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Background: Endometriosis (EM) is a chronic painful condition that

predominantly affects women of reproductive age. Currently, surgery or

medication can only provide limited symptom relief. This study used a

comprehensive genetic analytical approach to explore potential drug targets

for EM in the plasma proteome.

Methods: In this study, 2,923 plasma proteins were selected as exposure and EM

as outcome for two-sample Mendelian randomization (MR) analyses. The plasma

proteomic data were derived from the UK Biobank Pharmaceutical Proteomics

Project (UKB-PPP), while the EM dataset from the FinnGen consortium R10

release data. Several sensitivity analyses were performed, including summary-

data-based MR (SMR) analyses, heterogeneity in dependent instruments (HEIDI)

test, reverse MR analyses, steiger detection test, and bayesian co-localization

analyses. Furthermore, proteome-wide association study (PWAS) and single-cell

transcriptomic analyses were also conducted to validate the findings.

Results: Six significant (p < 3.06 × 10-5) plasma protein-EM pairs were identified by

MR analyses. These included EPHB4 (OR = 1.40, 95% CI: 1.20 - 1.63), FSHB (OR =

3.91, 95%CI: 3.13 - 4.87), RSPO3 (OR= 1.60, 95%CI: 1.38 - 1.86), SEZ6L2 (OR= 1.44,

95% CI: 1.23 - 1.68) andWASHC3 (OR = 2.00, 95% CI: 1.54 - 2.59) were identified as

risk factors, whereas KDR (OR = 0.80, 95% CI: 0.75 - 0.90) was found to be a

protective factor. All six plasma proteins passed the SMR test (P < 8.33 × 10-3), but

only four plasma proteins passed the HEIDI heterogeneity test (PHEIDI > 0.05),

namely FSHB, RSPO3, SEZ6L2 and EPHB4. These four proteins showed strong

evidence of co-localization (PPH4 > 0.7). In particular, RSPO3 and EPHB4 were

replicated in the validated PWAS. Single-cell analyses revealed high expression of

SEZ6L2 and EPHB4 in stromal and epithelial cells within EM lesions, while RSPO3

exhibited elevated expression in stromal cells and fibroblasts.

Conclusion: Our study identified FSHB, RSPO3, SEZ6L2, and EPHB4 as potential

drug targets for EM and highlighted the critical role of stromal and epithelial cells

in disease development. These findings provide new insights into the diagnosis

and treatment of EM.
KEYWORDS

endometriosis, drug target, plasma proteome, Mendelian randomization, proteome-
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Introduction

Endometriosis (EM) is a condition in which endometrial glands

and mesenchyme grow outside the uterine cavity (1). EM currently

affects almost 10% of women of reproductive age worldwide (2, 3).

Progressive chronic pain caused by recurrent bleeding from ectopic

endometrial tissues can severely disrupt the patient’s life and work.

Chronic pelvic inflammation and adhesions can also lead to

infertility in reproductive women (4, 5). At present, there are no

biomarkers available to diagnose EM. The gold standard for

diagnosing EM is laparoscopic pathological biopsy (6).

Furthermore, there is currently no treatment available to entirely

cure EM. Recurrence is common following surgical resection, and

existing medications for EM provide only limited symptom relief

(7). Therefore, there is an urgent need to discover novel diagnostic

biomarkers and drug targets for EM.

More and more drugs are being approved on the basis of genetic

evidence. It is reported that up to 66% (33/50) of new drugs

approved in 2021 alone are supported by genetics (8). With the

vigorous development of high-throughput technology, thousands of

protein quantitative trait loci (PQTL) have been identified,

providing valuable data resources for biomarker exploration and

drug discovery (9, 10). Mendelian randomization (MR) is an

essential method for assessing genetic causality in epidemiological

research. Single nucleotide polymorphisms (SNPs) associated with

pQTLs have been selected as instrumental variables (IVs) for MR

analyses to infer the direct causality between protein levels and

disease. This approach is presently employed to identify novel

disease biomarkers and drug targets for conditions like cancer,

coronary heart disease, and autoimmune disorders (11–14).

Nevertheless, its application in EM remains unexplored.

This study employs a comprehensive genetic analytical

approach to explore potential drug targets for EM in the plasma

proteome. First, based on recently published data from genome-

wide association studies (GWAS) of the proteome, we selected the

top SNPs in the cis region of plasma proteins as IVs for MR analyses

to infer the possible causality between the circulating proteome and

EM. Then, summary-data-based MR (SMR) analyses, heterogeneity

in dependent instruments (HEIDI) test, reverse MR analyses, steiger

detection test, and bayesian co-localization analyses were used for

sensitivity analyses. Finally, proteome-wide association study

(PWAS) and single-cell transcriptomic analyses were also

performed to validate the findings.
Methods

Data sources of PQTL

Data for the pQTLs in the MR study were obtained from the UK

Biobank Pharmaceutical Proteomics Project (UKB-PPP) (10). This

project is a large-scale proteomic characterization study of 54,219

UK Biobank participants, and we selected 2,923 pQTLs from the

baseline cohort (n = 34,557) (https://www.synapse.org/Synapse:

syn51365301) for analyses. This is because the baseline cohort
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provides a good representation of the overall level of UKB

participants in terms of gender, ethnic background, and blood

type. In addition, we used plasma proteins data from the

Atherosclerosis Risk in Communities (ARIC) study (15), for a

validated PWAS study to increase the credibility of the MR

analyses. The ARIC study is also a large-scale proteomic project

that includes genetic data on 4,657 plasma proteins from 7,213

European Americans and 1,871 African Americans. In this study,

we used 2004 proteomic data from 7,213 European Americans from

this project.
Data sources of endometriosis

The FinnGen GWAS database contains extensive genotypic and

phenotypic data from Finnish national health registries and is

utilized by researchers worldwide (16). The EM dataset for MR

analyses was derived from the R10 release data of the FinnGen

database, with a total of 128,171 participants of European ancestry,

including 16,588 cases and 111,583 controls (https://r10.finngen.fi/

pheno/N14_ENDOMETRIOSIS). The diagnostic criteria for EM

for MR and PWAS analyses is the “N80” in ICD-10.
Preliminary MR analyses

In this study, the SNPs within the cis regions (within 1Mb of

the transcription start site of each protein-coding gene) of pQTLs

that met the criteria of P<5x10-8 and r2<0.1 were defined as the top

SNPs of cis-pQTLs. These top SNPs of cis-pQTLs were then used as

IVs to represent plasma proteins (17). The causality between plasma

proteins and EM was then investigated in a two-sample MR study.

For plasma proteins with only one top SNP, the Wald ratio method

was used to assess the causality between them and EM, and for

plasma proteins with multiple top SNPs, the stronger statistical

power of the Inverse variance weighting (IVW) method was used

(18). This part of the work was performed using the

“TwoSampleMR” package of the R software (19). F-values were

used to assess the strength of association of each genetic variant

with exposure. Generally, F > 10 indicates the absence of weak IVs.

The F value was calculated using the formula F = R2 * (N - 1 - K)/(1

- R2) * K, where R2 = 2*(1-MAF)*MAF*b/SD (MAF is the minor

allele frequency, b is the effect value of the allele and SD is the

standard error of b. N is the number of exposed samples and K is

the number of IVs). The MAF of all SNPs was set to > 0.01 to avoid

the effect of rare genetic variants (Supplementary Table S1).

Cochran’s Q test and horizontal pliotropy test were employed to

assess the sensitivity of the IVs (20, 21). The delta method was used

to estimate the corresponding confidence intervals (CIs). The

Bonferroni correction was applied to adjust the P value.

Specifically, the significance threshold was set at the number of

0.05/number of tests.

For the identified plasma proteins, we used their trans-pQTLs

(>1 Mb from the transcription start site of the gene) as IVs and

performed MR analyses with EM. Screening thresholds for IVs were
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P < 5x10-8, r2 < 0.1 and kb = 10000. The primary MR analyses

method was IVW.
Sensitivity analyses

SMR analyses and HEDI heterogeneity test
SMR was used as a complementary method to further validate

causal associations between proteins and EM. This method allows

the detection of pleiotropic associations between gene expression

levels and complex traits of interest (21). The significance threshold

for the SMR is set at P < 0.05/number of tests with Bonferroni

correction in this study. HEIDI is a heterogeneity test that takes into

account the linkage relationship between SNPs. The HEIDI test

indicates that the causality between plasma proteins and EM is not

confounded by linkage disequilibrium (LD) if the P value of the

HEIDI test is >0.05.

Co-localization analyses
Co-localization analyses was used to identify whether

circulating proteins and EM risk are influenced by a same causal

variant, and to assess possible bias due to LD, thus providing the

evidence for a correlation between the two phenotypes (22). The

“COLOC” package was used to support the analyses of the data. Co-

localization analyses within specific genomic regions assumes that

there is at most one true causal variant per phenotype, involving a

total of five mutually exclusive model assumptions (H0-H4).

Namely, H0: No SNPs in this region are genetically associated

with plasma proteins and EM risk; H1: SNPs in this region are only

genetically associated with plasma proteins; H2: SNPs in this region

are only genetically associated with endometriosis risk; H3: SNPs in

this region are genetically associated with both proteins and EM

risk, but using different causal variants; H4: SNPs in this region are

genetically associated with both proteins and EM risk and share a

causal variant. Each model yields a posterior probability (PPH0-

PPH4), and the sum of the posterior probabilities of the five models

is 1. The higher the posterior probability of a model, the more likely

it is that the assumptions of that model are true given the data (23).

In this study, we selected all SNPs in the 500 kb region upstream

and downstream of the cis-pQTL for co-localization analyses.

When PPH4>0.7, the genetic association between circulating

protein levels and EM risk was supported by co-localization.

Reverse MR analyses and Steiger test
Reverse MR analyses was conducted with EM as the exposure

and identified proteins as the outcome. SNPs with a P value less

than 5×10−8 were selected as IVs. To ensure the independence

between SNPs, the clump data function parameter (r2 = 0.001,

kb=10000) was set to remove SNPs with LD. Sensitivity analyses

refers to preliminary MR analyses. In addition, the hypothesis of the

MR analyses is that IVs would first affect circulating protein levels

and then influence the risk of EM through circulating protein levels.

Thus, the directionality of this hypothesis needs to be tested. The

Steiger analyses can separately calculate the variance explain of IVs

on circulating protein levels and the risk of EM (24). If the variance
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explain of the risk of EM is less than the exposure, the direction is

correct and the problem of endogeneity caused by reverse causality

is avoided.
Validated PWAS analyses

Functional summary-based imputation (FUSION) is an

efficient algorithm that builds a predictive model of a functional/

molecular phenotypic genetic component and uses GWAS

summary statistics to predict and test the association of that

component with EM. Five predictive models, including top1,

blup, lasso, enet, and bslmm, were used for the FUSION analyses

(25). To conduct the validated PWAS study of EM, we used the

FUSION method to combine the genetic effect and protein weights

of EM by calculating the linear product of Z-scores and protein

weights for independent SNPs at a locus. Data were analysed using

the “FUSION” package (https://github.com/gusevlab/fusion_twas/

archive/master.zi).
Protein-protein interaction and
druggability evaluation

The STRING database (https://string-db.org/) was used to

construct PPI networks to validate potential interactions between

the proteins identified in this MR study and known EM drug

targets. Moreover, the DGIdb v.5.0.3 database (https://

www.dgidb.org/) was used to search for interactions between the

identified proteins and drugs to assess whether these proteins could

serve as potential therapeutic targets (26).
Single-cell transcriptomic analyses

Single-cell transcriptomic analyses were performed to validate

the expression of potential target genes in EM patients. Raw data

were downloaded from the GSE203191 and GSE179640 datasets on

GEO (https://www.ncbi.nlm.nih.gov/geo/). The Seurat software

package (version 5.0.0) was utilized for data processing.

GSE203191 included menstrual effluent (ME) samples from 33

subjects, including confirmed EM patients (cases), controls, and

symptomatic subjects (who experiencing chronic symptoms of

endometriosis but have not received a formal diagnosis).

GSE179640 included eutopic endometrium (EuE) samples from 9

EM patients and 3 controls.

Following established protocols, we performed a rigorous

quality control of the scRNA-seq data. We targeted on the top

2000 highly variable genes (HVGs) in each sample, which were

determined by variance stabilizing transformation (vst) and

normalized for subsequent analyses. Genes were scaled using the

`ScaleData` function, and dimensionality reduction was performed

using the `RunPCA` function with 30 dimensions (dim = 30). Batch

correction for the two datasets was achieved using the integrated `

IntegrateLayers` function and ‘rpca’ method in Seurat.
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Cell clustering was performed using the `FindNeighbors` and

`FindClusters` functions, resulting in the identification of 14 distinct

cell clusters. Visualization of these clusters was achieved using the

`RunUMAP` function, providing a clear illustration of cellular

heterogeneity and distinct cell populations within the dataset.
Results

Preliminary MR analyses

The flowchart of the study design is shown in Figure 1. In this

study, 1632 plasma proteins were investigated for causal association

with EM (Supplementary Table S1). After Bonferroni adjustment of
Frontiers in Endocrinology 04
the hypothesis testing threshold (P<3.06×10-5, i.e, P<0.05/1632), as

shown in Figure 2, the preliminary MR study identified six plasma

proteins associated with the risk of EM, of which five plasma

proteins were risk factors for EM, including ephrin type-B

receptor 4 (EPHB4) (OR = 1.40, 95% CI: 1.20 - 1.63,

P = 1.76×10-5), follitropin subunit beta (FSHB) (OR = 3.91, 95%

CI: 3.13 - 4.87, P = 1.84×10-33), r-spondin-3 (RSPO3) (OR = 1.60,

95% CI: 1.38 - 1.86, P = 7.42×10-10), seizure 6-like protein 2

(SEZ6L2) (OR = 1.44, 95% CI: 1.23 - 1.68, P = 5.99×10-6), and

WASH complex subunit 3 (WASHC3) (OR = 2.00, 95% CI: 1.54 -

2.59, P = 1.74×10-7). Additionally, vascular endothelial growth

factor receptor 2 (KDR) was identified as a protective factor for

EM (OR = 0.80, 95% CI: 0.75 - 0.90, P = 1.54×10-5). All results of the

preliminary MR analyses are shown in Supplementary Table S2.
FIGURE 1

Flowchart of the research design.
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Sensitivity analyses

To further validate the causal association identified by the MR

analyses, we performed follow-up SMR and HEIDI heterogeneity

tests on six plasma proteins (Supplementary Table S3, Table 1),

which showed that all six plasma proteins passed the SMR test

(P < 8.33 × 10-3, i.e, P<0.05/6), but only four plasma proteins passed

the HEIDI heterogeneity test (PHEIDI > 0.05), including FSHB

(PHEIDI = 0.112), RSPO3 (PHEIDI = 0.170), SEZ6L2 (PHEIDI =

0.189) and EPHB4 (PHEIDI = 0.682).

Furthermore, to assess the possible confounding effect of the LD,

we performed co-localization analyses of these four plasma proteins

(Supplementary Table S4, Table 1). The result showed that all of them

received high co-localization support (PPH4 > 0.7) (Figure 3).
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After MR analyses, co-localization and SMR testing, we

identified four plasma proteins as potential drug targets, including

EPHB4, FSHB, RSPO3 and SEZ6L2. Reverse MR studies did not

indicate a causal connection between EM and these four proteins

(Supplementary Tables S5–S7). Steiger filtering further ensured the

direction of the causal effect (Table 1). Regarding trans-pQTLs, our

results suggest that trans-pQTLs of FSHB, RSPO3 and SEZ6L2 may

be positively associated with EM risk, whereas trans-pQTLs of

EPHB4 may have a negative association with EM risk

(Supplementary Tables S8–S10).
Validated PWAS analyses

To further confirm the causal association of circulating proteins

with EM, we also performed a validated PWAS analyses

(Supplementary Table S11). After correcting for multiple

hypothesis testing results using the Bonferroni method

(P<3.71×10-5, i.e, P<0.05/1347), four plasma proteins were

identified as causally associated with EM, including RSPO3 (Z =

6.36, PWAS.P = 2.03×10-10), ADK (Adenylate Kinase) (Z = -4.88,

PWAS.P = 1.05×10-6), CFD (Complement Factor D) (Z = -4.68,

PWAS.P = 2.81×10-6) and EPHB4 (Z = 4.39, PWAS.P = 1.14×10-5)

(Figure 4). Among these, two plasma proteins, RSPO3 and EPHB4,

confirmed the results of the preliminary MR study.
PPI and druggability evaluation

Due to the limited number of proteins that have been identified,

PPI shows that only a low scoring relationship between FSHB and

SEZ6L2 (score 0.135), whose putative homologs are co-expressed in

other organisms. In the druggability evaluation, we found that

FSHB belongs to the hypothalamic-pituitary-gonadal axis, and

only targeted drugs that block the gonadotropin releasing

hormone (GnRH) receptor located upstream of the FSHB are

available. It is worth noting that a number of other drugs

developed to target EPHB4 have been shown to inhibit tumour

angiogenesis, including VANDETANIB, which has received drug

marketing approval. In addition, Rosmantuzumab (OMP-131R10)

is an anti-RSPO3 monoclonal antibody currently in clinical trials

for the treatment of advanced relapsed and refractory

solid tumours.
FIGURE 2

The Volcano plot of preliminary MR analyses results. The x-axis
represents the OR value, the y-axis represents the -log10(P) value of
the MR result, and the horizontal dashed line represents the
corrected threshold of 3.06×10-5, with the size of the dot
representing the PVE (percent variance explained).
TABLE 1 Reverse MR analyses, Steiger filtering test, Bayesian co-localization and SMR results of the four identified plasma proteins.

Protein
Bidirectional
MR (PIVW)

Steiger filtering
Co-localization

PPH4
SMR (pval) HEIDI (pval)

EPHB4 0.338 TRUE (7.97×10-64) 0.926 2.58×10-5 0.682

FSHB 0.816 TRUE (1.87×10-35) 0.998 3.99×10-25 0.112

RSPO3 0.096 TRUE (1.45×10-65) 0.740 2.89×10-9 0.170

SEZ6L2 0.257 TRUE (1.29×10-67) 0.974 9.28×10-6 0.189
Bidirectional MR, bidirectional Mendelian randomization; SMR, Summary-databased MR analyses; HEIDI, heterogeneity in dependent instruments; pval, P value; EPHB4, Ephrin type-B
receptor 4; FSHB, Follitropin subunit beta; RSPO3, R-spondin-3; SEZ6L2, Seizure 6-like protein 2.
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Single-cell transcriptomic analyses

Single-cell transcriptomic analyses of EuE and ME samples

from EM patients and healthy controls revealed the presence of nine

distinct immune cell populations (Figure 5A). Notably, a unique

population of stromal cells was observed in the EuE samples of EM

patients (Figure 5B). Additionally, significant differences were

found in the epithelial cells of EuE samples of EM patients.

Upon analysis of the single-cell data, it was observed that FSHB

was not expressed in either the EuE or ME samples. The lack of

expression may be due to the fact that FSHB is a hormone secreted

by the pituitary gland, which acts on the endometrium through
Frontiers in Endocrinology 06
hormonal regulation, rather than being expressed within the

endometrium. However, RSPO3, SEZ6L2, and EPHB4 were

observed to be expressed at higher levels in EM patients

compared to controls in both EuE and ME samples (Figures 5C–

E). Although the expression of EPHB4 was not statistically

significant (p > 0.05), the trend was consistent. Furthermore, the

expression levels of these genes were higher in EuE samples before

being reflected in ME, indicating their initial role in the endometrial

tissue. Our detailed analysis revealed that RSPO3 was

predominantly expressed in stromal cells and fibroblasts. SEZ6L2

and EPHB4 were highly expressed in both stromal and epithelial

cells (Figure 5F).
FIGURE 3

The results of the Bayesian co-localization analyses. The Bayesian co-localization analyses shows that FSHB, RSPO3, SEZ6L2 and EPHB4 received
high support for co-localization with EM (PPH4>0.7).
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Discussion

Currently, there are no treatments available that fully meet the

clinical needs for EM management (5, 27). In this study, we

investigated the causality between the plasma proteome and EM

using MR analyses combined with SMR testing and co-localization

analyses. PWAS and single-cell transcriptomic analyses were

further performed to validated the findings. Our study revealed

that genetically determined circulating levels of FSHB, RSPO3,

SEZ6L2 and EPHB4 are causally associated with EM risk. These

four proteins may be potential drug targets for EM. Furthermore,

single-cell analyses have identified unique populations of stromal

and epithelial cells in EuE samples from EM patients compared to

controls. Notably, highly expression of SEZ6L2 and EPHB4 were

observed in stromal and epithelial cells within EM lesions, while

RSPO3 exhibited increased expression in stromal cells

and fibroblasts.

FSHB is a hormone secreted by the pituitary gland that plays a

crucial role in ovarian folliculogenesis and hormonal regulation

(28). Recent studies have shown that a high-risk allele (rs74485684)

located upstream of the FSHB promoter has high LD with SNPs

related to FSH levels (rs11031005) and luteinizing hormone (LH)

levels (rs11031002) in the EM population. Together, these SNPs are

involved in regulating the release of FSH and LH, which affect the

level of estrogen that plays a key role in EM (29). Our single-cell

analyses found that FSHB was not expressed in either EuE or ME

samples from EM patients, further supporting the previous view

that it may be involved in the pathogenesis of EM by regulating

hormone levels rather than being expressed within the

endometrium. GnRH agonists and antagonists are currently the

main drugs used to relieve EM symptoms and prevent recurrence.

They mainly downregulate GnRH receptors in the hypothalamus

and desensitise the pituitary gland. This causes the pituitary gland

to produce less FSH and LH, which in turn reduces estrogen

production in the ovaries. However, GnRH agonists and

antagonists have a number of unavoidable side effects, including

hot flushes, sweating, mood changes, osteoporosis and

cardiovascular risk (30, 31). In this study, FSHB has been

identified as a potential drug target for EM using a
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comprehensive genetic analyses approach including MR, SMR

and co-localization analyses. This suggests that in the future,

drugs could be developed to treat EM by targeting FSH release

rather than blocking the entire hypothalamic-pituitary-ovarian axis.

Among the potential drug targets identified, EPHB4 is a

receptor tyrosine kinase that plays a central role in angiogenesis,

vascular remodelling and permeability (32, 33). Angiogenesis is an

essential step in the development of the EM, and the vascular

endothelial growth factor (VEGF) family and hypoxia inducible

factor-1a(HIF-1a) play important roles in angiogenesis in

endometriotic foci (34, 35). EPHB4 has been shown to interact

with VEGF in several diseases and plays a key role in angiogenesis

(36). In addition, EPHB4 can induce the expression of HIF-1a
downstream genes by activating STAT3 (37). Our study showed

that EPHB4 is highly expressed in both stromal and epithelial cells

in EM lesions. Notably, previous studies have reported that

inhibition of EPHB4 expression leads to a significant decrease in

the number of proliferating stromal cells and a slower growth of

ectopic lesions (38), suggesting that EPHB4 may be a promising

therapeutic target for EM. There are currently some drugs that

target EPHB4, such as VANDETANIB, which is approved to inhibit

tumour angiogenesis and tumour cellproliferation. These drugs

may also have potential in the treatment of EM.

RSPO3 is a member of the R-spondin protein family, which is

usually associated with activation of the classical Wnt/b-catenin
signalling pathway (39–41). In particular, the Wnt/b-catenin
signalling pathway is closely associated with endometrial stromal

cell proliferation, migration, invasion and fibrosis (42, 43). In this

study, we found that RSPO3 was predominantly highly expressed in

stromal cells and fibroblasts of EM lesions, suggesting a possible

correlation between the pathogenesis of EM and the RSPO3-Wnt/

b-catenin signaling pathway in stromal cells and fibroblasts. RSPO3

may be a potential drug target for the treatment of EM.

Rosmantuzumab (OMP-131R10) is a monoclonal antibody that

targets RSPO3 to attenuate classical WNT signalling.

Rosmantuzumab is currently in clinical trials for the treatment of

advanced relapsed and refractory solid tumours (44, 45). Its

potential as a targeted agent for the treatment of EM warrants

further investigation. SEZ6L2 is a seizure-associated cell surface
FIGURE 4

The Manhattan plot for validated PWAS study. The Manhattan plot shows the proteins identified by PWAS for EM. The red line indicates the
Bonferroni significance threshold (P<3.71×10-5). The purple dashed line indicates the nominal significance level (P<0.05).
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protein now known to be primarily associated with autoimmune

encephalitis and cerebellar ataxia (46, 47). So far, there has been

limited research on SEZ6L2 and EM.

Currently, the gold standard for diagnosing EM is laparoscopic

pathological biopsy, and many deep pelvic EM cannot be diagnosed

early by blood tests and B-ultrasound scans (7). There is an urgent need

to discover novel diagnostic biomarkers for EM. Through plasma

proteomic studies, we identified the four plasma proteins, FSHB,

RSPO3, SEZ6L2, and EPHB4, as possible biomarkers for EM.

Furthermore, increased expression levels of RSPO3, SEZ6L2, and
Frontiers in Endocrinology 08
EPHB4 were observed in EuE and ME samples from individuals

with EM, especially RSPO3 and SEZ6L2, suggesting that the

detection of RSPO3 and SEZ6L2 in ME samples may have

diagnostic potential for EM.

Our study has several limitations. First, our study concentrated

mainly on European persons. Caution should be exercised in

extrapolating these findings to other ethnic groups. Second, the result

showed that the cis-pQTLs of EPHB4 were positively correlated with

the risk of EM, whereas the trans-pQTLs of EPHB4 had the opposite

effect on EM risk. Using single-cell analysis, we confirmed a significant
A B

D

E F

C

FIGURE 5

The single-cell transcriptomic analysis of EuE and ME samples from EM patients. (A) UMAP plot showing the distribution of 9 distinct cell
populations. (B) Split UMAP plots showing the unique population of stromal cells and epithelial cells in the EuE samples from EM patients. (C–E)
AUCell scoring and expression of RSPO3, SEZ6L2 and EPHB4 in EuE and ME samples from EM patients. (F) Heatmap showing the expression levels
of RSPO3, SEZ6L2 and EPHB4 genes in 9 distinct cell populations.
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upregulation of EPHB4 expression in stromal and epithelial cells of

EuE lesions. Therefore, we speculate that the cis-pQTLs of EPHB4may

play the major role in disease risk, but the specific biological

mechanisms remain to be further explored. In addition, for the other

three potential drug targets, although the PWAS and single-cell

analyses validated the findings, further mechanistic studies in EM

patients will be required in the future.
Conclusion

Our study identified FSHB, RSPO3, SEZ6L2, and EPHB4 as

potential drug targets for EM and highlighted the critical role of

stromal and epithelial cells in disease development. These findings

provide new insights into the diagnosis and treatment of EM.
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46. Landa J, GuaspM, Petit-Pedrol M,Martıńez-Hernández E, Planagumà J, Saiz A, et al.
Seizure-related 6 homolog like 2 autoimmunity: Neurologic syndrome and antibody effects.
Neurol Neuroimmunol Neuroinflamm. (2021) 8. doi: 10.1212/NXI.0000000000000916

47. Abe M, Yaguchi H, Kudo A, Nagai A, Shirai S, Takahashi-Iwata I, et al. Sez6l2
autoimmunity in a large cohort study. J Neurol Neurosurg Psychiatry. (2023) 94:667–8.
doi: 10.1136/jnnp-2022-330194
frontiersin.org

https://doi.org/10.1093/brain/awad070
https://doi.org/10.1093/brain/awad070
https://doi.org/10.3389/fphar.2023.1266782
https://doi.org/10.1186/s12967-022-03377-9
https://doi.org/10.1038/s41588-022-01051-w
https://doi.org/10.1038/s41586-022-05473-8
https://doi.org/10.1038/ng.3538
https://doi.org/10.1038/s43586-021-00092-5
https://doi.org/10.1038/s43586-021-00092-5
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1038/s41588-018-0164-2
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1038/s41467-020-20885-8
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.1038/ng.3506
https://doi.org/10.1093/nar/gkaa1084
https://doi.org/10.1093/nar/gkaa1084
https://doi.org/10.1016/j.fertnstert.2022.12.005
https://doi.org/10.1038/ncomms15539
https://doi.org/10.1016/j.coph.2022.102311
https://doi.org/10.1002/14651858.CD014788.pub2
https://doi.org/10.1016/B978-0-12-386503-8.00002-8
https://doi.org/10.1016/j.molmed.2019.01.009
https://doi.org/10.1016/j.biopha.2023.114909
https://doi.org/10.3390/cells12091318
https://doi.org/10.1007/s10456-010-9183-z
https://doi.org/10.1016/j.phymed.2021.153503
https://doi.org/10.1111/bph.15044
https://doi.org/10.1158/1535-7163.MCT-14-1038
https://doi.org/10.1158/1535-7163.MCT-14-1038
https://doi.org/10.1242/dev.027284
https://doi.org/10.1155/2014/974316
https://doi.org/10.1371/journal.pone.0076808
https://doi.org/10.1186/s40591-014-0036-9
https://doi.org/10.1371/journal.pone.0229445
https://doi.org/10.1371/journal.pone.0229445
https://doi.org/10.3892/ijmm.2018.3689
https://doi.org/10.1212/NXI.0000000000000916
https://doi.org/10.1136/jnnp-2022-330194
https://doi.org/10.3389/fendo.2024.1416978
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Identifying novel potential drug targets for endometriosis via plasma proteome screening
	Introduction
	Methods
	Data sources of PQTL
	Data sources of endometriosis
	Preliminary MR analyses
	Sensitivity analyses
	SMR analyses and HEDI heterogeneity test
	Co-localization analyses
	Reverse MR analyses and Steiger test

	Validated PWAS analyses
	Protein-protein interaction and druggability evaluation
	Single-cell transcriptomic analyses

	Results
	Preliminary MR analyses
	Sensitivity analyses
	Validated PWAS analyses
	PPI and druggability evaluation
	Single-cell transcriptomic analyses

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


