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Abstract

Background: Oxidative stress (OS) is closely associated with the occurrence and progression of breast
cancer (BC). However, its role as a potential etiological factor or trigger remains unclear. This study aims to
systematically investigate the potential causal effects and mechanisms of OS-related genes in BC by integrating

multi-omics data.

Methods: This study obtained summary data for blood methylation (mQTL), gene expression (eQTL),
alternative splicing (sQTL), and protein abundance (pQTL) from their respective quantitative trait loci (QTL)
studies. The genetic association data for breast cancer (BC) were primarily derived from the Breast Cancer
Association Consortium (BCAC) and were validated using the UK Biobank (UKB) and FinnGen databases. SMR
(Summary-data-based Mendelian Randomization) analysis was performed to evaluate the associations between
the molecular characteristics of oxidative stress-related genes and BC. Subsequently, colocalization analysis
was conducted to determine whether the identified signals share the same causal genetic variants.
Whole-transcriptome association studies (TWAS), whole-proteome association studies (PWAS), and
multi-marker analysis with genomic annotation (MAGMA) were used as sensitivity analyses. In addition, the
significant genes were validated using multi-omics analysis of blood samples in an independent cohort from

Weifang Traditional Chinese Medicine Hospital.

Results: By integrating multi-omics data from mQTL, eQTL, sQTL, and pQTL analyses, we identified PARK7
as a key oxidative stress-related gene that showed significant associations with breast cancer (BC) at multiple
levels. Elevated gene expression of PARK7 (pSMR = 5.79E-06, OR = 0.91) and protein levels (pSMR = 8.46E-06,
OR = 0.83) were significantly associated with reduced BC risk. In the mQTL analysis, cg10385390 (pSMR =
2.03E-03, OR =1.09) and cgl 1518359 (pSMR = 3.54E-03, OR = 0.88) were significantly associated with BC. In
the sQTL analysis, PARK7 (chrl:7961793-7962763) (pSMR = 8.87E-06, OR = 1.03) and PARK?7
(chr1:7961735-7962763) (pSMR = 9.38E-06, OR = 0.97) were significantly associated with BC. In the integrated
mQTL-eQTL SMR analysis, cg10385390 (pSMR = 7.61E-15, OR = 0.47) and cgl1 1518359 (pSMR = 4.56E-09, OR
= 2.78) exhibited significant associations. In the integrated sQTL-pQTL SMR analysis, PARK7
(chr1:7961793-7962763) (pSMR = 4.62E-44, OR = 0.85) and PARK7 (chr1:7961735-7962763) (pSMR =
6.56E-42, OR = 1.19) both showed significant associations. These findings revealed the multidimensional
molecular mechanisms by which PARK7 regulates breast cancer risk through the oxidative stress pathway. All
findings were supported by colocalization analysis (PPH4 > 0.7). Validation in an independent population cohort
indicated that plasma levels of PARK7 mRNA and protein in breast cancer patients were significantly lower

than those in healthy controls, consistent with the aforementioned results.

Conclusion: This study innovatively integrates multi-omics data to elucidate the complex associations
between the PARKY7 gene and breast cancer risk, providing new insights for precision prevention and targeted

intervention of breast cancer.
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Introduction

The onset and progression of breast cancer (BC)
are closely associated with the state of intracellular
oxidative stress (OS), characterized by elevated levels
of reactive oxygen species (ROS) and the resultant
high OS, a hallmark of malignant tumors [1]. Various
risk factors contributing to OS are intricately linked to
the pathogenesis and severity of BC [2,3]. Cancer
formation is a complex, multi-stage, and gradual
evolutionary process primarily driven by the
accumulation of genetic mutations and dysregulation
of cell division [4]. In this deep-rooted pathological
transition mechanism, intracellular OS plays a crucial
catalytic role by promoting cancer development
through progressive disruption of genomic stability
and integrity and interaction with key cellular
macromolecules, including DNA, RNA, and proteins
[5].

However, the relationship between OS and
cancer is not non-linear. OS, particularly elevated ROS
homeostasis, is closely linked to an increased risk of
cancer development [6], playing a role at every stage
from initiation to progression [7]. Studies have shown
a significant positive correlation between OS and
postmenopausal BC risk [8-10]. In contrast, OS
signaling also exerts pivotal influences on processes
such as apoptosis and ferroptosis [7,11], which may
have preventive effects against cancer in
premenopausal women. Two prospective studies
focusing on  premenopausal ~women have
demonstrated that higher OS levels were linked to a
reduced risk of BC [12,13].

Given the dual role of OS, it is critical that BC
researchers use a multi-omics approach to explore its
impact. The OS-associated genome includes more
than a thousand nuclear genes whose genetic
susceptibility can profoundly influence OS status.
However, only a limited number of studies have
examined the pathogenic role of OS-associated genes
in BC aetiology. Understanding the pathogenesis of
these genes could help identify causative factors and
potential redox-related therapeutic targets in BC [14].
Rigorous and comprehensive analyses of OS-related
genes in the context of BC are essential to determine
whether OS is a cause or a consequence of BC. Such
analyses are particularly important in light of current
challenges to BC treatment, including the
development of drug resistance, which may be
influenced by OS-related mechanisms [15]. Exploring
these mechanisms could reveal new therapeutic
strategies that may provide more effective treatment
options and improve patient prognosis.

Despite growing evidence of an association
between OS-related genes and BC, comprehensive

and systematic investigations into their causal
relationship remain scarce. Genome-wide association
studies (GWAS) have been employed to identify
genomic loci associated with BC risk [16-18].
However, due to the complex linkage disequilibrium
(LD) structure of the genome, the top-associated
variants identified in GWAS may not be causal
[19,20]. Furthermore, these genetic variants can
influence  DNA methylation, gene expression,
alternative  splicing, and protein abundance.
Integrated multi-omics approaches have emerged as
valuable tools in the post-GWAS era for identifying
key regulatory elements and exploring potential
therapeutic targets in BC. Advances in GWAS and
molecular quantitative trait loci (QTL) datasets now
enable a detailed investigation into the causal
relationship between the regulation of OS-related
genes and BC, with a focus on methylation, gene
expression, alternative splicing, and protein
abundance. This study employs a range of
post-GWAS techniques to assess the association
between OS gene methylation, expression, alternative
splicing, and protein abundance with BC risk.

Methods
Study Design

Figure 1 illustrates the comprehensive design of
the study. This analysis utilized publicly available
datasets, including the BC Association Consortium
(BCAC) [17], the UK Biobanking Study [21], the
Finnish Genetics Study [22], and other large-scale
GWAS (Table S1). Instrumental variables for OS genes
were derived from methylation levels, alternative
splicing RNA, gene expression, and protein
abundance levels. Subsequently, summary-based
Mendelian randomization (SMR) analyses were
conducted for BC across these biological levels,
complemented by transcriptome-wide association
studies (TWAS), proteome-wide association studies
(PWAS), and multi-marker analysis of genomic
annotation (MAGMA) analyses for multiple
validation. Furthermore, co-localization analyses
were performed to reinforce the plausibility of the
causal relationship. The BCAC dataset was the
primary discovery dataset, while replication analyses
used datasets from the UK Biobank and the Finnish
Genetics Study. Specifically, these datasets were used
to study gene methylation, alternative splicing RNA,
gene expression, and protein abundance levels. By
integrating the results of these four different levels of
analysis, we identified causal candidate genes
without sample overlap between exposed and
outcome populations.
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Figure 1. Study design. SMR, summary-based Mendelian randomization; QTL, quantitative trait loci; BC, Breast Cancer; PPH4, posterior probability of H4.
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Data sources for methylation, alternative
splicing RNA, gene expression, and protein
quantitative trait loci

Multi-omics integration enables the
identification of potential molecular networks
associated with OS. QTL can be used to elucidate the
relationships between single nucleotide poly-
morphisms (SNPs) and DNA methylation, alternative
splicing RNA, gene expression, and protein
abundance. The methylation QTL (mQTL) data were
obtained from Wu's study [20] on SNP-CpG
associations in blood samples from individuals of
European ancestry. The blood expression QTL (eQTL)
dataset was sourced from the eQTLGen consortium
[23], which encompasses 31,684 individuals. A
synopsis of the genetic statistics associated with
circulating protein levels was extracted from the
protein QTL (pQTL) study by Sun et al. [24], which
included 54,219 participants. Subsequently, the
tissue-specific expression of the target genes was
assessed using whole blood splicing QTL (sQTL) data
retrieved from the Genotypic Tissue Expression
(GTEx)  Portal (https://gtexportal.org/home/).
Additionally,  tissue-specific = expression  was
examined. The QTL data demonstrated a potential
causal effect between the target genes and BC [25].
The GTEx v8 dataset comprises 838 donors and 17,382
samples from 52 tissues and two cell lines. Analysis of
BC-associated tissues included eQTL data for thyroid,
breast tissue, muscle tissue, and subcutaneous fat.

Gene expression data from whole blood, utilized
for TWAS analysis, were sourced from the FUSION
website (http://gusevlab.org/projects/fusion/) from
Alexander Gusev's study [26], while the enriched
gene expression data from four BC-related tissues
were obtained from the GTEx V8 dataset. The PWAS
protein weights used for the analysis were obtained
from Zhang's study [27].

OS genes were identified using GeneCards, and
a list of 1,398 OS-related genes with correlation scores
of 27 was downloaded from the GeneCards database
(https:/ /www.genecards.org) [28]. This list was then
used to identify OS genes in the QTL dataset.

BC GWAS summary data source

BC data were obtained from the BCAC, the
FinnGen study, and the UK Biobank study. All
participants in the BCAC study were of European
ancestry, comprising 122,977 patients with BC and
105,974 controls. Furthermore, summary-level data on
genetic associations with BC were obtained from the
FinnGen study's publicly available R10 dataset, which
included 18,786 patients with BC and 182,927 controls.
Furthermore, BC-related summary data were sourced
from the UK Biobank database, comprising 9,721

cases and 351,473 controls. The discovery phase of the
study employed the BCAC dataset, while the
replication phase utilized data from the UK Biobank
and Finnish studies. Notably, no sample overlap
occurred between these three datasets.

SMR analysis

To study the link between gene regulation
(methylation, expression, alternative splicing, and
protein abundance) and BC risk, we used SMR. This
method uses genetic variants as instruments to
estimate causal effects using summary data.
Compared to traditional MR, SMR has higher
statistical power when using two large, independent
samples [29]. We selected cis-QTLs within a £1000 kb
window around each gene, with a P-value threshold
of 5.0 x 1078 SNPs with significant allele frequency
differences across datasets were excluded. The HEIDI
test helped differentiate pleiotropy from linkage, and
variants with P-HEIDI < 0.01 were excluded. A
nalyses were performed using SMR v1.3.1, and
P-values were adjusted with the Benjamini-Hochberg
method to control the false discovery rate at 0.05.
Co-localization analysis was then done for significant
results.

Co-localization analysis

To further validate our results, we performed
co-localization analysis using the coloc R package.
This analysis helps identify shared causal variants
between BC and the identified OS-related mQTLs,
eQTLs, sQTLs, or pQTLs [30]. According to published
articles, the co-localization region windows for
pPQTL-GWAS [31], eQTL-GWAS [31], sQTL-GWAS
[32], and mQTL-GWAS [33] were +1,000 kb, +1,000 kb,
1,000 kb, and 500 kb, respectively. We used a
Bayesian approach to assess support for five
hypotheses: no association with either trait (HO),
association with trait 1 only (H1), association with
trait 2 only (H2), association with both traits but with
different causal variants (H3), and association with
both traits with similar causal variants (H4).For each
locus, we set the prior probabilities for an SNP being
associated only with trait 1 (p1), only with trait 2 (p2),
or with both traits (p12) to 1 x 107™*, 1 x 107, and 1 x
107°, respectively. A posterior probability of a shared
causal variant (PP.H4) > 0.70 was considered strong
evidence for co-localization, with a corresponding
FDR < 5%. This strengthens the evidence for a causal
relationship [34].

Proteome/transcriptome-wide association
studies with fusion

FUSION software [26] was used to establish
associations between functional and GWAS
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phenotypes and to perform PWAS and TWAS
analyses. It was also used to validate the association
between protein/gene expression levels and BC
susceptibility. The main outputs of FUSION are
Z-scores and p-values, where Z-scores quantify the
strength and direction of the association between
plasma proteins and BC, and p-values elucidate the
statistical significance of the association. To further
validate our findings at the transcriptome level,
TWAS was used on thyroid, breast, muscle, and
subcutaneous adipose tissues.

Conditional and joint analysis

FUSION helps identify multiple related traits
within a locus and determine which of these are
conditionally independent. Therefore, we performed
conditional and joint (COJO) analyses (a
post-processing module in FUSION) to identify
independent genetic signatures [26]. COJO analyses
provide a comprehensive understanding of the
genetic architecture of trait variation by interpreting
LD between markers [35]. Genes with independent
associations were termed jointly significant, while
those without independent associations were termed
marginally significant.

Gene-level analysis

For genetic analyses, we used MAGMA software
(version 1.08) with default parameters. This tool
aggregates SNP-level association statistics into gene
scores, enabling quantification of each gene's
association with the phenotype [36,37]. Further details
on parameter settings and the methodological basis
are available in the original MAGMA documentation
[38].

Integrating results at the multi-omics level of
evidence

For a comprehensive understanding of how the
regulation of OS-related genes correlates with BC at
different levels, we integrated results from four
different gene regulatory levels. Given that proteins
are the final expression products of genes and
establishing causality at the protein level is the most
basic requirement, we integrated the resulting genes
that were correlated at multiple levels to explore
further the potential regulation between gene
methylation, expression, alternative splicing, and
protein abundance. We performed MR analyses of
OS-associated gene methylation, gene expression,
alternative splicing, and protein abundance between
the causal relationships. Moreover, we conducted
co-localization analyses of the identified associations
to exclude the effects of LD.

Survival analysis

The Kaplan-Meier plotter database
(http:/ /kmplot.com) is a survival analysis tool that
integrates data from public databases, including GEO
(Gene Expression Omnibus), EGA (European
Genome-phenome Archive), TCGA (The Cancer
Genome Atlas), and other public databases for breast
cancer (BC) patients. This tool can be used to assess
disease progression [39].

Quantitative Reverse Transcription-
Polymerase Chain Reaction (RT-PCR)

A total of 16 subjects were recruited for this
study, including 8 newly diagnosed, untreated breast
cancer patients from Weifang Hospital of Traditional
Chinese Medicine and 8 healthy volunteers. Prior to
the initiation of the study, all patients provided
written informed consent. All breast cancer patients
were confirmed to be primary, untreated cases,
ensuring that no prior treatments (such as
chemotherapy or radiotherapy) could confound the
expression levels of PARK7 (also known as DJ-1).
Samples were collected from each participant prior to
initial treatment. Total RNA was isolated from whole
blood using the Whole Blood RNA Isolation Kit
(Simgen), and the isolated total RNA was reverse
transcribed using the ¢cDNA Strand Synthesis Kit
(Accurate Biotechnology). RT-PCR was performed
using the BIO-RAD CFX96 Sequence Detection
System. Human PBX samples were analysed by using
the SYBR Green PCR Master Mix (Accurate
Biotechnology) for human PARK?Y. Relative levels of
gene expression were determined by the comparative
threshold cycling method as described by the
manufacturer.

ELISA assay for PARK7

PARK?7 levels in human blood were assessed by
enzyme-linked immunosorbent assay (ELISA) using a
commercially available Human PARK?7 ELISA Kit
(#CSB-E12024h, CHUANGABIO, Wuhan, China)
according to the manufacturer's protocol.

GeneMANIA analysis

The GeneMANIA platform [40] (https://
genemania.org/)  integrates  multiple  genetic
interactions, pathways, and co-expression datasets of
target genes along with other gene function
relationships to enhance understanding of the
potential biological functions of these targets [41].

Phenome-wide association analysis

Using the ExPheWeb platform (https://
exphewas.statgen.org/v1/), phenome-wide associa-
tion studies (PheWAS) were performed to assess the

https://lwww.jcancer.org



Journal of Cancer 2025, Vol. 16

2882

pleiotropic effects and potential adverse effects of
potential therapeutic targets [42]. The ExPheWas
database contains 26,616 genes measured in up to
413,133 individuals from UK biobanks with 1,746
phenotypes based on sex-stratified and sex-combined
gene association results. This comprehensive
PheWAS analysis offers insights into understanding
complex genetic traits and assessing the safety and
efficacy of drug targets.

Results
Identification of correlations at the
methylation level

The causal effects of OS gene methylation on BC
risk are shown in Figure 2. A total of 613 CpG sites

significance test (P < 0.05) after excluding associations
with P-HEIDI < 0.01 (Table S2). Following multiple
testing corrections, we identified 151 CpG sites near
60 unique genes, including 71 sites near 29 unique
genes that demonstrated strong evidence of
co-localization (PH4 > 0.70) (Figure 2). Notably, the
direction of effect estimates was not always consistent
for different CpG sites within the same gene. For
instance, the gene located at cgl1909912 predicted
that a one-fold increase in microtubule-associated
protein tau (MAPT) methylation was associated with
a reduced risk of BC (odds ratio [OR]: 0.81, 95%
confidence interval [CI]: 0.74-0.89), whereas the gene
located at cgl1117266 predicted that a one-fold
increase in MAPT methylation was associated with an
increased risk of BC (OR: 1.20, 95% CI: 1.11-1.29).

near 250 unique genes passed the marginal

Gene Probe 1D OR(95% CI) P value PPH4 Gene Probe 1D OR(95% Cl) P value PPH4
ADAMTSI13 ¢cg00115654 - 0.96(0.94,0.98) 2.46e—04 0.32 H19 c04088212 Lo 1.26(1.13,1.40) 1.77¢-05 0.95
AKRIAT  ¢g04486013 == 0.89(0.83,0.95) 5.72¢-04 0.07 c204647234 == 0.82(0.75,0.89) 9.67¢-06 032
©g24332710 b 0.87(0.82,0.94) 1.33e-04 0.92 c206749854 i 1.21(1.10,1.32) 8.58¢-05 0.69

AKTI cg14184729 - 1.08(1.04,1.12) 7.88¢-05 022 cel5317267 —— 0.77(0.68.0.87) 1.58¢-05 047
€g23176538 L 1.05(1.02,1.08) 2.74e-04 0.03 ©g22172494 - 0.94(0.93.0.96) 7.17e-09 0

BAG3 ¢g17076667 G 0.96(0.93.0.98) 2.39¢-04 0.22 HTR3A ¢g05942508 C 1.06(1.02,1.10) 9.87e-04 032
BCL2L11  ¢g09907170 - 1.09(1.05,1.12) 1.50e-06 0.99 IRF1 cgl5375424 - 0.92(0.87,0.97) 1.20e-03 0.02
€g27608154 J 0.96(0.94,0.97) 1.80e-07 0.99 ITPR1 cg05795849 A 1.06(1.03,1.10) 1.79¢-04 0

BCL6 ¢g18146226 al 1.02(1.01,1.03) 4.18¢-04 0.71 JAZF1 cg01883759 - 0.96(0.94,0.98) 5.67e-04 0.59
CAPN2 cg19318393 == 0.92(0.87.0.97) 1.49¢-03 0.73 cg21912938 0.92(0.88,0.97) 1.13e-03 0.6
€g21167643 . 0.89(0.84,0.95) 6.21¢-04 0.72 ¢g26102728 Ll 1.07(1.03,1.11) 8.33¢-04 0.59

©g24047802 s 0.94(0.91,0.97) 7.40e-04 0.57 cg26744081 ey 1.07(1.03,1.12) 122¢-03 0.46

CASP7 cg01128042 k| 0.98(0.97,0.99) 9.08e-05 0 MAP2K4  cgl0596925 ) 0.91(0.87,0.96) 1.50e-04 0.91
CCNDL <g01406280 i) 1.11(1.05,1.18) 5.55¢-04 0.36 MAPKI1  cgl5036874 - 0.93(0.89,0.97) 2.08e-03 044
CD34 ©g09788693 . 0.89(0.83,0.95) 5.11e-04 0.86 cg16054907 H 0.95(0.92,0.98) 1.50e-03 0.43
CD44 cgl6344511 i 0.95(0.92,0.97) 32704 0.63 MIR27A ¢g19357865 e L.11(1.05,1.17) 2.69e-04 0.04
CD79A  ¢g19825589 - 1.03(1.01,1.04) 1.81¢-03 022 MTHFR  ¢g21864959 - 1.03(1.01,1.06) 1.62¢-03 0.34
CDKNIA  ¢g03032677 o 1.05(1.03,1.07) 1.02e-06 0.99 MUC1 ¢g15699386 == 0.85(0.79,0.91) 621e-06 091
<g03714916 - 0.90(0.86,0.95) 3.34¢-05 0.95 MUTYH ¢g19235065 - 1.12(1.05,1.19) 5.14¢-04 0.71
cg08179530 == 1.15(1.06,1.24) 4.17¢-04 0.98 NDUFAI3  ¢g25274157 == 0.90(0.85.0.95) 26le-04 0

¢g11920449 | 0.97(0.96,0.98) 3.52¢-06 0.94 PARK7 cgl0385390 il 1.09(1.03,1.15) 2.03e-03 0.63

¢g15474579 ) 0.96(0.93,0.98) 7.43e-04 0.1 PC €g21628794 el 1.09(1.05,1.14) 821e-05 0.94

024425727 | 0.97(0.96.0.98) 3.59¢-06 0.94 PDLIM4 ¢g02033258 iy 1.10(1.04,1.16) 7.30e-04 0.14

CRHR1 08473090 == 0.84(0.76,0.92) 1.08e-04 08 cgl1843238 bist] 1.05(1.02,1.08) 1.37e-04 0.07
cu16642545 —_— 1.21¢1.12,1.32) 6.06e-06 0.78 cgl18301423 - 1.05(1.03,1.08) 1.46¢-04 0.07

24063856 == 1.17(1.10,1.24) 5.70e-07 0.76 ¢g20512303 i 1.06(1.03,1.09) 1.51e-04 0.07

CSK cgl4664628 b 0.89(0.85,0.94) 1.56e-05 0.95 ©g22638593 - 1.06(1.03,1.10) 1.76e-04 0.07
020552236 —— 1.14(1.06,1.21) 1.01e-04 085 27615366 —-— 1.13(1.07,1.20) 520e-05 0.84

CYPIIA1  cg05454635 L 0.89(0.84,0.95) 22804 0.94 PLA2G6 cg14247180 - 1.06(1.05,1.08) 1.09¢e-11 09
©g24482024 o 0.93(0.90,0.97) 3.02¢-04 0.82 POMC 01926269 i 1.13(1.06,1.19) 3.17¢-05 0.73

CYPIAL 05549655 - 0.88(0.81,0.95) 6.35¢-04 0.96 ¢g02079741 - 0.90(0.86,0.94) 6.40e-06 0.37
cgl11924019 == 0.89(0.84,0.95) 331e-04 0.94 ¢g03560973 == 0.89(0.84,0.94) 1.22e05 0.34

cgl2101586 I 0.85(0.78,0.93) 3.37e-04 0.95 ¢g08030082 - 11(1.06,1.17) 5.99¢-06 0.25

¢g13570656 = 0.87(0.80,0.94) 7.72¢-04 0.94 ¢g09527270 L 0.92(0.89,0.95) 1.69¢-06 0.23

cg18092474 = 0.87(0.81,0.94) 6.74e—04 0.97 ¢g09916783 —a— 1.19(1.09,1.30) 1.82¢-04 0.88

CYPIA2  cg01359532 o 0.92(0.89,0.96) 1.75¢05 0.88 cg13025668 == 1.16(1.08,1.24) 4.09¢-05 0.84
DGKQ cgl1107149 -y 1.05(1.02,1.09) 1.40e-03 031 cgl6302441 el 1.12(1.06,1.17) 9.47¢-06 0.71
ERBB4 <g00011346 = 1.08(1.03,1.13) 2.09¢-03 0.37 ©g20387815 S 1.16(1.08,1.25) 497¢-05 0.85
ESR1 07059469 —a— 0.88(0.81,0.95) 1.12¢-03 0.19 €g22900229 - 1.14(1.07,1.21) 222e-05 0.82
FAAH €g06911238 (o 0.87(0.80,0.94) 6.92¢-04 09 €g23598419 Rl 0.88(0.83,0.93) 1.87e-05 0.84
¢g16267850 i 0.94(0.91,0.97) 3.20e-05 0.29 ©g24425171 - 1.12(1.07,1.18) 1.00e-05 0.78

cg18261491 ) 0.92(0.89.0.96) 2.94e-05 08 PPARG ©g23514324 . 1.04(1.02,1.07) 9.61e-04 0.48

€g20271029 - 0.87(0.80,0.94) 5.77e-04 0.73 PRDX1 cg08483560 e 0.87(0.81,0.94) 1.44e-04 0.88

©25706281 - 1.07(1.03,1.11) 3e-04 0.17 PRKG1 cg04335523 - 1.04(1.01,1.06) 191e-03 027

GCDH cgl17414007 - 0.92(0.88,0.96) 4.18e-04 037 RHOD ©g00023919 ol 1.05(1.02,1.07) 8.60e—-05 0.93
€g21050076 = 1.08(1.03,1.12) 3.36e-04 0.16 cg03160508 i 1.12(1.05,1.19) 5.98¢-04 0.89

GPX1 ©g07274523 b 1.04(1.02,1.06) 1.23¢-04 0.71 ¢g04216240 ir st 1.07(1.03,1.11) 1.62e-04 0.94
cg24011261 = 1.11¢1.04,1.18) 8.26e—04 0.73 cg08221781 s 1.05(1.03,1.08) 9.76e-05 0.94

MAPT ¢g00480298 L] 0.87(0.82,0.92) 32107 0.78 ¢g09218146 Ha 1.06(1.03,1.09) 1.13e—04 0.94
cg00846647 O 1.04(1.03,1.06) 8.48e-11 0.82 ¢g09618778 G 1.06(1.03,1.09) 1.15¢-04 0.94

cg00891649 - 1.07(1.05,1.09) 1.86e—09 0.79 cg12243133 - 1.05(1.02,1.07) 8.50e-05 0.94

¢g01934064 i 0.92(0.89,0.95) 1.83¢-08 0.78 cg14283328 = 1.04(1.02,1.06) 7.92¢-05 0.94

cg02228913 - 1.04(1.02,1.05) 220e-10 0.79 cg18043888 - 1.05(1.02,1.07) 8.98¢-05 0.93

¢g05301556 o 1.09(1.06,1.12) 6.19¢-09 0.78 €g20320946 = 1.10(1.04,1.16) 4.06e-04 0.94

cg05533539 ——— 123(1.12,136) 2.07e-05 0.76 €g22344122 - 1.06(1.03,1.09) 8.63¢-05 095

¢g05721485 LR 0.88(0.84,0.92) 1.12¢-07 0.78 RPTOR cg21831512 a 0.93(0.89,0.97) 1.90e-03 0.65

¢g05772917 o 0.85(0.80,0.91) 1.07¢-06 0.78 SDHA cg18366108 Lo 1.12(1.04,1.21) 1.79¢-03 0.55

¢g07368061 = 1.06(1.04,1.08) 1.08e-09 08 SLC22A5 06968155 iri 1.08(1.05,1.12) 8.62e-06 0.76

€g09764761 - 1.07(1.04,1.09) 1.50¢-09 0.79 ¢g07538946 il 1.09(1.05,1.13) 9.51e-06 0.75

210224600 —_— 0.85(0.80,0.91) 1.04e-06 0.78 cg14196790 - 1.04(1.03,1.06) 2.72¢-06 0.76

cgl1117266 [ 1.20(1.11,1.29) 4.20e-06 0.77 cg19040266 il 0.92(0.88,0.95) 9.98e-06 0.76

cgl1489262 i 0.88(0.84,0.92) 1.06e—07 0.78 SLC6A3 ¢g04598517 == 0.88(0.83,0.94) 1.77e-04 0.97

cgl11909912 ] 0.81(0.74,0.89) 1.32e—05 0.78 cg12882697 - 0.88(0.83,0.94) 1.71e-04 0.97

cg12604352 = 1.16(1.09,1.22) 3.53¢-07 0.78 SLCSAL ©g25073563 R 1.06(1.02,1.10) 1.48e-03 0.48

¢g14202850 - 0.89(0.86,0.93) 522¢-08 0.78 SREBF1 203963689 . 1.11(1.04,1.19) 2.15e—03 0.55

©g16520312 = 1.08(1.06,1.11) 4.01e-09 0.78 ¢g08129017 ) 1.06(1.02,1.10) 1.73e-03 0.38

cg18228076 = 1.03(1.02,1.04) 5.50e-11 0.83 ¢g15030378 el 0.96(0.93,0.98) 1.23e-03 0.48

cg18878992 ) 0.94(0.92,0.96) 1.46e—09 0.77 ¢g263588076 G 1.07(1.03,1.12) 1.95¢-03 051

cg21327887 e 0.86(0.80,0.92) 3.11e-05 0.78 STK24 ¢g08402963 i 1.09(1.03,1.16) 2.30e-03 0.37

€g21705961 = 1.07(1.05,1.09) 1.44e—09 0.77 ©g20375836 = 1.05(1.02,1.07) 8.86e-04 0.48

€g23202277 Bk 0.89(0.85,0.93) 4.59¢-08 0.78 cg24701178 L 0.91(0.86,0.96) 1.22e-03 0.57

©g24801230 = 1.03(1.02,1.04) 491e-11 0.83 TLR6 ¢g02221520 = 0.88(0.83,0.92) 1.50e-06 0.85

27457921 = 0.86(0.80,0.93) 1.07e-04 0.69 TSPO ¢g09282946 - 1.03(1.01,1.05) 1.91e-03 0.28

GSTM2 ©g16670497 == 1.12(1.05,1.20) 5.60e—04 095 UBQLN4  ¢g22796458 - 0.95(0.92,0.97) 137e-04 0.08
GSTMS cg12858902 - 1.02(1.01.1.04) 2.09¢-03 017 VARS2 cg24263004 —— 0.85(0.77,0.94) 1.96e—03 0.76
1T T 1T XBP1L cg18940763 - 0.86(0.80,0.92) 3.15¢-05 0.02

0.60 080 10 12 16 T T (R |
0.60 0.80 1.0 12 16

Figure 2. Genetically predicted association of oxidative stress gene methylation with breast cancer. OR, odds ratio; Cl, confidence interval.
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The CpG loci of interest identified included

CCND1  (cg01406280), SLC22A5  (cg06968155,
g07538946, cg14196790, cg19040266), MAP2K4
(cg10596925), DGKQ  (cgl1107149),  FAAH

(cgl16267850), also replicated in FinnGen & UK
Biobank, CYP1A2 (cg01359532), TLR6 (cg02221520),
H19 (cg04088212), CYP1A1 (cg05549655, cg11924019,
cgl2101586.  cgl3570656,  cgl18092474),  IRF1
(cg15375424), SDHA  (cgl8366108) replication
confirmed in UK Biobank, FAAH (cg06911238,
cgl8261491, ¢g20271029), SLC6A3 (cgl2882697),
MAPK11 (cg15036874, cg16054907), BAG3
(cgl17076667), UBQLN4 (cg22796458) replicates were
obtained in FinnGen (Table S3).

Identification of correlations at the
transcriptome level

The causal associations of OS gene expression
with BC are shown in Figure 3. A total of 126 genes
were significantly associated with BC (P < 0.05) (Table
S4). After multiple testing corrections and
co-localization  analysis,  higher  levels  of
gene-predicted expression, including NCF1 (OR: 1.08,
95% CI: 1.04-1.12; PPH4 = 0.89), RHOD (OR: 1.34, 95%
CI: 1.15-1.57; PPH4 = 0.76) were positively associated
with BC risk. In contrast, the genetically predicted
RPS6KB1 (OR: 0.74, 95% CI: 0.64-0.85; PPH4 = 0.93),
PARK? (OR: 091, 95% CI: 0.88-0.95; PPH4 = 0.90),
CDKNT1A (OR: 0.86, 95% CI: 0.80-0.92; PPH4 = 0.77),
AKAP9 (OR: 0.58, 95% CI: 0.47-0.71;, PPH4 = 0.78),
and CCNA2 (OR: 0. 77, 95% CI: 0.67-0.88; PPH4 =
0.86) were negatively correlated with BC risk. The
correlation for PARK7 and CDKN1A was replicated
in the UK Biobank cohort, and the correlations for
RPS6KB1, AKAP9, and CCNA2 were replicated in the
FinnGen cohort (Table S5).

Identification of correlations at the alternative
splicing level

The causal effects of the OS gene alternative
splicing RNA on BC and its subtypes are shown in
Figure 4. A total of 46 loci near the 24 unique genes
passed the significance test (P < 0.05) after excluding
associations with a P-HEIDI of < 0.01 (Table S6). After
correction for multiple testing, we found 12 loci near
six ~unique genes. Among them, PARK7
chr1:7961735:7962763 (OR: 0.97, 95% CI: 0.96-0.98),
PARKY chr1:7961793:796276 (OR: 1.03, 95% CI: 1.02-
1.04), and TLR6 chr4:38829537:38845830 (OR: 1.08,
95% CI: 1.04-1.11) showed strong evidence of
co-localization (PH4 > 0.70). TLR6
chr4:38829537:38845830 was replicated in the UK
Biobank and FinnGen cohorts, while both sQTL loci
for PARK? were replicated in the UK Biobank cohort
(Table S7).
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Figure 3. Genetically predicted association of oxidative stress gene expression with
breast cancer.
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Figure 4. Genetically predicted association of alternative splicing of oxidative stress
gene with breast cancer.

Identification of associations at the proteomic
level

Fifty-one OS proteins were associated with BC
risk (P < 0.05) (Table S8). Three were corrected for
multiple testing, and genetically predicted higher
levels of PARK?7 and EIF2AK3 were negatively
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associated with BC risk (Figure 5). Genetically = PARKY, that was associated with BC risk at multiple
predicted higher levels of adrenomedullin (ADM) dimensional levels (Figure 6A).
were positively associated with BC risk. PARK? (OR:

0.83, 95% CI: 0.77-0.90) and EIF2AK3 (OR: 0.82, 95% Gene OR(95% CI) P value PPH4
CI: 0.73-0.91) demonstrated a significant increase in PARK7 ~ —&— 0.83(0.77.0.90) 8.46e-06 0.9
BC risk with evidence of high co-localization (PH4 > ADM —®— 116(1.07,1.25) 1.64e-04 038
0.7). This association was replicated in the UK EIF2AK3 —— & 0.82(0.73,091) 2.41e-04  0.76
Biobank cohort for PARK? and in the FinnGen cohort 0.80 0.90 1.0 1.1 1.2

for EIF2AKS3 (Table S9).

i Figure 5. Genetically predicted association of oxidative stress gene encoded protein
We superimposed the results of the above  with breast cancer.

multi-omics analyses and identified a core gene,
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Target validation analysis

In FUSION PWAS analysis of blood proteins,
seven OS-associated proteins with FDR < 0.05 were
identified (Table S10), with PARK?7 (PH4 = 0.977)
showing evidence of high co-localization.
Tissue-specific FUSION TWAS analysis identified 177
OS-related genes with FDR < 0.05 in at least one
tissue, with PARKY7 being significantly associated
with BC in multiple tissues (Figure 6B and Table S11).
PARKY was further validated as a significant OS gene
associated with BC risk (FDR < 0.05) in a MAGMA
gene-based analysis (Table 512).

We performed COJO analyses for PARK? in
whole blood gene expression and protein to eliminate
LD-induced false positives and assess the
independence of PARKY? expression in whole blood
protein analyses (Figure 6C). In whole blood gene
expression, the TWAS signals of RNF207 and
RP3-467L1.6 showed a significant decrease when the
analysis was conditioned on the predicted expression
of PARKY (Figure 6D).

Integrating evidence from multiple omics

After integrating multi-omics evidence, PARK7
correlated with BC risk in several biological processes.
Gene expression of PARKY positively correlated with
its corresponding protein levels. Methylation at
cgl0385390 in PARK?7 was associated with lower
PARK? gene expression, which is consistent with the
positive effect of cg10385390 methylation on BC risk.
Similarly, methylation at cg11518359 in PARK? was
associated with higher expression of the PARK? gene,
which is also consistent with the negative effect of
cgl1518359 methylation on BC risk. PARKY
(chr1:7961793-7962763) increases BC risk by reducing
PARK?Y expression, whereas PARK?Y
(chr1:7961735-7962763)  decreases BC risk by
upregulating PARK7 expression. Co-localization
analyses provided strong evidence (PPH4 > 0.70) for
mQTL-eQTL, mQTL-pQTL, sQTL-pQTL, and
eQTL-pQTL relationships involving the PARK7 gene
(Table S13).

Specific expression of PARK7 in BC-related
tissues and prognostic analysis

We further explored the causal relationship
between the identified core genes and the tissues
associated with BC, with genetically predicted PARK?
expression levels inversely correlating with BC risk in
subcutaneous fat, breast, musculoskeletal, and
thyroid tissues. In TWAS validation, PARK?7 also
significantly correlated with BC in the above tissues
and blood proteins (Figure 7A). Meanwhile, in
patients with BC, high PARK7 expression was

significantly associated with longer overall survival
(Figure 7B) and distant metastasis-free survival
(Figure 7C).

GeneMANIA analysis

Figure 7D demonstrates the network of
potentially interacting genes constructed with PARK?7
as the core. The top functional pathways enriched in
the PARK7-associated gene network were regulation
of neuron death, negative regulation of response to
ROS, negative regulation of OS, regulation of
hydrogen peroxide-induced cell death, cellular
response to hydrogen peroxide, and regulation of
cellular response to hydrogen peroxide (Table S14).

Validation of gene and protein expression of
PARK7 by qPCR and ELISA

The expression of the PARK7 gene was validated
in blood samples by qPCR. The results demonstrated
that the mRNA levels of PARKY in plasma from breast
cancer patients were significantly lower than those in
the healthy control group (Fig. 7E). Serum PARK7
protein levels were further analyzed using
enzyme-linked immunosorbent assay (ELISA) in both
breast cancer patients and healthy controls. We
observed a marked reduction in PARKY protein levels
in breast cancer patients (Fig. 7F).

PheWAS

PheWAS was performed using the ExPheWas
platform, focusing on PARKY as an exposure factor to
explore its potential side effects. After MR analysis of
1,505 diseases or traits and applying Bonferroni
correction, only mean platelet volume was
significantly associated with PARK?7, while none of
the other traits showed significant associations at the
gene level (Table S15). This suggests that both the
potential side effects of drug action on PARKY targets
and the likelihood of horizontal pleiotropy from this
gene are low, confirming the reliability of our
findings. Furthermore, when PARK?7 was used as a
therapeutic target, the risk of inducing side effects or
unintended horizontal pleiotropic effects was
relatively low, further strengthening the validity and
applicability of the results of this study.

Discussion

To our knowledge, this study is the first to
systematically elucidate the potential causal
mechanisms between OS-related genes and BC using
an integrative multi-omics strategy. Based on blood
multi-omics data, we not only revealed the causal
effects of OS on BC characterized by genetic
susceptibility but also identified the key regulatory
gene PARK7, which exhibited robust causal
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associations with BC risk across multiple molecular
dimensions, including methylation, gene expression,
alternative  splicing, and protein abundance.
Moreover, we validated the gene expression and
protein abundance of PARK?7 in an independent
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Recently, blood biomarkers have emerged as
valuable tools for diagnosing, monitoring, and
assessing the prognosis of BC. Blood tissues offer a
crucial window into the complex etiology of BC,
including the genetic effects of gene expression.
Recognizing proteins as the direct executors of gene
functions, our analysis established a causal chain of
evidence at the protein level, representing an
indispensable link for research. Through SMR
analysis, we assessed methylation, alternative
splicing, gene expression, and protein abundance in
whole blood samples. We identified three putative
causal associations with BC susceptibility involving
PARK?7, ADM, and EIF2AK3 genes. Among these,
PARK? showed a significant causal association with
BC at multiple levels of analysis. To further validate
this finding, we conducted extensive post-GWAS
analyses to consolidate the original findings and
investigate the tissue-specific expression of PARK7
and its therapeutic potential.

PARK 7, also known as DJ-1 protein, is widely
expressed in cells and plays a critical role in
regulating cellular responses to OS, protecting
mitochondrial function, maintaining cellular redox
homeostasis, and inhibiting apoptosis [43]. The
present study demonstrated that decreased levels of
circulating PARK7 protein abundance were
associated with an increased risk of BC. A
retrospective study by Tsuchiya reported reduced
DJ-1 protein expression in BC invasive ductal
carcinoma (IDC) tissue compared to adjacent
non-cancerous epithelial tissue. Moreover, in patients
with IDC, lower DJ-1 protein expression was
significantly associated with shorter disease-free
survival (P = 0.015) and overall survival (P = 0.020)
[44], which is consistent with the results of our
analysis. However, an observational study noted that
DJ-1 was upregulated in hormone receptor-positive
BC and associated with poor prognosis [45]. These
conflicting findings suggest a more complex
relationship between PARK?7 and BC, which requires
further investigation. Evidence for an association
between PARK7 and BC from observational,
epidemiological, and experimental studies is scarce,
and these discrepancies may be due to the limitations
of adjusting for confounders and reverse causality in
traditional epidemiological studies. Therefore, the
relationship between PARK?7 and BC risk remains
uncertain.

Given these considerations, the present study is
of significant importance. Existing research has
predominantly focused on individual molecular
levels, lacking an integrative analysis of multi-omics
regulatory networks, which has hindered a
comprehensive understanding of the complex

associations between PARK7 and breast cancer (BC).
By integrating mQTL, eQTL, sQTL, and pQTL data,
our study, for the first time, elucidates the
bidirectional regulatory roles of PARK?7 methylation
sites (cgl0385390 and ¢gl1518359) and splicing
variants (chrl:7961793-7962763 and chrl:7961735-
7962763). These findings provide a molecular basis for
resolving the directional contradictions in PARKY
expression observed across different studies and
potentially address the controversies regarding the
association between PARK7 and BC. Traditional
epidemiological studies often struggle to fully control
for confounding factors or rule out reverse causality.
In contrast, our study employs Mendelian
randomization (MR) and colocalization analyses,
leveraging genetic instrumental variables to infer
causal associations and significantly reduce the risk of
bias. This approach offers more reliable evidence for
clarifying the causal relationship between PARK? and
BC risk. Moreover, through validation in an
independent clinical cohort using blood samples, we
confirmed the systemic downregulation of PARKY
mRNA and protein levels in BC patients, providing
direct evidence for the tissue consistency of causal
associations and further corroborating the reliability
of our multi-omics analysis results. The dynamic
methylation and regulatable splicing variants of
PARK? suggest its potential as a subtype-specific
therapeutic target, and the discoveries made in our
study offer potential directions for developing
personalized treatment strategies targeting specific
BC subgroups, thereby advancing the application of
precision medicine in the field of breast cancer.

Additionally, tissue-specific analyses revealed
consistent expression patterns of PARKY across
thyroid, breast, muscle, and subcutaneous adipose
tissues compared to blood, suggesting its potential to
perform similar biological functions across different
tissues and supporting its potential value as a breast
cancer biomarker. However, further experimental and
observational studies are needed to clarify the
directionality of the association between PARK? and
BC.

A key strength of our study is the utilisation of
SMR and co-localisation, which collectively leverage
genetic variation to estimate the causal effects of
oxidative stress gene methylation, variable shear,
expression and protein abundance. Employing a
range of post-GWAS analyses for validation, in
conjunction with independent biological validation of
the population cohort, has further enhanced the
reliability of our results. Specifically, we examined
PARK7 mRNA expression levels and protein
abundance in human blood samples by RT-qPCR and
ELISA. In addition, we integrated results from
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multi-omics level evidence that strengthened the
causal relationship between oxidative stress-related
genes and BC risk. MR designs complementarily
minimise bias from confounding and reverse
causation, thereby improving causal inference, and
co-localisation methods have been shown to be a
powerful tool for eliminating potential bias due to
linkage disequilibrium. Furthermore, GWAS with a
large sample size increased the statistical power of
our study, and the consistency of our results across
multiple datasets provides additional support for our
findings.

It is imperative to acknowledge the limitations of
the present study. The current analyses are
constrained by the availability of data. The
multi-omics analyses have been conducted on whole
blood tissues and have only been expanded to
encompass gene expression analysis for breast
cancer-related tissues. It has not been feasible to
estimate associated methylation, alternative splicing,
and protein levels in other tissues. Evaluating the role
of proteins and other levels in breast cancer in other
tissues may offer additional insights into the
pathogenesis of breast cancer, particularly in breast
tissue. Additionally, the findings of this study are
primarily based on multi-omics data from European
populations, who constitute only a portion of the
global population. Although the large sample size
ensures statistical power, genetic and epigenetic
regulatory differences across ethnicities may limit the
generalizability of our conclusions. With the
increasing accessibility of multi-omics sequencing
technologies, future studies are expected to validate
the cross-ethnic consistency of the PARK7-breast
cancer association in more diverse populations.

Conclusions

This study provides novel insights into the
causal role of oxidative stress (OS) in breast cancer
(BC) development through an integrative multi-omics
Mendelian randomization (MR) approach, identifying
PARK?7 as a key driver in BC pathogenesis. Our
findings advance the understanding of the molecular
mechanisms underlying BC and highlight PARK7's
potential as a therapeutic target and biomarker.
Future research should focus on further validating
these mechanisms and exploring their clinical value in

BC  patients. With the advancement of
high-throughput omics technologies, integrating
multi-omics data to reveal BC's complex

pathophysiology will be crucial, offering promise for
identifying additional therapeutic targets and
improving personalized treatment strategies.
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