MR to investigate the causal relationship 

between 4907 circulating proteins and AA, 

relying on publicly available data from a large-

scale genome-wide association study of the blood 

proteome. The data were obtained from deCODE 

GENETICS (https://www.decode.com/ summary 

data/)(4) and the IEU OpenGWAS project(12). 

  

 
Figure 1. The main design of this study. (A)The data sources and processing of this study. 

(B)Assumptions of the Mendelian randomization analysis for plasma proteins and aplastic anemia. 

 

4907 circulating proteins and related GWAS 

data sources 

Genetic associations with levels of 4907 plasma 

proteins were derived from a large-scale protein 

quantitative trait loci (pQTL) study involving 

35,559 Icelanders, with data sourced from 

deCODE GENETICS. At deCODE GENETICS, 

raw pQTL data on plasma proteins are accessible 

by providing information such as name, email 

address, and organization. Our processing of the 

raw data included several key steps: initially, 

correlation analysis was conducted using the 

TwoSampleMR package. The current study 

focused on proteins with pQTLs identified at the 

genome-wide significance level (P < 5 × 10
−8

) in 

two-sample MR analyses. Secondly, to address 

linkage disequilibrium, SNPs were filtered based 

on criteria including an r
2
 = 0.001 and kb = 10000. 

Thirdly, weak instrumental variables were 

excluded, retaining only those with an F-statistic 

greater than 10. 

Outcome data sources 

An AA-related GWAS dataset (ebi-a-

GCST90018794) was sourced from the IEU 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9986512/figure/fig1/
https://www.decode.com/%20summary%20data/
https://www.decode.com/%20summary%20data/
https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST90018794/
https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST90018794/
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OpenGWAS project(12). This dataset conducted a 

GWAS on 473,500 European individuals, 

analyzing approximately 24,192,378 SNPs 

following quality control and imputation. For the 

analysis, data was directly extracted using R 

packages, with a significance threshold of P < 

1×10
-8 

for inclusion in the correlation analysis. 

The criteria for removing linkage disequilibrium 

SNPs and weak instrumental variables were 

consistent with those used in the processing of 

protein data. 

Enrichment analysis 

The GO enrichment analysis including molecular 

function (MF), cellular components (CC) and 

biological processes (BP). ClusterProfiler package 

was used to performed GO and KEGG pathway 

analysis.  

Statistical analysis 

R 4.4 software (http://www.Rproject.org) was 

utilized to performed MR analysis. To access the 

causal association between 4907 plasma proteins 

and AA, inverse variance weighting (IVW)(13) 

and MR Egger methods were primarily used via 

the ‘TwoSampleMR’ package (version 0.6.3), 

‘VariantAnnotation’ package, and ‘gwasglue’ 

package. Cochran’s Q was used to access 

heterogeneity, and a p-value ≥ 0.05 indicated a 

lack of heterogeneity in the results. Additionally, 

leave-one-out methods were utilized to conduct a 

sensitivity analysis.  

Results 

Two-sample MR analysis 

SNPs related to 4907 plasma proteins were 

identified after correlation analysis, removal of 

linkage disequilibrium, and exclusion of weak 

instrumental variables. AA-related SNPs were 

calculated based on the ebi-a-GCST90018794 

dataset. In our study, we intersected the results 

obtained from IVW and MR Egger methods. The 

MR analysis identified 12 types of plasma 

proteins associated with decreased genetic 

susceptibility to AA. SNPs related to 12 plasma 

proteins were illustrated in Supplementary Table 

1. The IVW results indicated that CCL25 (odds 

ratio (OR), 0.868; 95% confidence interval (CI), 

0.790–0.954; p=0.003), DSG2 (OR, 0.882; 95% 

CI, 0.795–0.979; p=0.018), EPHA4 (OR, 0.896; 

95% CI, 0.824–0.975; p=0.011), EPHB4 (OR, 

0.876; 95% CI, 0.782–0.981; p=0.022), IGF1R 

(OR, 0.855; 95% CI, 0.736–0.994; p=0.041),  

IL3RA (OR, 0.860; 95% CI, 0.788–0.938; p 

<0.001), MDGA2 (OR, 0.906; 95% CI, 0.832–

0.986; p=0.022), MET (OR, 0.871; 95% CI, 

0.777–0.976; p=0.017),PEAR1 (OR, 0.868; 95% 

CI, 0.766–0.985; p=0.028), PLXND1 (OR, 0.914; 

95% CI, 0.849–0.985; p=0.018), SELE (OR, 

0.889; 95% CI, 0.821–0.963; p=0.004), and TLL1 

(OR, 0.844; 95% CI, 0.725–0.982; p=0.028) were 

associated with decreased genetic susceptibility to 

AA. Conversely, MMP7 was associated with an 

increased genetic susceptibility to AA with an OR 

of 1.211 (95% CI, 1.011–1.452). The 

visualizations are depicted in Figures 2, 3, and 4. 

MR-Egger analysis indicates that only IGF1R 

exhibits horizontal pleiotropy (Table 1). 

 

Supplementary Table 1.1 Information of identified SNPs in exposure (CCL25) and outcomes (AA). 

  Exposure (CCL25)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 

1 rs12279699 A G 0.0957 0.012215 4.71E-15  4,128 469,372 0.0122 0.0329 0.7121 

2 rs12718462 C T 0.0985 0.015271 1.12E-10  4,128 469,372 -0.0064 0.043 0.8809 

3 rs12980552 G A -0.2686 0.00845 1.00E-200  4,128 469,372 0.0689 0.0224 0.00210601 

4 rs12983058 T G -0.0583 0.009491 8.11E-10  4,128 469,372 0.0093 0.026 0.721 

5 rs1501908 C G 0.0945 0.008452 5.06E-29  4,128 469,372 0.0091 0.0238 0.702499 

6 rs16854775 G C -0.0526 0.009468 2.77E-08  4,128 469,372 -0.0128 0.0257 0.6183 

7 rs17438280 C G 0.1345 0.016761 1.02E-15  4,128 469,372 -0.0695 0.0628 0.2688 

8 rs181528492 C T -0.531 0.039901 2.08E-40  4,128 469,372 -0.0512 0.1243 0.680299 

http://www.rproject.org/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11140572/#SM1
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9 rs214068 C T -0.1469 0.008267 1.23E-70  4,128 469,372 0.0361 0.0226 0.111 

10 rs4804273 A G -0.1678 0.011099 1.23E-51  4,128 469,372 0.0016 0.0278 0.9539 

11 rs4841427 G A 0.1036 0.014533 1.01E-12  4,128 469,372 0.0694 0.04 0.0824992 

12 rs59141216 C T -0.2861 0.026131 6.74E-28  4,128 469,372 -0.0208 0.0461 0.6521 

13 rs601338 A G -0.1706 0.008761 1.89E-84  4,128 469,372 0.0193 0.0232 0.4054 

14 rs62126622 G T -0.2516 0.025177 1.63E-23  4,128 469,372 0.1611 0.118 0.1722 

15 rs635634 C T 0.1208 0.012098 1.76E-23  4,128 469,372 -0.0733 0.028 0.00896107 

16 rs72654473 A C 0.0952 0.015118 3.03E-10  4,128 469,372 0.0308 0.0416 0.4584 

17 rs78039161 C T -0.3085 0.01346 2.99E-116  4,128 469,372 0.0444 0.0335 0.1842 

18 rs80188016 T C -0.1929 0.024195 1.55E-15  4,128 469,372 0.0853 0.1152 0.4589 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.2 Information of identified SNPs in exposure (DSG2) and outcomes (AA). 
    Exposure (DSG2)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 

1 rs1020839 T C 
-

0.0893 
0.011092 8.20E-16  4,128 469,372 0.016 0.0349 0.6455 

2 rs10901252 C G 0.4375 0.016569 1.20E-153  4,128 469,372 -0.0915 0.034 0.00709104 

3 rs11078597 C T 
-

0.0548 
0.009896 3.06E-08  4,128 469,372 0.0204 0.0286 0.4754 

4 rs117225497 T G 
-

0.2146 
0.036255 3.24E-09  4,128 469,372 0.1279 0.2975 0.6672 

5 rs1231281 A G 
-

0.0473 
0.00825 9.85E-09  4,128 469,372 0.0166 0.0228 0.4681 

6 rs147145691 T C 
-

0.2669 
0.028244 3.40E-21  4,128 469,372 0.0035 0.0731 0.9616 

7 rs148666188 C T -0.298 0.038987 2.11E-14  4,128 469,372 0.1304 0.1095 0.2337 

8 rs149181677 T C 0.1572 0.021326 1.69E-13  4,128 469,372 0.0389 0.0472 0.4104 

9 rs150816167 C T 0.1402 0.019401 4.96E-13  4,128 469,372 -0.0544 0.0479 0.2559 

10 rs537879 G T 
-

0.1208 
0.008187 2.85E-49  4,128 469,372 -0.0241 0.0225 0.2842 

11 rs62578578 A G 0.1761 0.023065 2.26E-14  4,128 469,372 0.0686 0.1065 0.5196 

12 rs6905288 A G 
-

0.0608 
0.008237 1.57E-13  4,128 469,372 -6.00E-04 0.0227 0.9797 

13 rs708686 T C 0.0869 0.009689 3.01E-19  4,128 469,372 0.0216 0.024 0.367 

14 rs75426668 A G 
-

0.1675 
0.025716 7.35E-11  4,128 469,372 -0.0058 0.0945 0.9508 

15 rs9286383 T A 
-

0.1041 
0.014204 2.32E-13  4,128 469,372 0.0105 0.0357 0.768799 

16 rs9304098 T G 
-

0.1905 
0.008195 1.58E-119  4,128 469,372 0.0295 0.0227 0.1942 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.3 Information of identified SNPs in exposure (EPHA4) and outcomes (AA). 

   Exposure (EPHA4)  Outcome (AA) 

 SNP EA OA β SE p value  Case 
Contro

l 
β SE p value 

1 rs112155714 G A -0.3285 0.03962 1.12E-16  4128 469372 -0.0146 0.0907 0.8724 

2 rs114022440 G A 0.2539 0.029843 1.77E-17  4128 469372 -0.0208 0.0653 0.7503 
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3 rs118167234 C A -0.2116 0.028364 8.644E-14  4128 469372 -0.0229 0.0678 0.735201 

4 rs1260326 C T 0.0577 0.008624 2.217E-11  4128 469372 0.0027 0.0234 0.9087 

5 rs13108218 G A 0.0486 0.008403 7.296E-09  4128 469372 -0.034 0.0239 0.1558 

6 rs190696118 C A -0.2114 0.030226 2.671E-12  4128 469372 0.0669 0.1209 0.5798 

7 rs28477937 T C -0.0575 0.00899 1.597E-10  4128 469372 -0.0073 0.0244 0.7635 

8 rs4661359 T C -0.0677 0.008334 4.527E-16  4128 469372 -0.0007 0.0247 0.9771 

9 rs4674589 C T 0.0882 0.008224 7.765E-27  4128 469372 0.0145 0.0225 0.5182 

10 rs62572818 G C 0.1177 0.014448 3.747E-16  4128 469372 -0.016 0.055 0.771401 

11 rs62576557 G A -0.1326 0.024311 4.916E-08  4128 469372 0.1241 0.0704 
0.077760

7 

12 rs72704449 C T 0.1361 0.019297 1.75E-12  4128 469372 -0.0512 0.0476 0.2825 

13 rs739468 G T 0.4201 0.013885 1E-200  4128 469372 -0.0659 0.0318 
0.038549

6 

14 rs7470777 G A 0.5414 0.017662 1E-200  4128 469372 -0.0532 0.0344 0.1215 

15 rs75212266 A G -0.3341 0.039348 2.051E-17  4128 469372 0.0882 0.0886 0.3193 

16 rs77924615 A G -0.0605 0.010252 3.603E-09  4128 469372 -0.0439 0.0272 0.1067 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.4 Information of identified SNPs in exposure (EPHB4) and outcomes (AA). 
   Exposure (EPHB4)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 

1 rs1260326 C T 0.0475 0.008637 3.801E-08  4128 469372 0.0027 0.0234 0.9087 

2 rs13108218 G A 0.0511 0.008471 1.614E-09  4128 469372 -0.034 0.0239 0.1558 

3 rs143616286 C G 0.0972 0.017753 4.375E-08  4128 469372 0.0207 0.0421 0.6236 

4 rs314366 A G 0.1105 0.008151 7.183E-42  4128 469372 0.0268 0.0226 0.2368 

5 rs35061193 T C -0.0531 0.008188 8.864E-11  4128 469372 -0.0892 0.0624 0.1528 

6 rs41307428 T C 0.3503 0.029219 4.062E-33  4128 469372 -0.0609 0.037 0.1004 

7 rs635634 C T 0.3847 0.012067 1E-200  4128 469372 -0.0733 0.028 0.00896107 

8 rs724444 T C -0.0662 0.0101 5.575E-11  4128 469372 0.0037 0.025 0.8833 

9 rs72704449 C T 0.1328 0.019413 7.884E-12  4128 469372 -0.0512 0.0476 0.2825 

10 rs7329478 G A -0.0703 0.011739 2.115E-09  4128 469372 0.0123 0.0284 0.6648 

11 rs77924615 A G -0.0634 0.010329 8.367E-10  4128 469372 -0.0439 0.0272 0.1067 

12 rs9558661 T C -0.0902 0.009721 1.719E-20  4128 469372 0.0001 0.028 0.9959 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.5 Information of identified SNPs in exposure (IL3RA) and outcomes (AA). 

    Exposure (IL3RA)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 

1 rs10850034 A T 0.0459 0.008362 4.04E-08  4128 469372 0.0478 0.0693 0.4905 

2 rs11066301 G A 0.0457 0.008345 4.343E-08  4128 469372 -0.0094 0.023 0.682801 

3 rs112564808 C T 0.1636 0.028861 1.44E-08  4128 469372 -0.1128 0.0673 0.0935901 

4 rs11507716 T C -0.2689 0.01329 4.929E-91  4128 469372 0.0822 0.0355 0.0204099 

5 rs115676813 T C 0.2368 0.038672 9.164E-10  4128 469372 0.0551 0.067 0.411 

6 rs11603123 A G 0.2399 0.020536 1.572E-31  4128 469372 -0.0529 0.0619 0.3923 

7 rs117241334 A C 0.3244 0.029933 2.283E-27  4128 469372 0.0961 0.0966 0.3198 

8 rs117369137 A G -0.3111 0.038077 3.079E-16  4128 469372 0.075 0.1245 0.546799 

9 rs117877056 A C 0.2605 0.026803 2.499E-22  4128 469372 0.1677 0.1096 0.1259 
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10 rs2622935 G A -0.124 0.009454 2.673E-39  4128 469372 -0.0142 0.0256 0.578801 

11 rs28367690 G A -0.0624 0.009738 1.478E-10  4128 469372 -0.0332 0.0699 0.635 

12 rs2940174 A T -0.0995 0.016327 1.1E-09  4128 469372 0.0253 0.0647 0.695799 

13 rs34250484 A G 0.1943 0.016553 8.107E-32  4128 469372 0.0324 0.0447 0.4685 

14 rs35434910 A T -0.3434 0.010962 1E-200  4128 469372 0.0771 0.0274 0.00499298 

15 rs3793628 C T 0.085 0.009266 4.599E-20  4128 469372 -0.0107 0.027 0.691899 

16 rs4802117 A G 0.0737 0.008041 4.916E-20  4128 469372 0.021 0.0233 0.3683 

17 rs517076 A G 0.0675 0.010858 5.089E-10  4128 469372 -0.039 0.0308 0.2056 

18 rs61764072 C A 0.3043 0.036335 5.526E-17  4128 469372 -0.0112 0.1748 0.9488 

19 rs9411492 T C -0.3289 0.009357 1E-200  4128 469372 0.0612 0.0239 0.01044 

20 rs9842051 C G 0.0546 0.009544 1.058E-08  4128 469372 0.017 0.0288 0.5553 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.6 Information of identified SNPs in exposure (MDGA2) and outcomes (AA). 

    Exposure (MDGA2)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 

1 rs10149770 A G 0.0876 0.014043 4.438E-10  4128 469372 -0.0125 0.0362 0.730299 

2 rs111629268 T C -0.1235 0.013036 2.695E-21  4128 469372 0.6078 0.5614 0.279 

3 rs112351914 A G 0.1872 0.020382 4.132E-20  4128 469372 -0.0222 0.0631 0.7248 

4 rs116174082 A G 1.0801 0.020399 1E-200  4128 469372 -0.1932 0.0911 0.0338197 

5 rs12147146 C T 0.596 0.033776 1.1E-69  4128 469372 -0.0536 0.0741 0.4695 

6 rs139953520 G A 0.5455 0.031984 3.173E-65  4128 469372 -0.0373 0.118 0.7519 

7 rs146048337 T C 0.1582 0.027517 8.965E-09  4128 469372 0.0279 0.1362 0.8378 

8 rs147722382 T C -0.2174 0.039342 3.279E-08  4128 469372 -0.1305 0.3102 0.673899 

9 rs148244051 T G 0.1506 0.023549 1.603E-10  4128 469372 -0.0377 0.0729 0.604999 

10 rs149817759 A G -0.369 0.033482 3.037E-28  4128 469372 0.1123 0.1104 0.3091 

11 rs191390916 T C 0.0614 0.008388 2.483E-13  4128 469372 0.0206 0.0682 0.7623 

12 rs34231016 T C 0.0616 0.011211 3.919E-08  4128 469372 0.0189 0.0392 0.630199 

13 rs34489253 G A 0.0874 0.008128 5.766E-27  4128 469372 -0.0282 0.0224 0.2088 

14 rs4665972 C T 0.0485 0.00816 2.787E-09  4128 469372 0.0207 0.0231 0.3713 

15 rs4788706 G A -0.0425 0.007758 4.298E-08  4128 469372 0.0181 0.0224 0.4198 

16 rs4900811 T C -0.5405 0.009024 1E-200  4128 469372 0.0467 0.0396 0.2392 

17 rs57844210 G A -0.1191 0.016173 1.785E-13  4128 469372 0.0149 0.0409 0.7157 

18 rs62621812 A G 0.1446 0.024288 2.622E-09  4128 469372 -0.0811 0.0585 0.1657 

19 rs75694823 C A 0.3634 0.030385 5.767E-33  4128 469372 0.3048 0.2026 0.1325 

20 rs77544995 C T -0.2403 0.022097 1.523E-27  4128 469372 0.0183 0.0652 0.7792 

21 rs79827742 A G 0.2189 0.022201 6.201E-23  4128 469372 0.0241 0.0558 0.6656 

22 rs8011466 G C -0.1676 0.01896 9.606E-19  4128 469372 -0.039 0.0514 0.4487 

23 rs849133 T C -0.043 0.00773 2.657E-08  4128 469372 -0.0463 0.0224 0.0390796 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.7 Information of identified SNPs in exposure (MET) and outcomes (AA). 

    Exposure (MET)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 

1 rs1041316 A G 0.0729 0.009626 3.638E-14  4128 469372 -0.0361 0.0252 0.1517 

2 rs10435378 A G 0.1309 0.008365 3.41E-55  4128 469372 0.0141 0.0228 0.5354 

3 rs11045856 G T 0.0796 0.009942 1.18E-15  4128 469372 0.0223 0.0293 0.4462 

4 rs11603123 A G 0.1839 0.021361 7.353E-18  4128 469372 -0.0529 0.0619 0.3923 
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5 rs117210485 A G 0.1952 0.029983 7.492E-11  4128 469372 -0.0343 0.038 0.3664 

6 rs13226546 C A 0.0715 0.008308 7.531E-18  4128 469372 -0.0244 0.0227 0.2831 

7 rs138121767 T C 0.1538 0.02152 8.874E-13  4128 469372 -0.0082 0.1002 0.9346 

8 rs139974673 C T -0.1547 0.02534 1.028E-09  4128 469372 -0.0967 0.1296 0.4555 

9 rs143779007 C T -0.153 0.024898 7.991E-10  4128 469372 0.224 0.153 0.1434 

10 rs145179853 T C -0.2067 0.035196 4.283E-09  4128 469372 -0.0227 0.1189 0.8487 

11 rs1604038 T C -0.0685 0.009461 4.49E-13  4128 469372 -0.062 0.0253 0.0142298 

12 rs174562 G A 0.0588 0.008518 5.1E-12  4128 469372 0.0022 0.0228 0.9244 

13 rs2343551 C A 0.0875 0.010993 1.725E-15  4128 469372 0.02 0.0271 0.4598 

14 rs3827211 G A -0.0664 0.008414 2.981E-15  4128 469372 0.031 0.0228 0.1743 

15 rs55714927 T C 0.0573 0.010236 2.171E-08  4128 469372 -0.0274 0.0262 0.2964 

16 rs635634 C T 0.395 0.012281 1E-200  4128 469372 -0.0733 0.028 0.00896107 

17 rs72784938 C A 0.1215 0.014032 4.777E-18  4128 469372 -0.0538 0.0487 0.2693 

18 rs77542162 G A 0.3272 0.026162 6.848E-36  4128 469372 -0.109 0.1199 0.3631 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.8 Information of identified SNPs in exposure (PEAR1) and outcomes (AA). 
    Exposure (PEAR1)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 

1 rs114346493 T C 0.1898 0.028966 5.66E-11  4128 469372 0.0993 0.1246 0.4255 

2 rs12005199 A G 0.0614 0.008704 1.733E-12  4128 469372 0.0177 0.0233 0.4476 

3 rs12795076 C T 0.1103 0.014435 2.157E-14  4128 469372 -0.114 0.1015 0.2612 

4 rs1354034 C T -0.0664 0.008483 4.99E-15  4128 469372 -0.0048 0.0243 0.8448 

5 rs140477301 C T 0.1569 0.024472 1.442E-10  4128 469372 -0.0361 0.0632 0.5679 

6 rs1555405 A G -0.0572 0.008986 1.944E-10  4128 469372 -0.0096 0.0237 0.6853 

7 rs17490626 C G 0.0782 0.011512 1.097E-11  4128 469372 -0.0345 0.036 0.3376 

8 rs2230283 T C 0.0595 0.008881 2.085E-11  4128 469372 -0.0033 0.0236 0.8894 

9 rs2413593 G A 0.0513 0.008397 9.984E-10  4128 469372 0.0289 0.0624 0.642899 

10 rs3124761 C T 0.1442 0.014145 2.098E-24  4128 469372 -0.0694 0.0321 0.03071 

11 rs41556717 T C 0.1597 0.028838 3.062E-08  4128 469372 0.0268 0.1087 0.8055 

12 rs4661012 G T -0.191 0.008551 1.679E-110  4128 469372 0.0233 0.0231 0.3131 

13 rs56115403 A G 0.0643 0.010069 1.7E-10  4128 469372 -0.0343 0.0257 0.1818 

14 rs60843925 C T -0.0892 0.013267 1.777E-11  4128 469372 0.0093 0.0294 0.7516 

15 rs62578578 A G 0.1542 0.02325 3.306E-11  4128 469372 0.0686 0.1065 0.5196 

16 rs75179845 C T 0.4601 0.016703 4.848E-167  4128 469372 -0.0863 0.0338 0.0105801 

17 rs7776054 G A 0.0566 0.009256 9.662E-10  4128 469372 0.0775 0.0239 0.00117999 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.9 Information of identified SNPs in exposure (PLXND1) and outcomes (AA). 

    Exposure (PLXND1)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 

1 rs111903631 C T 0.1862 0.029615 3.228E-10  4128 469372 0.1708 0.1139 0.1337 

2 rs11244084 T C -0.6117 0.017633 1E-200  4128 469372 0.0979 0.0504 0.0522396 

3 rs11603123 A G 0.2117 0.020758 2.018E-24  4128 469372 -0.0529 0.0619 0.3923 

4 rs117241334 A C 0.2303 0.030288 2.881E-14  4128 469372 0.0961 0.0966 0.3198 
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5 rs117369137 A G -0.2711 0.037646 5.962E-13  4128 469372 0.075 0.1245 0.546799 

6 rs117633773 A G 0.1177 0.019961 3.715E-09  4128 469372 -0.0004 0.0727 0.9954 

7 rs117877056 A C 0.1894 0.027122 2.882E-12  4128 469372 0.1677 0.1096 0.1259 

8 rs12378537 T C 0.5271 0.015814 1E-200  4128 469372 -0.0358 0.0326 0.2724 

9 rs143501783 C T 0.2995 0.036803 4.019E-16  4128 469372 -0.0334 0.1925 0.8621 

10 rs150730585 A G -0.3136 0.032302 2.775E-22  4128 469372 -0.1224 0.1451 0.3992 

11 rs2073926 T A 0.1491 0.016735 5.137E-19  4128 469372 0.0437 0.0335 0.1919 

12 rs2255703 C T -0.2129 0.008289 1.746E-145  4128 469372 0.0346 0.0237 0.1447 

13 rs2477642 C T 0.0479 0.008158 4.322E-09  4128 469372 0.0261 0.0245 0.2867 

14 rs2837988 A C 0.0554 0.008128 9.348E-12  4128 469372 -0.0129 0.0239 0.5887 

15 rs28850104 T C -0.0954 0.008794 2.037E-27  4128 469372 0.0176 0.0248 0.478 

16 rs2936613 T G -0.0664 0.010956 1.356E-09  4128 469372 0.0451 0.0268 0.0921595 

17 rs3094377 C T 0.5015 0.025814 4.507E-84  4128 469372 -0.0867 0.0609 0.1544 

18 rs3135387 G T -0.0721 0.008737 1.556E-16  4128 469372 -0.0121 0.0274 0.658701 

19 rs4857414 T C -0.0732 0.008224 5.521E-19  4128 469372 -0.0032 0.0225 0.8862 

20 rs55714927 T C 0.1186 0.009962 1.118E-32  4128 469372 -0.0274 0.0262 0.2964 

21 rs62259780 G T 0.0511 0.00896 1.176E-08  4128 469372 -0.0348 0.0257 0.175 

22 rs62266917 T C -0.1374 0.014016 1.09E-22  4128 469372 0.0062 0.031 0.8421 

23 rs62572818 G C 0.1708 0.014745 4.989E-31  4128 469372 -0.016 0.055 0.771401 

24 rs75876642 T C 0.1712 0.025561 2.118E-11  4128 469372 -0.002 0.0579 0.9725 

25 rs78705678 G A 0.05 0.008409 2.745E-09  4128 469372 0.0531 0.0251 0.0343803 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.10 Information of identified SNPs in exposure (SELE) and outcomes (AA). 
    Exposure (SELE)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 

1 rs117603193 G A -0.3559 0.032154 1.783E-28  4128 469372 0.096 0.061 0.1153 

2 rs141668780 C T -0.317 0.023951 5.496E-40  4128 469372 0.036 0.1023 0.725 

3 rs1585488 T G -0.0738 0.008054 5.04E-20  4128 469372 -0.0055 0.0224 0.8072 

4 rs2244608 G A 0.0618 0.008718 1.353E-12  4128 469372 -0.0072 0.0233 0.756599 

5 rs2519992 C T 0.0632 0.008937 1.527E-12  4128 469372 -0.0912 0.0648 0.1592 

6 rs28699275 T C 0.21 0.021581 2.226E-22  4128 469372 -0.0249 0.0502 0.6204 

7 rs35166255 A G 0.3196 0.020762 1.812E-53  4128 469372 -0.0505 0.062 0.4147 

8 rs3760775 T G 0.1906 0.016553 1.117E-30  4128 469372 0.041 0.0371 0.2687 

9 rs3917390 C G -0.1154 0.008604 5.078E-41  4128 469372 -0.0017 0.0238 0.9418 

10 rs4545169 G T -0.0845 0.014279 3.265E-09  4128 469372 0.0027 0.0358 0.9402 

11 rs55710199 T C -0.6218 0.031244 3.938E-88  4128 469372 0.1125 0.1291 0.3836 

12 rs62061425 G A 0.0677 0.009867 6.811E-12  4128 469372 -0.0346 0.0256 0.1762 

13 rs62576476 T C -0.1858 0.023197 1.149E-15  4128 469372 0.0151 0.0539 0.779301 

14 rs646776 T C 0.1303 0.009993 7.308E-39  4128 469372 0.043 0.0273 0.1149 

15 rs75212266 A G -0.5422 0.041276 2.049E-39  4128 469372 0.0882 0.0886 0.3193 

16 rs7857390 G A -0.2846 0.008661 1E-200  4128 469372 0.0212 0.0232 0.36 

17 rs7868232 C T -0.3511 0.010792 1E-200  4128 469372 0.0762 0.026 0.00331597 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.11 Information of identified SNPs in exposure (TLL1) and outcomes (AA). 

    Exposure (TLL1)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 
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1 rs13088856 G T 0.0538 0.009063 2.916E-09  4128 469372 -0.015 0.0262 0.5657 

2 rs1805482 A G -0.0481 0.008612 2.331E-08  4128 469372 -0.0232 0.0276 0.4018 

3 rs1903176 A T -0.0586 0.008644 1.205E-11  4128 469372 -0.0019 0.0239 0.938 

4 rs3815916 G T -0.0512 0.008421 1.202E-09  4128 469372 -0.0109 0.0226 0.630001 

5 rs601338 A G -0.0932 0.008516 7.106E-28  4128 469372 0.0193 0.0232 0.4054 

6 rs653178 T C 0.0487 0.008552 1.237E-08  4128 469372 0.0064 0.0228 0.778901 

7 rs66782572 G A -0.0568 0.008383 1.241E-11  4128 469372 0.066 0.0618 0.2854 

8 rs739468 G T 0.1184 0.014118 5.017E-17  4128 469372 -0.0659 0.0318 0.0385496 

9 rs78705678 G A 0.0588 0.00865 1.063E-11  4128 469372 0.0531 0.0251 0.0343803 

10 rs8176743 T C 0.4361 0.01686 1.627E-147  4128 469372 -0.0874 0.0337 0.00954289 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

Supplementary Table 1.12 Information of identified SNPs in exposure (MMP7) and outcomes (AA). 
    Exposure (MMP7)  Outcome (AA) 

 SNP EA OA β SE p value  Case Control β SE p value 

1 rs12986064 C T -0.0661 0.008702 3.048E-14  4128 469372 0.0253 0.0228 0.2664 

2 rs56857975 T C 0.5671 0.016814 1E-200  4128 469372 0.1609 0.1292 0.2128 

3 rs595151 C A -0.0502 0.008423 2.519E-09  4128 469372 0.0154 0.0226 0.4962 

4 rs61729512 A G 0.0787 0.01265 4.93E-10  4128 469372 0.0226 0.0322 0.4829 

5 rs6694034 C A 0.0848 0.008307 1.814E-24  4128 469372 0.0061 0.0226 0.786901 

6 rs67702963 C T -0.1433 0.010239 1.668E-44  4128 469372 -0.0374 0.0263 0.1544 

7 rs71480491 C A 0.2669 0.027339 1.631E-22  4128 469372 0.0666 0.0622 0.2839 

8 rs72981067 A G 0.1992 0.034954 1.206E-08  4128 469372 0.0587 0.1712 0.731601 

9 rs77924615 A G -0.1057 0.010532 1.063E-23  4128 469372 -0.0439 0.0272 0.1067 

SNP, single nucleotide polymorphism; EA, effect allele; OA, other allele; SE, standard error; AA, aplastic 

anemia. 

 

 
Figure 2. Assessing the relationship between plasma proteins and genetic susceptibility to aplastic 

anemia based on exposure factor-related instrumental variable evaluation. (A)CCL25. (B)DSG2. 
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(C)EPHA4. (D)EPHB4. (E)IL3RA. (F)MDGA2. (G)MET. (H)PEAR1. (I)PLXND1. (J)SELE. 

(K)TLL1. (L)MMP7 

 

 
Figure 3. Summarried forest plot of plasma proteins that associated with aplastic anemia. 

 

 
Figure 4. Scatter plot of MR analysis for plasma proteins on genetic susceptibility to AA. (A)CCL25. 
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(B)DSG2. (C)EPHA4. (D)EPHB4. (E)IL3RA. (F)MDGA2. (G)MET. (H)PEAR1. (I)PLXND1. 

(J)SELE. (K)TLL1. (L)MMP7. MR, Mendelian randomization; AA, aplastic anemia. 

 

Table 1. The results of MR-Egger intercept analysis. 

Exposure Outcome Egger_intercept SE p value 

CCL25 AA 0.015480305 0.016456534 0.360045375 

DSG2 AA 0.016182648 0.013700142 0.257199921 

EPHA4 AA 0.009830954 0.011628832 0.412106259 

EPHB4 AA 0.020073802 0.012684255 0.144600045 

IGF1R AA 0.040565512 0.016269563 0.037327571 

IL3RA AA 0.018919248 0.013966489 0.192299896 

MDGA2 AA 0.013852236 0.011125261 0.226804769 

MET AA 0.01196107 0.013110473 0.375137516 

PEAR1 AA 0.022651524 0.012976832 0.101335374 

PLXND1 AA 0.008429544 0.010093316 0.412218749 

SELE AA 0.015359047 0.014343045 0.301171651 

MMP7 AA -0.030772407 0.019537547 0.159249365 

TLL1 AA 0.019118651 0.012624338 0.168379785 

 

Heterogeneity and sensitivity analysis 

Cochran’s Q test indicated no heterogeneity in the 

MR analysis results (p ≥ 0.05) (Table 2 and Figure 

5). Sensitivity analysis confirmed the robustness 

of the MR analysis results (Figure 6). 

 

Table 2. The results of Cochran's Q analysis. 

Exposure Method Q Q_df Q_p val 

CCL25 MR Egger 18.72834061 16 0.283001941 

DSG2 MR Egger 9.24482353 14 0.815054595 

EPHA4 MR Egger 10.58002281 14 0.718667629 

EPHB4 MR Egger 10.42729093 10 0.403838328 

IL3RA MR Egger 18.27612622 18 0.437606423 

MDGA2 MR Egger 15.4592785 21 0.799221473 

MET MR Egger 19.15246964 16 0.260835934 

PEAR1 MR Egger 18.66156071 15 0.229481931 

PLXND1 MR Egger 24.20266064 23 0.392658275 

SELE MR Egger 13.0450483 15 0.598818312 

TLL1 MR Egger 9.446588676 8 0.306032884 

MMP7 MR Egger 2.912013415 7 0.893020614 
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Figure 5. Funnel plot of MR analysis for plasma proteins on genetic susceptibility to AA.(A)CCL25. 

(B)DSG2. (C)EPHA4. (D)EPHB4. (E)IL3RA. (F)MDGA2. (G)MET. (H)PEAR1. (I)PLXND1. 

(J)SELE. (K)TLL1. (L)MMP7. 

 

 
Figure 6. Leave-one-out sensitive analysis for plasma proteins on genetic susceptibility to AA. (A)CCL25. 

(B)DSG2. (C)EPHA4. (D)EPHB4. (E)IL3RA. (F)MDGA2. (G)MET. (H)PEAR1. (I)PLXND1. (J)SELE. 

(K)TLL1. (L)MMP7. 
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Signal pathway 

The significant GO analysis of the 12 proteins, 

including BP, MF, and CC, were showed in 

Figure 7A. The significant terms of GO-BP were 

mainly associated with the regulation of GTPase 

activity, regulation of leukocyte tethering or 

rolling. The pathways enriched by GO-MF were 

mainly associated with the transmembrane 

receptor protein tyrosine kinase activity. The 

analysis of GO-CC indicated that 12 proteins were 

significantly enriched in lamellipodium. The 

KEGG analysis showed that 12 plasma proteins 

were enriched in Cytokine-cytokine receptor 

interaction and PI3K-Akt signaling pathway 

(Figure 7B).  

 

 
Figure 7. Pathway analysis of AA related plasma proteins. (A)GO annotation. (B)KEGG pathways. 

 

Discussion 

In our study, which employed a MR approach, we 

used data from the Icelandic population to 

investigate the relationship between 4907 plasma 

proteins and AA. MR analysis indicated a causal 

relationship between AA and twelve plasma 

proteins: CCL25, DSG2, EPHA4, EPHB4, 

IL3RA, MDGA2, MET, PEAR1, PLXND1, 

SELE, TLL1, and MMP7. This research lays the 

foundation for further exploration of AA 

pathogenesis and provides new evidence for the 

selection of drug targets for AA treatment. 

11 types of plasma proteins were associated with 

decreased genetic susceptibility to AA, including 

CCL25, DSG2, EPHA4, EPHB4, IL3RA, 

MDGA2, MET, PEAR1, PLXND1, SELE, and 

TLL1. These proteins are widely reported to be 

closely related to various human diseases. For 

examples, C-C motif chemokine ligand 25 

(CCL25) is primarily expressed in the thymus and 

intestinal epithelium, and also produced by 

vascular endothelial cells and other parenchymal 

cells. It facilitates the migration of immature T 

cells to the thymus for maturation and release(14). 

CCL25 binds to CCR9 in a one-to-one manner, 

participating in various inflammatory diseases and 

promoting inflammatory responses. Over the 

years, the role of CCR9/CCL25 in inflammation-

related diseases, including cardiovascular 

diseases, tumors, hepatitis, arthritis, and 

inflammatory bowel diseases, has become 

increasingly evident(15-16). These findings 

suggest that CCR9/CCL25 may be potential 

targets for various inflammatory diseases. 

Desmoglein 2 (DSG2) has been associated with 

various tumors. Yang et al. reported that low 

DSG2 expression correlates with low survival 

rates in colon cancer patients, suggesting its 

potential as a prognostic biomarker for colon 

cancer(17). Qin et al. found that DSG2 expression 

is associated with poor prognosis in early cervical 

cancer(18). EPH receptor A4 (EPHA4) and EPH 

receptor B4 (EPHB4), members of the ephrin 

receptor subfamily of the protein tyrosine kinase 

family, are involved in mediating developmental 

events and have also been widely reported to be 

closely related to tumors and stroke(19-22). 

Research has shown that IL3RA regulates the 

proliferation, survival, and differentiation of 

hematopoietic cells and is commonly expressed in 

acute myeloid leukemia (AML) and classical 

Hodgkin lymphoma (HL), offering potential for 

treatment with IL3RA-targeted antibody-drug 

conjugates(23). IL3RA is also a therapeutic target 

for primary plasmacytoid dendritic cell 
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tumors(24). Through Mendelian randomization 

analysis, Zhang et al. identified that the plasma 

protein MDGA2 is associated with an increased 

risk of lung adenocarcinoma(25). Wang et al. 

described MDGA2 as a key tumor suppressor in 

gastric cancer, noting that its hypermethylation is 

an independent prognostic factor for cancer 

patients(26). The MET proto-oncogene, a receptor 

tyrosine kinase, has become a prominent molecule 

in oncology research. High levels of MET 

amplification and activation of MET mutations or 

fusions are now recognized as drivers of 

tumorigenesis, with extensive research focusing 

on targeted therapies against MET mutations(27-

28). Zhang et al. reported that PEAR1 balances 

intrinsic and extrinsic signals in determining early 

hematopoietic fate(29). PEAR1 is essential in 

hemostasis by facilitating platelet adhesion 

through its extracellular portion, thereby initiating 

platelet aggregation(30). Research by Li et al. 

indicates that Plexin D1 negatively regulates the 

migration of foam cells derived from 

macrophages through the focal adhesion 

kinase/Paxillin pathway(31). Chen et al. suggested 

that Plexin D1 could be a novel target in treating 

castration-resistant prostate cancer by contributing 

to neural lineage plasticity(32). Selectin E (SELE) 

is found in cytokine-stimulated endothelial cells 

and is implicated in the accumulation of 

leukocytes at inflammatory sites by mediating cell 

adhesion to the inner walls of blood vessels(33). 

Genome-wide association studies have linked 

variations in TLL1 with the development of 

hepatocellular carcinoma following the 

eradication of hepatitis C virus infection(34). 

In our study, MMP7 was associated with 

increased genetic susceptibility to ankylosing 

spondylitis (AA). According to Briot et al., the 

overexpression of MMP-7 is directly responsible 

for the substantial shedding and release of TNF-α 

from the cytoplasmic membrane in Fanconi 

anemia(35). Furthermore, MMP7 has been linked 

to tumor drug resistance and metastasis(36-37). 

The pathway analysis showed that 12 plasma 

proteins were enriched in Cytokine-cytokine 

receptor interaction and PI3K-Akt signaling 

pathway. The report of cytokine-cytokine receptor 

interaction in AA is rather scarce, which may 

provide a new direction for the research on the 

related mechanisms of AA. And the PI3K-Akt 

signaling pathway has been reported in several 

reports in AA. For example, Formononetin 

regulates the PI3K/Akt signaling pathway to 

reverse the Treg/Th17 imbalance in AA mice(38). 

Panaxadiol saponin improves the ferroptosis in 

AA mice and Meg-01 cells by activating the 

PI3K/AKT/mTOR signaling pathway(39). 

In summary, our MR study systematically 

evaluated the causal relationship between plasma 

protein biomarkers and AA. Characterized by a 

large sample size, comprehensive proteomic 

coverage, multilevel bias detection, and extremely 

low confounding bias, the study identified 12 

plasma proteins that are causally related to AA. 

Future study should focus on validating these 

findings and developing drugs targeting these 

potential biomarkers. 
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