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Abstract

BRCA1 and BRCA2 deficiencies are classically defined by impaired homologous recombination-mediated DNA repair; however, their
pathological consequences extend far beyond cell-autonomous genomic instability. Accumulating evidence indicates that BRCA deficiency is
accompanied by iron dysregulation and persistent lipid peroxidation, placing cells under chronic ferroptotic pressure. Studies using BRCA1/2
rat models demonstrate that ferroptosis functions as a decisive biological checkpoint with gene-specific outcomes. Under BRCA1
haploinsufficiency, iron-driven oxidative stress accelerates carcinogenesis by selecting for ferroptosis-resistant clones, whereas BRCA2
haploinsufficiency enhances ferroptotic execution, thereby preventing iron-induced cancer promotion. In contrast, reproductive tissues
lacking adaptive escape capacity manifest BRCA deficiency as a direct ferroptosis-driven cellular loss, resulting in male and female infertility.
Importantly, ferroptosis is not a silent, cell-confined event. Experimental evidence from asbestos-induced carcinogenesis demonstrates that
macrophages undergoing ferroptosis after asbestos phagocytosis release CD63-positive, ferritin-containing extracellular vesicles (EVs) that
induce oxidative stress in recipient mesothelial cells, establishing EVs as active mediators of ferroptotic stress propagation. We propose that
BRCA deficiency generates a state of ferroptotic priming in which oxidized lipids, iron-related factors, and nucleic acids are disseminated via
EVs, thereby shaping tissue- and organ-level pathology. From an evolutionary perspective, the persistence of pathogenic BRCA variants may
reflect adaptive advantages conferred by haploinsufficiency in iron-limited, short-lived ancestral environments; under modern conditions of
iron abundance and extended lifespan, this once-adaptive state becomes maladaptive, predisposing carriers to cancer and degenerative
disorders beyond the cell.
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1. Introduction

BRCA1 and BRCA2 are essential guardians of genome integrity through their roles in homologous recombination-mediated DNA
repairl’-?l. Pathogenic variants in these genes predispose carriers to cancerl’l and reproductive dysfunction!’l, yet the molecular basis
underlying the tissue specificity of these disorders remains incompletely understood. Increasing evidence indicates that BRCA
deficiency is accompanied by iron dysregulation, persistent oxidative stress, and enhanced lipid peroxidation!>‘), collectively placing
affected cells under chronic ferroptotic pressurel’*l. Ferroptosis, an iron-dependent form of regulated cell death driven by lipid
peroxidation!’], therefore represents a central pathological axis in BRCA-associated disorders.

Importantly, ferroptosis is not merely a terminal intracellular event. Persistent DNA damage and oxidative stress are now recognized
to activate extracellular vesicle (EV)-based secretory programs that enable stressed cells to communicate with their cellular
microenvironment!!’l. This review integrates evidence from BRCA1/2 rat models with emerging concepts in ferroptosis and EV
biology, proposing a unifying framework in which BRCA-associated pathologies extend beyond the cell through EV-mediated
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propagation of ferroptotic stress.

2. Cancer: Ferroptosis as a Selective Pressure under BRCA Deficiency

Experimental studies using BRCA1 haploinsufficient rat models have demonstrated that iron-driven oxidative stress markedly
accelerates renal carcinogenesis!’l. In these models, iron overload induces intense lipid peroxidation, imposing strong ferroptotic
pressure on renal epithelial cells. Tumors that eventually arise do so not by succumbing to ferroptosis but by acquiring resistance
mechanisms involving iron handling, antioxidant capacity, and redox adaptation!”. Similar principles operate in BRCA1-associated
mesothelial carcinogenesis, where chronic iron exposure shapes tumor evolution through selection under ferroptotic stresst!!l.

Importantly, this carcinogenic acceleration by iron is not uniformly observed across BRCA genes. In contrast to BRCA1 deficiency,
BRCA2 haploinsufficiency does not enhance iron-induced renal carcinogenesis, as demonstrated in our recent study!®l. In
BRCA2-deficient renal epithelial cells, iron loading leads to excessive lipid peroxidation and augmented ferroptosis, resulting in the
elimination of damaged cells rather than their clonal expansion. These findings indicate that BRCA2 deficiency reinforces ferroptotic
execution instead of permitting adaptive escape, thereby counteracting iron-driven carcinogenesis (Figure 1).
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Figure 1. Ferroptotic-stress extracellular vesicles link BRCA deficiency to non-cell-autonomous pathology. BRCA1 and BRCA2 deficiencies induce persistent DNA damage and
iron dysregulation, resulting in chronic lipid peroxidation and ferroptotic pressure. Under BRCA1 haploinsufficiency, iron-driven oxidative stress promotes carcinogenesis by
selecting for ferroptosis-resistant clones, whereas BRCA2 haploinsufficiency enhances ferroptotic execution, thereby preventing iron-induced cancer promotion. Before overt
cell death, cells under ferroptotic stress actively release CD63-positive EVs containing oxidized lipids, ferritin, and nucleic acids. Experimental evidence from macrophages
undergoing ferroptosis after asbestos phagocytosis demonstrates that ferritin-containing EVs induce oxidative stress and DNA damage in recipient mesothelial cells. We
propose that such “ferroptotic-stress EVs” disseminate iron-dependent oxidative signals beyond the cell, driving divergent BRCA-associated outcomes including cancer, male

and female infertility, and neurodegeneration. Created inBioRender. EVs: extracellular vesicles; HRD: homologous recombination deficiency; Fe-NTA: ferric nitrilotriacetate.

Together, these in vivo data establish a critical gene-specific divergence in how ferroptotic pressure shapes cancer risk under BRCA
deficiency. While BRCA1 haploinsufficiency promotes tumorigenesis through selection of ferroptosis-resistant clones, BRCA2
deficiency biases cells toward ferroptotic elimination, preventing iron-driven cancer promotion. This distinction underscores
ferroptosis as a decisive biological checkpoint that differentially governs malignant evolution in BRCA-associated carcinogenesis.
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3. Reproductive Failure as Direct Execution of Ferroptosis

3.1 Female infertility

In contrast to cancer, reproductive tissues lack the capacity for clonal selection and adaptive escape. Studies using BRCA2
heterozygous rat models have revealed a significant reduction in ovarian reserve, accompanied by increased oxidative stress in
granulosa cells!'?l. These findings indicate that oocytes and their supporting cells are intrinsically vulnerable to lipid peroxidation.
Furthermore, BRCA1-deficient rat models demonstrate heightened sensitivity to chemotherapy-induced ovarian damage, consistent
with an inability to tolerate additional oxidative and ferroptotic stress!'3l.

Collectively, these data position female infertility in BRCA deficiency as a manifestation of direct ferroptotic execution, rather than a
process shaped by selective survival (Figure 1).

3.2 Male infertility

Male reproductive dysfunction provides a parallel example. BRCA2 heterozygous rats exhibit age-dependent declines in sperm
quality, reflecting cumulative oxidative damage in spermatogenic cells!'!l. Given the abundance of polyunsaturated fatty acids in
sperm membranes!'®], these cells are particularly susceptible to lipid peroxidation. The absence of malignant transformation in this
context further underscores that BRCA-associated reproductive failure is driven by ferroptosis-prone tissue vulnerability rather than
by neoplastic selection.

4. Neurodegeneration: Ferroptosis-Sensitive Post-Mitotic Cells and EV-Mediated Stress Spread

Neurons represent a unique cellular context in which BRCA-associated ferroptotic stress is expected to manifest as degeneration
rather than malignant transformation. Post-mitotic neurons are intrinsically vulnerable to lipid peroxidation due to their high
polyunsaturated fatty acid content, intense mitochondrial activity, and limited regenerative capacity!'®'7l. Iron accumulation and
oxidative lipid damage are well-established features of multiple neurodegenerative disorders, including Parkinson’s disease,
Alzheimer’s disease, and neurodegeneration with brain iron accumulation (NBIA)!8:191,

BRCA1 and BRCA2 are expressed in the nervous system and contribute to DNA damage repair and mitochondrial homeostasis[?*-211,
Persistent DNA damage resulting from BRCA deficiency is therefore predicted to exacerbate neuronal oxidative stress and ferroptotic
vulnerability[?2-24l, Unlike cancer cells, neurons cannot escape ferroptotic pressure through clonal selection, rendering them
susceptible to progressive functional decline.

Emerging evidence further implicates EVs as critical mediators of neurodegenerative spread!>’l. Under injury/oxidative inflammatory
stress, neurons and astrocytes release EVs that reshape microglial activation states and neuroinflammatory signaling in recipient
cellsl?l, In addition, DNA damage in microglia can drive the release of DNA-containing EVs that promote neuroinflammation and
neurodegeneration?’-28l, EVs carrying oxidized lipids, iron-related proteins, or mitochondrial nucleic acids have been suggested to
amplify ferroptosis sensitivity in recipient neurons and glia, creating a feed-forward loop of degeneration (Figure 1).

Within this framework, BRCA deficiency may represent a condition in which ferroptosis-primed EVs disseminate oxidative stress
across neural networks. This model parallels the macrophage-mesothelial EV axis observed in asbestos-induced carcinogenesis!'‘!
and supports a broader principle in which ferroptotic stress is communicated beyond the originating cell to shape organ-level
pathology.

5. Beyond Cell Death: EV-Mediated Propagation of Ferroptotic stress

Persistent DNA damage is increasingly recognized to activate EV-based secretory programs that export harmful intracellular
components!?>*3°l, Beyond damaged DNA, EVs can carry iron-handling proteins, oxidized lipids, and redox-active cargo, thereby
functioning as vectors of oxidative stress rather than as inert byproducts of cellular injury!'%-31:32,

A compelling experimental demonstration of this concept is provided by Ito et al., who showed that macrophages undergoing
ferroptosis after asbestos phagocytosis actively release CD63-positive extracellular vesicles enriched in ferritin!'’), building on earlier
studies demonstrating the involvement of extracellular vesicles in iron metabolism*?l. These EVs are efficiently taken up by adjacent
mesothelial cells—the principal targets of asbestos-induced carcinogenesis—where they induce oxidative stress and DNA damage!'°l.
Importantly, this process occurs independently of direct asbestos exposure of mesothelial cells, establishing EV-mediated iron
transfer as a non-cell-autonomous driver of pathology.

This macrophage-mesothelial EV axis provides a mechanistic blueprint for how ferroptotic stress can be propagated across cell types
and tissues. In the context of BRCA deficiency, where unresolved DNA damage and iron dysregulation coexist, similar EV-mediated
dissemination of ferroptotic signals is likely to operate. Thus, EVs should be viewed not merely as biomarkers of cellular stress, but as
active effectors that translate intracellular ferroptotic pressure into tissue-level disease processes.
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6. Working Hypothesis: Ferroptotic Priming and Non-Cell-Autonomous Stress Propagation

Accumulating evidence indicates that BRCA deficiency is accompanied by persistent DNA damage, iron dysregulation, and enhanced
lipid peroxidation, collectively placing cells under chronic ferroptotic pressurel’-8l. We refer to this condition as a state of ferroptotic
priming, in which cells are poised near the threshold of ferroptotic execution but do not necessarily undergo immediate cell death.

Independent studies have established that sustained DNA damage and oxidative stress can activate EV-based secretory programs that
export redox-active cargol?-30-321, In addition, experimental evidence from asbestos-induced carcinogenesis demonstrates that
macrophages undergoing ferroptosis release CD63-positive, ferritin-containing EVs capable of inducing oxidative stress in recipient
cellsl'’l, Together, these observations provide a mechanistic rationale for EV-mediated, non-cell-autonomous propagation of
ferroptotic stress.

Based on this framework, we propose that BRCA deficiency-associated ferroptotic priming may similarly engage EV-mediated stress
export, although direct experimental evidence in BRCA-deficient systems is currently lacking. The pathological consequences of such
EV-mediated signaling are expected to diverge in a gene- and tissue-specific manner. In cancer-prone tissues under BRCA1
haploinsufficiency, EV-mediated stress propagation may contribute to microenvironmental remodeling that favors the selection of
ferroptosis-resistant clones. In contrast, in reproductive tissues and the nervous system—where adaptive escape is not
feasible—EV-mediated dissemination of ferroptotic stress may accelerate cellular loss and functional decline.

This working hypothesis integrates cancer, infertility, and neurodegeneration as distinct outcomes arising from a shared
BRCA-ferroptosis—EV axis, while explicitly distinguishing established evidence from testable speculation.

7. Discussion and Perspectives

7.1 Gene-specific ferroptotic checkpoints beyond the cell

The studies discussed in this Mini-Review collectively position ferroptosis not as a uniform outcome of BRCA deficiency, but as a
gene- and tissue-specific checkpoint that critically determines disease manifestation. Importantly, emerging in vivo evidence
demonstrates that BRCA1 and BRCA2 deficiencies are not functionally equivalent with respect to iron-driven oxidative stress and
ferroptotic pressurel’#l,

BRCA1 haploinsufficient rat models consistently show that chronic iron overload accelerates carcinogenesis by imposing ferroptotic
stress that selects for resistant clones!’. In this setting, ferroptosis functions as an evolutionary filter rather than a terminal fate,
allowing cells that acquire adaptive redox resistance to survive and expand. By contrast, recent findings in BRCA2 haploinsufficient
rats reveal a fundamentally different response: iron loading enhances lipid peroxidation and ferroptotic execution, resulting in
efficient elimination of damaged renal epithelial cells and a failure to promote iron-driven carcinogenesis/®.. This dichotomy
highlights ferroptosis as a decisive biological bifurcation point, separating malignant escape from cellular elimination.

This gene-specific divergence provides a unifying explanation for the contrasting disease spectra observed in BRCA-associated
disorders. Tissues capable of clonal selection, such as epithelia prone to cancer development, may exploit partial ferroptosis
resistance—particularly under BRCA1 deficiency—to fuel tumorigenesis. In contrast, tissues lacking regenerative or selective capacity,
including germ cells and neurons, manifest BRCA deficiency predominantly as ferroptosis-driven functional loss. The reproductive
phenotypes observed in both female and male BRCA1/2 rat models exemplify this principle!'?"'4l, where enhanced oxidative stress
directly translates into cellular attrition rather than malignant transformation.

Beyond these cell-intrinsic outcomes, accumulating evidence underscores the importance of non-cell-autonomous propagation of
ferroptotic stress via extracellular vesicles (EVs). A key experimental precedent is provided by our demonstration that macrophages
undergoing ferroptosis after asbestos phagocytosis release CD63-positive, ferritin-containing EVs that are internalized by mesothelial
cells, inducing oxidative stress and DNA damage independently of direct asbestos exposure!'’l. This macrophage-mesothelial EV axis
establishes that ferroptosis can actively remodel tissue microenvironments through EV-mediated iron and redox signaling.

From a broader perspective, this framework challenges the traditional view of ferroptosis as a silent, cell-autonomous event. Instead,
ferroptosis emerges as a communicative state in which stressed cells broadcast their redox imbalance to surrounding tissues. Within
this paradigm, BRCA deficiency acts as a chronic generator of ferroptotic stress, while EVs serve as the conduit that extends its
pathological reach beyond the originating cell.

Future studies should aim to define the molecular signatures of ferroptotic-stress EVs in BRCA1- versus BRCA2-deficient contexts and
to determine how these vesicles influence recipient cell fate decisions. Such efforts will not only clarify the systemic consequences of
BRCA-associated ferroptosis but may also identify EV-based biomarkers and therapeutic targets. Ultimately, integrating ferroptosis
with extracellular vesicle biology offers a conceptual framework that unifies cancer, infertility, and neurodegeneration as divergent
outcomes of a shared redox-driven pathology that extends beyond the cell.
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7.2 Evolutionary implications of BRCA1/2 haploinsufficiency

An evolutionary perspective suggests that the persistence of pathogenic BRCA1 and BRCA2 variants in human populations may be
compatible with, or partially explained by, adaptive contexts in which haploinsufficiency was advantageous under ancestral
conditions. Throughout most of human evolution, food availability was limited, systemic iron deficiency was common, and life
expectancy was short. In such environments, the long-term risk of cancer would have exerted minimal selective pressurel34-371,
Instead, traits that enhanced survival to reproductive age and preserved developmental robustness would have been favored
regarding iron metabolism.

Partial reduction of BRCA1/2 function may have provided increased tolerance to environmental stress by relaxing stringent genome
surveillance and cell elimination pathways. Under iron-limited conditions, where ferroptosis was unlikely to be frequently triggered,
BRCA haploinsufficiency could have permitted stressed cells to survive developmental and metabolic challenges without incurring
immediate pathological consequences. This increased cellular persistence may have supported tissue development, reproductive
success, and population survival despite chronic nutritional stress.

Notably, BRCA2 is evolutionarily conserved across eukaryotesl®®l, consistent with its fundamental role in homologous recombination,
whereas BRCA1 appears later in vertebrate evolution as a regulatory integrator of DNA repair, redox signaling, and cell fate control**-
101 These differences suggest that haploinsufficiency of BRCA1, in particular, may have been evolutionarily tolerated by providing
adaptive regulatory flexibility, rather than representing a strictly deleterious state. In modern environments characterized by iron
abundance and extended lifespan, however, this same flexibility becomes maladaptive, predisposing carriers to ferroptosis escape,
carcinogenesis, and degenerative disorders. Thus, BRCA-associated diseases may represent the pathological legacy of an
evolutionarily advantageous state that has become mismatched with contemporary redox conditions.
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