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Purpose: Gynecological malignancies are a significant burden for women, yet the causal link between educational attainment and
gynecological cancer risk, along with the mediators, remains unclear. Therefore, the mendelian randomization method was employed
to investigate the association between educational attainment and endometrial cancer, ovarian cancer, cervical cancer, and vulvar
cancer, and quantified the proportion of the relationship potentially mediated by intermediate risk factors.

Patients and Methods: Genetic variants (single nucleotide polymorphisms) were employed as tools, primarily employing the
inverse-variance weighted method, supplemented by four other sensi-tivity methods. Mediation proportion (B;%p,/B) was calculated
via bootstrapped 95% confidence interval.

Results: Higher educational attainment (per SD) was associated with reduced risk of endometrial cancer (OR 0.71, 0.61-0.83),
ovarian cancer (OR 0.84, 0.73-0.97), and cervical cancer (OR 0.60, 0.38—0.95). Education causally influenced 18 potential mediators.
Body mass index (OR 1.89; 95% CI: 1.69-2.11), body fat percentage (OR 2.11; 95% CI: 1.48-3.00), age at menopause (OR 1.23; 95%
CI: 1.10-1.38), fasting insulin (OR 2.07; 95% CI: 1.13-3.83), testosterone (OR 1.58; 95% CI: 1.38-1.82), and sex hormone-binding
globulin (OR 0.83; 95% CI: 0.75-0.91) causally influenced endometrial cancer, explaining 42.23%, 41.67%, —11.05%, 35.84%,
8.80%, and 9.82% of education’s total effect, respectively. Body mass index (OR 1.12; 95% CI: 1.02—1.24) and age at menopause (OR
1.12; 95% CI: 1.02—1.24) also had causal effects on ovarian cancer, mediating 15.16% and —12.03% of education’s effect.
Conclusion: The mendelian randomization analysis reveals the potential causal mechanisms underlying the association between
education and the risk of endometrial cancer and ovarian cancer. Interventions targeting obesity (body mass index and body fat
percentage), age at menopause, fasting insulin, testosterone, and SHBG may reduce the incidence of endometrial cancer associated
with lower educational levels. For ovarian cancer, intervention strategies targeting body mass index and age at menopause could be
key to help prevent ovarian cancer. These public health interventions could help mitigate health disparities caused by social inequality.
Keywords: Mendelian randomization, educational attainment, gynecological malignancies, genome-wide association study, mediation

analysis

Introduction
The causal relationship between educational attainment and various gynecological malignancies remains unclear.
Although low educational level has been established as a risk factor for endometrial cancer (EC)," its potential etiological
role in ovarian, cervical, and vulvar cancers warrants further investigation.

Since educational opportunities are primarily established in early life, altering educational attainment is often
impractical. Instead, targeting modifiable intermediary risk factors may offer a viable approach to mitigating education-
associated risks of gynecological malignancies. Previous research has demonstrated that educational attainment is closely
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associated with multiple risk factors, including smoking,” obesity (as measured via body mass index (BMI)),> and
hypertension.® Conventional observational studies have identified several established contributors to gynecologic onco-
genesis. For instance, elevated estrogen and testosterone levels are associated with increased risk of EC;* obesity (as
measured via BMI) has been causally linked to EC;> genetic predisposition to smoking correlates with a higher incidence
of cervical cancer (CC);® and coffee consumption has been implicated as a risk factor for endometrioid ovarian cancer
(OC).” However, these observational studies are prone to be influenced by confounding factors, measurement errors, and
reverse causality, thereby undermining reliable causal inference.

Moreover, most studies focus solely on a single cancer type, which limits the understanding of common mechanisms in
cancer. Gynecological malignancies exhibit biological diversity with distinct subtypes determined by different etiologies
and hormone dependence. This further highlights the necessity for mechanistic research among different cancer types.

Previously, some studies have explored the relationship between multiple variables and the risk of gynecolo-
gical malignancies. For instance, dietary factors,® hormonal, metabolic and inflammatory markers’'® had an
impact on gynecological malignancies. Furthermore, educational attainment may influence women’s BMI, insulin
levels, and estrogen levels through factors such as exercise and diet, thereby affecting the age at menarche, age at
menopause, or parity. This could subsequently increase the risk of estrogen exposure and modulate the risk of
gynecological malignancies.''"'> However, whether and to what extent these risk factors explain the effect of
educational level on gynecological malignancies remains unclear. Therefore, it is necessary to conduct
a systematic, targeted assessment of these risk factors. Identifying various risk factors related to educational
attainment, further analyzing their relationship with gynecological malignancies, screening for possible mediators,
and quantifying the roles of these mediators may help reduce the negative impact of gynecological malignancies
due to socioeconomic inequality.

Mendelian randomization (MR) uses randomly allocated genetic variants as instrumental variables to estimate causal
exposure-outcome relationships while minimizing confounders, measurement errors, and reverse causation bias.'>"'*
Because genetic variations occur randomly during conception and are independent of confounding factors, compared to
conventional mediation analyses, MR-based approaches are uniquely resistant to exposure-mediator-outcome confound-
ing and measurement bias. "’

Therefore, this study aims to evaluate the causal effect of educational attainment on major gynecological malig-
nancies and their subtypes using MR, as well as to identify potential mediating factors while quantifying their
contributions to the overall effect. Using two-sample MR, we examined the causal effects of educational attainment
on four gynecological cancers (i.e., endometrial, ovarian, cervical, and vulvar cancers, including their subtypes). Given
the insufficient evidence regarding molecular characteristics in carcinogenesis, we systematically evaluated 24 cardio-
metabolic, hormonal, and reproductive factors as mediators and quantified the mediation proportions. Our findings may
provide a reference basis for targeted interventions aimed at reducing the burden of gynecological malignancies among

women with lower educational attainment.

Material and Methods

Study Design

The analysis consisted of two stages: first, a two-sample MR approach was utilized to assess the potential causal
association between educational attainment and gynecological cancers (including endometrial, ovarian, cervical and
vulvar cancers, both overall and per their histological subtypes). This was followed by an examination of the causal links
between educational attainment and previously reported molecular factors and their subsequent associations with
gynecological cancer risks. In the second stage, a two-step MR mediation analysis was performed to quantify the
proportion of the association between educational attainment and EC/OC risk that was mediated by these identified
factors (Figures 1 and 2). All the analyses adhered to the Strengthening the Reporting of Observational Studies in
Epidemiology using MR (STROBE-MR) checklist.'®!”
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Figure | A flow diagram reported the variables screening at each stage included in the study.
Abbreviations: EC, endometrial cancer; OC, ovarian cancer.

1 ! .

MR analysis methods: | * BMI * Ageat menar.che < HDL 1 ® Educaqon-outc?me effects ([3)
s : 1+ BFP * Ageatfirstbirth —+ LDL I+ Education-mediator effects (B:)
Inverse-variance weighted IVW) | . wHr * Ageatlastlive birth + T2D 1 O N(ediat " fFect
MR_Egger | * Smoke * Age atmenopause * Fastinginsulin | © ?a 9r—0u COMICICIICCLS (ﬁz)
Sl |+ Alcohol + SBP + IGF1 1 * Mediation effect =B1xp2 , with 95% CI
Simile s 1 SDWB ) . g;f’fl“l 1 : ;;Sg’é‘em"e I derived via coefficient product testing.
B iepressive symptoms ¢ olesterol . ] 5 . . e .
Weighted mode : * Major depression * Triglyceride * Estradiol 1 Mediated proportion _(Bl 2 ﬁZ)/B, with
| bootstrapped 95% CI.
e e e T ) e o i e e s 2, G
Selected mediators
[31 [32
Mediators e e R ey e e e e e

I Genetic instruments: 1

I« GWAS Pvalue <5x107% |

:- linkage disequilibrium (LD) |

| clumping (12 < 0.001; distance :<:I
|
I

| * Ovarian cancer
| Ovarian endometrioid cancer

* Cervical cancer
Cervical adenocarcinoma

1
1
iAo scinin Cervical squamous carcinomal
Ovarian mucinous carcinoma Bl canoee it 1

Educational attainment » Gynecological malignancies I Ovarian clear cell carcinoma - “ 7 * |

| + Endometrial cancer ¥ z

Vulvar carcinoma in situ ]

1
1

| threshold =10,000 kb
1+ Fvalue > 10

| Endometrioid adenocarcinoma

Outcome 1

Non endometrioid
adenocarcinoma

Exposure Total effect (B)

Stage 1 Evaluate the causal impact of educational attainment on the risk of gynecological malignant malignancies.

Stage 2 Screening the candidate risk factors that have a causal relationship with educational attainment.

Stage 3 Evaluating the influence of potential risk factors on gynecological malignancies.

Stage 4 Mediating analysis of the relationship between educational attainment and gynecological malignancies mediated
by candidate mediating factors.

Figure 2 Overview of the Mendelian randomization (MR) study design. Through the selection of instrumental SNPs for educational attainment, the selection of candidate
mediators, and the selection of outcomes, a two-step MR analysis was conducted. Firstly, univariable MR was used to separately assess the causal relationships between education
and gynecological malignancies () and the relationships between education and mediating variables (1), screening for candidate mediators. Subsequently, the causal effect of each
candidate mediator on the outcome was evaluated (B2). In the second stage, the mediating effects were calculated using the results from the two-step MR.
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Data Source

The data used in this MR study came from publicly available summary statistics on genome-wide association studies
(GWAS), primarily from populations of European ancestry. All the source studies had received proper ethical approval,
thus eliminating the need for additional approval from an institutional review board or informed consent measures. Data
were obtained from publicly available GWAS and large consortia, comprising studies conducted over varying periods
(approximately from 2012 to 2024). For some datasets derived from meta-analyses, detailed timeframe information for
individual contributing studies cannot be obtained; therefore, the reported timeframe reflects the data sources that were
directly cited. To avoid potential sample overlap between the data sets of GWAS for exposure, mediators, and outcomes,
we preferentially select data sets from independent collaborative organizations. Moreover, the outcome data uses
databases such as individual organizations, OC Association Consortium, and Finngen, which are different from those

for exposure and mediators, to avoid sample overlap.

Selected Genetic Correlation Tools for Educational Attainment

The genetic instruments for educational attainment were derived from a large-scale GWAS meta-analysis conducted by
the Social Science Genetic Association Consortium (SSGAC), which examined schooling years in 1,131,881 individuals
of European ancestry (N=766,345 after excluding 23andMe participants),'® with each SD representing 4.2 years of
additional education. Following strict threshold (P<5x10"®) and linkage disequilibrium (LD) clumping (r*<0.001;
distance threshold =10,000 kb), 317 independent genome-wide significant single-nucleotide polymorphisms (SNPs)
were selected as primary genetic instruments for educational attainment. These SNPs were confirmed not to overlap
with potential mediator-associated variants. To assess the strength of the genetic instruments, we calculated the F-statistic
for each SNP using the standard formula. The F-statistic for all the selected SNPs was greater than 10.

Outcomes
The EC outcome data comprised three binary subtypes (overall, endometrioid adenocarcinoma (EEC), and non-endometrioid
adenocarcinoma (NEEC)) sourced from a study by O’Mara et al'®. The OC data included five binary subtypes (overall,

endometrioid, serous, mucinous, and clear cell carcinoma) obtained from a study by Phelan et al?°. The CC (overall, squamous
carcinoma, adenocarcinoma, and CC in situ) and vulvar cancer data (invasive and in situ carcinoma), analyzed as binary

outcomes, were sourced from the FinnGen consortium’s publicly available GWAS summary statistics.*'

Mediators

Based on previous epidemiological evidence, 24 potential risk factors associated with educational attainment were
selected for verification, mainly divided into the following three categories. Firstly, metabolic factors: BMI data was
obtained from a study by Yengo et al;** body fat percentage (BFP) data was derived from a study by Lu et al;*® waist-hip
ratio (WHR) data was taken from Shungin et al;** data on systolic blood pressure (SBP) was sourced from Evangelou
et al;** data on cholesterol was obtained from Neale labs; data on triglycerides, high-density lipoproteins, and low-
density lipoproteins came from Willer.?® Secondly, behavioral, emotional and lifestyle-related factors: smoking and
drinking behavioral data were sourced from Liu et al*” and Schumann et al,*® respectively; data on subjective well-being
(SWB) and depressive symptoms were extracted from the SSGAC website, based on a study by Okbay et al;** major
depression data were obtained from Howard et al;*® data on coffee was obtained from Ben labs; data on SNP effects
related to type 2 diabetes risk came from a study by Mahajan;*' data on fasting insulin,** insulin like growth factor 1
(IGF-1) came from Manning et al** and Neale labs. Thirdly, reproductive and sex-stratified hormone factors: data on age
at menarche, first or last birth, and menopause were obtained from Day,33 Howe, and Ben’s studies; and data on
testosterone, sex hormone-binding globulin (SHBG), estradiol were obtained from UK Biobank (via IEU)* (Table 1 and
Supplementary Tables S1-S20).
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Table | Summary of the GWAS Data Used for Two-Sample Mendelian Randomization Analyses

Phenotype Consortium/Cohort Author Ancestry | No. of Participants | Year of Publication | PubMed ID
Exposures
Education SSGAC Lee et al'® European 113188l 2018 30038396
Selected medias
BMI GIANT Yengo et al*? European 681275 2018 30124842
BFP Meta Lu et a*® European | 65831 2016 26833246
WHR GIANT Shungin et al** European | 212244 2015 25673412
Smoke GSCAN Liu et al*’ European | 249752 2019 30643251
Alcohol Meta Schumann et al*® European | 47720 2016 27911795
SWB SSGAC Okbay et al*’ European 298420 2016 27089181
Depressive symptoms SSGAC Okbay et al*’ European 161460 2016 27089181
Major depression PGC Howard et al*® European 500199 2019 30718901
Age at menarche NA Day et al*? European | 252514 2017 28436984
Age at first birth Within family GWAS consortium | Howe et al** European 32696 2022 NA
Age at last live birth MRC-IEU Ben et al** European 170248 2018 NA
Age at menopause MRC-IEU Ben et al** European 143819 2018 NA
SBP ICBP Evangelou et al*® European 757601 2018 30224653
Coffee MRC-IEU Ben et al** European | 428860 2018 NA
Cholesterol Neale Lab Neale et al** European 337159 2017 NA
Triglyceride GLGC Willer et al*® Mixed 177861 2013 24097068
HDL GLGC Willer et al*® Mixed 187167 2013 24097068
LDL GLGC Willer et al*® Mixed 173082 2013 24097068
T2D NA Mahajan et al*' European 298957 2018 29632382
Fasting insulin MAGIC Manning et al*? European 51750 2012 22581228
(Continued)
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Table 1 (Continued).

Phenotype Consortium/Cohort Author Ancestry | No. of Participants | Year of Publication | PubMed ID
IGF-1 Neale Lab Neale et al** European 13586000 2018 NA
Testosterone MRC-IEU Rebecca et al** European 199569 2020 NA
SHBG MRC-IEU Rebecca et al** European | 214989 2020 NA
Estradiol MRC-IEU Rebecca et al** European 53391 2020 NA
Outcomes
Endometrial cancer NA O’'Mara et al'’ European 121885 2018 30093612
Endometrioid adenocarcinoma NA O’Mara et al'’ European 54884 2018 30093612
Non endometrioid adenocarcinoma | NA O’Mara et al'’ European 36677 2018 30093612
Ovarian cancer OCAC Phelan et al*® European 66450 2017 28346442
Ovarian endometrioid cancer OCAC Phelan et al®® European 43751 2017 28346442
Ovarian serous carcinoma OCAC Phelan et al*® European 54990 2017 28346442
Ovarian mucinous carcinoma OCAC Phelan et al*® European 42358 2017 28346442
Ovarian clear cell carcinoma OCAC Phelan et al*® European 42307 2017 28346442
Cervical cancer FinnGen FinnGen, release 12*' | European 222956 2024 NA
Cervical squamous carcinoma FinnGen FinnGen, release 12*' | European 222300 2024 NA
Cervical adenocarcinoma FinnGen FinnGen, release 122' | European 222220 2024 NA
Cervical cancer in situ FinnGen FinnGen, release 122' | European 222759 2024 NA
Vulvar cancer FinnGen FinnGen, release 122' | European 222531 2024 NA
Vulvar carcinoma in situ FinnGen FinnGen, release 122' | European 222185 2024 NA

Abbreviations: BMI, body mass index; BFP, body fat percentage; WHR, waist-hip ratio; SWB, subjective well-being; SBP, systolic blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; T2D, type 2 diabetes; IGF-1,
insulin-like growth factor-1; SHBG, sex hormone-binding globulin; SSGAC, Social Science Genetic Association Consortium; GIANT, Genetic Investigation of Anthropometric Traits; GSCAN, GWAS & Sequencing Consortium of Alcohol
and Nicotine use; PGC, Psychiatric Genomic Consortium; MRC-IEU, Medical Research Council-Integrative Epidemiology Unit; ICBP, International Consortium of Blood Pressure; GLGC, Global Lipids Genetics Consortium; MAGIC,
Meta-Analyses of Glucose and Insulin-related traits Consortium; OCAC, Ovarian Cancer Association Consortium.
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Univariable MR Analysis
To investigate the causal effects of exposure on gynecological malignancies, a two-sample MR was implemented. The
inverse-variance weighted (IVW) method®® (which combines individual SNP effects using multiplicative random-effects
meta-analysis) served as the primary univariable MR (UVMR) method. Additional sensitivity analyses were conducted using
the MR-Egger,*® weighted median,*” simple mode,*® and weighted mode™® estimation methods. All the MR analyses satisfied
three key criteria: (1) the genetic variants must be strongly associated with the exposure; (2) the genetic variants must not be
associated with any known or unknown confounders; and (3) the instrumental variables should influence the outcome
exclusively through the exposure, with no direct causal pathways between the genetic variants and the outcome. Two SNPs
that were duplicated between the instrumental SNPs for the mediators and for educational attainment were removed.

The MR analyses were executed in R (v4.4.2), using dedicated genetic analysis packages including TwoSampleMR,
MendelianRandomization, MR-PRESSO, and VariantAnnotation. A P-value threshold of 0.05 was applied for signifi-
cance testing, and pleiotropic effects were deemed acceptable when P > 0.05.

Mediation Analysis

Mediators for the association between education and gynecological malignancies were selected based on the
following selection criteria: (1) evidence of causal effects between education and potential mediators,>® and (2)
significant causal associations between the mediators and EC/OC. The final mediation analysis incorporated six
mediators for EC and two mediators for OC, all of which satisfied these criteria. To estimate the proportion of the
effect of education on EC or OC that was mediated, a two-step MR analysis was performed.*® First, IVW was
used to estimate the effect of educational attainment on the mediators (B1). Second, IVW was used to assess the
effect of the mediators on EC or OC (B2). The mediation effect was calculated (via coefficient product testing) as
B1xp2*" with a 95% CI. The total effect (B) was derived from the IVW estimate of the effect of educational
attainment on EC or OC.** The mediated proportion was calculated as (B1xp2)/p with a bootstrapped 95% CI.

Results

Genetic Estimation of the Impact of Educational Attainment on Gynecological
Malignancy Risk

The GWAS on educational attainment included a sample size of 1,131,881 individuals.'® The MR analysis revealed a strong
protective association between educational attainment and gynecological malignancies, with odds ratios (ORs) of 0.71 (95%
CI: 0.61-0.83) for overall EC, 0.65 (95% CI: 0.54-0.77) for EEC, 0.84 (95% CI: 0.73-0.97) for overall OC, 0.78 (95% CI:
0.66—0.92) for ovarian serous carcinoma (OSC), 0.60 (95% CI: 0.38-0.95) for CC, and 0.61 (95% CI: 0.48-0.77) for cervical
cancer in situ. However, educational attainment was not causally associated with NEEC, ovarian endometrioid cancer,
ovarian mucinous carcinoma, ovarian clear cell carcinoma, cervical squamous carcinoma, cervical adenocarcinoma, or vulvar
cancer (Figure 3). Sensitivity analyses assessing potential bias arising from genetic pleiotropy confirmed the robustness of
these associations (Supplementary Table S21), except for CC where only the IVW result was statistically significant.

The Association Between Genetically Estimated Educational Attainment and

Previously Reported Risk Factors

The UVMR analysis revealed significant associations between educational attainment and the 18 selected potential
mediators. More years of formal education were associated with lower BMI (95% CI: 0.74-0.86), reduced BFP (95% CI:
0.75-0.91), decreased WHR (95% CI: 0.84-0.96), lower smoking frequency (95% CI: 0.65-0.76), higher SWB (95% CI:
1.06-1.17), fewer depressive symptoms (95% CI: 0.77-0.84), and reduced risk of major depression (95% CI: 0.73-0.85).
Education also showed positive associations with reproductive mediators including age at first birth (95% CI: 6.03-12.23),
age at last live birth (95% CI: 1.64—-1.77), and age at menopause (95% CI: 1.14-1.25). Higher educational attainment was
linked to favorable metabolic profiles, including lower SBP (95% CI: 0.07-0.25), increased coffee consumption (95% CI:
1.08-1.13), higher cholesterol levels (95% CI: 1.02—1.04), reduced triglycerides (95% CI: 0.80-0.93), decreased fasting
insulin (95% CI: 0.90-0.99), elevated IGF-1 levels (95% CI: 1.48-2.72), lower testosterone (95% CI: 0.89—0.98), and higher
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Figure 3 Mendelian randomization estimates of associations between educational attainment and gynecological malignancies. The forest plot depicts the causal relationship
between educational attainment and gynecological cancers revealed by the inverse variance-weighted two-sample mendelian randomization analysis, with educational
attainment as the exposure event and gynecological cancer as the outcome event.

Abbreviations: OR, odds ratio; Cl, confidence interval.

SHBG concentrations (95% CI: 1.11-1.28) (Figure 4). These IVW estimates were robustly supported by other sensitivity
analyses, and the effect directions remained consistent across multiple modeling approaches (Supplementary Table S22).

Evaluating the Influences of Potential Risk Factors on Gynecological Malignancies
Among the 24 candidate mediators, 18 were shown to have a causal relationship with educational attainment and were thus
included in the MR analysis of gynecological malignancies. The IVW analysis results showed that higher BMI (OR 1.89; 95%
CI: 1.69-2.11, p<0.001), BFP (OR 2.11; 95% CI: 1.48-3.00, p < 0.001), age at menopause (OR 1.23; 95% CI: 1.10-1.38, p <
0.001), fasting insulin (OR 2.07; 95% CI: 1.13-3.83, p = 0.019), and testosterone (OR 1.58, 95% CI: 1.38-1.82, p < 0.001)
were all significantly associated with an increased risk of EC. Higher SHBG (OR 0.83; 95% CI: 0.75-0.91, p < 0.001) was
associated with a reduced risk of EC. Higher BMI (OR 1.12; 95% CI: 1.02-1.24, p = 0.023) and age at menopause (OR 1.12;
95% CI: 1.02—-1.24, p = 0.016) were associated with an increased risk of OC. None of these 18 factors showed any significant
relationship with CC (Figure 5). Further information is provided in Supplementary Tables S23—-S25.

Mendelian-Randomized Mediation Analysis of Mediators in the Association Between

Educational Attainment and Gynecological Malignancies

The total effect of educational attainment on EC was = —0.34 (95% CI: —0.49, —0.19). The mediation analysis revealed
that six factors mediated the relationship between educational attainment and overall EC risk, namely: BMI (42.23%
mediated, 95% CI: 26.71-57.75%, p < 0.001), BFP (41.67% mediated, 95% CI: 10.95-72.39%, p = 0.005), age at
menopause (—11.05% mediated, 95% CI: —17.60 to —4.51%, p < 0.001), fasting insulin (35.84% mediated, 95% CI: 3.23—
68.44%, p= 0.022), testosterone (8.80% mediated, 95% CI: 1.64—15.96%, p = 0.013), and SHBG (9.82% mediated, 95%
CI: 3.31-16.33%, p = 0.002). The evidence also shows that BMI (15.16% mediated, 95% CI: 0.51-29.81%, p = 0.032)
and age at menopause (—12.03% mediated, 95% CI: —22.47 to —1.6%, p = 0.022) mediated the association between
educational attainment and OC risk (Table 2).
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Figure 4 Mendelian randomization estimates of associations between educational attainment and mediators. The forest plot depicts the causal estimates between
educational attainment and candidate mediators revealed by the inverse variance-weighted two-sample mendelian randomization analysis, with educational attainment as
the exposure event and candidate mediators as the outcome event.

Abbreviations: OR, odds ratio; Cl, confidence interval; BMI, body mass index; BFP, body fat percentage; WHR, waist-hip ratio; SWB, subjective well-being; SBP, systolic
blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; T2D, type 2 diabetes; IGF-1, insulin-like growth factor-1; SHBG, sex hormone-binding globulin.

Discussion
This two-sample MR study demonstrated that genetically predicted higher educational attainment confers protective
effects against the assessed gynecological malignancies (i.e., EC, OC, and CC).

Previous findings on the relationship between educational attainment and EC have been inconsistent. Mouw et al
suggested that women with lower levels of educational attainment had a lower risk of EC,** whereas Wang et al found
that lower educational attainment was a causal risk factor for EC, particularly in EEC patients.! In our study, low
educational attainment was identified as a risk factor for EC. We also demonstrated that low educational attainment is
also a risk factor for both OC and CC. Histological subtype analysis revealed that educational attainment primarily had
a causal association with EEC and OSC, but not with other subtypes. This discrepancy may be attributable to the
differences in clinical and pathological characteristics among these different histological subtypes.

Consistent with previous research findings, educational attainment demonstrated causal relationships with numerous
factors, including cardiometabolic risk factors. A genetically predicted 1-SD (4.2 years) increase in higher education was
associated with higher high-density lipoprotein, lower SBP, lower BMI, lower WHR, lower BFP, lower triglycerides, and
reduced risk of major depressive disorder.** Our study confirms the causal associations between education and multiple
factors, namely: obesity-related markers (BMI, BFP, WHR); smoking; emotional factors (SWB, depressive symptoms, major
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Endometrial cancer Ovarian cancer Cervical cancer
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Figure 5 Associations between genetically estimated mediators and gynecological malignancies. The forest plot depicts the causal relationship between candidate mediators
and gynecological malignancies revealed by the inverse variance-weighted two-sample mendelian randomization analysis, with mediators as the exposure event and
gynecological malignancies as the outcome event.

Abbreviations: OR, odds ratio; Cl, confidence interval; BMI, body mass index; BFP, body fat percentage; WHR, waist-hip ratio; SWB, subjective well-being; SBP, systolic
blood pressure; IGF-1, insulin-like growth factor-1; SHBG, sex hormone-binding globulin.

depression); reproductive factors (age at first birth, age at last live birth, age at menopause); cardiovascular markers (SBP,
cholesterol, triglycerides); and glucose or hormone-related factors (fasting insulin, IGF-1, testosterone, SHBG).

Obesity,*” diabetes, early menarche, nulliparity, late menopause, advanced age (>55 years old), and tamoxifen use are
typically regarded as common risk factors for EC.*® The substantial impact of obesity is particularly noteworthy.
Laaksonen et al estimated that overweight and obesity can account for 41.9% (95% CI 32.3-50.1) of EC cases.
Obesity alone contributed 34.5% (95% CI 27.5-40.9) while also increasing OC risk.*’” Notably, obesity demonstrates
subtype-specific effects, with a strong association with earlier diagnosis of EEC but no significant association with non-
endometrioid subtypes, thus reflecting distinct pathogenic pathways.*® Mediation analysis quantified the central role of
obesity in the relationship between educational attainment and cancer. BMI mediated 42.23% of the protective effect of
education against EC and 15.16% of its protective effect against OC, whereas BFP mediated 41.67% of the association
between education and EC risk. Our findings corroborate the findings of previous MR-based studies.' Wang et al
suggested that low educational attainment influences EC risk through potential mediators such as obesity, WHR, and

Table 2 Results of the Mediation Analysis Examining the Proportions Mediated by mediators in the
Causal Association Between Education and Gynecological Malignancies

Effect Estimate (95% CI) OR (95% CI) P Value | %Mediation (95% CI)
Endometrial cancer

BMI —0.14 (-0.19 to —0.09) | 0.87 (0.82 to 0.91) | 478E-08 | 42.23 (26.71 to 57.75)
BFP —0.14 (—0.24 to —0.04) | 0.87 (0.78 to 0.95) | 5.01E-03 | 41.67 (10.95 to 72.39)
Age at menopause 0.04 (0.02 to 0.06) 1.04 (1.02 to 1.06) | 9.38E-04 | —11.05 (—17.60 to —4.51)
Fasting insulin —0.12(—0.22 to —0.02) | 0.87(0.79 to 0.96) | 2.23E-02 | 35.84 (3.23 to 68.44)
Testosterone —0.03 (—0.05 to —0.01) | 0.97 (0.95 to 0.99) | 1.34E-02 | 8.80 (1.64 to 15.96)
SHBG —0.03 (—0.05 to —0.01) | 0.97 (0.95 to 0.99) | 1.93E-03 | 9.82 (3.3] to 16.33)
Ovarian cancer

BMI —0.03 (—0.05 to 0.00) 0.97 (0.95 to 1.00) | 3.24E-02 | 15.16 (0.5] to 29.8I)
Age at menopause 0.02 (0.00 to 0.04) 1.02 (1.00 to 1.04) | 2.22E-02 | —12.03 (—22.47 to —1.6)

Abbreviations: OR, odds ratio; Cl, confidence interval; BMI, body mass index; BFP, body fat percentage; SHBG, sex hormone-
binding globulin.
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diabetes. We also confirmed that the mediating effect of testosterone, fasting insulin, and SHBG also mediate the causal
effect of education on EC risk.

The results support previous findings that women with late menopause have an increased risk of OC and EC.*
Studies have shown that women with lower educational levels are at a greater risk of undergoing natural menopause at
a younger age.”® Crucially, our MR analysis establishes that higher educational attainment causally delays menopause,
and this delay attenuated the benefit of education on EC and OC. This reveals a complex mediation pathway whereby the
protective effect of education against cancer is counterbalanced by its effect on menopausal timing. Our results also align
with existing evidence, showing no causal relationship between coffee consumption/IGF-1 and EC/OC.>">* In addition,
circulating lipid levels did not exhibit any strong association with OC risk.”* Both observational studies and Mendelian
randomization studies have demonstrated a causal association between elevated circulating testosterone levels, decreased
SHBG levels, and an increased risk of EC.° 4 And educational attainment may influence women’s BMI, insulin levels, and
hormone levels through factors such as exercise, diet,'? thereby regulating the risk of gynecological malignancies.
Surprisingly, while hypertension is associated with higher overall risk of EC in observational studies,” our UVMR
analysis found no causal relationship between hypertension and EC, suggesting that certain conventionally recognized
risk factors may not play direct mediating roles in the association between education and cancer risk.

These findings highlight the extensive influence that education has across diverse aspects of health, establishing it as
a valuable exposure factor for future research. Although direct modification of educational attainment may be challen-
ging, later-life knowledge acquisition could potentially replicate its protective benefits.’® Importantly, the identified
mediators serve as actionable targets for interventions aimed at mitigating gynecological cancer risk. This offers
a practical approach to leveraging the health benefits of education, even in populations with limited formal schooling.
The results of this study indicate that obesity is the predominant modifiable factor in EC/OC pathogenesis and underscore
the need for targeted weight management strategies—particularly among populations with lower educational attainment
—to reduce the substantial burden of obesity-driven gynecological malignancies.

This study has several limitations. First, Some datasets are derived from meta-analyses or combined cohort studies, and
a certain degree of sample overlap cannot be completely ruled out, while the use of powerful genetic tools and the
consistency of the results of each sensitivity analysis have all proved the reliability of our research findings. Secondly,
although we examined numerous potential mediators, our analyses could not fully elucidate the mechanisms underlying the
associations between education and gynecological cancer risk. The results related to CC should be interpreted with caution
and regarded as exploratory. Further validation using datasets with larger sample sizes, diverse populations, and additional
GWAS data is required to determine the stability of the association between education attainment and CC, as well as whether
it reflects a causal relationship. Further verification can be conducted by investigating the association with HPV-related
pathways. Notably, while genetically predicted higher educational attainment showed a protective effect against CC, this
relationship appears to be mediated through pathways beyond the factors we investigated. This warrants the exploration of
additional targets (eg., age at first sexual intercourse). Also, persistent SNP heterogeneity may have introduced potential bias
and affected the robustness of our MR findings. Moreover, although both BMI and BFP serve as significant mediators in the
causal pathway between educational attainment and EC risk, their close correlation may lead to collinearity issues. This could
potentially inflate the reported mediation effects, necessitating cautious interpretation. Nevertheless, both mediators con-
sistently reflect that obesity is the key mediating factor. Finally, since the GWAS data used in this study were primarily
derived from European populations, and given that different populations have distinct genetic backgrounds, socioeconomic
structures, and health determinants, the observed associations and causal inferences might differ in other populations.
Therefore, these findings may not necessarily apply to other ethnic groups.

Our research findings provide insight into the value of prioritizing educational policies and reducing educational
inequality as effective preventive measures against the burden of gynecological malignancies such as EC and OC.

Conclusion

By employing a causal genetic epidemiological model, our MR cohort study findings indicated that higher educational
attainment was associated with a reduced risk of EC, OC, and CC. The mediation analysis further revealed that BMI and the
age of natural menopause were important mediating factors in the association between educational attainment and EC/OC. In
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addition, BFP, testosterone, fasting insulin, and SHBG levels also mediated part of the effect of educational attainment
on EC.

Therefore, interventions aimed at reducing BMI and non-delayed age at natural menopause would lead to a decrease
in EC and OC attributable to lower educational attainment. Additionally, reductions in testosterone, fasting insulin, and
SHBG would also lower the risk of EC associated with lower educational levels. The majority of the associations
between genetically estimated educational attainment and EC, OC, and CC are mediated through pathways other than
these risk factors, necessitating further research into other targetable mediators.
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