
Vol.:(0123456789)

Clinical and Experimental Medicine           (2024) 24:42  
https://doi.org/10.1007/s10238-024-01299-y

RESEARCH

Causality between COVID‑19 and multiple myeloma: a two‑sample 
Mendelian randomization study and Bayesian co‑localization

Shuaiyuan Wang1,2,3 · Na Zhao1 · Ting Luo1 · Songzi Kou1 · Miaomiao Sun1 · Kuisheng Chen1,2,3

Received: 24 August 2023 / Accepted: 18 January 2024 
© The Author(s) 2024

Abstract
Infection is the leading cause of morbidity and mortality in patients with multiple myeloma (MM). Studying the relation-
ship between different traits of Coronavirus 2019 (COVID-19) and MM is critical for the management and treatment of 
MM patients with COVID-19. But all the studies on the relationship so far were observational and the results were also 
contradictory. Using the latest publicly available COVID-19 genome-wide association studies (GWAS) data, we performed 
a bidirectional Mendelian randomization (MR) analysis of the causality between MM and different traits of COVID-19 
(SARS-CoV-2 infection, COVID-19 hospitalization, and severe COVID-19) and use multi-trait analysis of GWAS(MTAG) 
to identify new associated SNPs in MM. We performed co-localization analysis to reveal potential causal pathways between 
diseases and over-representation enrichment analysis to find involved biological pathways. IVW results showed SARS-CoV-2 
infection and COVID-19 hospitalization increased risk of MM. In the reverse analysis, the causal relationship was not found 
between MM for each of the different symptoms of COVID-19. Co-localization analysis identified LZTFL1, MUC4, OAS1, 
HLA-C, SLC22A31, FDX2, and MAPT as genes involved in COVID-19-mediated causation of MM. These genes were 
mainly related to immune function, glycosylation modifications and virus defense. Three novel MM-related SNPs were found 
through MTAG, which may regulate the expression of B3GNT6. This is the first study to use MR to explore the causality 
between different traits of COVID-19 and MM. The results of our two-way MR analysis found that SARS-CoV-2 infection 
and COVID-19 hospitalization increased the susceptibility of MM.
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Introduction

Over the past four years, Coronavirus 2019 (COVID-19), 
caused by Severe Acute Respiratory Syndrome Coronavirus 
2019 (SARS-CoV-19), has spread around the world and is 
causing great concern globally [38]. Reportedly, COVID-19 
may be able to co-exist with humans for a long time. The 
clinical presentation of patients with COVID-19 is diverse, 
and a variety of complications are frequently observed in 
patients with COVID-19, including interstitial pneumonia, 
pancytopenia, arthralgia and autoimmune diseases [9, 15]. 
Conversely, autoimmune diseases and inflammation lead 
COVID-19 patients into a vicious cycle of infection, caus-
ing increased morbidity and mortality [27, 35]. Autoimmune 
diseases such as multiple myeloma (MM), systemic lupus 
erythematosus and multiple sclerosis are extremely similar 
to COVID-19 in terms of symptomatology and pathologi-
cal response, suggesting that there may be a close associa-
tion between the diseases. A causal relationship between 
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systemic lupus erythematosus, multiple sclerosis and 
COVID-19 has been reported [34]. However, there is still 
a gap in the causal relationship between MM and COVID-
19. High doses of corticosteroids are used in the treatment 
of MM, and this usually leads to immunosuppression and 
a high inflammatory response, increasing the severity of 
COVID-19 [14]. A number of studies have reported, People 
with pre-existing autoimmune diseases are at higher risk 
of SARS-CoV-19 infection and disease severity [12]. Many 
other studies have observed that MM patients with COVID-
19 have rates of infection and severe disease that are within 
the range of the general population [4]. Causal inferences 
from observational studies are unreliable or even contra-
dictory due to the effects of unmeasured or unknown con-
founding factors [7]. On the other hand, due to ethics, it was 
impossible to conduct randomized controlled trial (RCTs) to 
investigate the causal relationship between COVID-19 and 
MM. Thus, the causal relationship between COVID-19 and 
MM remains ambiguous.

Clarifying the relationship between different traits of 
COVID-19 and MM helps in the diagnosis, treatment and 
rehabilitation of MM patients with COVID-19, assess the 
feasibility and risks of vaccination for patients with MM and 
help to develop strategies for management of patients with 
MM and for COVID-19 prophylaxis. Therefore, it is neces-
sary to investigate the causal relationship between COVID-
19 and MM [39].

Mendelian randomization (MR) is based on Mendel’s 
laws of inheritance, and use single nucleotide polymor-
phisms (SNPs) as an instrumental variable to assess the 
causal relationship between exposure factors and related out-
comes [19]. Because genetic variation has occurred before 
the outcome, MR reduces the confounding effect of environ-
mental factors and demonstrates genetic causality between 
exposure and outcome [19].

To fill this gap, we performed a bidirectional two-sample 
MR analysis to assess the causal relationship between dif-
ferent traits of COVID-19 and MM. LDSC calculates herit-
ability, MTAG identifies novel possible causal SNPs, and 
combined analysis of co-localization and over-representation 
enrichment analysis reveal possible biological pathways for 
COVID-19 to cause MM. This facilitates a deeper under-
standing of the complex molecular mechanisms behind 
COVID-19 and MM.

Methods

Study design

The overall study design is shown in Fig. 1. Our study is 
based on multiple GWAS studies. We firstly calculate herit-
ability of COVID-19 related traits (SARS-CoV-2 infection, 

COVID-19 hospitalization and severe COVID-19) and MM 
to show that they are all hereditable. Then selecting instru-
mental variables (IVs), we used bidirectional MR analysis 
[19] to infer the causal relationships between COVID-19 
related traits and MM. Based on the results of bidirectional 
MR analysis, we expect to identify more novel SNPs with 
strong signals for MM using multi-trait analysis of GWAS 
(MTAG) [30] incorporating information from GWAS of 
COVID-19. In addition, we performed fine-mapping and 
co-localization analysis [16] to identify shared loci between 
COVID-19 and MM. We undertook over-representation 
enrichment analysis [31] of the shared loci to explore the 
biological processes involved.

Data sources

Genetic associations of COVID-19 were obtained from the 
latest freeze 7 data (release date: April 8, 2022) based on 
European ancestry—populations of the COVID-19 host 
genetics Initiative (COVID-19 HGI) (https://www.cov-
id19hg.org/results/covidhgi-freeze-7-readme.txt) [21]. The 
data contain three relevant features of COVID-19: (1) Indi-
viduals with very severe respiratory symptoms confirmed by 
COVID-19 or who died from the disease are called severe 
COVID-19 (13,769 cases and 1,072,442 controls). (2) Indi-
viduals hospitalized for symptoms of associated infections 
are called COVID-19 hospitalization (32,519 cases and 
2,062,805 controls). (3) All individuals reporting positive 
SARS-CoV2 infection, regardless of symptoms and hospi-
talization, are called SARS-CoV2 infection (122,616 cases 
and 2,475,240 controls). The genome-wide association stud-
ies (GWAS) data for MM patients from the FinnGen GWAS 
database [10], comprising 598 patients and 180,756 controls 
of European ancestry. The data in the two databases are not 
raw genotyping data, but summary statistics data after strict 
and standardized quality control. Therefore, there is no need 
for quality control again.

Linkage disequilibrium score regression (LDSC)

Referring to LD scores of European ancestry reference data 
from the 1000 Genomes Project, we used GWAS summary 
statistics to calculate heritability for single traits. The LDSC 
provided an estimate of heritability by regressing the LD 
score on the running test statistic [8]. LDSC can provide 
accurate estimates, even if test statistics are inflated due to 
polygenicity [33]. The heritability estimation was completed 
by the “ldsc” R software package.

MR analysis

We screened for SNPs that reached the genomic significance 
level (p < 5 × 10 −6 ). Secondly, to exclude the effect of 
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linkage disequilibrium (LD) on the MR results, we used the 
clumping process (r2 < 0.001, clumping distance = 10,000 
kb) to ensure that there is no LD between SNPs. Finally, 
selected SNPs were matched with the GWAS of outcome, 
and the missing SNPs were replaced by SNPS with high LD 
(r2 > 0.8). Finally, after removing palindromic SNPs, the 
other SNPs were used as IVs.

“TwoSampleMR” R package (version 0.5.6, Stephen Bur-
gess, Chicago, IL, USA) was used for two-sample MR Anal-
ysis between exposure and outcome. The bidirectional MR 
analysis is an MR analysis that tries to differentiate whether 
factor A is a cause or a consequence of factor B or whether 
there is a true bidirectional causal effect between A and B. 
Inverse variance weighting (IVW, random effects) was used 
as the main method of analysis. Cochran’s Q statistic was 

adopted for IVW analysis to detect the heterogeneity, and p 
> 0.05 indicates no heterogeneity [28]. MR-Egger regression 
was used to identify potential pleiotropy and to assess the 
effect of pleiotropy on the risk assessment of the intercept 
test, with p > 0.05 indicating no pleiotropy [36].

MTAG​

The key assumption of MTAG is that all SNPs share the 
same variance-covariance matrix of effect sizes across traits. 
MTAG re-estimated the effect size for each trait by combin-
ing the weighted sum of the GWAS estimates for differ-
ent traits to identify novel SNPs with strong signals [30]. 
Compared with genome-wide significant SNPs identified in 
single-trait GWAS, more phenotype-related SNPs can be 

Fig. 1   Flowchart of overall study design. GWAS, genome-wide association study; IVs, instrumental variables; SNPs, single nucleotide polymor-
phisms
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found through joint analysis of multiple traits related GWAS 
summary results. We used trait-specific effective sample 
sizes and transformed Z-scores for MTAG. All SNPs present 
in the GWAS data were included in the MTAG calculation.

Fine‑mapping and co‑localization analysis

The “COLOC” R package was used to assess the probability 
that two traits share the same causal variant. We selected 
each genetic variant within 100 kb of the major SNPs for co-
localization analysis [13]. By calculating the posterior prob-
ability that two traits share the same causal variant (p(H4)), 
we explore possible causal pathways by which COVID-19 
causes MM. If any SNP has a p (H4) > 0.85, we label it as 
a co-localized genetic variant [16].

Over‑representation enrichment analysis

We mapped shared loci to gene names through the dpSNP 
database. Enrichment in Gene Ontology (GO) biological 
process was analyzed by the WEB-based Gene Set Analysis 
Toolkit using genes with p(H4) > 0.8 [31]. We performed 
over-representation enrichment analysis for shared genes of 
SARS-CoV-2 infection and MM, COVID-19 hospitaliza-
tion and MM in order to explore the biological processes 
involved in the causal relationship between COVID-19 and 
MM.

Results

Bidirectional MR analysis

Heritability (h2) estimated that all three traits of COVID-
19 (severe COVID-19, COVID-19 hospitalization, SARS-
CoV-2 infection) and MM were heritable (p < 0.05, as 
shown in Table 1). We next performed MR analysis of 
COVID-19 to MM (Fig. 2a). The results of IVW suggested 
SARS-CoV-2 infection had a positive effect on MM (p = 
0.021), and COVID-19 hospitalization also increased the 
risk of MM (p = 0.017). Heterogeneity test and MR-Egger 
intercept test did not demonstrate evidence of heterogene-
ity or horizontal pleiotropy (Table 2), which supported the 
validity of the findings. The causal effect of severe COVID-
19 to MM was not observed (p = 0.066).

The results of MR Analysis of MM to COVID-19 are 
shown in Fig. 2b. We found null causal relationship of 
genetically predicted MM to severe COVID-19 (p = 0.296), 
COVID-19 hospitalization (p = 0.879) and SARS-CoV-2 
infection (p = 0.626). IVs used in MR analysis for individual 
traits are shown in supplemental Tables 1–4.

MTAG​

Fourteen genomic significant and independent genetic loci 
for MM were extracted using GWAS of European ancestry 

Fig. 2   Bidirectional Mendelian 
randomization analysis using 
inverse-variance weighting 
(IVW) method. a Coronavirus 
Disease (COVID-19) related 
traits to multiple myeloma 
(MM); b multiple myeloma 
(MM) to Coronavirus Disease 
(COVID-19) related traits
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(Fig. 3a). We performed a joint GWAS using MTAG for two 
COVID-19 traits (SARS-CoV-2 infection, COVID-19 hos-
pitalization) with MM. Finally, a total of 17 significant loci 
associated with MM were identified (Table 3). We observed 
that there were three more relevant loci than those identi-
fied by single-trait GWAS. Interestingly, all three loci are 
located on chromosome 11 and may regulate the expression 
of B3GNT6 (Fig. 3b). This gene encodes B3GNT6 protein, 
the absence of which predisposes to the development of 
chronic inflammation and ultimately to the development of 
cancer. In addition, we observed that three SNPs strongly 
associated with MM were located on the X chromosome, 
which may be one of the reasons why there are more males 
than females in patients with MM. We did not identify other 
genome-wide significant loci for the COVID-19 trait using 
MTAG combining information from GWAS associated with 
MM.

Analysis of shared genetic loci

Although we have found evidence of a positive causal effect 
of COVID-19 on MM, the causal mechanisms by which 
COVID-19 promotes MM remain to be explored. We defined 
each individual SNP and genetic variation within 100kb 
associated with COVID-19 or MM as a test region. Finally, 
after merging the overlapping regions, a total of 53 unique 
regions of SARS-CoV-2 infection and MM were included, 
and a total of 86 unique regions of COVID-19 hospitaliza-
tion and MM were included.

Among these unique regions tested, five regions in chro-
mosomes 3, 6, and 12 suggested causal SNPs of SARS-
CoV-2 infection on MM (co-localization probability p(H4) 
> 0.85; Table 4). There are three regions on chromosome 3 
and one region on each of chromosomes 6 and 12. The co-
localized genetic loci were mapped to SLC6A20, LZTFL1, 
MUC4, OAS1, HLA-C genes for MM with SARS-CoV-2 

infection (Table 4). In addition to these chromosomes, the 
causal SNPS of COVID-19 hospitalization on MM are 
also located in many regions of chromosome 19, involv-
ing genes such as PSG5, SLC22A31, FDX2, MAPT and 
others. ABO and FUT2 all contribute to both autoimmune 
diseases and COVID-19. Chromosome 6 has a region of the 
human leukocyte antigen (HLA) complex that is strongly 
associated with immunity and encodes a variety of cell sur-
face proteins responsible for regulating the immune system, 
including HLA-C. Autoimmune diseases have also been 
repeatedly reported to be associated with genes on chro-
mosomes 3 and 19 [18]. Combining MR results showing 
causal effects of SARS-CoV-2 infection and COVID-19 
hospitalization to MM and no evidence of horizontal pleiot-
ropy, these observed genes may exert causal effects on MM 
through changes in SARS-CoV-2 infection and COVID-19 
hospitalization.

Over‑representation enrichment analysis

In over-representation enrichment analysis, these shared 
genes were enriched in several immune response-related 
pathways (Fig. 4), such as “response to type I interferon”, 
“type I interferon signaling pathway”, “interferon-gamma-
mediated signaling pathway”, “glycosylation of proteins and 
macromolecules”, “innate immune response” and “defense 
response to virus”. These biological processes are closely 
related and important for COVID-19 and MM.

Discussion

The malignant plasma cell neoplasm is a hematological dis-
orders caused by clonal proliferation of plasma cells and the 
resulting overproduction of monoclonal immunoglobulins 
(M proteins). MM is an important category. MM patients 

Fig. 3   Circular Manhattan plot 
of significant SNP correlation 
with multiple myeloma (MM). a 
The significant SNP correla-
tion with MM before MTAG 
analysis; b the significant SNP 
correlation with MM after 
MTAG analysis
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exhibit various immune deficiencies caused by the disease 
or its treatment [3]. There are also complex interactions 
between SARS-CoV-2 and the immune system [22]. It is 
important to determine whether there is a potential rela-
tionship between COVID-19 and MM and to understand 

the complex molecular mechanisms behind them. This 
contributes to a deeper understanding of the relationship 
between COVID-19 and MM and provides insights into 
future viral crisis events similar to SARS or SARS-CoV-2. 
To our knowledge, this report is the first to provide evidence 

Fig. 4   Over-representation enrichment analysis of shared genes. a The shared genes of SARS-CoV-2 infection and MM. b The shared genes of 
COVID-19 hospitalization and MM

Table 1   SNP based heritability 
estimated by LDSC

Trait Heritability (h2) Heritability SE Heritability P

SARS-CoV-2 infection 0.045049895 0.006941053 8.56E−11
COVID-19 hospitalization 0.264955035 0.031788277 7.75E−17
Severe COVID-19 0.476456733 0.074659044 1.75E−10
Multiple myeloma 0.005518633 0.000288947 2.57E−81

Table 2   The corresponding 
pleiotropy and heterogeneity 
test of each exposure-outcome 
pair

Exposure Outcome Intercept P-value of intercept Q Statistic P-value of Q statistic

SARS-CoV-2 infection MM 0.013721 0.5276679 48.1695 0.4253095
COVID-19 hospitalization MM − 0.01647 0.2936542 78.33976 0.5316208
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for the presumed causal nature of the association between 
COVID-19 and MM.

Autoantibody production is a key feature of autoim-
mune diseases, and autoantibodies known to occur in many 
autoimmune diseases have been detected in patients with 
COVID-19 [17]. SARS-CoV-2 can disrupt self-tolerance 
and trigger an autoimmune response through cross-reactiv-
ity with host cells [2]. Some patients have been reported to 
develop autoimmune diseases, such as Guillain-Barre syn-
drome or systemic lupus erythematosus, after contracting 
COVID-19 [6]. Our MR study suggests that SARS-CoV-2 
infection and COVID-19 hospitalization are associated with 
an increased risk of MM. By using a bidirectional analysis 
strategy, we can distinguish between upstream and down-
stream of the disease chain without reverse causation. We 
show for the first time that SARS-CoV-2 infection and 
COVID-19 hospitalization are associated with a higher risk 
of MM genetically. Our results support the conclusion that 
COVID-19 may trigger autoimmunity and induce autoim-
mune diseases [24].

When the GWAS of a phenotype is correlated with the 
results of other phenotypes, MTAG can use the informa-
tion of the correlated phenotypes to conduct joint multi-
trait analyses to identify novel SNPs of significance. We 
observed three novel SNPs, which coincidentally clustered 
around B3GNT6. B3GNT6, which encodes an important 
precursor in the biosynthesis of mucin-type glycoproteins, 
is associated with autoimmune diseases and DNA repair, 
such as selective lgA deficiency [23].

We applied an integrated approach combining MR with 
COLOC to investigate the genetic causal pathway of MM 

mediated by SARS-CoV-2 infection and COVID-19 hos-
pitalization. MR + COLOC analysis showed evidence 
of causal effects of five genes mediated by SARS-CoV-2 
infection and 19 genes mediated by COVID-19 hospitaliza-
tion on MM. Some of these genes have been reported to 
be associated with COVID-19 and may be responsible for 
increased susceptibility to autoimmune diseases. MUC4 
controls ciliary motility and contributes in defensing against 
allergens, viruses and extracellular molecules [25]. What is 
more, MUC4 is highly associated with SARS-CoV-2 infec-
tion, and its subsequent dysregulated immune-inflammatory 
response plays an important role in the pathogenic mecha-
nisms of autoimmune diseases such as rheumatoid arthritis 
and systemic lupus erythematosus [29]. The HLA region 
contains genes involved in antigen processing, presentation, 
and immune regulation, and has a role in both COVID-19 
and autoimmune diseases. HLA-C in the HLA I region is 
an allele closely associated with SARS-CoV-2 infection and 
also mediates a variety of autoimmune diseases [32]. There 
are also SLC6A20 [1] and LZTFL1 [11]. Variants within the 
ATP11A gene influence the development of illness requir-
ing hospitalization after infection with SARS-CoV-2 [37]. 
Hu et al. [20] reported that low-expressed/highly methylated 
ATP11A is a prognostic marker for acute myeloid leuke-
mia. These genes we identified are involved in three main 
biological processes: response to interferon, regulation of 
immune processes and glycosylation of proteins. It has been 
shown that genetic variation of functional genes in IFN-I 
pathway is associated with disease risk. Inhibition of IFN-I 
response can aggravate virus replication and lead to exces-
sive immunity and induce a variety of immune diseases such 

Table 3   Significant SNPs of 
MM after MTAG analysis

CHR, chromosome; POS, position; A1, effect allele; A2, other allele; SEBETA, standard error of BETA

SNP CHR A1 A2 Representative gene BETA SEBETA P value

rs59567236 2 G A TRABD2A 5.683 1.1149 3.44E−07
rs765309482 3 A G RBMS3 46.8411 10.2106 4.49E−06
rs75358643 4 G A FSTL5 1.75 0.333 1.48E−07
rs559179871 4 T C ANXA10 4.1188 0.9016 4.91E−06
rs78782621 8 C T TRPS1 1.2687 0.2759 4.27E−06
rs61034889 11 A G B3GNT6 0.7428 0.1633 5.42E−06
rs59762951 11 A G B3GNT6 0.7428 0.1633 5.42E−06
rs73493619 11 A G B3GNT6 0.7429 0.1633 5.41E−06
rs747301490 18 A G SALL3 20.5039 4.1584 8.19E−07
rs1039900397 18 G C ATP9B 18.9888 4.015 2.25E−06
rs970051324 18 G C ATP9B 19.1489 3.9656 1.37E−06
rs554481279 18 G A NFATC1 17.8689 3.7534 1.93E−06
rs115162022 X T A ATP6AP2 0.9453 0.2038 3.52E−06
rs17314654 X T C ATP6AP2 0.945 0.2056 4.33E−06
rs116677033 X C T ATP6AP2 0.9271 0.1956 2.13E−06
rs145079441 X T C ATP6AP2 0.926 0.193 1.61E−06
rs142284554 X C G ATP6AP2 0.9179 0.1923 1.81E−06
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as rheumatoid arthritis and systemic lupus erythematosus 
[26]. COVID-19-associated changes in levels and N-glyco-
sylation of specific plasma proteins highlight the role and 
complexity of glycosylation in COVID-19 [5]. It has also 
been widely reported that glycosylation of immunoglobu-
lins induced pathological changes and ultimately lead to 
the development of autoimmune diseases [40]. The glyco-
sylation pathway may play a role in the causal relationship 
between COVID-19 and MM. Thus, these genes we identi-
fied may play important roles in the underlying mechanisms 
of MM, of which COVID-19 is the mediator.

Our study is the first to explore the relationship between 
COVID-19 related traits and MM. However, we acknowl-
edge some limitations of our study. Firstly, we used GWAS 
data of European ancestor to avoid population stratifica-
tion, so the applicability of our results to other populations 
(such as Asians) should be carefully considered. Secondly, 
we indirectly highlighted causal genes and pathways, and 
these findings require further confirmatory analyses. And 

finally, we did not find a causal relationship between severe 
COVID-19 and MM for reasons, so further observations and 
biological experiments may be needed.

Conclusion

In summary, we report a causal relationship between 
COVID-19 and MM, identify possible causal pathways 
using an MR + COLOC analysis method, and discover the 
biological processes at work. These findings may provide 
new insights for further studies on the potential pathogenesis 
and therapeutic targets of MM.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10238-​024-​01299-y.
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Table 4   Co-localization 
analysis of COVID-19 and MM

CHR, chromosome; POS, position; A1, effect allele; A2, other allele

SNP CHR POS A1 A2 p(H4) Representative gene

SARS-CoV-2 infection to MM
rs73062389 3 45,793,925 A G 0.8949859 SLC6A20
rs35044562 3 45,867,532 G A 0.8949855 LZTFL1
rs2260685 3 195,770,872 C T 0.8666474 MUC4
rs10774673 12 112,923,353 T C 0.8658866 OAS1
rs9264740 6 31,276,554 T C 0.8535353 HLA-C
COVID-19 hospitalization to MM
rs12585036 13 113,535,741 T C 0.9617841 ATP11A
rs4475253 5 131,776,506 G A 0.9615472 IRF1-AS1
rs63750417 17 44,060,775 T C 0.9241245 MAPT
rs189201949 19 43,664,483 C G 0.9202383 PSG5
rs117169628 16 89,262,657 A G 0.9116342 SLC22A31
rs78314212 21 35,312,916 T C 0.9048163 LINC00649
rs41435745 6 41,490,382 C G 0.9009399 FOXP4
rs67959919 3 45,830,416 A G 0.896943 LZTFL1
rs11654648 17 47,836,287 T C 0.8969175 LRRC46
rs17279437 3 45,772,602 A G 0.896888 SLC6A20
rs41264915 1 155,197,995 G A 0.8930309 THBS3
rs1498399 1 77,481,554 G A 0.8921093 AK5
rs78295726 19 10,315,836 T C 0.8920472 RAVER1,FDX2
rs45524632 19 10,486,312 A C 0.8879368 KEAP1
rs676314 19 50,362,278 G A 0.8847234 NAPSA,NR1H2
rs35705950 11 1,219,991 T G 0.8821934 MUC5B
rs8192330 8 22,163,617 A G 0.871739 SFTPC
rs77566758 1 154,865,312 T C 0.8707566 KCNN3
rs139589338 1 154,853,813 G A 0.870755 KCNN3
rs4767025 12 112,920,989 T C 0.8679668 OAS1
rs58572235 5 29,837,133 T C 0.8670273 NA
rs1123573 2 60,480,453 G A 0.8547268 BCL11A

https://doi.org/10.1007/s10238-024-01299-y


Clinical and Experimental Medicine           (2024) 24:42 	 Page 9 of 10     42 

Author contributions  SYW, KSC and MMS designed this work. SYW, 
KSC and NZ integrated and analyzed the data. SYW and NZ wrote this 
manuscript. SYW, TL and SZK edited and revised the manuscript. All 
authors approved this manuscript.

Funding  This study was supported by the 2022 Innovation Lead-
ing Talents Project of Henan Provincial Health Commission 
[YXKC2022015].

Data and materials availability  Genetic associations with COVID-19 
and MM were obtained from the COVID-19 host genetics initiative 
(https://www.covid19hg.org/results/covidhgi-freeze-7-readme.txt) and 
FinnGen GWAS database(https://www.finngen.fi/en).

Code availability  Code is available from the author on reasonable 
request.

Declarations 

 Conflict of interest  The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Ethics approval and consent to participate  Not applicable.

 Consent for publication  All the authors agreed to publish the article.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Acar A. Pan-cancer analysis of the covid-19 causal gene 
slc6a20. ACS Omega. 2023;8(14):13153–61.

	 2.	 Anand P, Puranik A, Aravamudan M, et al. SARS-CoV-2 stra-
tegically mimics proteolytic activation of human ENaC. Elife. 
2020;9: e58603.

	 3.	 Aydillo T, Gonzalez-Reiche AS, Aslam S, et al. Shedding of 
viable SARS-CoV-2 after immunosuppressive therapy for can-
cer. N Engl J Med. 2020;383(26):2586–8.

	 4.	 Barzegar M, Mirmosayyeb O, Gajarzadeh M, et  al (2021) 
Covid-19 among patients with multiple sclerosis: asystematic 
review. Neurology Neuroimmunology Neuroinflammation 8(4), 
undefined.

	 5.	 Beimdiek J, Janciauskiene S, Wrenger S, et al. Plasma markers 
of covid-19 severity: a pilot study. Respir Res. 2022;23(1):1–11.

	 6.	 Bonometti R, Sacchi M, Stobbione P, et al. The first case of 
systemic lupus erythematosus (SLE) triggered by covid-19 
infection. Eur Rev Med Pharmacol Sci. 2020;24(18):9695–7.

	 7.	 Boyko EJ. Observational research-opportunities and limitations. 
J Diabetes Complicat. 2013;27(6):642–8.

	 8.	 Bulik-Sullivan BK, Loh PR, Finucane HK, et al. LD score regres-
sion distinguishes confounding from polygenicity in genome-wide 
association studies. Nat Genet. 2015;47(3):291–5.

	 9.	 Codas ME, Torres Villagra KA, Barrios Gayoso CA. Covid largo, 
síntomas más frecuentes en pacientes post covid-19, Paraguay, 
2021. Rev Virtual Soc Parag Med Interna. 2022;9(2):75–83.

	10.	 Consortium GP et al. A map of human genome variation from 
population scale sequencing. Nature. 2010;467(7319):1061.

	11.	 Downes DJ, Cross AR, Hua P, et al. Identification of LZTFL1 
as a candidate effector gene at a covid-19 risk locus. Nat Genet. 
2021;53(11):1606–15.

	12.	 England BR, Roul P, Yang Y, et al. Risk of covid-19 in rheumatoid 
arthritis: a national veterans affairs matched cohort study in at-risk 
individuals. Arthritis Rheumatol. 2021;73(12):2179–88.

	13.	 Farh KKH, Marson A, Zhu J, et  al. Genetic and epigenetic 
fine mapping of causal autoimmune disease variants. Nature. 
2015;518(7539):337–43.

	14.	 Fernandez-Ruiz R, Paredes JL, Niewold TB. Covid-19 in patients 
with systemic lupus erythematosus: lessons learned from the 
inflammatory disease. Transl Res. 2021;232:13–36.

	15.	 Galeotti C, Bayry J. Autoimmune and inflammatory diseases fol-
lowing covid-19. Nat Rev Rheumatol. 2020;16(8):413–4.

	16.	 Giambartolomei C, Vukcevic D, Schadt EE, et al. Bayesian test for 
colocalisation between pairs of genetic association studies using 
summary statistics. PLoS Genet. 2014;10(5): e1004383.

	17.	 Gil MR, Barouqa M, Szymanski J, et al. Assessment of lupus 
anticoagulant positivity in patients with coronavirus disease 2019 
(covid-19). JAMA Netw Open. 2020;3(8):e2017539–e2017539.

	18.	 Gu L, Weinreb A, Wang XP, et  al. Genetic determinants of 
autoimmune disease and coronary vasculitis in the MRL-lpr/
lpr mouse model of systemic lupus erythematosus. J Immunol. 
1998;161(12):6999–7006.

	19.	 Holmes MV, Ala-Korpela M, Smith GD. Mendelian randomiza-
tion in cardiometabolic disease: challenges in evaluating causality. 
Nat Rev Cardiol. 2017;14(10):577–90.

	20.	 Hu L, Gao Y, Shi Z, et al. DNA methylation-based prognostic 
biomarkers of acute myeloid leukemia patients. Ann Transl Med. 
2019;7(23):737.

	21.	 Hui L, Nelson E, Lin S, et al. The role of vitamin c in pneumonia 
and covid-19 infection in adults with European ancestry: a men-
delian randomisation study. Eur J Clin Nutr. 2022;76(4):588–91.

	22.	 Kuri-Cervantes L, Pampena MB, Meng W, et al. Comprehensive 
mapping of immune perturbations associated with severe covid-
19. Sci Immunol. 2020;5(49):eabd7114.

	23.	 Lim CK, Bronson PG, Varade J, et al. STXBP6 and B3GNT6 
genes are associated with selective IgA deficiency. Front Genet. 
2021;12: 736235.

	24.	 Liu Y, Sawalha AH, Lu Q. Covid-19 and autoimmune diseases. 
Current Opin Rheumatol. 2021;33(2):155.

	25.	 Mantelli F, Argüeso P. Functions of ocular surface mucins 
in health and disease. Current Opin Allergy Clin Immunol. 
2008;8(5):477.

	26.	 Ronnblom L. The importance of the type I interferon system in 
autoimmunity. Clin Exp Rheumatol. 2016;34(4 Suppl 98):21–4.

	27.	 Rostami Mansoor S, Ghasemi-Kasman M. Impact of disease-
modifying drugs on the severity of covid-19 infection in multiple 
sclerosis patients. J Med Virol. 2021;93(3):1314–9.

	28.	 Shu MJ, Li JR, Zhu YC, et al (2022) Migraine and ischemic 
stroke: a mendelian randomization study. Neurologyand Therapy, 
2022, 11: 237–246.

	29.	 Tavasolian F, Rashidi M, Hatam GR, et  al. HLA, immune 
response, and susceptibility to covid-19. Front Immunol. 2021;11: 
601886.

	30.	 Turley P, Walters RK, Maghzian O, et al. Multi-trait analysis of 
genome-wide association summary statistics using MTAG. Nat 
Genet. 2018;50(2):229–37.

http://creativecommons.org/licenses/by/4.0/


	 Clinical and Experimental Medicine           (2024) 24:42    42   Page 10 of 10

	31.	 Wang J, Duncan D, Shi Z, et  al. Web-based gene set analy-
sis toolkit (webgestalt): update 2013. Nucleic Acids Res. 
2013;41(W1):W77–83.

	32.	 Weiner J, Suwalski P, Holtgrewe M, et al (2021) Increased risk 
of severe clinical course of covid-19 in carriers of hla-c* 04: 01. 
EClinicalMedicine 40

	33.	 Yang J, Weedon MN, Purcell S, et  al. Genomic inf la-
tion factors under polygenic inheritance. Eur J Hum Genet. 
2011;19(7):807–12.

	34.	 Yao M, Huang X, Guo Y, et al. Disentangling the common genetic 
architecture and causality of rheumatoid arthritis and systemic 
lupus erythematosus with covid-19 outcomes: genome-wide cross 
trait analysis and bidirectional Mendelian randomization study. J 
Med Virol. 2023;95(2): e28570.

	35.	 Yazdanpanah N, Rezaei N. Autoimmune complications of covid-
19. J Med Virol. 2022;94(1):54–62.

	36.	 Zhang J. Mendelian randomization study implies causal linkage 
between telomere length and juvenile idiopathic arthritis in a 
European population. J Inflamm Res. 2022;15:977–86.

	37.	 Zhang Q, Bastard P, Liu Z, et al. Inborn errors of type I IFN 
immunity in patients with life-threatening covid-19. Science. 
2020;370(6515):eabd4570.

	38.	 Zhao J, Zhao S, Ou J, et al. Covid-19: coronavirus vaccine devel-
opment updates. Front Immunol. 2020;11: 602256.

	39.	 Zhou H, Zhang Y, Liu J, et al. Education and lung cancer: a Men-
delian randomization study. Int J Epidemiol. 2019;48(3):743–50.

	40.	 Zhou X, Motta F, Selmi C, et al. Antibody glycosylation in auto-
immune diseases. Autoimmunity reviews. 2021;20(5): 102804.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Causality between COVID-19 and multiple myeloma: a two-sample Mendelian randomization study and Bayesian co-localization
	Abstract
	Introduction
	Methods
	Study design
	Data sources
	Linkage disequilibrium score regression (LDSC)
	MR analysis
	MTAG​
	Fine-mapping and co-localization analysis
	Over-representation enrichment analysis

	Results
	Bidirectional MR analysis
	MTAG​
	Analysis of shared genetic loci
	Over-representation enrichment analysis

	Discussion
	Conclusion
	Acknowledgements 
	References


