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Abstract

This perspective on Boyd et al. (beginning on page XXX in this issue of the journal) discusses
recent published research examining the interplay between social stress and breast cancer. Cross-
disciplinary studies using genetically defined mouse models and established neonatal and
peripubertal paradigms of social stress are illuminating biological programming by diverse early-
life experiences for the risk of breast cancer. Understanding the mechanisms underlying this
programming can lead to identification of risk factors and sensitive developmental windows,
enabling improved prevention and treatment strategies for this devastating disease.
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Recent epidemiologic studies support what common sense suggests: high levels of stress
may contribute to disease processes, including breast cancer. Although the results of some
epidemiologic studies are mixed, much evidence now points to social stress as a factor in
breast cancer progression and a potential component of the higher breast cancer mortality
observed in socioeconomically disadvantaged women (1-8). However, the underlying
mechanisms remain poorly understood, and controlled laboratory studies are sparse. Among
the important questions that remain unanswered: Are early experiences important? If so,
how are their effects mediated? Recent studies have taken advantage of genetically defined
mouse models to probe the mechanisms underlying stress-related cancer using established
experimental paradigms of stress administered during critical periods of maturation of the
hypothalamic-pituitary-adrenal (HPA) and -gonadal (HPG) axes, as well as mammary
development (Table 1). Two recent such studies, including one from our laboratories, have
addressed the interplay between social stress initiated in the peripubertal period (3-6 weeks
of age) and mammary tumorigenesis (9,10). In this issue of the journal, the Kerr laboratory
(Boyd et al.) reports a related third study, which extends this line of inquiry to early-life
stress paradigms induced by neonatal maternal separation (11). Although these studies differ
in the stressor and oncogenic stimulus, together they begin to illuminate the complex
mechanisms whereby responses to diverse early-life stress experiences can modulate the
developmental and oncogenic processes within the mammary gland. These studies, and the
additional issues raised by their findings, have clear implications for long term programming
of increased vulnerability to disease in women.
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It is well known that stress during the perinatal period, as well as into the peripubertal
period, can program lasting differences in neuroendocrine function of the HPA-HPG axes
(12). The interactions of the HPA and HPG axes, which are generally antagonistic, provide
an important relationship by which stress and the environment can regulate reproductive
function and endocrine systems. Since stress can inhibit reproductive function, it provides a
possible gateway by which social or other environmental stressors, via modulation of sex
steroid hormones, can alter mammary development. In particular, the developmental
programming of neuroendocrine function is directly influenced by the neonatal steroid
environment and, in some cases, by the early social or maternal environment. There is a
critical, or “sensitive,” rather, perinatal period during which the brain is exquisitely sensitive
to environmental or endogenous factors, such as steroid hormones, that can differentiate the
hypothalamus and thereby alter endocrine systems that last throughout an individual's
lifespan. Some components of the neuroendocrine system remain sensitive to steroid
hormones into the peripubertal period. As variations in steroid hormones have been linked to
breast cancer (13), it is possible that programming of neuroendocrine function by early
experiences may alter later breast cancer risk. The varying findings in epidemiologic studies
of the potential psychosocial links to breast cancer risk/progression might be related to the
timing of stressful experiences during developmental windows for steroid-sensitive brain
development. One consequence of different timing is illustrated by the aforementioned
studies in mouse models. The effects of chronic stress initiated in the neonatal period on
mammary development are opposite to those of chronic stress initiated during the
peripubertal period: neonatal maternal separation increases maturation of the ductal tree
(11), whereas post-weaning social isolation reduces it (10). Recent studies have shown that
variations during mouse development in the amount of maternal care received program
estrogen-receptor (14,15) and glucocorticoid-receptor (16) expression in brain tissue. Since
both the HPA and HPG axes appear to be modulated by maternal interactions, it is not
surprising that neonatal maternal separation can elicit lasting changes in mammary ductal
development. What is intriguing in the comparison among the studies reviewed in this
perspective is that differences in the timing and nature of early-life stress experiences have
quite distinct consequences for both mammary ductal development and mammary-cancer
risk (Fig. 1).

With some, but not all, experimental paradigms, effects on mammary development were
strongly associated with mammary pathology in adult mice (Table 1). Reduced ductal
complexity resulting from post-weaning social isolation was associated with a lower
incidence of mammary tumors (10). Conversely, the study of the Kerr laboratory showed
that increased ductal complexity induced by prolonged daily neonatal maternal separation
was associated with a higher incidence of mammary tumors (11). However, despite similarly
increased ductal complexity in females subjected to short daily neonatal maternal separation
in the same study, the incidence of invasive mammary carcinomas was reduced (versus mice
subjected to prolonged maternal separation or mice receiving normal maternal care; (ref.
11). Therefore, increased ductal development does not necessarily predict increased breast
cancer risk. These studies do support the intriguing idea, however, that there are
psychosocial links to mammary ductal development and altered risk for mammary
carcinomas, albeit complicated ones. Further comparisons among the three studies in Table
1, which include some common elements of experimental design and endpoints, provide
tantalizing clues to some mechanisms underlying the early-stress—cancer association with
implications for human disease.

These three studies used different models of breast cancer (Table 1), which the literature,
albeit incomplete, suggests are differently sensitive to mammogenic hormones. Another
study showed that peripubertal ovariectomy has little effect on tumor incidence or latency in
C3(1)/SV40 large T-antigen transgenic mice (17). Although mammary morphology was not
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reported in the Table 1 study employing this model (9), the effect in our study following the
same stressor in the same mouse strain (10) would suggest that development was also
impaired but did not significantly affect tumorigenesis. In contrast, mammary tumorigenesis
in females heterozygotic for p53 may be more dependent on ovarian steroids since
oncogenesis in transplanted p537- epithelium is very sensitive to ovariectomy (18).
Consistently, pubertally isolated p53*/- females with underdeveloped mammary glands
developed substantially fewer carcinomas (versus non-isolated mice), even though transcript
profiles demonstrated stress-induced shifts in mammary metabolic regulators (10), similar to
those reported in socially stressed female C3(1)/SV40 large T-antigen transgenic mice (9).
The Boyd et al. study (11) examined tumorigenesis induced by the carcinogen 7,12-
dimethylbenz(a)anthracene (DMBA), a model which also is hormonally sensitive (19).
Although the activity of the HPG axis was not directly evaluated, the observed enhancement
of mammary development in response to neonatal social manipulations likely reflects
heightened activity and/or mammary responsiveness. Thus, the experimental design in this
report allowed them to observe effects of divergent activity of the HPA axis on hormone-
sensitive tumorigenesis in the context of greater mammary development. As predicted,
manipulations elevating stress responsiveness increased the incidence of invasive
carcinomas. Most intriguing, perinatal paradigms that attenuated adrenal activity partially
protected against progression of DMBA-initiated mammary lesions.

Together, these studies (and important additional studies) suggest a model whereby the early
social environment can impact breast cancer. The manipulations resulting in long-term
potentiation of the HPA axis reported by the Kerr (11) and Conzen (9) laboratories
demonstrate that stress can augment progression of mammary lesions. However, the
opposite result reported by our laboratory with a different oncogenic stimulus (10) indicates
additional complexity. This contrast suggests that lack of mammary development, reflecting
a stress-induced decrease in activity of the HPG axis and/or sensitivity of the mammary
gland to these signals, can also influence the outcome of pathologic processes in some
circumstances. Sex steroid hormones modulate mammary stem cells, which may contain
tumor precursors, and augment proliferation and survival of some types of breast-tumor
epithelia (13,20,21). A possible explanation for the disparity in these studies is that the
outcome of peripubertal stress may differ with the subtype of breast cancer. This hypothesis
can be tested by investigating the effects of early stressors in additional defined models of
breast-cancer subtypes (22), taking into account any effects on mammary development,
particularly in models of hormonally responsive tumorigenesis. An important consideration
is that the net impact of peripubertal stress on breast cancer is likely to reflect quantitative
effects on the HPA and HPG axes. Specifically, hyperactivation of the HPA axis in the face
of modest effects on the HPG axis can increase tumor progression (23). Therefore, the
seemingly conflicting studies of peripubertal stress may suggest that, although peripubertal
stress may decrease some estrogen-associated breast-cancer risk, it may exacerbate
glucocorticoid-associated breast-cancer progression. Additional experimental studies are
needed to elucidate the role of different kinds of stress (for example, psycho-social versus
physical stress such as in young athletes) experienced by periadolescent females in
determination of future breast-cancer risk. Furthermore, the importance of the peripubertal
period needs to be examined. What is the effect of initiating social stress on tumorigenesis
of different breast-cancer subtypes after mammary ductal morphogenesis is complete? It
may be that the peripubertal window is critical for programming either neuroendocrine
function or the responsiveness of the mammary gland itself to stress signals, as it is for
susceptibility to mutagenic events (24,25). Future experimental studies using sexually
mature female rodents will assist in integrating our understanding of the impact of chronic
psychological stress, such as that experienced by adult women caregivers, with biological
mechanisms, such as accelerated telomere shortening (26), which has been associated with
cancer development or progression (27). Understanding the importance of different
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developmental windows and net effects on the HPA and HPG axes is essential to understand
the implications of these findings for human medicine.

Both the studies of Williams et al. (9) and our group (10) identified mammary transcripts
that were altered in response to social stress initiated at puberty. The former group reported
altered levels of MRNA for key metabolic regulators (discussed further by Trainor and
coauthors; ref. 28). A representative stress-induced transcript was also altered in response to
a similar stress in our study, despite a lack of associated pathology in our study (10),
suggesting that stress can induce these metabolic changes independently of mammary
lesions. We also observed that mammary transcripts for epigenetic regulators (DMNT3b,
Mecp2) were reduced by this same stressor. Together, these observations raise several
important questions. Are epigenetic regulators in the mammary gland altered by peripubertal
stress in other breast cancer models, including C3(1)/SV40 large T-antigen transgenic mice?
Which cell type(s) is affected? Are these metabolic and epigenetic regulators markers or
mediators of reduced mammary development or chronic stress that may influence lesion
progression? Are the changes in regulators only elicited by social stresses initiated at the
peripubertal window? What is the effect on the same transcripts in the perinatal stress
paradigms employed by Boyd et al (11) or after completion of pubertal endocrine maturation
and mammary ductal elongation? How does altered function of the HPA-HPG axes alter
these regulators? Some evidence implicates altered levels of glucocorticoids and adrenergic
peptides, as well as immunological responses, in stress-related tumor progression (discussed
in refs. 9,28,29). Are these changes (or changes in as yet unidentified factors) reversible? In
light of the potential importance of metabolic changes (discussed further in (refs. 9,28), and
epigenetic changes associated with progenitor populations and cancer (30), these are
important areas for future study.

As noted above, the three papers summarized in Table 1 point to intriguing disparities
between the timing of social stress and its impact on mammary development and subsequent
mammary cancer. The study by Boyd et al. (11) induced stress by maternal separation
during the early-neonatal period of hypothalamic differentiation. Our study (10) and that of
Williams et al. (9) induced stress by social isolation during the post-weaning period, when
social stimuli are less maternally directed and more peer/sibling-dependent. Although
newborn rodents are hypo-responsive to stress during the first two weeks of postnatal life,
maternal separation remains an effective stressor for neonatal pups during this time period
(12). Numerous studies have shown that maternal separation longer than three hours per day
can increase HPA activity and can program lasting differences in corticotrophin-releasing—
hormone binding sites within the pituitary gland, as well as within the amygdala,
hippocampus, and hypothalamus. In contrast to the neonatal period, juvenile rats appear to
be hyper-responsive to stress. That is, repeated exposure to a stressor during this period can
potentiate the release of glucocorticoids. In adulthood, repeated exposure to the same
stressor habituates the mouse to it and thus decreases the glucocorticoid response. Therefore,
stressful experiences during these different developmental time periods may have different
consequences on the HPA axis and therefore divergent impacts on breast cancer risk. The
effects of these varying stress responses on mammary development suggest possible
developmental windows for stress effects on programming of hypothalamic endocrine
systems (HPA and/or HPG) and subsequent risk of breast cancer. The studies discussed here
indicate sensitive windows for altered breast cancer risk, similar to the sensitive windows
for neuroendocrine brain programming during early neonatal and, in some cases,
peripubertal periods. That is, steroid hormone exposure during the first few weeks of
neonatal life can program the HPA-HPG axes; whereas, steroid hormone exposure outside
this window has reduced consequences. As mentioned above, maternal or social variation
can also program lasting difference in hypothalamic neuroendocrine tissue. Thus, diverse
early-life experiences have the potential to permanently alter sensitivity to steroids, and
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possibly to carcinogens, in a variety of tissues through the lasting consequences they cause
in HPA-HPG function.

The epidemiological literature, studies of the Kerr (11) and Conzen (9) laboratories in
mouse models discussed above, and studies in other experimental models of cancer
(reviewed in ref. 29) support links between chronic stress and tumor progression.
Unfortunately, any relationship between stress and lesion development or incidence remains
unclear and is difficult to address in existing experimental models. Because of the
implications for strategies to prevent not only the initial tumor but also the progression of
micrometastases after removal of a primary tumor, the issue of the potential link between
chronic stress and tumor risk merits considerable study. The importance of individual
variations in temperament and their consequences for cancer development also deserve
further investigation. Individual rats with a vigilant temperament are at a greater risk for
developing mammary tumors (31). Conversely, individual variations, even within inbred
mouse strains, could explain why some juveniles stressed by isolation in our study (10) and
some individuals with augmented stress responses in the study of Boyd et al. (11) were
resistant to tumorigenesis. The relationships among individual temperaments, neonatal and/
or juvenile exposure to stress, and breast-cancer risk is an important area for further
exploration, as it could provide models for investigating the effects of individual
vulnerability or resilience of women on the development of breast cancer (32).

In summary, in light of recent publications using other defined murine models, the current
report from the Kerr laboratory (11) illustrates the importance of early-life psychosocial
stress experiences in subsequent mammary oncogenesis. This study, combined with other
reports discussed here, underscores the intricate crosstalk between the HPG and HPA axes,
which can occur at multiple levels—the hypothalamus, ovaries, and adrenal and mammary
glands. Together, these studies offer insight into the many potential mechanisms whereby
stress mediators can modulate breast tumorigenesis and point to the need for additional
investigation. Models of maternal neglect and social-isolation paradigms both have
significant relevance to human disease. Therefore, these animal models can provide
reproducible preclinical models to test the intriguing idea that there are sensitive
developmental windows for early programming of risk factors for breast cancer.
Understanding how breast-cancer risk is altered by responses to the social environment will
facilitate development of strategies for prevention not only of cancer but of other diseases
that are exacerbated in vulnerable populations and contribute to health disparities in the
general population.
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Fig. 1.

Conceptual model of diverse early-life stress experiences and their complex effects on risk
of breast cancer. During the neonatal period, both brief (15 minutes) and long (4 hours) daily
maternal separations resulted in increased mammary ductal complexity in adulthood
compared with mice receiving normal maternal care, presumably as a result of heightened
activity/responsiveness of the HPG axis (see adult ductal-morphology diagrams at the
bottom of the figure; dark shading indicates stressed females). Neonatal rodents are
relatively hyporesponsive to stress. Brief daily maternal separation and consequent
attenuation of the HPA axis led to an interesting decrease in mammary cancer. The severe
neonatal stressor of long daily maternal separation, however, overrides this
hyporesponsiveness and leads to hypersensitivity of the HPA axis and increased mammary-
cancer development in adulthood (11). The impact of stress during the peripubertal period,
when rodents are hyper-responsive to stress, on breast-cancer incidence or progression is
more complex. One study found that chronic stress induced by social isolation during the
peripubertal period led to decreased mammary ductal complexity reflecting reduced activity/
responsiveness of the HPG axis, which correlated with decreased carcinomas in an estrogen-
sensitive model of mammary cancer (10). In a more-aggressive, less-estrogen—sensitive
cancer model (marked with an asterisk), similar social isolation during the peripubertal
period increased mammary tumor burden (9). As discussed in the text, the differential
impact of peripubertal stress on HPA versus HPG programming may also underlie some of
these discrepancies. Mammary glands in both of these peripubertal studies displayed similar
changes in mMRNA for regulators of key metabolic pathways, demonstrating significant
effects of chronic stress initiated at this phase of development. The different impact on
mammary cancer, however, suggests that the inhibitory effect of heightened stress on the
HPG axis can override the deleterious effect (tumor progression) for some cancer types
(discussed in the text). Note that mammary morphology in the normally treated control
females differed somewhat between the studies reported in refs. 9 and 10. Although the
basis for this difference is not clear (cross-fostering of pups, strain background, different
ages and/or husbandry of mice, or a combination thereof), both studies show that the social
environment during the neonatal or peripubertal period can strikingly alter mammary
development that may alter breast-cancer risk. The inset diagram (middle) illustrates the
well-documented pathway by which social or environmental cues can impact gonadal (HPG
axis) or adrenal (HPA axis) steroid hormone secretions that provide signals to the brain and
peripheral targets including the mammary gland. These studies indicate the importance of
the timing of the stressor for mammary morphogenesis, and the consequences for
tumorigenesis. Further research is needed to determine the effects of stressors and their
timing on different breast-cancer subtypes, the consequences of individual variations in
temperament in regard to stressor and stressor-timing effects, and the underlying mediators
of psychosocial-stress effects in the mammary gland.
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Recent studies examining social stressors and mammary tumorigenesis in mouse models

Boyd et al. (11)

Williams et al. (9)

Hasen et al. (10)

Stressor

Short- and long-
duration separation of
neonates from mother

Post-weaning isolated housing

Post-weaning isolated housing

Carcinogenic stimulus DMBA C3(1)/SV40 large T- antigen Germline p53 heterozygosity
transgene
Genetic strain Balb/c FVB/N FVB/N

Mammary development

Increased development
for both stressors

Not examined

Reduced development

Mammary molecular changes

Increased ERa protein
with both stressors; no
change in ERae mMRNA
or p53 mRNA/protein
at 7.5 weeks of age

Increased mRNA for metabolic
regulators, and altered mRNA
associated with immunological/
inflammatory responses at 15 weeks
of age

Increased mRNA for the metabolic
regulator, Acyl, and reduced mRNA
for the epigenetic regulators,
DNMT3b and Mecp2, mRNA at 14
weeks of age

Effect of stress on mammary
tumors

Long, but not short
maternal separation led
to increased tumors

Increased tumor burden

Decreased tumor incidence

Abbreviations: DMBA, 7,12-dimethylbenz[o]anthracene; ERa, estrogen receptor alpha.
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