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‘Department of Nephrology, Hospital of Chengdu University of Traditional Chinese Medicine,
Chengdu, China, ?Department of Gynaecology and Obstetrics, West China Second Hospital, Sichuan
University, Chengdu, China

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 x 10™°) plasma protein-EM pairs were identified by
MR analyses. These included EPHB4 (OR = 1.40, 95% Cl: 1.20 - 1.63), FSHB (OR =
3.91,95% ClI: 3.13 - 4.87), RSPO3 (OR = 1.60, 95% CI: 1.38 - 1.86), SEZ6L2 (OR = 1.44,
95% Cl: 1.23 - 1.68) and WASHC3 (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 x 107%), 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.
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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 [Vs 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 1 Mb of
the transcription start site of each protein-coding gene) of pQTLs
that met the criteria of P<5x10°® and r*<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 = R** (N -1-K)/(1
- R?) * K, where R* = 2*(1-MAF)*MAF*B/SD (MAF is the minor
allele frequency, P 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 SI).
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

frontiersin.org


https://www.synapse.org/Synapse:syn51365301
https://www.synapse.org/Synapse:syn51365301
https://r10.finngen.fi/pheno/N14_ENDOMETRIOSIS
https://r10.finngen.fi/pheno/N14_ENDOMETRIOSIS
https://doi.org/10.3389/fendo.2024.1416978
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Tao et al.

P < 5x10°% r* < 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 (HO0-H4).
Namely, HO: 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 (PPHO-
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 5x107° 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 topl,
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

1, Proteome-wide Mendelian randomization analysis

Proteome

|~ -l

* 54,219 UK Biobank participants
2,923 pQTL
* PMID: 37794186

Olink protein sequencing platform

2. Sensitivity analysis

(1). Steiger test/Reverse
causality detection: P<(.05

Endometriosis

v

—» @‘?’)

Sl

3. Confirmation proteome-Wide Association Study

e ARIC (PMID: 35501419)
e 7,213 European American participants
e 2,004 plasma proteins

FIGURE 1
Flowchart of the research design.
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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 = 1.76x107), follitropin subunit beta (FSHB) (OR = 3.91, 95%
CI: 3.13 - 4.87, P = 1.84x10?), r-spondin-3 (RSPO3) (OR = 1.60,
95% CI: 1.38 - 1.86, P = 7.42x10'%), seizure 6-like protein 2
(SEZ6L2) (OR = 1.44, 95% CI: 1.23 - 1.68, P = 5.99x10°®), 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 = 1.54x10°°). All results of the
preliminary MR analyses are shown in Supplementary Table S2.

Endometriosis
MR analysis: @ 8
IVWiwald_ratio &ﬂ:‘/} P<3.06x10° )
> — ' -

Identification of proteins
that may be associated
with endometriosis

16,588 cases, 111,583 controls
« ICD-10: N80
* PMID: 36653562

(3). Bayesian colocalization

High-level colocation support: PPH,>0.7

1o oo
s PR 1

o

~logu(p-value)

Position on chromosome (Mb)

Method

¢ Five predictive models, Topl, Blup, Lasso, Enet, and

Bslmm, were used for FUSION

frontiersin.org


https://doi.org/10.3389/fendo.2024.1416978
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Tao et al.
Plasma
i
1 FSHB |e@
,
1
1
301 :
1
1
1
1
: PVE
: @ o2
! @ o
1
204 1 @
? '
E 1
> 1
I 1
Q. 1
\-o/ 1
o 1
2 '
_I 1
104 . RSPO3
1
1
1
'
1
.
1
1
1

In(OR)

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 3.06x10°°, with the size of the dot
representing the PVE (percent variance explained).

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 x 10, 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).

10.3389/fendo.2024.1416978

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 = 2.03x10'%), ADK (Adenylate Kinase) (Z = -4.88,
PWAS.P = 1.05x10°°), CFD (Complement Factor D) (Z = -4.68,
PWAS.P = 2.81x10°) and EPHB4 (Z = 4.39, PWAS.P = 1.14x107)
(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.

TABLE 1 Reverse MR analyses, Steiger filtering test, Bayesian co-localization and SMR results of the four identified plasma proteins.

Protein Bidirectional

Co-localization

Steiger filtering

SMR (pval) HEIDI (pval)

MR (Pyw) PPH4

EPHB4 0.338 TRUE (7.97x10°%*) 0.926 2.58x10°° 0.682
FSHB 0.816 TRUE (1.87x107%) 0.998 ‘ 3.99x10%° 0.112
RSPO3 0.096 TRUE (1.45x10°%%) 0.740 ‘ 2.89x107° 0.170
SEZ612 0.257 TRUE (1.29x10°) 0.974 ‘ 9.28x10° 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.

Frontiers in Endocrinology 05 frontiersin.org


https://doi.org/10.3389/fendo.2024.1416978
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Tao et al.

FSHB&Endometriosis
~ rs11031005
rs110310059 & Lo ’
-
8 o
g %
[}
&
a s
Q og®
2]
@ °
o
L] =
"y i b'
< 2 O
5 ® : -nn&—.
o L] 0
& o o
g
B ® rs11031005¢
g . )
S ° R ' -
& e =
& i 0.8 g ®
L] o
" 06 g
o z
' . 0.4 E
L) . 3
{ad £
.’ 0.2 o
° o B 10
° =
o
0
0 25 50 29. 5 0.0 30. 5 1.0
ukb-ppp-FSHB-0ID30233-1l0g10(P) chr11 (Mb
RSPO3&Endometriosis
rs2800709 8
LA
- 8
*%°* 4
(] = o
© b § )
o°§8 s a °
S . 5w g
& e o o
° ° a .
.O &‘ &
' aw s
o o
. $ o® o
L =)
_ 0
<
e
o o
2 e o ° rs2800709¢
2 |$es S
2 8 ° R
g |@®e e
g 3 J
-] oo 0.8 %
& ° o 8 & 8
%e 0.6 2 e
o g
L ] 0.4 )
@ 0.2 E
8 o §
& o E
0
e
L] 0 60 A 126.5 127.0 127.5 128.0
UKB-ppp-RSPO3-0ID21415-log1o(P) chr6 (Mb)
FIGURE 3

10.3389/fendo.2024.1416978

EPHB4&Endometriosis

| X =~ 100 rs314364
I~.’:I~|.§hl' %
: k
‘ 1
g
Oo. 8
S
Q
4 Q 5
. ¢
2
° z
b
-
&
)
o 3
0
g
3
o
o 2
& L3
22
2 = !
T 0.8 g
s g
2 0.6 o
& 2
L
0.4 =
1 o
£
0.2 S
2
&
1
0
0
0 5 75 100 99.5  100.0 1005 100  10L
UKB-ppp-EPHB4-01D20242-log10(P) chr7 (Mb)
SEZ6L2&Endometriosis
rsl13443718g & |, Ors113443718
o 8 e
e ?
o0 S ]
1
s e g
8 8
3
: S o0
. & 50 o °
-~
4 2 & o
o *
Ll o *% ¢
Q o o o0
° o
° g X, S
. : m
= =]
[ @ 0
-
o
2
b rsl]&ll:’»?l&g
2
K<) 2 *
B R
]
13 %
o
2 0.8 &
“ 3
0.6 2
2
] 0.4 2
g °
0.2 2
o
T
2
&
1
0

0 50 5 100

UKB-ppp-SEZ6L2-01D21289-log10(P)

30. 0 30. 5 1.0

chr16 (Mb)

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)

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
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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).
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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<3.71x107°). The purple dashed line indicates the nominal significance level (P<0.05).

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-1ot(HIF-10t) 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-1o
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/
[3-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
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The single-cell transcriptomic analysis of EUE and ME samples from EM patients. (A) UMAP plot showing the distribution of 9 distinct cell
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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.

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
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upregulation of EPHB4 expression in stromal and epithelial cells of
EuE lesions. Therefore, we speculate that the cis-pQTLs of EPHB4 may
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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