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Abstract

Emerging evidence suggests a tentative association between cathepsins and uterine leio-
myoma (UL). Previous investigations have predominantly focused on the role of cathepsins
in the metastasis and colonization of gynecological malignancies. Still, observational studies
may lead to confounding and biases. We employed a bidirectional Mendelian randomization
(MR) analysis to elucidate the causative links between various cathepsins and UL. Instru-
mental variables (1Vs) of cathepsins and UL within the European cohort were from extant
genome-wide association study datasets. Sensitivity assessments was executed, and the
heterogeneity of the findings was meticulously dissected to affirm the solidity of the out-
comes. Our findings reveal the association between cathepsin B (CTSB) and an elevated
risk of developing UL (all cancers excluded) [Inverse Variance Weighted (IVW) method]:
OR=1.06, 95%CI[1.02, 1.11], P =0.008895711. Although the association does not persist
after multiple testing or Steiger filtering, this finding adds to our understanding of the causal
relationship between CTSB of various cathepsins and UL (all cancers excluded) and may
herald new therapeutic avenues for individuals affected by this condition.

Introduction

Uterine leiomyoma (UL), also known as uterine fibroid, is one of the most common types of
benign gynecological tumors. ULs are usually formed by the proliferation of smooth muscle
cells, fibroblast components, and fibrous extracellular matrix (ECM) [1]. Although patients
may be asymptomatic, the presence of UL is often associated with symptoms such as irregular
menstrual periods, abnormal uterine bleeding, pelvic pain, urinary problems, and
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gastrointestinal symptoms. Nearly 70% of white women have ULs by the age of 50, basing on
data from ultrasonic and pathology data [2]. However, these data alone may not be sufficiently
accurate for UL [3]. The etiology of UL remains poorly elucidated. Risk factors for ULs include
age, race, hormonal influences, reproductive history, genetic predisposition, lifestyle factors
such as physical activity and diet, and exposure to endocrine disruptors and obesity [4]. Fac-
tors and molecular mechanisms that regulate UL development, growth, and regression remain
undiscovered. Studies of family aggregation, prevalence, incidence, and racial differences have
shown that genetic factors influence the risk of developing UL [5].

Emerging evidence suggests a tentative association between cathepsins and uterine leio-
myoma [6]. As a suite of lysosomal proteases, cathepsins are pivotal in sustaining cellular equi-
librium [7]. In the realm of gynecology, cathepsins assume a critical role. These enzymes are
central to a plethora of cellular functions [8], ranging from metabolic processes and autophagy
to signaling pathways and ECM turnover, underscoring their significance in health and dis-
ease. They orchestrate the degradation and remodeling of the ECM, marking them as critical
targets for therapeutic intervention in ECM-associated pathologies such as multiple cancers
[9].

Mendelian randomization (MR) is a genetic variant evaluation tool that explores the poten-
tial causal relationships between exposures and outcomes. Genetic variants serve as instrumen-
tal variables (IVs), randomly allocated at conception, thereby minimizing confounding factors
to the greatest extent [10]. The design of MR studies is akin to randomized controlled trials
due to the random assortment of alleles during gamete formation, providing a robust frame-
work for assessing causality in genetic epidemiology. This method mitigates and reduces con-
founding and bias associated with observational studies, such as reverse causality [11].

Materials and methods
Study design description

This study accords with MR’s three core assumptions [12]: IVs must correlate significantly
with exposure and explain its variation, as confirmed by statistical tests such as the F-test. IVs
are not related to other factors that influence both exposure and outcome, thus avoiding bias.
The effect of the IV on the outcome is solely through the exposure, with no direct effect. This
analysis utilizes data derived from multiple genome-wide association studies (GWAS) to
unravel the bidirectional interrelations between ULs and various cathepsins. The forward MR
strategy treats these cathepsins as predictors, assessing their influence on ULs. Conversely, the
reverse MR methodology positions UL, as the predictor, scrutinizing its effect on various
cathepsins. We clarify the construct of our bidirectional MR framework (Fig 1), designed to
investigate the interplay between cathepsins and ULs, inclusive or exclusive of all cancer
instances.

Data sources and instrumental variables selection

Forward MR analysis was constructed by instruments for cathepsins, and instruments for UL
were selected for reciprocal MR (https://gwas.mrcieu.ac.uk/, S1 Table). Similar to the MR anal-
ysis we completed earlier [14], appropriate UL IVs for MR analysis were selected from the lat-
est centralized meta-analysis dataset, derived from cohorts of the FinnGen project (following
the approved FinnGen study protocol Nr HUS/990/2017). This dataset encompasses 18,060
cases of individuals diagnosed with UL. Participants in the FinnGen study provided their writ-
ten informed consent for biobank research, in alignment with the provisions of the Finnish
Biobank Act [15]. All cathepsins’ data came from an observational study that included 3301
individuals of nine different kinds of cathepsins from the European population, containing
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Fig 1. The overview flowchart of hypothesis and study design. A two-sample, bidirectional MR analysis using summary statistics from multiple genome-wide
association studies (GWAS) to investigate the association between various cathepsins and uterine leiomyoma [13].

https://doi.org/10.1371/journal.pone.0310292.g001

10,534,735 single nucleotide polymorphisms (SNPs) [16]. All study participants were of Euro-
pean ancestry. SNPs of cathepsins were selected with a threshold of P<5ex10-6 between
cathepsin and I'Vs according to previous studies, and SNPs of UL were selected with a
genome-wide significance threshold of P<5ex10-8 [17]. To account for the effect of linkage
disequilibrium (LD) between SNPs, the LD clustering procedure was used (distance>10,000
kb, r2<0.001) according to the European 1000 Genome Reference Panel. Then, those associat-
ing with the confounders of ULs were excluded manually according to the data from
NHGRI-EBI catalogue (https://www.ebi.ac.uk/gwas/), assessing their association with any pre-
viously identified confounding traits (P<1ex10~°). When harmonizing data, we removed the
palindromic SNPs with intermediate allele frequencies. We identified outliners by P<0.05
using MR-PRESSO global test (MR-PRESSO package, version 1. 0). The F-statistics were esti-
mated to evaluate the instrument strength, and F-statistics < 10 indicates weak instrument
strength [18]. The following methods were used for MR analysis: MR Egger, Weighted
median, Inverse variance weighted (IVW), Simple mode and Weighted mode. IVW is the
most sensitive method on what MR assumptions are violated [19]. To assess the positive results
of CTSB on UL. The MR Steiger method was taken by testing the measurement error of the
IVs [20]. As multiple MR analysis were performed, the result should be assessed with Bonfer-
roni correction (P < 0.05/18). Sensitivity analysis was performed to evaluate the MR results
and to ensure the validity of the research conclusions, including the MR-Egger intercept test
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and the leave-one-out analysis, which tested for heterogeneity and horizontal pleiotropy. The
presence of heterogeneity was assessed using Cochran’s Q test. Heterogeneity analysis and
Cochran’s Q test were performed using the IVW method. Independent GWAS datasets should
be used to confirm associations to ensure the reliability of the results. Statistical analysis was
performed using the open-source TwoSampleMR package (version 0.5.7) in the R environ-
ment (version 4.2.3; R Development Core Team).

Ethics statement

This study used publicly available de-identified data from participant studies that were
approved by an ethical standards committee concerning human experimentation. No separate
ethical approval was required in this study.

Result

To evaluate the effect of different cathepsins on the risk of UL, we analyzed the overall risk of 9
cathepsins (B, E, F, G, H, O, S, L2, Z) and UL by two-sample MR. The results of the MR analysis
suggested that high levels of cathepsin B (CTSB) increased the risk of UL (odds ratio (OR) =
1.05, 95% CI 1.00, 1.10, P = 0.030). The other cathepsins did not increase the risk of UL (Fig 2).

Analyzing sensitivity and defining the causal link between CTSB and UL

Sensitivity analysis of the bidirectional MR results of cathepsin and UL showed that all the
results had no horizontal pleiotropy and heterogeneity. When the MR results of CTSB were
analyzed by the retention method, it was found that the statistical difference disappeared after
the removal of specific SNPs (OR = 0.99, 95% CI 0.93, 1.06, P = 0.878), suggesting that CTSB
had no causal effect on UL when CTSB was an exposure factor (Fig 2). The forest plot of the
sensitivity analysis of CTSB on UL after the leave-one-out method can be found in S1 Fig, as
well as the rsid of the excluded SNPs. The MR-Egger interception and MR-PRESSO global test
of the above results are insignificant.

MR subgroup analysis found association between cathepsin B on UL
excluding all cancers

Further MR analysis was performed on the subgroup of UL (excluding all cancers) and cathep-
sin was selected as exposure. There was statistical significance of CTSB on the UL subgroup
(OR =1.06,95% CI 1.01, 1.11, P = 0.009). However, the results of the remaining cathepsins
showed no statistical significance. The inverse MR results showed no significant causal effect
between UL (all cancers excluded) and CTSB (OR = 0.89, 95%CI [0.79, 1.00], P = 0.060) (Fig
3). In addition, the results showed a protective effect (OR = 0.93, 95% CI 0.88, 0.99, P = 0.019)
of cathepsin O (CTSO) on ULs (all cancers excluded). Unfortunately, the protective effect is
due to a single SNP (rs181844705) and cannot be considered statistically significant.

The bidirectional MR statistical results of all five methods for CTSB and UL (all cancers
excluded) were performed (Fig 4). The CTSB on UL (all cancers excluded) scatter diagram (S2
Fig) and the leave-one-out plot of CTSB on UL (all cancers excluded) (S3 Fig) are provided in
the supplementary materials.

Discussion

Recent MR analysis have successfully unveiled the causal relationships between later meno-
pause, reduced live births, decreased total testosterone levels, and increased risk of UL [21].
However, the current literature lacks MR analysis exploring the potential causal association
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Various Cathepsins on Uterine Leiomyoma

Cathepsins nSNP P.value OR(95%Cl) Pleiotropy = MR.PRESSO.Global.Test.P
CathepsinB 17 0.030 :l—O—‘ 1.05(1.00 to 1.10) 0.353 0.492
CathepsinE 9 0.815 '—}-0—! 1.01(0.94 to 1.08) 0.595 0.936
CathepsinF 11 0.621 !—:—0—' 1.02(0.95t0 1.09) 0.797 0.101
CathepsinG 13 0.634 —r— 0.99(0.94 to 1.04) 0.855 0.468
CathepsinH 10 0.951 '—+—' 1.00(0.97 to 1.03) 0.639 0.901
CathepsinO 13 0.055 <—O—f 0.94(0.89to 1.00) 0.400 0.789
CathepsinS 24 0.986 '—T—! 1.00(0.95to0 1.05) 0.487 0.794
CathepsinL2 11 0.351 —_—— 0.97(0.91t0 1.03) 0.734 0.888
Cathepsinz 13 0.791 '—:0—' 1.01(0.96 to 1.05) 0.144 0.397
Statistically significant: P<0.05 0!9 .% 1 !1 F statistics > 10

protective factor risk factor

Uterine Leiomyoma on Various Cathepsins

Leiomyoma.on.Cathepsins nSNP P.value OR(95%Cl) Pleiotropy MR.PRESSO.Global.Test.P
CathepsinB 26 0.148 l—O—{—' 0.92(0.81 to 1.03) 0.343 0.111
CathepsinE 26 0.443 n—{—o—c 1.04(0.94 to 1.16) 0.723 0.305
CathepsinF 26 0.443 '—1—0—4 1.03(0.93 to 1.13) 0.345 0.792
CathepsinG 26 0.890 —_— 1.01(0.91to 1.11) 0.327 0.552
CathepsinH 26 0.711 '—:0—| 1.02(0.92 to 1.14) 0.348 0.309
CathepsinO 26 0.449 '—}—0—' 1.05(0.93 to 1.19) 0.465 0.318
CathepsinS 26 0.801 '—ﬂl—' 0.99(0.90 to 1.09) 0.918 0.603
CathepsinL2 26 0.878 —— 0.99(0.89 to 1.10) 0.350 0.223
CathepsinZ 26 0.246 ':—0—' 1.06(0.96 to 1.17) 0.242 0.819
Statistically significant: P<0.05 0!8 OTQ 1' 1 H 1 !2 F statistics > 10

protective factor risk factor

Fig 2. Forest plot of multivariable bidirectional Mendelian randomization analysis [[VW method] for various cathepsins and uterine
leiomyoma.

https://doi.org/10.1371/journal.pone.0310292.9002

between cathepsin and UL. This study is the first bidirectional MR study to investigate the
association between nine cathepsins and UL in the European population. Our findings dem-
onstrate a potential link between elevated levels of CTSB and the susceptibility to UL. Our
analysis reveals no evidence of horizontal pleiotropy or heterogeneity in this association.
While both cathepsin and UL GWAS data come from European cohorts, it is noteworthy that
UL cohort data come from FinnGen, which is limited to Finland. Although the use of different
database sources mitigates the potential bias arising from sample overlap, differences in the
demographics of the cohorts must be duly taken into account. In addition, the sample size for
the nine tissue proteases was relatively limited (3,301 cases), presenting a constraint.

Pathogenesis of hysteromyoma: Degradation and remodeling of ECM and
pathological angiogenesis

The aetiology and progression of UL are closely linked to the excessive accumulation of ECM
and vascular abnormalities. As a benign tumor, UL is characterized by increased levels of
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Various Cathepsins on Uterine Leiomyoma (all cancers excluded)

Cathepsins nSNP P.value OR(95%Cl) Pleiotropy = MR.PRESSO.Global.Test.P
CathepsinB 17 0.009 : ———e—> 1.06(1.01 t0o 1.11) 0.658 0.846
CathepsinE 9 0.575 '—}—0—' 1.01(0.96 to 1.07) 0.276 0.885
CathepsinF 11 0.678 l—:—O—' 1.02(0.94 to 1.09) 0.752 0.220
CathepsinG 13 0.704 —r— 0.99(0.94 to 1.04) 0.820 0.634
CathepsinH 10 0.788 '—q'—- 1.00(0.97 to 1.03) 0.689 0.953
CathepsinO 12 0.019 <—o——— : 0.93(0.88t0 0.99) 0.296 0.874
CathepsinS 24 0.922 '—0'—i 1.00(0.95to 1.05) 0.562 0.766
CathepsinL2 11 0.511 —— 0.98(0.91 to 1.05) 0.958 0.838
Cathepsinz 13 0.692 '—:O—i 1.01(0.97 to 1.05) 0.262 0.629
Statistically significant: P<0.05 0!9 .% 1 !1 F statistics > 10

protective factor risk factor

Uterine Leiomyoma (all cancers excluded) on Various Cathepsins

Leiomyoma.on.Cathepsins nSNP P.value OR(95%Cl) Pleiotropy MR.PRESSO.Global.Test.P
CathepsinB 21 0.060 4—0—;l 0.89(0.79 to 1.00) 0.561 0.465
CathepsinE 21 0.500 n—{—o—a 1.05(0.92to 1.19) 0.276 0.217
CathepsinF 21 0.884 '—1—' 0.99(0.89to 1.11) 0.528 0.552
CathepsinG 21 0.884 —_—— 1.01(0.90 to 1.13) 0.161 0.769
CathepsinH 21 0.456 '—0:—' 0.95(0.84 to 1.08) 0.621 0.163
CathepsinO 21 0.393 '—0—1—' 0.95(0.84 to 1.07) 0.940 0.423
CathepsinS 21 0.143 '—0—:—| 0.92(0.82 to 1.03) 0.450 0.571
CathepsinL2 21 0.454 ——r— 0.96(0.85 to 1.08) 0.965 0.219
CathepsinZ 21 0.306 |:—o—c 1.06(0.95 to 1.19) 0.053 0.760
Statistically significant: P<0.05 0!8 OTQ 1' 1 H 1 !2 F statistics > 10

protective factor risk factor

Fig 3. Forest plot of multivariable bidirectional Mendelian randomization analysis [[VW method] for various cathepsins and leiomyoma of
uterus (all cancers excluded).

https://doi.org/10.1371/journal.pone.0310292.9003

collagen, fibronectin, laminin and proteoglycan. The blood supply for UL is mainly from the
uterine artery. Several angiogenic factors, such as VEGF and IGF, play a role in the vasculariza-
tion and growth of UL. Vascular growth factors can lead to the germination of capillaries and
realize tumor revascularization. However, it was found that the microvessel density in the
muscle layer around the UL increased significantly, forming dense vascular "pseudocysts’. In
contrast to the vascularization process of a malignant tumor, UL may show a decrease in the
angiogenic response or an increase in factors that inhibit angiogenesis. At this point, the myo-
metrium may compensate by growing blood vessels around the UL and increasing blood flow
to the diseased area [22]. ECM can also regulate blood vessel homeostasis and maintain the
typical morphology of capillaries [23]. Increased levels of ECM and myofibroblasts in ULs sup-
port the fibrotic characteristics of these tumors. Interestingly, ECM can be used as a repository
of fibrogenic growth factors to enhance their activity by increasing their stability and prolong-
ing their signaling duration [24].
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Cathepsin B on Uterine Leiomyoma (all cancers exluded)
Methods nSNP P.value OR(95%Cl)
MR Egger 17 0.146213856 @ 1 1.09(0.98 to 1.21)
Weighted median 17 0.054496758 —_—— 1.07(1.00 to 1.14)
Inverse variance weighted 17 0.008895771 ——t 1.06(1.02to 1.11)

Simple mode

17 0.113575035 + ® 1+ 1.10(0.98 to 1.22)

Weighted mode 17 0.136853856 ——— 1.07(0.98 to 1.15)

Statistically significant: P<0.05

|
|
|
T
|
I i
1 11 F statistics > 10

protective factor risk factor

Uterine Leiomyoma (all cancers exluded) on Cathepsin B

Methods nSNP P.value OR(95%Cl)

MR Egger 21 0.17085027 +—e——-——i 0.84(0.66 to 1.07)

Weighted median 21 0.15898996 b—o—:—' 0.89(0.76 to 1.05)

Inverse variance weighted 21 0.06018085 t+—0——1 0.89(0.79 to 1.00)

Simple mode 21 0.92220518 < ': » 0.99(0.74 to 1.31)

Weighted mode 21 0.76286142 ¢ ® : 0.96(0.76 to 1.22)
Statistically significant: P<0.05 09 1 14 Fstatistics>10

protective factor risk factor

Fig 4. Forest plot of multivariable bidirectional Mendelian randomization analysis for cathepsin B and uterine leiomyoma (all cancers

excluded).

https://doi.org/10.1371/journal.pone.0310292.9004

Possible role of cathepsins in the occurrence and development of UL

CTSB may influence the occurrence and progression of UL through ECM degradation,
remodeling, and abnormal angiogenesis. The fundamental role of cathepsin involves the deg-
radation and clearance of macromolecules, as well as foreign structures engulfed by digestive
cells [25]. Emerging evidence underscores the pivotal role of cathepsin as a lysosomal enzyme
in intracellular homeostasis and cellular responses. Lysosomes participate in immune response
verification under cellular stress conditions [26]. CTSB, a lysosomal cysteine protease, pos-
sesses both endo- and exo-peptidase activities and is implicated in protein turnover [27].
CTSB acts via 3 isoforms: main transcript, main transcript lacking exon 2 or main transcript
lacking exon 2 and 3.Its functions may encompass the regulation of angiogenesis, invasion,
tumor proliferation, immune resistance, and cell differentiation [28]. Aberrant expression/
activity of CTSB is frequently associated with malignant tumor progression and metastasis
[29]. The upregulation of pro-form CTSB secretion in tumors facilitates tumor progression
and metastasis [30]. Studies have highlighted the overexpression of CTSB in the early stages of
various cancer types [31-33]. Notably, the expression of CTSB in gastric and colorectal cancer
correlates negatively with ECM, suggesting CTSB’s involvement in ECM remodeling [34, 35].
CTSB is increasingly recognized as a potential therapeutic target in cancer treatment [36].

PLOS ONE | https://doi.org/10.1371/journal.pone.0310292 September 12, 2024 7/11


https://doi.org/10.1371/journal.pone.0310292.g004
https://doi.org/10.1371/journal.pone.0310292

PLOS ONE

Association between various cathepsins and uterine leiomyoma: A Mendelian randomization analysis

The evidence for the relationship between UL and cathepsin is limited. However, previous
studies have reported higher levels of CTSB expression in tumors that invade the lamina pro-
pria than in submucosa [32], suggesting a potential link between UL and CTSB. The research-
ers suggest that the interaction between fibroblasts and type I collagen in breast cancer may
enhance the translation or stability of CTSB [37]. In addition, the expression and secretion of
CTSB are related to skeletal muscle differentiation [38]. Small et al. [39] observed that while
the expression of CTSB increased, smooth muscle cells changed to a non-proliferative (con-
tractile) state, which was consistent with the termination of vascular remodeling. In the pro-
cess of VEGF-A-induced angiogenesis, with the transformation of venules into maternal
vessels, the activity of CTSB increased significantly, which was consistent with the structural
characteristics of the vascularization of UL [40]. The researchers suggest that increased cathep-
sin activity, especially CTSB, significantly promotes maternal angiogenesis in tumors [41]. In
CTSB knockout mice, VEGF-A-induced angiogenesis and vascular permeability decreased sig-
nificantly, which further emphasized the critical role of CTSB in this process.

Research limitations

The I'Vs of the cathepsins did not pass the MR Steiger test. If multiple MR results were adjusted
Bonferroni correction (P < 0.0028), then the CTSB’s effect on ULs is insignificant

(P =0.0089). It could not be determined that CTSB is a direct risk factor for UL, and the effect
of CTSB on UL still needs to be further investigated. To ensure the reliability of the results, we
used independent GWAS datasets of UL. It was concluded that a bidirectional negative causal
relationship between CTSB and ULs could be validated (S1 Table). Unfortunately, of the avail-
able cohorts, only the FinnGen database provided data on ULs (excluding all cancers), and
therefore the positive conclusions we obtained could not be replicated.

Conclusions

Our results support the effects of cathepsins on UL susceptibility and development by both
extending and analyzing previous research on the processes underlying both conditions. By
bidirectional MR analysis of different types of cathepsins and UL, we found that CTSB is a
potential risk factor for UL, supporting previous research findings that the gene expression of
CTSB is involved in the process of ECM remodeling, mediating the vascular microenviron-
ment signal pathways. Limited causal relationship between UL and other cathepsins was found
by bidirectional MR analysis. These findings have significant implications for patient counsel-
ling and raise the possibility of targeting CTSB as a therapeutic aspect in the management of
UL.

Supporting information

S1 Table. The SNPs data of various cathepsins and UL.
(DOCX)

S1 Fig. Forest plot of the MR analysis of the causal relationship between various cathepsins
on UL after leave-one-out method.
(DOCX)

S2 Fig. Scatter plot of the MR analysis of the causal relationship between CTSB on UL (all
cancers excluded).
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0310292 September 12, 2024 8/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0310292.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0310292.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0310292.s003
https://doi.org/10.1371/journal.pone.0310292

PLOS ONE

Association between various cathepsins and uterine leiomyoma: A Mendelian randomization analysis

S3 Fig. Leave-one-out plot of CTSB on UL (all cancers excluded).
(DOCX)

Acknowledgments

We appreciated all the genetics consortiums for making the GWAS summary data publicly
available.

Author Contributions
Formal analysis: Yuehan Ren, Junning Zhang.
Writing - original draft: Tingxiu Liu.

Writing - review & editing: Hechun Yin, Zheng Zheng, Mingyue Zhang, Yan Liao, Lian-
gliang Yang, Chang Liu, Xinmin Liu, Peiyu Yan.

References

1. Stewart EA, Laughlin-Tommaso SK, Catherino WH, Lalitkumar S, Gupta D, Vollenhoven B. Uterine
fibroids. Nat Rev Dis Primers. 2016 Jun 23; 2:16043. https://doi.org/10.1038/nrdp.2016.43 PMID:
27335259

2. Baird DD, Dunson DB, Hill MC, Cousins D, Schectman JM. High cumulative incidence of uterine leio-
myoma in black and white women: ultrasound evidence. Am J Obstet Gynecol. 2003 Jan; 188(1):100—
7. https://doi.org/10.1067/mob.2003.99 PMID: 12548202

3. Cramer SF, Patel A. The frequency of uterine leiomyomas. Am J Clin Pathol. 1990 Oct; 94(4):435-8.
https://doi.org/10.1093/ajcp/94.4.435 PMID: 2220671

4. Pavone D, Clemenza S, Sorbi F, Fambrini M, Petraglia F. Epidemiology and Risk Factors of Uterine
Fibroids. Best Pract Res Clin Obstet Gynaecol. 2018 Jan; 46:3—11. https://doi.org/10.1016/j.bpobgyn.
2017.09.004 PMID: 29054502

5. Gallagher CS, Mékinen N, Harris HR, Rahmioglu N, Uimari O, Cook JP, et al. Genome-wide association
and epidemiological analyses reveal common genetic origins between uterine leiomyomata and endo-
metriosis. Nat Commun. 2019 Oct 24; 10(1):4857. https://doi.org/10.1038/s41467-019-12536-4 PMID:
31649266

6. Gogiel T, Wolanska M, Galewska Z, Kinalski M, Sobolewski K, Romanowicz L. Cathepsin B in human
myometrium and in uterine leiomyomas at various stages of tumour growth. Eur J Obstet Gynecol
Reprod Biol. 2015 Feb; 185:140—4. https://doi.org/10.1016/j.ejogrb.2014.12.020 PMID: 25577554

7. ReiserJ, Adair B, Reinheckel T. Specialized roles for cysteine cathepsins in health and disease. J Clin
Invest. 2010 Oct; 120(10):3421-31. https://doi.org/10.1172/JC142918 PMID: 20921628

8. Conus S, Simon HU. Cathepsins: key modulators of cell death and inflammatory responses. Biochem
Pharmacol. 2008 Dec 1; 76(11):1374-82. https://doi.org/10.1016/j.bcp.2008.07.041 PMID: 18762176

9. Fonovi¢ M, Turk B. Cysteine cathepsins and extracellular matrix degradation. Biochim Biophys Acta.
2014 Aug; 1840(8):2560-70. https://doi.org/10.1016/j.bbagen.2014.03.017 PMID: 24680817

10. Bowden J, Holmes MV. Meta-analysis and Mendelian randomization: A review. Res Synth Methods.
2019 Dec; 10(4):486-96. https://doi.org/10.1002/jrsm.1346 PMID: 30861319

11.  Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky J, Davies NM, Swanson SA, et al. Strength-
ening the Reporting of Observational Studies in Epidemiology Using Mendelian Randomization: The
STROBE-MR Statement. JAMA. 2021 Oct 26; 326(16):1614—21. https://doi.org/10.1001/jama.2021.
18236 PMID: 34698778

12. Sekula P, Del Greco M F, Pattaro C, Kéttgen A. Mendelian Randomization as an Approach to Assess
Causality Using Observational Data. J Am Soc Nephrol. 2016 Nov; 27(11):3253-65. https://doi.org/10.
1681/ASN.2016010098 PMID: 27486138

13. Uffelmann E, Huang QQ, Munung NS, de Vries J, Okada Y, Martin AR, et al. Genome-wide association
studies. Nat Rev Methods Primers. 2021 Aug 26; 1(1):1-21.

14. RenY, ZhangJ, ChenT, ChenJ, Liao Y, Liu T, et al. Association Between Dysmenorrhea and Risk of
Epilepsy in East Asian Populations: A Bidirectional Two-Sample Mendelian Randomization Study. Twin
Research and Human Genetics. 2023 Dec; 26(6):361-9. https://doi.org/10.1017/thg.2023.48 PMID:
38099415

PLOS ONE | https://doi.org/10.1371/journal.pone.0310292 September 12, 2024 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0310292.s004
https://doi.org/10.1038/nrdp.2016.43
http://www.ncbi.nlm.nih.gov/pubmed/27335259
https://doi.org/10.1067/mob.2003.99
http://www.ncbi.nlm.nih.gov/pubmed/12548202
https://doi.org/10.1093/ajcp/94.4.435
http://www.ncbi.nlm.nih.gov/pubmed/2220671
https://doi.org/10.1016/j.bpobgyn.2017.09.004
https://doi.org/10.1016/j.bpobgyn.2017.09.004
http://www.ncbi.nlm.nih.gov/pubmed/29054502
https://doi.org/10.1038/s41467-019-12536-4
http://www.ncbi.nlm.nih.gov/pubmed/31649266
https://doi.org/10.1016/j.ejogrb.2014.12.020
http://www.ncbi.nlm.nih.gov/pubmed/25577554
https://doi.org/10.1172/JCI42918
http://www.ncbi.nlm.nih.gov/pubmed/20921628
https://doi.org/10.1016/j.bcp.2008.07.041
http://www.ncbi.nlm.nih.gov/pubmed/18762176
https://doi.org/10.1016/j.bbagen.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24680817
https://doi.org/10.1002/jrsm.1346
http://www.ncbi.nlm.nih.gov/pubmed/30861319
https://doi.org/10.1001/jama.2021.18236
https://doi.org/10.1001/jama.2021.18236
http://www.ncbi.nlm.nih.gov/pubmed/34698778
https://doi.org/10.1681/ASN.2016010098
https://doi.org/10.1681/ASN.2016010098
http://www.ncbi.nlm.nih.gov/pubmed/27486138
https://doi.org/10.1017/thg.2023.48
http://www.ncbi.nlm.nih.gov/pubmed/38099415
https://doi.org/10.1371/journal.pone.0310292

PLOS ONE

Association between various cathepsins and uterine leiomyoma: A Mendelian randomization analysis

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sliz E, Tyrmi JS, Rahmioglu N, Zondervan KT, Becker CM, FinnGen, et al. Evidence of a causal effect
of genetic tendency to gain muscle mass on uterine leiomyomata. Nat Commun. 2023 Feb 1; 14
(1):542. https://doi.org/10.1038/s41467-023-35974-7 PMID: 36726022

Sun BB, Maranville JC, Peters JE, Stacey D, Staley JR, Blackshaw J, et al. Genomic atlas of the human
plasma proteome. Nature. 2018 Jun; 558(7708):73-9. https://doi.org/10.1038/s41586-018-0175-2
PMID: 29875488

Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al. The MR-Base platform supports
systematic causal inference across the human phenome. eLife. 7:e34408. https://doi.org/10.7554/
eLife.34408 PMID: 29846171

Smith GD, Ebrahim S. Mendelian randomization: prospects, potentials, and limitations. Int J Epidemiol.
2004 Feb; 33(1):30—-42. https://doi.org/10.1093/ije/dyh132 PMID: 15075143

Burgess S, Thompson SG. Interpreting findings from Mendelian randomization using the MR-Egger
method. Eur J Epidemiol. 2017 May; 32(5):377-89. https://doi.org/10.1007/s10654-017-0255-x PMID:
28527048

Hemani G, Tilling K, Davey Smith G. Orienting the causal relationship between imprecisely measured
traits using GWAS summary data. Li J, editor. PLoS Genet. 2017 Nov 17; 13(11):e1007081.

Wang H, Li C, Chen L, Zhang M, Ren T, Zhang S. Causal relationship between female reproductive fac-
tors, sex hormones and uterine leiomyoma: a Mendelian randomization study. Reprod Biomed Online.
2023 Oct 2;103584. https://doi.org/10.1016/j.rbomo.2023.103584 PMID: 38061975

Sajewicz M, Konarska M, Wrona AN, Aleksandrovych V, Bereza T, Komnata K, et al. Vascular density,
angiogenesis and pro-angiogenic factors in uterine fibroids. Folia Med Cracov. 2016; 56(1):27-32.
PMID: 27513836

Ciarmela P, Delli Carpini G, Greco S, Zannotti A, Montik N, Giannella L, et al. Uterine fibroid vasculari-
zation: from morphological evidence to clinical implications. Reprod Biomed Online. 2022 Feb; 44
(2):281-94. https://doi.org/10.1016/j.rbmo.2021.09.005 PMID: 34848152

Marchand M, Monnot C, Muller L, Germain S. Extracellular matrix scaffolding in angiogenesis and capil-
lary homeostasis. Semin Cell Dev Biol. 2019 May; 89:147-56. https://doi.org/10.1016/j.semcdb.2018.
08.007 PMID: 30165150

Islam MS, Ciavattini A, Petraglia F, Castellucci M, Ciarmela P. Extracellular matrix in uterine leiomyoma
pathogenesis: a potential target for future therapeutics. Hum Reprod Update. 2018 Jan 1; 24(1):59-85.
https://doi.org/10.1093/humupd/dmx032 PMID: 29186429

Mijanovi¢ O, Brankovi¢ A, Panin AN, Savchuk S, Timashev P, Ulasov |, et al. Cathepsin B: A sellsword
of cancer progression. Cancer Lett. 2019 May 1; 449:207—-14. https://doi.org/10.1016/j.canlet.2019.02.
035 PMID: 30796968

Jia C, Zhang J, Chen H, Zhuge Y, Chen H, Qian F, et al. Endothelial cell pyroptosis plays an important
role in Kawasaki disease via HMGB1/RAGE/cathespin B signaling pathway and NLRP3 inflammasome
activation. Cell Death Dis. 2019 Oct 14; 10(10):778. https://doi.org/10.1038/s41419-019-2021-3 PMID:
31611559

Chagas JR, Ferrer-Di Martino M, Gauthier F, Lalmanach G. Inhibition of cathepsin B by its propeptide:
use of overlapping peptides to identify a critical segment. FEBS Lett. 1996 Sep 2; 392(3):233-6. https:/
doi.org/10.1016/0014-5793(96)00822-8 PMID: 8774851

Joyce JA, Baruch A, Chehade K, Meyer-Morse N, Giraudo E, Tsai FY, et al. Cathepsin cysteine prote-
ases are effectors of invasive growth and angiogenesis during multistage tumorigenesis. Cancer Cell.
2004 May; 5(5):443-53. https://doi.org/10.1016/s1535-6108(04)00111-4 PMID: 15144952

Olson OC, Joyce JA. Cysteine cathepsin proteases: regulators of cancer progression and therapeutic
response. Nat Rev Cancer. 2015 Dec; 15(12):712-29. https://doi.org/10.1038/nrc4027 PMID:
26597527

Mullins SR, Sameni M, Blum G, Bogyo M, Sloane BF, Moin K. Three-dimensional cultures modeling
premalignant progression of human breast epithelial cells: role of cysteine cathepsins. Biol Chem. 2012
Dec; 393(12):1405-16. https://doi.org/10.1515/hsz-2012-0252 PMID: 23667900

Dohchin A, Suzuki JI, Seki H, Masutani M, Shiroto H, Kawakami Y. Immunostained cathepsins B and L
correlate with depth of invasion and different metastatic pathways in early stage gastric carcinoma.
Cancer. 2000 Aug 1; 89(3):482—7. PMID: 10931446

Bian B, Mongrain S, Cagnol S, Langlois MJ, Boulanger J, Bernatchez G, et al. Cathepsin B promotes
colorectal tumorigenesis, cell invasion, and metastasis. Mol Carcinog. 2016 May; 55(5):671-87. https:/
doi.org/10.1002/mc.22312 PMID: 25808857

Khan A, Krishna M, Baker SP, Banner BF. Cathepsin B and tumor-associated laminin expression in the
progression of colorectal adenoma to carcinoma. Mod Pathol. 1998 Aug; 11(8):704-8. PMID: 9720496

PLOS ONE | https://doi.org/10.1371/journal.pone.0310292 September 12, 2024 10/11


https://doi.org/10.1038/s41467-023-35974-7
http://www.ncbi.nlm.nih.gov/pubmed/36726022
https://doi.org/10.1038/s41586-018-0175-2
http://www.ncbi.nlm.nih.gov/pubmed/29875488
https://doi.org/10.7554/eLife.34408
https://doi.org/10.7554/eLife.34408
http://www.ncbi.nlm.nih.gov/pubmed/29846171
https://doi.org/10.1093/ije/dyh132
http://www.ncbi.nlm.nih.gov/pubmed/15075143
https://doi.org/10.1007/s10654-017-0255-x
http://www.ncbi.nlm.nih.gov/pubmed/28527048
https://doi.org/10.1016/j.rbmo.2023.103584
http://www.ncbi.nlm.nih.gov/pubmed/38061975
http://www.ncbi.nlm.nih.gov/pubmed/27513836
https://doi.org/10.1016/j.rbmo.2021.09.005
http://www.ncbi.nlm.nih.gov/pubmed/34848152
https://doi.org/10.1016/j.semcdb.2018.08.007
https://doi.org/10.1016/j.semcdb.2018.08.007
http://www.ncbi.nlm.nih.gov/pubmed/30165150
https://doi.org/10.1093/humupd/dmx032
http://www.ncbi.nlm.nih.gov/pubmed/29186429
https://doi.org/10.1016/j.canlet.2019.02.035
https://doi.org/10.1016/j.canlet.2019.02.035
http://www.ncbi.nlm.nih.gov/pubmed/30796968
https://doi.org/10.1038/s41419-019-2021-3
http://www.ncbi.nlm.nih.gov/pubmed/31611559
https://doi.org/10.1016/0014-5793%2896%2900822-8
https://doi.org/10.1016/0014-5793%2896%2900822-8
http://www.ncbi.nlm.nih.gov/pubmed/8774851
https://doi.org/10.1016/s1535-6108%2804%2900111-4
http://www.ncbi.nlm.nih.gov/pubmed/15144952
https://doi.org/10.1038/nrc4027
http://www.ncbi.nlm.nih.gov/pubmed/26597527
https://doi.org/10.1515/hsz-2012-0252
http://www.ncbi.nlm.nih.gov/pubmed/23667900
http://www.ncbi.nlm.nih.gov/pubmed/10931446
https://doi.org/10.1002/mc.22312
https://doi.org/10.1002/mc.22312
http://www.ncbi.nlm.nih.gov/pubmed/25808857
http://www.ncbi.nlm.nih.gov/pubmed/9720496
https://doi.org/10.1371/journal.pone.0310292

PLOS ONE

Association between various cathepsins and uterine leiomyoma: A Mendelian randomization analysis

35.

36.

37.

38.

39.

40.

41.

Khan A, Krishna M, Baker SP, Malhothra R, Banner BF. Cathepsin B expression and its correlation with
tumor-associated laminin and tumor progression in gastric cancer. Arch Pathol Lab Med. 1998 Feb;
122(2):172—7. PMID: 9499362

Kos J, Mitrovi¢ A, Mirkovi¢ B. The current stage of cathepsin B inhibitors as potential anticancer agents.
Future Med Chem. 2014 Jul; 6(11):1355-71. https://doi.org/10.4155/fmc.14.73 PMID: 25163003

Koblinski JE, Dosescu J, Sameni M, Moin K, Clark K, Sloane BF. Interaction of human breast fibroblasts
with collagen | increases secretion of procathepsin B. J Biol Chem. 2002 Aug 30; 277(35):32220-7.
https://doi.org/10.1074/jbc.M204708200 PMID: 12072442

Jane DT, DaSilva L, Koblinski J, Horwitz M, Sloane BF, Dufresne MJ. Evidence for the involvement of
cathepsin B in skeletal myoblast differentiation. J Cell Biochem. 2002; 84(3):520-31. PMID: 11813257

Small TW, Bolender Z, Bueno C, O’'Neil C, Nong Z, Rushlow W, et al. Wilms’ tumor 1-associating pro-
tein regulates the proliferation of vascular smooth muscle cells. Circ Res. 2006 Dec 8; 99(12):1338—46.
https://doi.org/10.1161/01.RES.0000252289.79841.d3 PMID: 17095724

Walocha JA, Litwin JA, Miodonski AJ. Vascular system of intramural leiomyomata revealed by corro-
sion casting and scanning electron microscopy. Hum Reprod. 2003 May; 18(5):1088-93. https://doi.
org/10.1093/humrep/deg213 PMID: 12721189

Chang SH, Kanasaki K, Gocheva V, Blum G, Harper J, Moses MA, et al. VEGF-A induces angiogenesis
by perturbing the cathepsin-cysteine protease inhibitor balance in venules, causing basement mem-
brane degradation and mother vessel formation. Cancer Res. 2009 May 15; 69(10):4537—44. https://
doi.org/10.1158/0008-5472.CAN-08-4539 PMID: 19435903

PLOS ONE | https://doi.org/10.1371/journal.pone.0310292 September 12, 2024 11/11


http://www.ncbi.nlm.nih.gov/pubmed/9499362
https://doi.org/10.4155/fmc.14.73
http://www.ncbi.nlm.nih.gov/pubmed/25163003
https://doi.org/10.1074/jbc.M204708200
http://www.ncbi.nlm.nih.gov/pubmed/12072442
http://www.ncbi.nlm.nih.gov/pubmed/11813257
https://doi.org/10.1161/01.RES.0000252289.79841.d3
http://www.ncbi.nlm.nih.gov/pubmed/17095724
https://doi.org/10.1093/humrep/deg213
https://doi.org/10.1093/humrep/deg213
http://www.ncbi.nlm.nih.gov/pubmed/12721189
https://doi.org/10.1158/0008-5472.CAN-08-4539
https://doi.org/10.1158/0008-5472.CAN-08-4539
http://www.ncbi.nlm.nih.gov/pubmed/19435903
https://doi.org/10.1371/journal.pone.0310292

