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Field cancerization, accelerated aging,
and immunosuppression: the rapid rise of
hormone-sensitive and early-onset
breast cancer
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Meadow Parrish1, Nicole Traugh1, Meloryn Seraj1 & Charlotte Kuperwasser1,2

Breast cancer etiology traditionally emphasizes genetic mutations, hormonal dynamics, and tissue
aging. However, recent decades have seen a steady rise in breast cancer with a growing proportion of
these tumors exhibiting estrogen receptor–positive (ER+ ) phenotypes along with an alarming rise in
early-onset breast cancer occurring in individuals without a family history of the disease. While
increased screening and lifestyle changes explain part of this trend, they do not fully account for the
rising incidence, particularly among specific racial and geographic subgroups. We hypothesize that
this rising trend in hormone-sensitive and early-onset cancers is a manifestation of chronic,
cumulative environmental exposures, particularly to endocrine-disrupting chemicals (EDCs), that
profoundly alter breast tissue biology. Since EDCs alter estrogen receptor signaling, the epigenetic
landscape, and disrupt immune surveillance, we hypothesize that this may underpin the rising
incidence of hormone-sensitive early-onset breast cancers through a mechanism that affects field
cancerization and hormone-mediated aging.

Historical perspective and current trends
Since the 1970s, breast cancer incidence trends have been understood
through genetic predispositions, cumulative hormone exposure, and
increased mammography screening. Lifestyle changes including earlier
menarche, delayed childbirth, obesity, and hormone replacement therapy
usage have also contributed to the rise of breast cancers1–7. However, these
factors alone cannot explain epidemiological studies showing that each new
generation carries a slightly higher risk of breast cancer than the prior
one2,8–11. Moreover, these factors cannot explain the alarming increases
specifically in estrogen receptor-positive (ER+ ) breast cancers, but also in
early-onset breast cancers (<50 years old), or the shift in breast cancer
subtypes in younger women particularly among Hispanic American, Asian
American, and Pacific Islander populations2,10.

Traditionally, early-onset breast cancers were linked with exposure to
radiation around the time ofmenarche12, or linkedwith inheritedmutations
in cancer causing genes (eg. BRCA1/2, TP53, ATM, PALB etc)13–17. Early-
onset breast cancers were also predominantly characterized by estrogen
receptor-negative (ER-) profiles18–20. However, recent trends have shown a
shift in the presentation of these cancerswith an increasing number of early-

onset breast cancers identified as ER+ and the vast majority with no family
history21. This change underscores a possible evolution in the biological
mechanismsunderlying the formationof these cancers.Most notably, early-
onset breast cancer incidence has been shown to be enriched in the
Northeast, Midwest, and Southeast United States22.

In this perspective,we argue that the rising trends inhormone-sensitive
and early-onset cancers, is a manifestation of chronic and cumulative
environmental exposures that profoundly alter breast tissue biology. Spe-
cifically, the continuous exposure to endocrinedisrupting chemicals (EDCs)
permeates highly plastic and susceptible stages of breast development,
overwhelming intrinsic tumor‑suppressive programs. In utero, post-natal,
peri-pubertal, and pubertal exposures to EDCs remodel the breast epigen-
ome, accelerate tissue‑specific aging, and impair immunosurveillance,
leading to increased cancer development and especially early-onset breast
cancers.

Geographic clustering and environmental exposure
In a landmark study that followed a cohort of 203,691 twins (80,309 iden-
tical and 123,382 same-sex fraternal twins) for 32 years and recorded cancer
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incidence, researchers found that the majority of cancer risk (69%) comes
from individual lifestyle choices (e.g. reproductive health choices, diet,
alcohol consumption, physical activity, etc.) but more importantly, shared
environmental exposures (e.g. pollutants, chemicals, or radiation)23,24.
Environmental exposures such as DNA damaging carcinogens are ubi-
quitous in the environment25. These include per- and polyfluoroalkyl sub-
stances (PFAS), polycyclic aromatic hydrocarbons (PAHs), and certain
pesticides26–28. Endocrine disrupting chemicals (EDCs), which are also
highly prevalent in the environment, have been shown to exhibit hormone
binding activity via activation of hormone receptors (e.g. ERs, PRs, ARs or
TRs)29–32. These EDCs include PFAS, PAH, and pesticides but also
bisphenols (BPXs), phthalates, dioxins, polychlorinated biphenyls (PCBs),
organophosphate esters (OPEs), and brominated flame retardants
(BFRs)33–38. EDCs initiate or exacerbate cancer risks by disrupting hormone
signaling and causing DNA damage39.

A recent studyhas linked rising exposure to environmental factorswith
the uptrend in breast cancer cases in developed nations. Kehm et al. high-
lighted significant geographic disparities in early-onset breast cancer inci-
dence across the United States22. Utilizing data from the U.S. Cancer
Statistics database, researchers calculated age-adjusted incidence rates and
assessed trends in women aged 25 to 39 from 2001 to 2020. They found the
Northeast region of the U.S. exhibited the highest absolute incidence rates,
with a significant upward trend over time, while the Western region
experienced the highest annual increase in early-onset breast cancer rates,
despitehaving the lowest absolute incidence rates (Fig. 122). Interestingly, the
geographic distribution of high-incidence early-onset breast cancer regions
shows a striking overlap with states with a legacy of industrial pollution,
PFAS contamination, and urban living (Fig. 140). Geospatial distribution of
EPA Superfund sites, which represent remedial long-term, comprehensive
sites contaminated by PCBs, dioxins, and heavy metals, mirrors that of the
geographical incidence of early-onset breast cancers40. While this geo-
graphic correlation suggests a potential link between environmental pol-
lutants and rising breast cancer rates among young women, establishing a
direct causal relationship and identifying specific environmental factors
influencing early-onset breast cancer incidence requires further research.

Observations in wildlife does offer strong sentinel geographic evidence
however, that environmental exposures to EDCs are biologically active,
persistent, and capable of inducing hormone-related pathologies
(Table 1)41–45. For example, the Hudson River, Cape Cod, and the Great
Lakes have all documented elevated concentrations of EDCs including
PCBs, and PFAS which bioaccumulate through the food chain, con-
centrating in apex predators such as osprey, river otters, and bald

eagles44,46–49. These species exhibit biological phenotypes including repro-
ductive failure, immune dysfunction, and altered thyroid and sex hormone
levels. This raises concerns about human dietary and other exposures in
these regions.Mammals andbirds living in urbanizedor industrializedareas
exhibit elevated tissue levels of EDCs, correlating with disrupted hormone
levels, abnormal sexual development, and reduced fertility50,51. This raises
concerns about similar biological effects inhumans since they are exposed to
the same air, water, and food systems and hence share similar physiological
disruptions to reproductive and endocrine health. In amphibians and rep-
tiles, species such as frogs, turtles, and alligators living in watersheds con-
taminated by EDCs including atrazine, DDT derivatives, and bisphenol A
(BPA), exhibit intersex characteristics, testicular oocytes, and abnormal sex
ratios41 Similarly, white-tailed deer sampled near wastewater treatment sites
or pesticide application zones have shown detectable concentrations of
phthalates and PCBs, alongside histological signs of endocrine
disruption52,53. Taken together, these consistent cross-species effects across
diverse ecosystems and geographic areas underscore the biological potency
of EDCs in real-world settings and heighten concern that chronic, low-dose
exposures in humans, particularly in similarly contaminated environments,
may contribute to rising rates of breast cancer, especially early-onset cancers.

Environmental exposures, particularly to certain EDCs, have been
shown to contribute to cancer development. These include persistent EDCs
such as PCBs, DTT, PBDEs, organochlorine pesticides, and dioxins, which
are not easily metabolized and therefore bioaccumulate in lipophilic tissues
like the breast fat depots. There they can remain in the body for years,
sometimes even decades slowly released over time54–56. Although PCBs and
DDT were banned in the 1970s due to experiments directly linking their
exposure with DNA damage and cellular transformation56,57, they still
persist in the environment today and remain in adipose tissues for up to
20−50 years after exposure. Moreover, despite these bans, persistent orga-
nochlorine pesticides are being replaced with chemicals that exhibit similar
chemical stability, leading to continued concerns about the evolving
bioaccumulation and potential interactions with hormone receptors, or
enhancing hormonal effects27.

Bioaccumulation of other EDCs varies significantly among different
EDCs. Polybrominated diphenyl ethers (PBDEs), which are commonly
used as flame retardants, can mimic progesterone activity, alter hormone
levels, and affect themenstrual cycle and reproductive outcomes in humans
and animals58–60. Depending on the specific variant, they can persist in fat
tissue for 2−12 years.Dioxins,which arepresent inbleachedpaperproducts
such as disposable diapers, paper towels, and tampons exhibit half-lives in
human fat tissue ranging from 7−11 years55. Because they are highly

Fig. 1 | Geographic overlap of environmental contamination and early onset
breast cancer incidence. A Map of EPA-designated Superfund sites in the con-
tinental United States, representing areas with confirmed hazardous contamination
using data obtained fromEnviroAtlas Data andB state-level incidence rates of early-

onset breast cancer (diagnosed before age 50), highlighting regional variation using
data obtained from20. Notably, areas with high Superfund site density overlap with
states showing higher early-onset breast cancer incidence.
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lipophilic, these chemicals preferentially reside within adipocytes, where
they can remain for years and be released when those fat stores are mobi-
lized, making their presence nearly constant once they have entered the
body55. The prolonged residence of these EDCs in adipose depots, especially
in the breast, implies that even banned substances, such as PCBs and DDT,
will continue to exert their effects decades after their use has ceased. The
ongoing substitution of these compounds with similarly stable chemicals
only prolongs and adds to the cumulative dose exposure of the breast to
hormones.

Non-persistent EDCs (e.g., phthalates, parabens, bisphenols, etc.) in
contrast, are rapidly metabolized and excreted60. Although they do not
accumulate in fat depots, given their ubiquitous prevalence in the envir-
onment, they are readily measured in the blood and urine of nearly all
children and adults60. Silicone wristbands used to collect exposures to
chemicals in pregnant women and office workers has revealed detectable
levels of EDCs in nearly all samples across various classes with organo-
phosphate esters (OPEs) and phthalates present in 100% of samples, fol-
lowed byPAHs, BFRs PCBs andBPXs61,62. In fact, everywristband extracted
in these studies were found to be hormonally active in human hormone
receptor cell assays, disrupting estrogen, androgen, and thyroid hormone
receptors61,62. Thus, the chronic and daily exposure of EDCs leads to a nearly
continuous total hormonal load that exceeds thenatural range63. In addition,
the interaction of EDCs with endogenous estrogens rapidly results in a
significantly higher cumulative exposure to hormones in breast tissue
especially at a much younger age. As we describe below, this elevated and
chronic exposure has substantial impact on tissue aging, field cancerization
and the immunemicroenvironment thatmay explain the rising incidence of
hormone-sensitive breast cancers especially among younger women.

EDCs as accelerators of hormone-mediated tissue aging
The breast (and other hormone sensitive tissues) exhibits a unique aging
trajectory that is dictated not by chronological age, but by cumulative
hormonal exposure, particularly to estrogen and progesterone, over a
woman’s reproductive lifespan. Each menstrual cycle, pregnancy, lactation
period, and the timing of menopause increase the aggregate of hormone
driven cell proliferation, genomic stress, and epigenetic drift, togetherwhich
accelerate tissue-level aging processes and influence cancer risk. This con-
cept of “hormonal aging”was epidemiologically introduced by Pike et al. in
1983where “breast tissue age”wasused toexplain the atypical age-incidence
curve of breast cancer compared with that of other cancers64. This work
demonstrated that breast tissue ages rapidly from menarche until the first
full-term pregnancy (FFTP) (explaining the short‑term risk increase with
late first birth), at which point aging rate markedly decelerates after child-
birth, but rises again, though less sharply, with subsequent pregnancies, and
drops once more at menopause. If a woman never becomes pregnant or
delays FFTP beyond age 30, the rate of breast tissue aging remains high until
perimenopause64,65.

Hormonal aging has now been corroborated at the molecular level.
Studies have shown thatnormal breast tissue inhealthywomenaccumulates
significantly more somatic mutations and DNAmethylation changes than
matched blood, and at a faster rate64,66. Themutational accumulation rate in
breast tissue is higher in nulliparouswomen and increases significantly with
age but becomes less pronounced after the FFTP67, consistent with a
deceleration rate of aging upon FFTP64. However, this deceleration is only
observed in young first-timemothers since older first-timemothers showed
a significantly higher probability of accumulating oncogenic events com-
pared tonulliparouswomen. Likewise, the rate of epigenetic aging as gauged
by DNA methylation is also more rapid in breast tissue compared to mat-
ched blood64,68–70. The rapid accumulation starts around menarche and
decelerates as women approach menopause. This implies that unlike other
tissues, the rate of cellular and molecular aging and the accumulation of
DNA damage in breast tissue is heavily influenced by reproductive mile-
stones and hormonal exposure.

The mechanism behind this aging involves the repeated cycles of
estrogen- and progesterone-driven epithelial proliferation. Each menstrualT
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cycle induces a rapid ~2-fold wave of cell proliferation, E+ P driven by
estrogen and progesterone during the mid‑luteal phase71,72, increasing
opportunities for replication-associated mutations71,73–75. Estrogen meta-
bolites can also form DNA adducts, directly damaging the genome76,77.
Concentrations as low as 10 nM 4-OHE₂, which is within the physiologic
range of breast tissue estrogen, can generate measurable, mutagenic DNA
adducts if exposure is chronic or detox pathways are compromised77–79. In
women, adduct signal is detectable in urine and rises several-fold in people
who later develop, or already have, hormone-sensitive cancers76,80,81. In
parallel, inflammatory and oxidative stress, especially during periods of
active proliferation, contribute to DNA damage via reactive oxygen species
(ROS) and additional adduct formation82,83. Thus, when there is an overlap
between the presence of estrogen (or chemicals that mimic them), and
epithelial cell proliferation, the risk for DNA mutation increases and con-
sequently so does the risk of malignant transformation84.

Both high dose radiation exposure (eg. Hodgkin’s Disease, atomic
bomb)85–87 and even low-level, chronic DNA damage from replicative stress
necessitates sustained repair88–91. However, the breast epithelium, especially
prior to pregnancy, exhibits less effective DNA damage response, with
reduced activation of key protective pathways like p53/p21 and diminished
apoptosis compared to tissues like skin or lymphocytes86,92. However, fol-
lowing pregnancy, efficiency of these pathways improves, potentially
reducing transformation risk93–95.

In addition to mutational burden, epigenetic reprogramming also
tracks with hormonal aging. DNA methylation patterns in breast tissue
show accelerated changes compared to peripheral blood, especially in early
reproductive life64,66,68–70. DNAmethylation in the breast is higher compared
to that seen in the blood of the same individuals64,66. The rapid accumulation
starts around menarche and decelerates as women approach menopause.
This implies that unlike other tissues, the rate of cellular andmolecular aging
and the accumulation of DNAdamage in breast tissue is heavily influenced
by reproductive milestones and hormonal exposure.

Several lines of evidence implicate epimutations as contributors to
breast cancer development and are affected by environmental exposures
that can shape tumor subtype. While methylation of BRCA1 or RAD51C
are well established somatic and constitutional epimutations more com-
monly found in ER- breast cancers, other genes do show frequent methy-
lation patterns, especially in ER+ tumors. RASSF1A promoter
hypermethylation is detectable in40%ofDCIS and65%ofmatched invasive
tumors96–98. Promoter methylation of PTEN is found in ~30% of primary
tumors and predicts worse 10 year outcome in HR‑positive early breast
cancer99,100. APC methylation is higher in cancer vs. normal breast, and
higher in luminal breast cancers compared to TNBCs101,102. Lobular carci-
nomas exhibit promotermethylation of CDH1 (E‑cadherin) which tends to
be ER+ cancers103,104, and hypermethylation ofGSTP1 ismostly observed in
ER‑positive tumors and increases in cancer vs. hyperplasia105.

Genome wide methylation profiling has revealed distinct luminal A
and luminalB epigenotypeswith recurrentmethylationatESR1,PGR,APC,
GSTP1, CDH1and others, underscoring that luminal cancers accumulate a
constellation of epimutations rather than a single driver106. Associations
between EDCs exposure-related DNAmethylation changes at specific CpG
sites in different breast cancer subtypes has also been reported107, as well as
unique epigenetic signatures among twins to identify environmentally
mediated breast cancer risk108.

Phenolic EDCs, parabens, and polyaromatic hydrocarbons have all
been shown to increase proliferation of human breast epithelial cells109–112.
PCBs, bisphenols (e.g., BPA), phthalates, and flame retardants also directly
induceDNAdamage and interfere withDNA repair pathways, even at low-
level, chronic exposure92,113. EDCexposure also leads to profound epigenetic
changes, disrupting DNA methylation, histone modification, and chro-
matin remodeling that persist long after exposure has ceased114,115, even over
multiple generations, altering gene expression patterns essential for normal
cell function116. EDCs induce epigenetic changes that modify methylation
kinetics and alter gene expression which can lead to unexpected abnorm-
alities resulting in a predisposition to cancer. They can impact various

mechanisms of epigenetic modifications to DNA and chromatin by mod-
ulating the availability of methyl donor, S-adenosylmethionine (SAM), for
both DNA methyltransferase (DNMT) and histone methyltransferase
(HMT) and by affecting expression of TET2 for DNA
hydroxymethylation117,118. Therefore, whether lipophilic, persistent, or
chronic exposure, EDCs will add to the already high baseline level of DNA
damage sustained in breast epithelial cells as well as increase DNA
methylation, thereby accelerating key cellular aging processes.

Recent studies have shown that women with Luminal breast cancer
exhibit significant epigenetic age acceleration in histologically normal
adjacent tissue92. Moreover, breast tumors, as well as normal adjacent tissue
in very young women (<35) exhibited accelerated DNA methylation age
compared to those in older women66,69. This suggests that long before a
malignancy is detected, breast tissue in younger women has already
undergone an epigenetic transformation aligned with premature or dysre-
gulated aging, possibly initiated or sustained by chronic exposure to EDCs.

Together, these findings support a model in which chronic EDC
exposure mimics and intensifies hormonal cellular aging, effectively accel-
erating genomic instability and DNA methylation. This is especially con-
cerning given the trends in earlier menarche, delayed childbirth, and
prolonged reproductive windows, which already demonstrated rapid aging
in the absence of pregnancy. These demographic shifts, when combined
with ubiquitous EDC exposure, likely synergize to promote earlier, more
aggressive onset of hormone-sensitive breast cancers in young women.

EDCs as amplifiers of ER+ field cancerization
Field cancerization refers to the emergence of genetically and epigenetically
altered yet histologically normal cells that expand clonally and increase
cancer risk. Rather than a single oncogenic transformation event, tumor-
igenesis in this model occurs within a “primed field”, a patch of epithelium
harboring subtle but accumulating alterations that confer a proliferative or
survival advantage119. In breast tissue, this concept is especially relevant due
to the gland’s cyclical remodeling, hormonal sensitivity, and expansive
ductal-lobular architecture.

Duringdevelopmentalwindows such as puberty andpregnancy, breast
tissue undergoes rapid proliferation andmorphogenesis,making it uniquely
susceptible to genomic and epigenetic perturbation. As described above,
normal hormonal cycling drives repeated rounds of epithelial expansion,
increasing the risk of DNA replication errors and mutation accumulation.
Concurrently, the tissue is exposed to oxidative stress from reactive oxygen
species and inflammation, further challenging genomic stability.

These dynamics create a fertile environment for the emergence of
cancer-primed cells. The combination of hormonal proliferation, DNA
damage, and imperfect repair allows for the persistence and expansion of
cells with advantageous traits, an early step toward field cancerization.

The architecture and geometry of the mammary ductal epithelium
inadvertently promotes the rapid expansion of a few mutated cells that
can then spread over large areas120. These extensive patches of pre-
cancerous cells are the regions from which subsequent tumors form
within the tissue120.While observing real-time field cancerization has not
been possible in humans, similar to mice, somatic mutations, chromo-
somal alterations, and copy number variations as well as DNA methy-
lation and histone modification patterns have been reported in
ostensibly normal tissues adjacent to and surrounding breast
cancers121,122. Interestingly, the presence of a breast cancer molecular
field effect that extends beyond the adjacent normal breast tissue and
includes the entire mammary gland has recently been reported123. A
cancerized field may present a dual nature: it can appear morphologi-
cally abnormal, displaying characteristics of dysplastic tissue, or it may
look morphologically normal while still harboring significant genetic or
epigenetic alterations such as the recent study that included mammary
tissue far beyond the epithelium surrounding a tumor124. This dichot-
omy between morphological appearance and underlying molecular
alterations complicates detection and highlights the need for molecular-
level assessment of breast tissue.
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EDCs disrupt cellular homeostasis by binding hormone receptors
and dysregulating downstream transcriptional programs. In vitro,
phenolic EDCs, parabens, and polyaromatic hydrocarbons enhance
proliferation in both normal and malignant breast cells, including ER+
and ER- phenotypes, demonstrating broad carcinogenic
potential109–112,125. In addition to disruption of normal proliferation
programs, EDCs can also cause cells to fail to differentiate properly,
leading to a buildup of immature, potentially cancerous cells. Several
epidemiological studies have followed pubertal-aged adolescents after
incidental exposure to either polychlorinated aromatic hydrocarbons or
polybrominated biphenyls and found significant delays in breast
development and earlier onset of menarche, respectively126,127. These
anecdotal epidemiologic data are supported by extensive studies in mice
and rats confirming that prenatal exposure to EDCs disrupts normal
mammary gland development through subtle morphological changes in
both the epithelial and stromal fractions128,129. These changes indicated a
more developmentally-advanced mammary gland in the EDC-exposure
conditions, including increased numbers of terminal ducts and terminal
end buds at earlier developmental time points130. Similar studies
reported transcriptomic changes in both the stromal and epithelial
fractions after EDC exposure that underlie themorphological phenotype
of prenatal exposure, including dysregulation of cell differentiation and
extracellular matrix genes128. The effect of these EDCs on both epithelial
and stromal fractions of the mammary gland is significant given that
interaction between these compartments is vital to normal development,
and disruption of this interaction has been implicated in the develop-
ment of breast cancer131,132. When rats that were prenatally exposed to
BPA matured, they had an increased number of hyperplastic lesions in
the ducts of the mammary glands, as well as desmoplasia of the stromal

tissue133. In human breast cancer cells, it has been shown that exposure to
BPA significantly decreases expression of KRT14, a defining differ-
entiation marker of breast epithelial cells, in addition to increasing
proliferation and migration134.

By sustaining a proliferative, plastic epithelial state, EDCs may repro-
gram hormone-sensitive ER+ luminal cells from a quiescent, differentiated
identity into a growth-permissive progenitor-like state, a key feature of
Luminal cancer biology. Thus, it could be likely that chronic and cumulative
exposure to EDCs initiates and sustains the formation of cancerizedfields in
the breast composed of ER+ epithelial cells that retain histological normal
but are genetically and epigenetically primed for transformation. These
fields originate in breast lobules, where chronic hormonalmimicry byEDCs
drives DNA damage, epigenetic plasticity, dedifferentiation, and loss of
growtharrest. The resulting cells aremore proliferative, progenitor-like, and
poised for malignant transformation and create a fertile ground for ER+
Luminal breast cancer emergence (Fig. 2).

Although histological and methylation profiling of tumor-adjacent
breast tissue has identified focal epigenetic alterations consistent with field
effects, robust, large-scale human data remain scarce. Most insights derive
from small surgical series or autopsy samples that may not fully capture
population heterogeneity. Consequently, the concept of EDC-driven field
cancerization in human breast tissue, while highly plausible, needs to be
further validated.

EDCs as modifiers of the stromal and immune
microenvironments
In addition to accelerating themolecular and functional aging of hormone-
sensitive luminal epithelial cells and amplifying field cancerization, chronic
exposure to EDCs may also reshape the stromal and immune

Fig. 2 | Conceptual model linking environmental exposures to early onset breast
cancer development. A Schematic depicting how chronic exposure to EDCs
reprograms estrogen receptor-positive (ER⁺) luminal epithelial cells in themammary
gland. In normal tissue, non-proliferative ER⁺ cells integrate hormonal signals to
regulate proliferation of ER - cells. EDC exposure induces epigenetic changes,
including altered DNA methylation and increased chromatin accessibility, pro-
moting a more proliferative, plastic phenotype of ER⁺ luminal cells. Over time, this

results in the emergence of a “cancerized field” of altered ER⁺ cells that are primed for
transformation into aggressive luminal tumors. B Developmental timing of expo-
sure shapes the extent of field cancerization. Illustrations show three critical win-
dows of susceptibility—in utero, puberty, and pregnancy—during which
environmental exposures may differentially impact mammary epithelial cell fate.
Earlier exposures are hypothesized to result in more extensive field cancerization, as
depicted by the gradient and corresponding cellular diagrams below.
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microenvironment of the breast in ways that suppress anti-tumor immu-
nity, sustain chronic inflammation, and promote tumor escape. These
effects are particularly relevant in hormonally responsive tissues like the
breast, where immune-epithelial crosstalk governs both homeostasis and
transformation risk.

The immune systemplays a critical role inmaintaining homeostasis by
detecting and eliminating nascent tumor cells through mechanisms invol-
ving natural killer (NK) cells135 and cytotoxic T lymphocytes (CTLs)136–138.
Under normal conditions, NK cells and CTLs recognize and eliminate
transformed cells prior to the establishment ofmalignancies. EDC exposure
compromises immune surveillance critical for maintaining homeostasis,
thereby allowing cancer cells more opportunities to escape detection and
targeted killing. EDCs have been shown to suppress the function of immune
cells, potentially impairing immunosurveillance and immunoediting139–141.
Bisphenols and phthalates have been shown to reduce NK cell cytotoxicity
and disrupt T cell differentiation142,143, which could lead to an overall weaker
anti-tumor response. These immunosuppressive effects may be particularly
relevant in younger women, where early-life and cumulative exposure to
EDCs could compromise immune resilience before age related immune
decline occurs144–146.

While acute inflammation is a necessary component of immune
defense, chronic low-grade inflammation contributes to tumorigenesis by
sustaining amicroenvironment rich in pro-inflammatory cytokines, growth
factors, and reactive oxygen species147. Endocrine disruptors have been
implicated in promoting chronic inflammation in the brain of both mice
and rats, where microglia are negatively impacted by the presence of
bisphenols, including BPA, phenols, and phthalates148–150. Inflammatory
cytokines are also upregulated, increasing the production of TNF-α, IL-6,
and IL-1β. While these studies clearly link EDCs with microglial activation
and increasedpro-inflammatory cytokineproduction in the brain; similarly,
systemic inflammation driven by EDC exposure could extend to peripheral
tissues, including the breast, where a persistent inflammatory environment
may enhance epithelial cell proliferation and support immune evasion
mechanisms that allow pre-malignant cells to persist.

Macrophages play a central role in maintaining tissue homeostasis,
clearing senescent cells, and initiating immune responses151. In the presence
of phthalates, however, macrophages can undergo phenotypic shifts that
favor tumor growth, as well as secrete increased inflammatory
cytokines152,153. Tumor associated macrophages (TAMs), which arise from
dysregulated immune signaling, play a complex role in tumor biology, and
have both pro-tumor and anti-tumor effects154. They promote angiogenesis,
suppress cytotoxic immune responses, and remodel the extracellularmatrix
to promote tumor invasion. Studies in mice have also found a decrease in
macrophageswhenexposed tononylphenol (NP), andwhenpre-challenged
with NP prior to injection of melanoma, the rates of tumor formation and
relative tumor growth increased155. These studies suggest that endocrine
disrupting chemicals cause dysfunction and dysregulation across multiple
immune cell populations, and have the capacity to increase tumorigenicity
in vivo.

The link between immune dysfunction and breast cancer extends
beyond direct immune suppression and chronic inflammation. Emerging
evidence shows that EDC exposure can exacerbate allergy and asthma
incidence143,156–159, shifting immune responses toward a T-helper 2 (Th2)-
dominant phenotype. Th2 cytokines, particularly IL-4 and IL-13, not only
drive allergic inflammation but also inhibit effective anti-tumor
immunity160,161. This shift towards a Th2-skewed immune environment
has been observed in multiple cancer types, including breast cancer, where
increased IL-4 signaling is associated with enhanced tumor growth and
metastasis162,163. Given that allergies and asthma have been linked to EDC
exposure, it is possible that EDC-modulated immune responses contribute
to increased breast cancer risk.

Beyond individual immune cell dysfunction, EDCs contribute to
broader changes in the tumor microenvironment. Exposure to these che-
micals has been shown to increase populations of regulatory T cells (Tregs)
andmyeloid-derived suppressor cells (MDSCs),which inhibit effective anti-

tumor immunity and canpromote immune evasion164. These immune shifts
mirror those seen in aggressive breast cancers, where an immunosuppres-
sivemicroenvironment allows tumor cells to persist and expand unchecked.

In addition to the effect of EDCs on immune cells, they induce
metabolic dysregulation and promote obesity165, creating a vicious cycle of
increased estrogen biosynthesis in adipose tissue and enhanced breast
cancer risk. In recent years, there has been significant research showing that
endocrine-disrupting chemicals affect both cellular and organ
metabolism166–171, and this body of research has led to a new categorization
of certain EDCs as metabolism-disrupting chemicals. Chronic exposure to
these chemicals has been shown to increase risk of disorders such as obesity,
which are known to contribute to cancer risk166. Studies inmice have shown
an increase in overall body weight and breast weight when exposed to
BPA133. Human clinical data indicates that there is an exposure-related
association of prenatal exposure to low doses of polychlorinated biphenyls
(PCBs) to pubertal-age girls having increased body size167. Furtherwork has
shown that EDCs affect the differentiation and proliferation of
adipocytes168,169, as well as the metabolic processes of pancreatic cells that
regulate systemic glucose and lipid levels170. These studies highlight
mechanisms bywhich exposure to EDCsmay contribute to increasing body
weight. Additionally, fat cells contain aromatase and can store steroid
hormones, such as estrogen, as well as lipophilic endocrine disruptors171,
thus further creating a positive feedback loop that increases the effects of
hormone pathways detailed above.

EDCs as field primers to the luminal breast cancer
Evidence already indicates the association between breast cancer risk and
estradiol levels172,173. The connection between EDC exposure and cancer is
also well-established; from studies of women who were exposed to die-
thylstilbestrol (DES) during pregnancy, to animal studies demonstrating in
utero exposure to BPA, TCDD, phthalates, PFOA, and even certain phy-
toestrogens results in altered mammary development, and increased risk of
neoplasms later in life39. Follow-up studies in mice as well as the ongoing
NCI DES Third Generation Study have suggested that effects of DES
exposure persist through multiple generations, thus supporting the
mechanistic hypothesis of an epigenetic imprint of exposure174,175.

Given today’s exposure to the vast number of EDCs within our
environment, substantiallymore research is needed to identify which EDCs
alter in utero development and a deeper understanding of their long-term
effects after birth. Based on the evidence outlined above, we propose that
early-life EDC exposure may create even more extensive cancer-primed
fields within breast tissue. Early-life EDC exposure encompasses both
prenatal (in utero) and postnatal exposures, including during infancy,
childhood, and puberty: critical developmental windows during which
breast tissue is particularly sensitive to hormonal disruption. We posit that
chronic and cumulative EDC exposure likely serves as an environmental
trigger to initiate Luminal tumorigenesis by promoting DNA damage,
enhancing epigenetic plasticity, inducing dedifferentiation of ER+ cells,
accelerating breast tissue aging, and fostering immunosuppression (Fig. 2).
EDC exposure alters the epigenetic landscape of luminal cells by inducing
methylation changes, leading to increased chromatin accessibility and
altered gene expression. This epigenetic reprogramming disrupts ER-
mediated growth arrest in hormone sensing ER+ luminal cells, which
normally are differentiated and post-mitotic. The changes induced upon
chronicEDCexposurepushes luminal cells into amoreplastic, proliferative,
progenitor-like state. These cellular and molecular alterations culminate in
the cancerization of hormone-independent ER+ fields, marking a pivotal
step toward Luminal tumor development.

We further posit that the epigenetic plasticity induced by chronic
hormonal disruption transitions ER+ luminal cells from a differentiated,
growth-arrested state to a proliferative progenitor-like phenotype. Such
widespreadfields of genetically and epigenetically altered cells become fertile
grounds for Luminal breast cancer emergence, that combined with sup-
pressed immune surveillance, characterizes the rapid and early onset of
aggressive and hormone responsive breast cancer. Thismodel, where EDCs
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promote field cancerization not only at the cellular and molecular level but
also by disabling immune surveillance and reprogramming the tissue
microenvironment, may explain the rising incidence of hormone-sensitive
breast cancers among younger women. Understanding these immunologic
vulnerabilities opens new avenues for prevention and therapeutic inter-
vention, including strategies to restore immune function in high-risk,
environmentally exposed populations. Furthermore, epigenetic changes are
therapeutically targetable. Therefore, learning about the contributions of
EDCs to carcinogenic dysregulation of the epigenetic landscape to create
therapeutic strategies to ameliorate risk or treat EDC-driven cancers.

Conclusion
Current epidemiological shifts in breast cancer incidence underscore
the urgency of understanding environmental contributions to carci-
nogenesis. However, it has been challenging to study environmental
exposures and their potential role in health trends due to a variety of
reasons. First, there has been, and continues to be, limited methods to
accurately measure exposure in humans. EDCs with a short half‑life
in vivo (eg. phthalates, phenols and parabens) are cleared within hours;
thus a single urine or plasma sample could misclassify chronic expo-
sure. More persistent EDCs (eg. PCBs, PFAS and organochlorine
pesticides) are typically simultaneously present making it difficult to
isolate any single agent. Furthermore, dose exposure and responses in
the real world fluctuate with low‑dose effects having differing effects
from high‑dose effects. In addition, both the types, nature, and for-
mulations of environmental chemicals continue to shift over time. The
types and concentrations of legacyEDCs (e.g. DTT, some PCBs, certain
phthalates etc.) have fallen since the early 2000s, while structurally
replacement chemicals now dominate exposure profiles (eg. BPA vs.
BPS, BPF)61. Therefore, specimens collected from earlier cohorts will
likely lack chemicals that are currently relevant, while specimens col-
lected in recent cohorts may dilute exposure signals limiting the direct
comparability of longitudinal data. All of these various complexities
make it difficult to identify and interpret exposure data. Overcoming
complications in capturing real‑world exposures may require repeated
sampling designs and pooling biospecimens or the use of wearable
passive samplers (e.g. silicone wristbands) to complement biofluid
collection, especially for measuring exposure in children62,63.
High‑resolution, simultaneous detection of known and unknown
chemical metabolites in serum, plasma, urine, saliva or even lymph,
could allow for reconstruction of past and present exposures that
together could provide “chemical exposomics” signatures. This could
be accomplished using ultrasensitive mass spectrometry to small
volumes of plasma, lymph fluid, or urine to identify and quantify
chemical metabolites. Additionally, identifying molecular finger-
printing of exposure based on DNA methylation, DNA adduct for-
mation signature patterns, and/or RNA expression could complement
or substitute for direct chemical exposure measurements.

Second, breast tissue is most sensitive to hormones and exposures
during specific developmental and reproductive stages of life; yet most
cohort biospecimens are typically collected in mid‑life, decades after the
etiologic window of susceptibility. Longitudinal studies using cohorts
starting at birth, through adolescence and pregnancy as well as using nested
case-control analyses could help overcome the historical limitations needed
to study exposure. Generation R and the Breast Cancer and the Environ-
ment Research Program (BCERP) are two such long-term initiatives
launched in 2002 and 2003 respectively, aimed at studying environmental
and genetic factors focusing on exposures during sensitive periods by fol-
lowing cohorts from before birth into young adulthood to identify early
factors influencing health176,177.

Third, the long latencyperiodbetweenexposure and theonset of breast
cancer (10-40 yrs)12 combined with the modest risk of any single chemical
exposure makes it difficult for traditional epidemiologic study designs to
isolate the effect of that risk while fully adjusting for confounders such as
parity, obesity, and alcohol consumption. Employing complementary

approaches using prospective birth and adolescent cohorts, and geographic
information that incorporates EPA-superfund geospatial information, as
well as wildlife-based environmental indicators could improve any causal
claims regarding EDCs and their role in breast cancer risk.

Finally, biological studies on EDCs have historically relied on 2D cell
cultures that are almost exclusively on ER+ breast cancer cell lines and l
stromal, immune and adipose compartments. 3D human mammary
organoid co‑cultures that are hormone sensitive and recreate ductal-lobular
architecture and resident immune cells178,179, represents the new
frontier for studying chemical exposure on breast tissue development.
This methodological advancement enables low‑dose and multi-
chemical exposure, as well as the study of developmental stage spe-
cific exposures, which could generate far more physiologically rele-
vant and clinically translatable insights into how EDCs could be
driving breast tissue transformation.

Advances in tools and technologiesmake it possible to finally close the
knowledge gap and address rising breast cancer risk from environmental
exposures. Additional funding that integrates research with real‑world
exposure assessment and tissue‑specific functional read‑outs will not only
clarify which chemical mixtures accelerate breast‑tumor initiation but will
also generate biomarkers for early detection and targets for primary pre-
vention. Together, these advances can position the field to move beyond
correlation toward mechanistic causation.
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