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Abstract

Breast cancer is a heterogeneous malignancy; its age-specific incidence profile rises exponentially until menopause and increases more
slowly thereafter, reflecting the superimposition of early-onset and late-onset breast cancer rates. While early-onset breast cancers largely
represent inherited or early life transforming effects on immature mammary epithelium, late-onset breast cancers likely follow extended
exposures to promoting stimuli of susceptible epithelium that has failed to age normally. Among stimuli thought to promote late-onset breast
tumorigenesis are the altered extracellular matrix and secreted products of senescent fibroblasts; however, the extent to which these senescent
influences exist within the aging breast remains unknown. Clinical observations and biomarker studies indicate that late-onset breast cancers
grow more slowly and are biologically less aggressive than early-onset breast cancers, even when controlled for hormone receptor (e.g.
estrogen receptor, ER) and growth factor receptor (e.g. HER2) expression, supporting the conclusion that the biology of breast cancer is
age-dependent.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Breast cancer: a heterogeneous age-associated
malignancy

The vast majority of human malignancies are age-
associated cancers, showing incidence rates that increase
exponentially with age during adulthood such that over 75%
of all invasive cancers occur in susceptible populations age
55 years or older [1]. Cancer incidence in the United States
(US) has been monitored since 1973 by the Surveillance,
Epidemiology, and End Results (SEER) program of the
National Cancer Institute (NCI), which now collects data
from 18 different SEER registries representing ~26% of the
US population and reports incidence and survival rates per
100,000 adjusted to the US population’s age distribution in
the year 2000. While overall age-adjusted US cancer inci-
dence rates have increased about 15% over the past three
decades, breast cancer age-adjusted incidence rates have
increased nearly 23% to a current level of ~130 cases per
100,000, representing ~180,000 new cases yearly [2]. Unlike
the age-specific incidence profile for all cancers, that for inva-
sive breast cancer or its precursor lesion, ductal carcinoma
in situ (DCIS), shows an exponential rise until menopause
(about age 50) followed by a slower rate of increase, as
shown by the 1992-1997 SEER incidence curves in Fig. 1
(panel A). Consequently, about 80% of all breast cancers
arise in women over age 50; and the 10-year probability of
developing invasive breast cancer increases from less than
1.5% at age 40, to about 3% at age 50 and over 4% by
age 70, producing a cumulative lifetime risk of 13.2% or
1 in 8 [3]. When the SEER incidence data shown in panel
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A of Fig. 1 are broken into four clinical breast cancer sub-
sets based on registry reported estrogen and progesterone
receptor (ER, PR) status, four different age-specific breast
cancer incidence curves are revealed, as shown in panel B
of Fig. 1 [4]. Notable are the near identical increases in
age-specific incidence rates for each of the four ER/PR sub-
sets during premenopausal years and the markedly different
curve inflections near age 50; only the two ER-positive breast
cancer subtypes (ER-positive/PR-positive, ER-positive/PR-
negative) show ever increasing rates during postmenopausal
years, while ER-negative breast cancers (ER-negative/PR-
negative, ER-negative/PR-positive) show a slight decline
in incidence rates after age 50. The classically recognized
inflection point about menopause (“Clemmesen’s Hook™)
in the overall age-specific breast cancer incidence curve is
now known to reflect the superimposition of two different
rate curves, an early-onset type breast cancer with a modal
age of diagnosis at ~50 years and a late-onset type breast
cancer type with a modal age of diagnosis at ~70 years.
Over 270,000 SEER registry breast cancer cases diagnosed
across the US between 1992 and 2002, with known stage
and steroid receptor status (ER, PR) and charted for seven
different histopathologic invasive subtypes (ductal, tubular,
lobular, medullary, inflammatory, papillary, mucinous) and
three different racial origins (White, Black, Asian or Pacific
Islander), were analyzed by age—density plots and a statisti-
cal mixture model to reveal that a bimodal age distribution
provides a better overall fit to the incidence data than a
single age density distribution model [5]. High-risk tumors
(large size, positive lymph nodes, high grade, negative ER
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Fig. 1. Age-specific incidence curves (log-log plots) for overall invasive and ductal carcinoma in situ (DCIS) newly diagnosed breast cancers (panel A), and
for invasive breast cancer subsets according to ER and PR status (panel B). SEER incident rates (per 100,000, including all ethnic groups) for 5-year age groups
determined from the SEER reporting interval 1992-1997. Known ER and PR status was available for over 80,000 cases across all age groups; these cases
consisted of 62% ER-positive/PR-positive, 13% ER-positive/PR-negative, 4% ER-negative/PR-negative, and 21% ER-negative/PR-negative. Data and figure

revised from previous publication [4].
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and PR) show predominantly early-onset age distributions
while low-risk tumors (small size, negative lymph nodes,
low grade, positive ER or PR) show predominantly late-
onset age distributions at diagnosis [5]. With the exception
of medullary breast cancer, which fits an early age unimodal
model across all racial groups regardless of steroid receptor
status, all histopathologic breast cancer subtypes demonstrate
similar bimodal age density distributions within each racial
group. As well, when this statistical method was applied
to a separate published set of breast cancer cases molecu-
larly subclassified by gene expression microarrays (total 122
Stanford/Norway cases) into luminal (subtypes A and B) or
non-luminal (basal and HER2-positive) types, both molecular
types exhibited bimodal age-at-diagnosis distributions, with
the luminal cases appearing most like ER-positive late-onset
breast cancers and the non-luminal cases appearing most like
ER-negative early-onset breast cancers [5].

2. Normal mammary gland changes with aging and
menopause

While aging is highly individualized, normal age-related
changes occur in organs that are also at risk for malignant
transformation. Whether these normal age-related changes
represent a shifting tissue background from which malig-
nancy must be differentiated or in some way contribute to
the tumorigenic process is a fundamental question under
intense investigation. Normal organ-specific aging may entail
diminished tissue mass and function (e.g. liver, kidney, skele-
tal muscle), loss of functional reserve without substantial
loss of tissue mass (e.g. cardiac muscle, lung, gastrointesti-
nal tract, brain, marrow and immune cells, most exocrine
and endocrine glands), or tissue remodeling with altered
organ function (e.g. male and female reproductive glands).
In non-pregnant women, ovarian size and function dimin-
ish progressively after the second decade of life, uterine size
peaks by the fourth decade and then declines, and breast
glandular mass is progressively lost and replaced by a com-
bination of fatty tissue and collagenous stroma [6,7]. The
molecular and cellular effects of aging on normal breast tissue
are, therefore, superimposed on a continuum of develop-
mental changes in mammary gland epithelium that normally
occur between puberty and menopause, heavily influenced
by menstrual history and parity. For women it is often diffi-
cult to distinguish the effects of normal aging from those
of natural menopause, or the earlier incipient decline in
ovarian estrogen (E) production with its resultant effects
on ER expressing target organs like the breast. Expres-
sion of ER in the normal breast shows a gradual >3-fold
increase beginning in the third decade and plateauing by
the sixth decade of life [4]. In contrast, estrogen-inducible
proteins like PR show no significant age-specific change
in their average level of expression in the normal breast,
although they are certainly subject to monthly changes within
each menstrual cycle. Further complicating age-related influ-

ences on the normal mammary gland is the marked but
variable age-related increase in breast adipose and stro-
mal cell production of the enzyme, aromatase, encoded
by the gene CYPI9AI. Androstenedione and testosterone,
whose serum levels in postmenopausal women are not
much reduced from those in follicular phase premenopausal
women, are the androgenic precursors converted by aro-
matase into estrone (E1) and estradiol (E2), respectively.
While postmenopausal serum estrogen (E1 and E2) levels are
markedly reduced relative to premenopausal serum levels, the
age-related increase in mammary gland aromatase produc-
tion is such that postmenopausal mammary gland estrogen
levels can approach those of a premenopausal mammary
gland [8].

3. Tumorigenic predisposition within the aging
mammary gland

Despite longstanding awareness that breast and other
cancers are primarily age-related diseases and that aging pre-
disposes to diseases like cancer, geroscience is still in its
infancy [9] and is only beginning to inform oncology about
the cancer—aging relationship [10]. Consequently, emergent
molecular and cellular hypotheses put forth to explain the
cancer—aging relationship are of interest but remain largely
untested [11].

3.1. Timing of carcinogenic events

One obvious aspect of this relationship involves the time
and number of premalignant steps required between muta-
genic initiation and complete tumor promotion to generate
a clinically apparent cancer. Studies of human breast cancer
latency after a mutagenic dose of ionizing radiation or inher-
itance of a breast cancer predisposition gene (e.g. mutated
BRCAI,BRCA2,TP53,ATM, or PTEN) indicate that clinical
presentation generally requires decades of tumor promo-
tion and growth. Early-onset type breast cancers showing
a modal age of diagnosis at ~50 years, as determined from
age-specific incidence curves, are thought to largely repre-
sent inherited or early life transforming events affecting the
immature mammary epithelium [5]. In contrast, later age-
onset cancers can emerge in any organ with a replicating
cell subpopulation hit by an early mutagenic initiating event
and then subjected to prolonged later life exposure to an
exogenous or endogenous promoting agent. This later life
tumor promotion can also become manifest by age-associated
impairments in xenobiotic detoxification, macromolecular
repair, immune surveillance or wound healing. With spe-
cific regard to breast cancer, both exogenous administration
of hormones at menopause (e.g. estrogen and progesterone
replacement during menopause) and specific polymorphisms
in endogenous steroid hormone metabolic pathways are
associated with later age predispositions to breast cancer
[12,13].
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3.2. Persistence with aging of breast epithelium
susceptible to transformation

Another key aspect of the cancer—aging relationship
involves the impact of development and aging on the
persistence of replicating (or replication-competent) cell
populations that are most susceptible to malignant transfor-
mation. For breast tumorigenesis, initiating events must occur
relatively early in life since it is known that breast irradia-
tion after age 35 fails to increase subsequent breast cancer
risk, implying later-life loss of breast epithelium susceptible
to full malignant transformation [12]. Epithelial cells within
the human and rodent mammary gland known to be most sus-
ceptible to oncogenic transformation are the replicating and
hormonally responsive subpopulations within undifferenti-
ated terminal duct lobular units, which are normally reduced
in number with increasing age and parity [14]. In a tissue
reorganizing process distinct from postlactional mammary
gland involution and not coincident with menopause, aging
in the normal mammary gland is associated with a progressive
reduction in the number and size of breast lobule acini. This
loss of acinar epithelium is referred to as age-related lobular
involution and is also associated with gradual replacement
of the delicate intralobular stroma by a more dense collage-
nous breast stroma combined with variable amounts of breast
fatty tissue [7]. Since the extent of age-related lobular invo-
lution is associated with a markedly reduced age-specific
breast cancer risk, it has been suggested that breast cancer
predisposition is closely linked to the failure of breast tis-
sue to age and involute normally [15]. Unfortunately, the
subcellular and molecular mechanisms regulating age-related
mammary gland involution are still unknown; presumeably
this tissue remodeling process involves some combination of
programmed epithelial apoptosis and/or senescence, mecha-
nisms for which there is a growing body of knowledge and
increasing evidence of linkage to both aging and cancer [16].

4. Cellular mechanisms linking aging and cancer

Geroscientists contend that among the causes of aging
in mammals (and virtually all multicellular organisms)
are evolutionarily conserved cellular responses designed to
protect an organism from developing cancer. These genome-
protecting and tumor suppressing mechanisms include
apoptosis and senescence, cellular responses that effectively
eliminate or prevent proliferation of genomically damaged
but otherwise replication-competent somatic cells at risk for
neoplastic transformation [16]. The tumor suppressing pro-
teins p53 and p16™K42 (product of the INK4a/ARF locus)
have been linked to both aging and tumorigenesis in animal
models [17,18]; and it has recently been argued that these
two key regulators direct convergent and divergent cellu-
lar mechanisms, respectively, that evolved to protect against
cancer and aging [19]. Convergent mechanisms, including
improved metabolic efficiency, antioxidant defenses and p53

transcriptional responses, act to diminish cellular damage and
simultaneously protect against cancer and aging; divergent
mechanisms, including telomere shortening and derepres-
sion of INK4a/ARF (producing p16™K42 overexpression), act
mainly to reduce cellular proliferation and prevent tumori-
genesis but in so doing promote aging by limiting the
regenerative potential of stem cell populations [19]. Studies
of human aging syndromes (progerias) suggest that various
other genes also regulate both aging and cancer [20]. None of
the well-studied progeroid syndromes (Hutchinson-Gilford,
Werner, Bloom, Rothmund-Thomson, Cockayne, dyskerato-
sis congenita, trichothiodystrophy) are thought to perfectly
represent precocious total body aging; in fact, many involve
only “segments” of body aging and are thus referred to as seg-
mental progerias. Genotoxic stress in the form of unrepaired
DNA damage, caused by physical (e.g. UV, X-rays) or chem-
ical (e.g. reactive oxygen species) agents, some from our own
cellular metabolism, can produce DNA mutations and chro-
mosome aberrations that lead to cancer and/or trigger cell
senescence or apoptotic mechanisms that promote aging by
causing functional decline and loss of organ or tissue cellu-
larity. The rate and type of DNA damage (e.g. single strand or
double strand breaks, base adducts or interstrand crosslinks)
as well as a cell’s ability to respond and repair this damage
determine the cellular and organismal consequences: cancer,
aging or both. An intricate network of repair systems have
evolved to address specific subclasses of DNA damage (e.g.
nucleotide and base excision repair, transcription-coupled
repair, homologous recombination and non-homologous end-
joining to fix double strand breaks), producing a fine balance
between anti-cancer and anti-aging protection mechanisms
[21]. When unrepaired in proliferating cells, DNA damage
may be either diluted out by replication or propagated into
mutations and chromosome aberrations within daughter cells,
resulting in malignant transformation; when unrepaired in
non-dividing (postmitotic) cells, DNA damage may gradually
accumulate until cell death or senescence ensues. Varying
disturbances in the balance between anti-aging and anti-
cancer genome maintenance mechanisms are apparent in
the different progeroid syndromes. Those syndromes associ-
ated with increased risk of malignancy (e.g. Werner, Bloom,
Rothmund-Thomson, xeroderma pigmentosa, dyskeratosis
congenita) often result from inherited mutations in genes
involved in global repair systems (e.g. DNA helicases),
generating increased genomic mutagenesis. In xeroderma
pigmentosa, for example, the resulting increase in muta-
genesis produces a 1000-fold propensity for skin cancer
formation yet only minor symptoms of premature aging.
In contrast, syndromes with genetic defects in more local-
ized DNA repair systems that do not prevent mutations but
promote cell death or senescence responses (e.g. Cockayne
syndrome and trichothiodystrophy) exhibit many symptoms
of premature aging but may be associated with a decreased
likelihood of cancer [21]. Curiously, the ratio between can-
cers of epithelial origin and sarcomas of mesenchymal organ
in the general population is about 10:1, yet in conditions
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like Werner syndrome this ratio is 1:1 suggesting that mes-
enchymal tissues are more susceptible than epithelial tissues
to the consequences of an inherited deficiency in genome
maintenance. It is also puzzling that the genes mutated in
Werner (WRN) and other progeroid syndromes have not been
observed to be mutated or lost in either inherited or sporadic
forms of breast cancer [20].

4.1. Do late-onset breast cancers derive from senescent
stroma or epithelium?

Cellular senescence was first described over 40 years
ago as a process limiting the proliferation of normal human
cells. Today, this specific phenomenon is termed replicative
senescence and is thought to be triggered by progressive
telomere shortening. However, other stressful stimuli (e.g.
DNA damage from ionizing radiation or drugs, inappropriate
mitogenic signaling, oxidative stress) can also readily induce
the senescent cell phenotype, triggered by p16™K42 and/or
p53 activation. The senescent cell phenotype is generally
described as irreversible proliferation arrest with resistance
to apoptosis and altered cell function, including increased
secretion of degradative enzymes, inflammatory cytokines
and growth factors [16]. It has been proposed that senescent
cells slowly accumulate with age; indeed, cell senescence
is thought to contribute to aging while protecting from
tumorigenesis [16,22]. Thus, to fully transform a population
of senescent epithelial cells, the tumor suppressing func-
tions of pl6™K4 and p53 must be bypassed. Certainly
telomere attrition is observed as an early event in breast
tumorigenesis, correlating with increased genomic instabil-
ity; however, there is considerable variation in telomere
length among fully formed breast cancers, and the silenc-
ing of p16™K4 and/or mutation of p53 are seen in only
a proportion of all breast cancer cases [23]. Primate stud-
ies have shown that senescent fibroblasts accumulate with
advancing age, however, in postmitotic tissues there is lit-
tle evidence of age-related senescence [24]. The extent to
which senescent fibroblasts or epithelial cells accumulate
within an aging breast is presently unknown; but there is
ample experimental evidence to suggest that an aging stoma
can promote breast tumorigenesis, largely by remodeling
the extracellular matrix and promoting invasion and growth
of premalignant epithelial cells exposed to the secretory
products of the senescent fibroblasts [16,25,26]. Thus, it
seems ironic that while the senescence response appears
designed to protect a cell population from malignant trans-
formation, senescent stroma can promote tumorigenesis of
neighboring premalignant or malignant epithelium. Further
insights are needed into the multi-faceted cancer—senescence
relationship, as more recent experimental evidence sug-
gests that tumors formed in the absence of functioning
p53 can be ablated by reactivation of p53, which induces
tumor cell senescence sufficient to arrest tumor growth fol-
lowed by macrophage and immune cell induced tumor cell
destruction [27].

4.2. Do cancer—aging hypotheses predict clinical breast
cancer behavior?

Observations of age-dependent deterioration in genome
integrity along with increased gene silencing by promoter
methylation continue to fuel speculation that genetic and epi-
genetic aging events drive the increasing cancer incidence of
later life [11]. Normal human aging appears to be associated
with telomere shortening and increased genomic instability,
global and promoter-specific epigenetic changes, and altered
expression of genes involved in cell division and extracel-
lular matrix remodeling [28—31]—characteristics shared by
many epithelial malignancies like breast cancer. Thus, can-
cers increased with aging are thought to possess a “mutator”
phenotype predisposing to genetic instability, accelerated
proliferation, and a generally more invasive and metastatic
phenotype [11]. From a clinical perspective, however, there
is little direct evidence to support this mechanistic paradigm;
and for breast cancers in particular, there is definitive evi-
dence to the contrary. Clinical observations in older patients
indicate that their tumors grow more slowly and are bio-
logically less aggressive [32,33]. Also, early-onset breast
cancer is known to be clinically more aggressive than late-
onset breast cancer [5]; and younger age (<45 years) has
been shown to be an independent risk factor for early breast
cancer recurrence and death [34,35]. To confirm such obser-
vations within a histologically identical group of early-stage
ER-positive breast cancers, we turned to a colleague (A.
Thor, MD) possessing a well studied archive of >800 breast
cancers associated with 18+ years of clinical follow-up
and fully characterized by various prognostic markers [36].
Selecting for untreated ER-positive node-negative (71,2) duc-
tal carcinomas diagnosed before age 46 or after age 69
yielded only 83 eligible cases (21 early-onset, 62 later-onset).
However, as shown by the Kaplan—Meier plots in Fig. 2, long-
term disease free survival (DFS) was significantly different
between the two age groups, with 10-year DFS plateauing
at <30% of the early-onset group and >70% of the later-
onset group (p =0.0004). Adjusting for differences in tumor
grade and proliferative index (Ki67/MIB-1) between the two
ER-positive tumor groups failed to eliminate the significant
outcome differences, supporting the contention that unknown
biological features determine the different clinical behav-
iors of histologically similar early-onset and late-onset breast
cancers.

5. Biological differences between early-onset and
late-onset breast cancers

To test the premise that breast cancer biology is age-
dependent, we performed a retrospective analysis on nearly
4000 primary breast cancers, derived from two geo-
graphically different archives (American/MGH, Swiss) and
previously characterized with respect to multiple validated
prognostic and predictive biomarkers [36]. The paraffin
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Fig. 2. Kaplan—Meier disease-free survival (DFS) curve for combined set of 83 ER-positive node-negative ductal breast cancer cases untreated with adjuvant
therapy (panel A), and DFS curves for late-onset (n=62) and early-onset (n=21) subsets (panel B). As described in the text, the selected age cohorts were
well matched for numerous tumor characteristics and biomarkers and differed only by mean tumor proliferation index and high tumor grade. The significant
difference in DFS outcomes shown (p =0.0004) could not be eliminated by adjusting for subset differences in tumor grade and proliferation index. Primary

data provided by A. Thor and analyzed by D. Moore.

archived American samples were analyzed for histology,
tumor grade, stage (TNM), apoptotic and mitotic indices,
and were immunohistochemically scored for Ki67/MIB-1,
pS53, ERBB2, EGFR, ER, PR, and pS2. In addition to scor-
ing tumors by histology, grade and stage, protein extracts
from the cryobanked Swiss samples were quantitatively
analyzed by immunoassays for ERBB2, EGFR, ER, PR,
pS2, Bcl2, VEGF, uPA, uPAR, PAI-1, and cathepsin D. In
aggregate, these biomarkers represent surrogate measures
of tumor (i) growth, proliferation, and genetic instability,
(i1) angiogenic, invasive and proteolytic potential, and (iii)
endocrine dependence. Findings from both archives demon-
strated that late-onset breast cancers have slower growth
rates, are genomically more stable and more likely to be
ER-positive, and are less likely to be ERBB2-positive or
EGFR-positive. Altogether, they support the conclusion that
the biology of breast cancer is age-dependent; however, they
do not account for the strong inverse interactions observed
between ER and the other age-dependent biomarkers.

5.1. Inverse age relationship between ER and measures
of breast cancer growth and genome stability

All surrogate measures of tumor growth and genetic insta-
bility showed strong inverse correlations with ER and patient
age at diagnosis, when evaluated on a decade-by-decade
basis [36]. As shown in Fig. 3, across both archives and
whether evaluated quantitatively (panel A) or immunohisto-
chemically (panel B), overexpression of the ERBB2 growth
factor receptor declined significantly after age 40, while total
ER content and the proportion of ER-positive breast cancers
increased continuously after age 40. A similar relationship
was seen for the EGFR growth factor receptor. Relative to
aging normal mammary gland tissue, these age-dependent
changes in breast cancer ER content (fmol/mg protein) mir-
rored 10-fold lower increases in normal mammary gland ER

content up to age 60, rising faster thereafter and reaching
a near 25-fold differential between malignant and normal
breast tissue by age 80 [4,36]. Also showing inverse rela-
tionships to ER content, breast cancer p53-positivity and
apoptotic index declined fastest after age 50, while grade,
mitotic index and Ki-67/MIB-1 declined most rapidly prior
to age 60 [36]. These age-dependent biomarker changes seen
in nearly 4000 unselected breast cancer cases were therefore
consistent with both clinical and epidemiological evidence
indicating that early-onset breast cancers are more aggressive
than late-onset breast cancer cases [5,34,35]. Furthermore,
they clearly demonstrated the strong inverse age relationships
between breast cancer ER content and all surrogate measures
of breast cancer growth and genetic instability.

5.2. Aging and measures of breast cancer invasiveness
and angiogenesis

Analysis of both breast cancer archives indicated that after
age 40 there was no consistent age relationship with tumor
stage (TNM staging), nodal involvement, or risk of distant
metastasis (M1 stage) at the time of diagnosis [36]. Vali-
dated prognostic and predictive biomarkers associated with
subsequent risk for local, regional or systemic dissemination
include the angiogenic growth factor, VEGF, and the secreted
proteases, uPA and cathepsin D. As illustrated in Fig. 4 (panel
A), none of these surrogate measures of invasive or metastatic
potential showed any significant change when analyzed on
a decade-by-decade basis in breast cancer cases diagnosed
after age 40, although tumor VEGF levels were on average
two-fold higher in tumors arising before age 40 than in those
arising after age 40 [36]. While expression levels of these
biomarkers mediating breast cancer invasiveness and angio-
genic potential did not change significantly with increasing
age, amore recent study suggested that similar tumor expres-
sion of VEGF or uPA might be associated with significantly
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Fig. 3. Age associations for ERBB2 and ER content (panel A) or their percent overexpression (panel B) for unselected primary breast cancers from two different
archives. Cryobanked Swiss tumor extracts (n =2989) were analyzed by quantitative enzyme immunoassays (EIA), while formalin-fixed paraffin-embedded
American/MGH samples (n > 800) were analyzed by immunohistochemistry and scored for percent positive staining tumor cells. Notch-boxplots show median
values for each age group. Proportion plots show median% values (95% confidence intervals) for each age group, with linear regression fit (r, Pearson’s
correlation coefficient) and statistical significance (p values) indicated below. Figures modified from previous publication [36].
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Fig. 4. Age associations for uPA and VEGF protein content from Swiss breast cancer archive (panel A), and Kaplan—Meier relapse-free survival curves based
on level of breast cancer uPA and VEGEF transcript expression (high, low) from American/UCSF breast cancer archive (panel B). Unselected Swiss samples
were assayed as described in Fig. 3 (panel A), with figures modified from previous publication [36]. American/UCSF archive contained 54 node-negative,
ER-positive breast cancer cases selected according to late-onset (>70 years, n=25) or early-onset (<45 years, n=29). Dichotomization for uPA and VEGF
expression levels (high, low) was based on mean-centered transcript values, measured as previously described; figures were modified from previous publication
[37]. Significant differences between the cumulative survival curves were determined by Log Rank analyses (only p values <0.05 shown).
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Table 1

Frequency of wildtype p53 (p53wt) versus mutated p53 (pS3mut) found in ER-positive (ERpos) and ER-negative (ERneg) subsets of early-onset and late-onset

breast cancers

n=289 ERneg/p53wt (%) ERpos/p53wt (%) ERneg/p53mut (%) ERpos/p53mut (%)
Late-onset (=70 years), n=154 25(16.2%) 107 (69.5%) 12 (7.8%) 10(6.5%)
Early-onset (<45 years), n=135 49 (36.3%) 64 (47.4%) 14(10.4%) 8(5.9%)

p=0.0004, Fisher Exact.

different clinical outcomes (relapse-free survival) when com-
paring late-onset and early-onset breast cancers of similar
type [37]. As shown in Fig. 4 (panel B), when transcript lev-
els of VEGF and uPA were assessed in a different population
of late-onset (>70 years, n=25) and early-onset (<45 years,
n=29)node-negative ER-positive breast cancer cases, higher
levels of either VEGF or uPA expression were associated with
significantly more relapses in the early-onset cases but were
not as prognostic in the late-onset cases, despite comparable
expression levels of VEGF and uPA in both age cohorts. It
will be important to discern if such age-specific outcome dif-
ferences, in the absence of intrinsic differences in prognostic
biomarker tumor expression levels, can be confirmed in future
studies. If so, such observations would point to important age-
specific differences in clinical susceptibility to biologically
similar breast tumors.

5.3. Early-onset and late-onset breast cancers arise by
epigenetically different mechanisms

The strong inverse age relationships observed between
breast cancer ER content or positivity and the multiple indices
reflecting breast cancer growth and genetic instability raised
concerns about the relative importance of age versus ER sta-
tus in determining breast cancer biology. Several prospective
studies were recently initiated to address this issue, using
early-onset (<45 years) and late-onset (>70 years) breast
cancer specimens of known ER status, derived from two
independent breast tumor cryobanks (American/UCSEF, Ital-
ian). DNA extracted from these samples was analyzed for
p53 mutations (exons 5-8) and whole genome aberrations
by array comparative genomic hybridization (CGH), while
RNA extracted from these samples was analyzed by high-
throughput expression microarrays, performed as previously
described [23,38]. Table 1 shows the frequency of wild-
type p53 (p53wt) versus mutated p53 (p53mut) found in
ER-positive and ER-negative subsets of early-onset (n=135)
and late-onset (n=154) breast cancers, regardless of tumor
stage. The most significant differences to be noted are
that late-onset breast cancers are 1.5-fold more likely to
be ER-positive/p53wt and 0.45-fold as likely to be ER-
negative/pS3wt as compared to early-onset breast cancers.
While p53 mutations are much less frequently found in ER-
positive as compared to ER-negative breast cancers, it is
surprising to discover that when ER status is controlled for,
p53 mutations are not significantly more frequent in early-
onset breast cancers relative to late-onset breast cancers [39].
Likewise, when array CGH changes were compared between

27 early-onset and 44 late-onset ER-positive ductal breast
cancer cases, the two most commonly observed ER-positive
breast cancer genotypes (1q gain/16qloss and amplifier geno-
types) were equally represented in both age cohorts [23,40];
and no significant age differences were apparent in any of
the observed genome-wide aberrations, including frequen-
cies of the most common breast cancer amplicons (e.g.
ERBB2 amplicon: 11% in early-onset, 5% in late-onset). In
contrast, when expression microarray changes were com-
pared between 53 early-onset and 48 late-onset ER-positive
node-negative breast cancer cases, both unsupervised and
supervised analyses of the 5.1K variably expressed genes
identified significant age-specific differences [40]. Unsu-
pervised analysis revealed that ER-positive breast cancers
are heterogeneous and comprise as many as six differ-
ent transcriptome subtypes including two with a significant
age bias. Supervised analyses revealed that late-onset ER-
positive breast cancers express significantly higher levels of
ER transcripts as compared to early-onset ER-positive cases;
increased levels of some tumor suppressors, developmental
regulators, and apoptosis inducers; and decreased levels of
specific growth regulators and mitotic factors. These find-
ings provide a new mechanistic basis for claiming that when
ER status is controlled for, early-onset breast cancers exhibit
much greater proliferative potential than late-onset breast
cancers, potentially explaining in part their earlier clinical
appearance [40]. While it is surprising that early-onset breast
cancers appear to lack significant genomic differences from
late-onset breast cancers, there appear to be sufficient epi-
genetic/transcriptome differences to conclude that when ER
status is controlled for, late-onset and early-onset breast can-
cers arise by fundamentally different biological mechanisms
[40]. Other age cohort studies of this design and type are
now needed to further generalize about potential age-related
biological differences driving ER-negative breast tumorige-
nesis, as well as the many other age-associated epithelial
malignancies besides breast cancer.

6. Conclusions

Whether the molecular and cellular effects of normal
mammary gland aging produce background effects from
which breast malignancy must be differentiated or in some
way contribute to the breast carcinogenic process remains
a question of fundamental importance. Clinical observa-
tions and biomarker studies indicate that late-onset breast
cancers grow more slowly and are biologically less aggres-
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sive than early-onset breast cancers, even when controlled
for ER receptor expression, supporting the conclusion that
the biology of breast cancer is age-dependent. Initial stud-
ies comparing early-onset and late-onset ER-positive breast
cancers for DNA mutations and whole genome aberrations
as well as RNA transcriptome differences suggest that epi-
genetic changes rather than genotypic variation account for
most of the age-dependent biological and clinical differences
observed in hormone-dependent breast cancer.

Reviewer

Irmgard Irminger-Finger Ph.D., Molecular Gynecology
and Obstetrics Laboratory, Department of Gynecology and
Obstetrics, University Hospitals Geneva, Maternité, 30 Blvd
de la Cluse, Geneva 1211, Switzerland.

Acknowledgements

The author wishes to expresses sincere appreciation to
his many coauthors who contributed to the original studies
discussed herein; particularly noteworthy are his longstand-
ing collaborations with Ann D. Thor, Dan H. Moore, Joe W.
Gray, Donna Albertson, Serenella Eppenberger-Castori, and
Urs Eppenberger. Outstanding contributions by investigators-
in-training, Vita Fedele and Christina Yau, were critical
to furthering our understanding of this important area of
breast cancer research. Lastly, the comments of Judy Camp-
isi, Ph.D., were most helpful in the preparation of this
manuscript. The author’s studies were supported in part by
National Institute of Health grants RO1-AG020521, RO1-
CA71468, P01-AG025901, and P50-CA58207; California
Breast Cancer Research Program grant 10YB-0125; and
Hazel P. Munroe memorial funding to the Buck Institute.

References

[1] Thun MJ, Jemal A. Cancer epidemiology. In: Kufe DW, Bast RC, Hait
WN, Hong WK, Pollock RE, Weichselbaum RR, Holland JF, Frei III
E, editors. Cancer 7 medicine. Hamilton: BC Decker Inc.; 2006. p.
339-53.

[2] Jemal A, Siegel R, Ward E, Murray T, Xu J, Thun MJ. Cancer statistics
2007. CA Cancer J Clin 2007;57:43-66.

[3] DevCan: Probability of developing or dying of cancer software. V6.1.0.
2006. Statistical Research and Applications Branch, National Cancer
Institute (http://www.srab.cancer.gov/devcan).

[4] Quong J, Eppenberger-Castori S, Moore III D, et al. Age-dependent
changes in breast cancer hormone receptors and oxidant stress markers.
Breast Cancer Res Treat 2002;76:221-36.

[5]1 Anderson WF, Pfeiffer RM, Dores GM, Sherman ME. Comparison of
age distribution patterns for different histopathologic types of breast
cancer. Cancer Epidemiol Biomarkers Prev 2006;15:1899-905.

[6] Well D, Yang H, Houseni M, et al. Age-related structural and metabolic
changes in the pelvic reproductive end organs. Semin Nucl Med
2007;37:173-84.

[7] Milanese TR, Hartmann LC, Sellers TA, et al. Age-related lobular
involution and risk of breast cancer. J Natl Cancer Inst 2006;98:1600-7.

[8] van Landeghem AA, Poortman J, Nabuurs M, Thijssen JH. Endogenous
concentration and subcellular distribution of estrogens in normal and
malignant human breast tissue. Cancer Res 1985;45:2900-6.

[9] Austad SN. Why we age. New York: John Wiley & Sons Inc.; 1997.

[10] Cohen HJ. The cancer aging interface: a research agenda. J Clin Oncol
2007;14:1945-8.

[11] DePinho RA. The age of cancer. Nature 2000;408:248-54.

[12] Willett WC, Rockhill B, Hankinson SE, Hunter DJ, Colditz GA. Epi-
demiology and nongenetic causes of breast cancer. In: Harris JR,
Lippman ME, Morrow M, Osborne CK, editors. Diseases of the
breast. 2nd ed. Philadelphia: Lippincott Williams & Wilkins; 2000. p.
175-220.

[13] Ralph DA, Zhao LP, Aston CE, et al. Age-specific association of steroid
hormone pathway gene polymorphisms with breast cancer risk. Cancer
2007;109:1940-8.

[14] Russo J, Gusterson BA, Rogers AE, Russo IH, Wellings SR,
VanZwietein MJ. Comparative study of human and rat mammary
tumorigenesis. Lab Invest 1990;62:244-78.

[15] Henson DE, Tarone RE, Nsouli H. Lobular involution: the physiological
prevention of breast cancer. J Natl Cancer Inst 2006;98:1589-90.

[16] Campisi J. Aging, tumor suppression and cancer: high wire-act. Mech
Ageing Dev 2005;126:51-8.

[17] Tyner SD, Venkatachalam S, Choi J, et al. p53 mutant mice that display
early aging-associated phenotypes. Nature 2002;415:45-53.

[18] Kim WY, Sharpless NE. The regulation of INK4/ARF in cancer and
aging. Cell 2006;127:265-75.

[19] Serrano M, Blasco MA. Cancer and ageing: convergent and divergent
mechanisms. Nat Rev Mol Cell Biol 2007;8:715-22.

[20] Puzianowska-Kuznicka M, Kuznicki J. Genetic alterations in acceler-
ated ageing syndromes: do they play a role in natural ageing. Int J
Biochem Cell Biol 2005;37:947-60.

[21] Hoeijmakers JHJ. Genome maintenance mechanisms are critical for
preventing cancer as well as other aging-associated diseases. Mech
Ageing Dev 2007;128:460-2.

[22] Zhang H. Molecular signaling and genetic pathways of senescence:
its role in tumorigenesis and aging. J Cell Physiol 2007;210:567—
74.

[23] Fridlyand J, Snijders AM, Ylstra B, et al. Breast tumor copy num-
ber aberration phenotypes and genomic instability. BMC Cancer
2006;6:96.

[24] Jevapalan JC, Ferreira M, Sedivy JM, Heerbig U. Accumulation of
senescent cells in mitotic tissue of aging primates. Mech Ageing Dev
2007;128:36-44.

[25] Krtolica A, Campisi J. Cancer and aging: a model for the can-
cer promoting effects of the aging stroma. Int J Biochem Cell Biol
2002;34:1401-14.

[26] Liu D, Hornsby PJ. Senescent human fibroblasts increase the early
growth of xenograft tumors via matrix metalloproteinase secretion.
Cancer Res 2007;67:3117-26.

[27] Serrano M. Cancer regression by senescence. N Engl J Med
2007;356:1996-7.

[28] Geigl JB, Langer S, Barwisch S, Pfleghaar K, Lederer G, Speicher
MR. Analysis of gene expression patterns and chromosomal changes
associated with aging. Cancer Res 2004;64:8550-7.

[29] Ly DH, Lockhart DJ, Lerner RA, Schultz PG. Mitotic misregulation
and human aging. Science 2000;287:2486-92.

[30] Issa JP. Aging DNA methylation and cancer. Crit Rev Oncol/Hematol
1999;32:31-43.

[31] Richardson B. Impact of aging on DNA methylation. Ageing Res Rev
2003;2:245-61.

[32] Balducci L, Beghe C. Cancer and age in the USA. Crit Rev Oncol
Hematol 2001;37:137-45.

[33] Ershler WB, Longo DL. Aging and cancer: issues of basic and clinical
science. J Natl Cancer Inst 1997;89:1489-97.

[34] Love RR,Duc NB, Dinh NV, Quv TT, Xin Y, Havighurst TC. Young age
as an adverse prognostic factor in premenopausal women with operable
breast cancer. Clin Breast Cancer 2002;2:294-8.

doi:10.1016/j.critrevonc.2007.09.001

Please cite this article in press as: Benz CC, Impact of aging on the biology of breast cancer, Crit. Rev. Oncol./Hematol. (2007),



dx.doi.org/10.1016/j.critrevonc.2007.09.001
http://www.srab.cancer.gov/devcan

ONCH-1119; No.of Pages 10

10 C.C. Benz / Critical Reviews in Oncology/Hematology xxx (2007) xxx—xxx

[35] Dubsky PC, Gnant MF, Taucher S, et al. Young age as an independent
adverse prognostic factor in premenopausal patients with breast cancer.
Clin Breast Cancer 2002;3:65-72.

[36] Eppenberger-Castori S, Moore DH, Thor AD, et al. Age-associated
biomarker profiles of human breast cancer. Int J Biochem Cell Biol
2002;34:1318-30.

[37] Zhou Y, Yau C, Gray JW, et al. Enhanced NF«kB and AP-1 transcrip-
tional activity associated with antiestrogen resistant breast cancer. BMC
Cancer 2007;7:59.

[38] Chin K, DeVries S, Fridlyand J, et al. Genomic and transcriptional
aberrations linked to breast cancer pathophysiologies. Cancer Cell
2006;10:529-41.

[39] Fedele V, Fridlyand J, Roydasgupta R, et al. Mutations in 7P53 and
associated genomic abnormalities are dependent on breast cancer estro-
gen receptor status and patient age. Proc Am Assoc Cancer Res
2007;48:a2962.

[40] Yau C, Fedele V, Roydasgupta R, et al. Aging impacts transcriptome
but not genome of hormone-dependent breast cancers. Breast Cancer
Res 2007;9(5):R59 [Epub ahead of print].

Biography

Christopher C. Benz, M.D., Director of Buck Insti-
tute Program on Cancer and Developmental Therapeutics,
and adjunct professor of medicine in UCSF Division of
Hematology-Oncology and Comprehensive Cancer Center,
earned his B.S. in biochemistry at University of Califor-
nia, Los Angeles (UCLA) in 1968, and M.D. at University
of Michigan School of Medicine (Ann Arbor) in 1972. He
completed his internal medicine and oncology specialty train-

ing at the Vancouver General Hospital, University of British
Columbia in 1978, and then finished his postdoctoral train-
ing and joined the medical faculty at Yale University School
of Medicine. In 1983 he was recruited to join the Divi-
sion of Hematology-Oncology (Department of Medicine)
and Cancer Research Institute of the University of California,
San Francisco (UCSF) and, shortly thereafter, also became
a member of the Joint UCSF/UC Berkeley Bioengineering
Graduate Program. In 2000, Dr. Benz relocated his 20-year-
old federally funded UCSF breast cancer research program
to become one of the founding faculty of the newly opened
Buck Institute for Age Research in Novato, CA. He continues
to maintain his professorship at UCSF, cares for patients at
the UCSF/Mt. Zion Breast Care Clinic, and plays an active
role as senior member of the UCSF Comprehensive Cancer
Center’s Breast Oncology Program.

As Director of the Buck Institute’s Program on Cancer
and Developmental Therapeutics, Dr. Benz’s translational
research program focuses on identifying molecular strategies
to improve breast cancer diagnostics and therapeutics, with a
special emphasis on trying to understand and interrupt the link
between breast cancer and aging. He has published nearly 200
peer-reviewed manuscripts and serves on multiple national
and international review and oversight committees, includ-
ing the National Cancer Institute’s DTP/DCTD Biological
Resources Branch Oversight Committee and the American
Association of Cancer Research’s Task Force on Cancer and
Aging.

doi:10.1016/j.critrevonc.2007.09.001

Please cite this article in press as: Benz CC, Impact of aging on the biology of breast cancer, Crit. Rev. Oncol./Hematol. (2007),



dx.doi.org/10.1016/j.critrevonc.2007.09.001

	Impact of aging on the biology of breast cancer
	Breast cancer: a heterogeneous age-associated malignancy
	Normal mammary gland changes with aging and menopause
	Tumorigenic predisposition within the aging mammary gland
	Timing of carcinogenic events
	Persistence with aging of breast epithelium susceptible to transformation

	Cellular mechanisms linking aging and cancer
	Do late-onset breast cancers derive from senescent stroma or epithelium?
	Do cancer-aging hypotheses predict clinical breast cancer behavior?

	Biological differences between early-onset and late-onset breast cancers
	Inverse age relationship between ER and measures of breast cancer growth and genome stability
	Aging and measures of breast cancer invasiveness and angiogenesis
	Early-onset and late-onset breast cancers arise by epigenetically different mechanisms

	Conclusions
	Reviewer
	Acknowledgements
	References


