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Exploring the genetic intersection of dried 2
fruit intake and breast cancer risk: a multi-

trait genomic analysis with epidemiological
context
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Abstract

Background Epidemiological studies have suggested that dried fruit intake may be associated with a lower risk
of breast cancer (BC), yet the genetic mechanisms underlying this association remain unclear. This study aimed to
explore the potential genetic relationship between dried fruit intake and BC susceptibility.

Methods We conducted a comprehensive genetic analysis using genome-wide association study (GWAS) data

for dried fruit intake and BC, focusing on individuals of European ancestry. We assessed genome-wide and region-
specific genetic correlations using several complementary methods, including linkage disequilibrium score regression
and regional genetic mapping. To identify shared genetic regions, we applied statistical approaches that integrate
information across traits and improve the detection of common genetic signals.

Results Modest but statistically significant negative genetic correlations were observed between dried fruit intake
and BC, including its subtypes. Regional analysis revealed shared signals across multiple chromosomal regions. Five
candidate loci were consistently identified as shared between the traits, including BCL11A, MAD1LT, MLLT10, JMJD1C,
and RP11-795H16.2.

Conclusion This study provides evidence for a genome-wide genetic link between dried fruit intake and BC risk,
identifying several loci that may be shared between the traits. These findings may help improve our understanding
of BC development and offer preliminary leads for future dietary prevention and personalized interventions, pending
further experimental validation.
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Introduction

According to the most recent epidemiological statistics,
breast cancer (BC) remains the leading malignancy in
terms of incidence among women worldwide. Projections
from the American Cancer Society estimate that in 2024,
the number of newly diagnosed BC cases in the United
States will reach 313,510, with the vast majority occur-
ring in female patients (310,720 cases) and a smaller
proportion in male patients (2,790 cases). Concurrently,
mortality figures are expected to total 42,780, compris-
ing 42,250 female and 530 male fatalities [1]. In terms of
clinical presentation, the disease manifests with diverse
characteristics, the most notable of which include local-
ized breast masses, skin dimpling or retraction, a dis-
tinctive orange-peel texture, and regional lymph node
enlargement, particularly in the axillary lymph nodes [2].
Investigations into pathogenic determinants have indi-
cated that, alongside immutable intrinsic factors (such
as gender, age, and genetic predisposition), a variety of
external influences also contribute markedly to disease
progression, predominantly encompassing dietary hab-
its, lifestyle choices, and environmental exposures [3-5].
As a typical component of the Mediterranean diet, dried
fruit intake not only reflects overall lifestyle and dietary
patterns but has also attracted considerable attention
due to its rich content of dietary fiber, polyphenols,
and antioxidants—compounds that may have poten-
tial anti-cancer effects [6—8]. However, findings across
observational studies remain inconsistent. For instance,
a large prospective cohort study involving over 85,000
women found no significant association between dried
fruit intake and BC risk, even with long-term follow-up
(HR=0.98, 95% CI: 0.93-1.04) [9]. Despite some incon-
sistencies in observational findings, our decision to focus
on dried fruit is well-justified by two recent Mendelian
randomization (MR) studies that systematically exam-
ined a range of dietary factors in relation to BC risk.
Importantly, dried fruit emerged as the only dietary com-
ponent showing a consistent and statistically significant
inverse association with BC across both studies [10, 11].
This robust evidence provides a strong rationale for pri-
oritizing dried fruit over other dietary exposures in our
analysis. Furthermore, dried fruits are uniquely rich in
bioactive compounds such as polyphenols, which have
been implicated in antioxidant and anti-inflammatory
pathways potentially relevant to BC prevention [12, 13].
These factors collectively highlight the importance of
investigating the genetic mechanisms linking dried fruit
intake and breast cancer susceptibility. To better explore
the genetic architecture between dried fruit intake and
breast cancer risk, we plan to conduct a comprehensive
genome-wide study. Unlike previous observational stud-
ies, which are often influenced by confounding factors,
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the GWAS approach minimizes these biases, providing a
more robust analysis and results.

With the advancement of genome-wide association
studies (GWAS), a progressively clearer picture has
emerged regarding the genetic variation landscape linked
to BC susceptibility and dietary behaviors, including
dried fruit intake, thereby laying a robust foundation for
examining their genetic correlations. In recent years, the
advent of innovative genetic statistical methodologies has
enabled the assessment of genetic overlap across multi-
ple phenotypes. These approaches have been effectively
utilized to uncover genetic associations among diverse
complex traits, such as the shared genetic loci observed
between alcohol and cheese consumption and inflamma-
tory bowel disease [14], the genetic correlations identi-
fied between common epilepsy and cognitive ability [15],
and the common genetic underpinnings found between
inflammatory bowel disease and systemic lupus erythe-
matosus [16]. In this investigation, these well-established
genetic statistical techniques were systematically applied
to comprehensively explore the nature of the genetic
overlap between BC susceptibility and dried fruit intake
behavior.

A multi-dimensional genetic statistical approach was
implemented to investigate the patterns of genetic asso-
ciations between the two target phenotypes, based on
genome-wide association study (GWAS) data derived
exclusively from individuals of European ancestry. At the
genome-wide scale, linkage disequilibrium score regres-
sion (LDSC) [17] and the high-dimensional likelihood
(HDL) model [18] were employed to assess the overall
strength of genetic correlation, whereas local genetic
variation analysis (LAVA) [19] was applied to identify
regional genetic association characteristics. To pinpoint
specific shared genetic variant loci, the conditional/con-
junctional false discovery rate (cond/conjFDR) method
[20] was integrated alongside the multi-trait analysis of
GWAS (MTAG) [21]. The conjFDR approach not only
evaluates the extent of polygenic overlap but also serves
as an effective means of screening shared genetic risk
loci [20]. Recognized as a widely utilized analytical tool,
MTAG offers distinct advantages in detecting comorbid-
ity risk loci [21]. This comprehensive analytical frame-
work is expected to contribute to a clearer understanding
of the genetic association mechanisms linking BC sus-
ceptibility to dried fruit intake behavior.

Methods and materials

GWAS data

All genomic data used in this study were sourced from
the IEU GWAS database (https://gwas.mrcieu.ac.uk/).
Appropriate datasets were selected for analysis based on
criteria such as publication date, sample size, and num-
ber of SNPs. Specifically, BC data were derived from
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the Breast Cancer Association Consortium (BCAC),
based on a 2017 meta-analysis that integrated data from
OncoArray, iCOGS, and previous GWAS. The corre-
sponding GWAS identifiers are as follows: overall BC (N_
case=122,977; N_control=105,974; ID: “ieu-a-1126”),
estrogen receptor-positive BC (ER* BC) (N_case = 69,501;
N_control=105,974; ID: “ieu-a-1127”), and estrogen
receptor-negative BC (ER™ BC) (N_case=21,468; N_con-
trol=105,974; ID: “ieu-a-1128”) [22].

Data on dried fruit intake (421,764 cases and 78,236
controls) were obtained from the GWAS dataset “ukb-
b-16576, released by the MRC-IEU in 2018. This study
recruited participants aged 40 to 69 between 2006 and
2010 [23].

We performed rigorous quality control on all GWAS
datasets. SNPs with minor allele frequency (MAF) >0.01
in Europeans (based on the 1000 Genomes Project Phase
3 reference panel) and biallelic variants were retained,
while SNPs in high-LD regions were excluded. Data were
aligned to the hgl9 reference genome, and variants with-
out rsID or with duplicate rsIDs were removed. Analyses
were restricted to individuals of European ancestry to
reduce population stratification.

Global genetic
correlation

CondFDR/

ConjFDR
Analysis

20

GWAS exclusion criteria:
© SNPs lacking rsID annotations;
@ SNPs with duplicated rsID annotations.

Fig. 1 Flowchart of the study. This figure is created by biorender

(2025) 44:314

Page 3 of 12

To control false positives, we applied Benjamini—Hoch-
berg FDR correction in both LAVA and MTAG analyses.
For condFDR/conjEDR, a significance threshold of con-
jEFDR<0.05 was used, consistent with prior studies [14,
24]. No FDR correction was applied to LDSC and HDL
analyses, as these estimate genome-wide correlations
rather than SNP-level associations. A schematic overview
of the study design is provided in Fig. 1.

Global genetic correlation analyses
LDSC was used to estimate genome-wide genetic corre-
lations between traits based on GWAS summary statis-
tics [17]. LDSC regresses SNP effect sizes (Z-scores) on
their LD scores, with the slope reflecting genetic cova-
riance and the intercept accounting for potential biases
such as sample overlap and population stratification.
Genetic correlation is then obtained by scaling the cova-
riance with trait heritabilities. A key advantage of LDSC
is its ability to estimate genetic correlations without indi-
vidual-level data, making it suitable for large-scale trait
screening.

HDL analysis was also employed [18]. HDL uses a
maximum likelihood framework and full LD matrices to

Local genetic
correlation
Analysis of
genetic overlap
MTAG
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estimate genetic correlations, offering improved accu-
racy over LDSC. After quality control of GWAS sum-
mary statistics, an LD matrix is constructed, followed by
eigen-decomposition to extract key components. These
are used to estimate genetic covariance, which is then
standardized to derive the genetic correlation coefficient.
Unlike LDSC, HDL leverages the full LD structure rather
than only diagonal elements, reducing bias.

To enhance robustness, both LDSC and HDL were
applied in parallel. LDSC provides computational effi-
ciency, while HDL offers higher precision. Their com-
bined use supports consistency and reliability of the
genetic correlation estimates.

Local genetic correlation analyses

The LAVA method identifies local genetic correlations
between two traits through a series of straightforward
steps [19]. First, genotype-phenotype correlation data are
extracted from GWAS summary statistics, and these are
used to calculate SNP effects. By applying linear regres-
sion models, LAVA maps the relationships between
phenotypes and genotypes, allowing for the estima-
tion of local genetic variance and gene effects for each
trait. Based on these estimates, a matrix representing
genetic effects in specific regions of the genome is cre-
ated. Local genetic correlations are then calculated by
determining the local genetic covariance between the
traits. Unlike traditional global genetic correlation meth-
ods, LAVA can detect genetic overlap within smaller
genomic regions, even if no significant global correla-
tion is found. Additionally, LAVA can analyze conditional
genetic relationships, enabling investigations into the
genetic associations among multiple traits using partial
correlation or multiple regression. This approach pro-
vides a more detailed view of complex genetic interac-
tions, improving the detection of local genetic structures
between traits, especially in cases where genetic influ-
ences are shared within particular genomic regions or
gene loci. As a result, LAVA offers new insights into the
genetic mechanisms of complex traits.

CondFDR/ConjFDR analysis
Conditional and conjunctional FDR (condFDR and con-
jEDR) are statistical approaches designed to identify
shared genetic loci across traits using GWAS summary
statistics [20]. condFDR improves discovery power by
leveraging associations with a secondary phenotype to
re-rank SNP associations for a primary trait, based on
conditional cumulative distribution functions. conjFDR
extends this by identifying SNPs jointly associated with
both traits, using the maximum FDR value across traits
to control for false discoveries.

These methods offer advantages over traditional
approaches such as colocalization, including not
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requiring LD matrices, allowing for genome-wide appli-
cation, and detecting both concordant and discordant
effects. However, they are limited by sensitivity to long-
range LD, inability to pinpoint causal variants, and
dependence on GWAS sample size and quality.

Cross-trait meta-analysis

MTAG is a statistical method for jointly analyzing sum-
mary statistics from genetically correlated traits [21].
It assumes a shared variance-covariance structure of
SNP effect sizes across traits, allowing improved power
and trait-specific effect estimates. The method involves
estimating GWAS error covariance via LD score regres-
sion, deriving the effect-size covariance matrix using
the method of moments, and calculating adjusted SNP
effects for each trait.

Compared to colocalization, MTAG enhances asso-
ciation detection by leveraging cross-trait genetic cor-
relations and accounting for sample overlap, making it
well suited for genome-wide discovery. However, MTAG
does not confirm shared causal variants and assumes a
common effect-size structure, which—if violated—may
inflate false positives, particularly when GWAS traits
differ in power. MTAG performance is also sensitive to
GWAS data quality.

For the genetic variants identified through condFDR/
conjFDR methods and MTAG analysis, systematic gene
annotation was conducted utilizing the SNP2GENE
functional module of the FUMA platform [25].

Results

Global genetic correlation

Through systematic genetic correlation analysis, signifi-
cant genetic relationships were identified between BC
and its subtypes in relation to dried fruit intake. The anal-
ysis demonstrated a negative genetic association between
dried fruit intake and BC risk (Rg = -0.0905, P=0.0002).
Although statistically significant, this effect size is mod-
est, suggesting a weak but potentially meaningful inverse
genetic relationship. Additional subgroup analysis fur-
ther validated this negative correlation in both ER* BC
(Rg = -0.094, P=0.0036) and ER™ BC (Rg = -0.1814,
P=9.1079e-08), with a slightly stronger genetic associa-
tion observed in ER - BC (Table 1).

To enhance the robustness of the findings, independent
validation was conducted using the HDL method. The
cross-validation results showed high consistency with
the primary analysis, reinforcing the presence of stable
genetic associations between dried fruit intake and BC
and its subtypes (Table 1). Taken together, these find-
ings suggest a modest but consistent inverse genetic cor-
relation, offering novel insights into the potential shared
genetic architecture linking dried fruit intake behavior
and BC susceptibility.
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Table 1 Genetic correlation of BC(including ER*BC and ER™BC)
and Dried fruit intake

Trait1 Trait2 LDSC-Rg LDSC-P HDL-Rg HDL-P

BC Dried fruit intake  -0.0905  0.0002 -0.0851  5.72e-10
ER*BC  Dried fruit intake  -0.094 0.0036 -0.0617  597e-06
ERBC  Dried fruitintake -0.1814 9.1079e-08 -0.1597  1.0%-13

BC, Breast cancer; ERY, estrogen receptor-positive; ER™, estrogen receptor-
negative; Rg, genetic correlation. LDSC, Linkage Disequilibrium Score
Regression; HDL, High-Dimensional Likelihood; Rg: Correlation between two
traits, rg ranges from — 1 to 1, and the closer the value is to 1 or -1, the stronger
the correlation is (plus or minus represents positive and negative correlation); P:
The P-value of genetic correlation

The genetic correlations observed in this study were
modest (e.g., Rg=-0.09), potentially reflecting polygen-
icity, residual confounding, or linkage disequilibrium
(LD) artifacts rather than strong causality. Such small
effect sizes are common in studies involving complex
traits and dietary exposures. For instance, prior research
has reported similar genetic correlations between cheese
intake and inflammatory bowel disease (Rg=-0.0929)
[14], and between alcohol consumption and cardio-
vascular disease (Rg=0.08) [26]. Although statistically
significant, these modest correlations may have lim-
ited biological or clinical implications. Biologically, they
may indicate shared pathways influenced by multiple
small-effect variants. Clinically, while they are unlikely
to inform individual-level prediction, they may still offer
insights at the population level. Therefore, these findings
should be considered exploratory and hypothesis-gen-
erating, requiring further validation through functional
studies, multi-omics approaches, and replication in
diverse populations.

Local genetic correlation

Through local genetic correlation analysis, intricate asso-
ciation patterns between BC and dried fruit intake were
identified at the chromosomal level. A total of twelve
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chromosomal regions exhibited significant correlations
between BC and dried fruit intake, with five regions dis-
playing positive correlations (located on chromosomes 1,
2, 3, and 18) and seven regions demonstrating negative
correlations (located on chromosomes 4, 7, 11, 16, and
17) (Fig. 2A, Supplementary Table 1).

In the local genetic correlation analysis involving ER*
BC, ER™ BC, and dried fruit intake, six significant corre-
lation regions were identified for each subtype. Among
these regions, an equal number of positive correlations
(located on chromosomes 3, 16, and 21) and negative
correlations (located on chromosomes 7, 10, and 16)
were observed (Fig. 2B-C, Supplementary Tables 2-3).

ConjFDR analysis identifies shared genomic loci between
two traits

Quantile-quantile (Q-Q) plot analysis identified sig-
nificant genetic associations between BC and dried fruit
intake (Fig. 3). As the significance level of genetic asso-
ciations for one trait increased, the association values for
the other trait exhibited a progressive leftward deviation.
This observed deviation pattern not only signified strong
genetic connections between the two traits but also
implied the potential presence of shared disease-related
genetic variant loci, offering critical evidence for further
elucidation of the common genetic mechanisms underly-
ing BC and dried fruit intake.

To investigate the potential genetic associations
between dried fruit intake and BC, along with its sub-
types, a comprehensive genetic analysis was performed
utilizing the conjFDR method. At a statistical significance
threshold of conjFDR <0.05, a total of 32 shared genetic
variants were identified, demonstrating simultaneous
associations with both dried fruit intake and BC risk
(Fig. 4A, Supplementary Table 4).

ER-BC-Dried fruit intake

C

~Logto_gguaie

~LogiFDR

Log:FC

Fig. 2 LAVA analysis of BC and dried fruit intake. The x-axis stands for the local genetic correlation and the y-axis represents -log10 transformed LAVA
values with a dotted horizontal line reflecting significance. Each dot represents a SNP and the border indicates a lead SNPThe dashed line indicates the
expected line with a correction P of 0.05. (A) Local genetic correlation between BC and dried fruit intake. (B) Local genetic correlation between ER* BC
and dried fruit intake. (C) Local genetic correlation between ER™BC and dried fruit intake. LAVA, local variant association; BC, Breast cancer; ER*, estrogen
receptor-positive; ER™, estrogen receptor-negative
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Fig. 3 A conditional Q-Q plot illustrating the observed —log10(p) values of single SNP associations for dried fruit intake and BC, plotted against their
expected distribution under the null hypothesis. SNPs are stratified based on their significance levels in the conditional phenotype (p<0.1, p<0.01, and
p<0.001). The blue line represents all SNPs, while the dashed line indicates the null expectation. (A) BC-Dried fruit intake. (B) Dried fruit intake-BC. (C)
ER* BC-Dried fruit intake. (D) Dried fruit intake-ER* BC. (E) ER"BC-Dried fruit intake. (F) Dried fruit intake-ER™BC. BC, Breast cancer; ER*, estrogen receptor-

positive; ER™, estrogen receptor-negative

Through an extensive examination of BC subtypes,
a marked disparity in shared genetic architecture was
observed between ER* and ER™ BC. Specifically, 24 over-
lapping genetic regions were identified between dried
fruit intake and ER* BC, whereas only 3 shared genetic
variants were detected in ER™ BC (Fig. 4B—C, Supple-
mentary Tables 5-6). This stark contrast (24 vs. 3 loci)
strongly suggests the presence of subtype-specific genetic
mechanisms underlying the relationship between dried
fruit intake and BC risk. These systematic GWAS find-
ings provide essential genetic evidence to support the
biological distinction between ER* and ER™ BC in the
context of dietary behavior.

MTAG

The FUMA system was utilized to perform system-
atic functional annotation of the MTAG output results.
This analysis identified 36 shared genetic variant loci
associated with both BC and dried fruit intake (Fig. 5A,
Supplementary Table 7). Notably, through cross-val-
idation integrating the conjFDR method and MTAG
analysis, five key genes— B-cell CLL/lymphoma 11 A
(BCL11A), Mitotic Arrest Deficient-Like 1 (MADI1L1),
Myeloid/Lymphoid or Mixed-Lineage Leukemia; Trans-
located To, 10 (MLLT10), Jumonji Domain Containing

1 C (JMJD1C), and RP11-795H16.2—were successfully
detected (Fig. 5B). Among them, BCL11A has been
implicated in breast cancer progression through its role
in stem cell regulation [27]; JMJD1C are transcriptional
regulators with reported relevance in both tumorigenesis
and endocrine function [28]; MADI1L1. MLLT10 and
RP11-795H16.2 is increasingly recognized for its regula-
tory role in cancer biology. These findings provide impor-
tant functional context and suggest that the shared loci
may influence both dietary behavior and breast cancer
risk through interconnected biological pathways.

In the subtype stratification analysis, MTAG identified
36 shared genetic susceptibility loci associated with both
ER* BC and dried fruit intake behavior (Fig. 5C, Supple-
mentary Table 8). Further cross-validation utilizing the
conjFDR method confirmed significant associations for
three genes—MADI1L1, MLLT10, and JMJD1C—across
both statistical approaches (Fig. 5D). Conversely, MTAG
analysis of ER™ BC detected 35 shared genetic variant loci
linked to dried fruit intake (Fig. 5E, Supplementary Table
9). However, none of these loci were independently vali-
dated through the conjFDR method (Fig. 5F).
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Fig. 4 The x-axis stands for the chromosomalnumber and position and the y-axis represents -log10 transformed conjFdr values with a dotted horizontal
line reflecting significance. Each dot represents a SNP and the border indicates a lead SNP. (A) ConjFDR Manhattan plot of BC and dried fruit intake. (B)
ConjFDR Manhattan plot of ER* BC and dried fruit intake. (C) ConjFDR Manhattan plot of ER"BC and dried fruit intake.The shared risk loci between dried
fruit intake and BC, ER* BC and ER™BC were marked. The statistically significant causality is defined to be conjFDR < 0.05. ConjFDR: conjunctional FDR; BC,
Breast cancer; ERY, estrogen receptor-positive; ER™, estrogen receptor-negative

Discussion
The genetic relationship between dried fruit intake and
BC, alongside its subtypes, was examined via GWAS
analysis. A genome-wide investigation identified sig-
nificant inverse genetic correlations among these traits.
Moreover, an in-depth local genetic correlation analysis
uncovered notable association signals linking dried fruit
intake with BC across several chromosomal regions.
The genetic overlap between these two phenotypes was
further corroborated through Q-Q plot analysis. Subse-
quently, by employing a dual validation strategy incorpo-
rating conjFDR and MTAG, five potential shared genetic
loci were effectively pinpointed, specifically BCL11A,
MADIL1, MLLT10, JMJD1C, and RP11-795H16.2. These
discoveries provide preliminary evidence for understand-
ing the genetic mechanisms that may underlie the asso-
ciation between dried fruit intake and BC susceptibility.
Current evidence regarding the potential protective
role of dried fruit intake against BC susceptibility remains
limited and inconclusive. A cohort study involving 35,372
female participants suggested that individuals with regu-
lar dried fruit intake may exhibit up to a 40% reduction
in BC risk [29]. Similarly, large-scale prospective cohort
investigations have indicated that women consuming at
least 28 g of dried fruits per week were associated with
a statistically significant lower risk of BC (hazard ratio
[HR] =0.83, 95% confidence interval [CI]: 0.74—-0.93) [30].
This apparent protective association appeared more pro-
nounced among postmenopausal women, which may be
attributed to the presence of polyunsaturated fatty acids,
phytosterols, and antioxidants in dried fruits [31]. Sys-
tematic meta-analyses have also reported a significant
association between long-term (> 10 years) habitual dried
fruit intake and reduced BC risk (relative risk [RR] =0.85,
95% CI: 0.76-0.95) [32]. Furthermore, some clinical
intervention trials have suggested that supplementa-
tion with mixed nuts, alongside standard treatment, may
improve inflammatory markers and oxidative stress indi-
ces in BC patients [33]. Previous studies have reported a
potential dose-response relationship, suggesting that the
protective effect of dried fruit intake may depend on the
duration and quantity of consumption [34]. In addition,
recent Mendelian randomization analyses have provided
preliminary evidence for an inverse causal association
between dried fruit intake and BC risk [10, 11], which
supports our current findings. However, it is important to
acknowledge that not all studies have observed a signifi-
cant association. For instance, a large prospective cohort

study involving over 85,000 women found no statistically
significant relationship between dried fruit consumption
and breast cancer incidence over a 14.8-year follow-up
(HR=0.98, 95% CI: 0.93-1.04). These null findings may
reflect the complexity of dietary exposures and could be
influenced by residual confounding, measurement errors,
or differences in population characteristics. While our
study identified modest but significant genetic correla-
tions, these results should be interpreted with caution.
Genetic approaches, unlike traditional observational
studies, are less susceptible to confounding and reverse
causation, and can detect weak yet consistent signals of
genetic overlap [9]. By employing multiple complemen-
tary statistical methods, our findings provide prelimi-
nary evidence suggesting a shared genetic architecture
between dried fruit intake and BC susceptibility. None-
theless, these results remain exploratory and require fur-
ther validation through functional studies and replication
in multiethnic cohorts.

In investigations of shared susceptibility loci, BCL11A
has emerged as a potentially important transcription fac-
tor due to its complex regulatory functions, which may be
implicated in the onset and progression of BC. Evidence
from both in vitro and in vivo studies has suggested that
suppression of BCL11A expression could reduce the
tumorigenic potential of BC cell lines and possibly pro-
mote tumor regression [27]. Conversely, upregulation
of BCL11A has been associated with enhanced tumor
formation, and may correlate positively with histologi-
cal grade and clinical stage [35, 36], with higher expres-
sion levels often considered indicative of poor prognosis.
Notably, BCL11A is hypothesized to play a role in regu-
lating breast cancer stem cell (BCSC) differentiation [27].
A study by Moody et al. proposed that BCL11A may
influence the transcription of genes critical for BCSC
development through its interactions with histone-mod-
ifying complexes such as Polycomb Repressive Complex
2 (PRC2), the Nucleosome Remodeling and Deacetylase
Complex (NuRD), and the Switch-Independent 3 A His-
tone Deacetylase Complex (SIN3A) [37]. In addition,
Chen et al. reported that BCL11A expression in BC may
be regulated by circular non-coding RNA derived from
epithelial-stromal interaction 1 (circEPSTI1), a path-
way potentially linked to cell proliferation and apopto-
sis [36]. Recent studies have also indicated that BCL11A
could be involved in metabolic homeostasis through
interactions with bioactive molecules—several of which
are abundantly present in specific types of dried fruits
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Fig. 5 The x-axis stands for the chromosomalnumber and position and the y-axis represents -log10 transformed MTAG values with a dotted horizontal
line reflecting significance. Each dot represents a SNP and the border indicates a lead SNP. (A) Manhattan map of genetic risk loci for BC and dried fruit
intake by MTAG. (B) Intersection gene map of BC and dried fruit intake after conjfdr and MTAG analysis. (C) Manhattan map of genetic risk loci for ER* BC
and dried fruit intak by MTAG. (D) Intersection gene map of ER* BC and dried fruit intak after conjfdr and MTAG analysis. (E) Manhattan map of genetic risk
loci for ER"BC and dried fruit intake by MTAG. (F) Intersection gene map of ER"BC and dried fruit intake after conjfdr and MTAG analysis. MTAG, multi-trait
analysis of GWAS; BC, Breast cancer; ERY, estrogen receptor-positive; ER™, estrogen receptor-negative

[38]. Polyphenolic compounds in dried fruits, such as
quercetin and ellagic acid, may influence breast cancer
development by modulating the interaction between
BCL11A and epigenetic enzymes like Histone Deacety-
lases (HDACs) and DNA Methyltransferases (DNMTs).
These compounds can alter chromatin accessibility and
regulate gene expression, thereby affecting the severity
of breast cancer lesions [39]. BCL11A has been shown to
regulate breast cancer stem cell (BCSC) differentiation.
Moody et al. (2015) reported that BCL11A maintains
stem-like properties in triple-negative breast cancer by
interacting with chromatin remodeling complexes (e.g.,

PRC2, NuRD, SIN3A), influencing genes related to self-
renewal and cell fate. Knockdown of BCL11A reduced
tumorsphere formation and stem cell marker expression,
highlighting its role in BCSC maintenance [35]. ]MJD1C,
an epigenetic regulator belonging to the Jumonji C class
demethylases, is primarily implicated in the modulation
of histone methylation states. Recent investigations have
demonstrated that JMJD1C exerts a substantial influ-
ence on BC progression, being strongly associated with
BC invasiveness, metastatic capability, and resistance to
therapeutic agents [40]. Through its demethylation activ-
ity, JMJD1C governs gene transcriptional regulation,
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particularly affecting the expression of genes involved in
the cell cycle, proliferation, and apoptosis [28]. Addition-
ally, JMJD1C has been reported to facilitate BC immune
evasion mechanisms and augment tumor cell immune
tolerance by orchestrating epigenetic modifications, such
as histone H3K9 methylation [41]. Nutritional compo-
nents in dried fruits, such as vitamin E and unsaturated
fatty acids, may influence breast cancer risk by regulat-
ing the transcriptional and epigenetic networks mediated
by JIMJD1C, thereby affecting cell proliferation and apop-
tosis associated with BC [42, 43]. The identified genetic
loci, their functional annotations, and literature links are
provided in Supplementary Table 10. The research on the
roles of MAD1L1, MLLT10, and RP11-795H16.2 in both
BC and dried fruit intake, as well as how dried fruit com-
ponents influence BC development through BCL11A and
JMJD1C, is still limited. Direct experimental studies are
needed in the future to validate these findings.

Although this study integrated multiple high-through-
put computational approaches and yielded valuable
scientific insights, several methodological constraints
warrant consideration. First, existing statistical method-
ologies are unable to fully mitigate the potential influence
of LD effects on the results. Second, the partial overlap
of samples within large-scale cohort studies remains an
unavoidable challenge, which could introduce biases
affecting the precision of statistical inference. Moreover,
the modest genetic correlations observed in this study
(e.g., Rg = —0.09) may reflect the polygenic architecture
of the traits or residual confounding, and—given the
reliance on summary statistics and methods like con-
JEDR/MTAG—could also be influenced by LD artifacts,
rather than indicating strong causal relationships. Thus,
these findings should be interpreted with caution. The
GWAS datasets used in this study were not stratified
by sex, limiting our ability to explore sex-specific differ-
ences in genetic susceptibility to BC. Given the sexual
dimorphism in BC, the lack of sex stratification may have
overlooked important sex-specific genetic associations.
Future studies should incorporate sex-stratified analyses
to address this limitation. A potential limitation is resid-
ual confounding from lifestyle factors. Since GWAS sum-
mary data lack full adjustment for behaviors like physical
activity or alcohol intake, some observed genetic correla-
tions may reflect unmeasured health-related traits. Due
to the limited availability of GWAS data from non-Euro-
pean populations, this study was restricted to individu-
als of European ancestry. As genetic structures—such
as allele frequencies and LD patterns—may vary across
populations, the generalizability of our findings is lim-
ited. Future multiethnic studies are needed to validate
and extend these results. We also acknowledge that
genetic structures may differ across populations, which
could impact the global applicability of these results. We
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look forward to the availability of data from other pop-
ulations in the future to assess the broader applicability
of our findings. Finally, the study lacks direct functional
validation of the identified shared genes, which may limit
the interpretation of their biological relevance. Future
experimental studies, such as CRISPR-based functional
assays and nutrigenomics analysis in relevant tissues, are
needed to validate the roles of these genes and elucidate
their potential mechanisms.

Conclusion

In conclusion, this exploratory analysis reveals a potential
genetic overlap between dried fruit intake and BC, offer-
ing initial insights into possible molecular links between
dietary behavior and disease susceptibility. Through
multi-tiered genomic investigations, several puta-
tive shared genetic loci, including BCL11A, MADILI,
MLLT10, JMJD1C, and RP11-795H16.2, have been iden-
tified. While these findings are statistically significant,
further functional validation is required to confirm their
biological relevance. If confirmed in future studies, these
loci could provide valuable clues for developing more
targeted hypotheses regarding diet—cancer interactions,
with potential applications in personalized nutrition
research.
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