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Abstract

Parity (childbearing) significantly decreases a woman’s risk of breast cancer. 
Several factors within the mammary gland are postulated to contribute to parity-
induced protection including (but not restricted to), a reduction in the number of 
mammary stem cells (MaSCs). This review will explore whether the protection afforded 
by parity is specific to certain breast cancer subtypes or is influenced by hormone 
receptor status. We will discuss how additional reproductive factors such as multiple 
births, a young age at first full term birth, and breastfeeding can also impact 
protection. We specifically assess whether the beneficial effects of early childbearing 
are mediated by changes in the MaSC population, which are thought to be abundant in 
the young breast. Finally we provide an update on the in-vivo work being performed in 
mice to directly investigate the effect of parity on MaSC and then discuss whether these 
findings provide evidence for the MaSCs being key mediators of parity-associated 
protection against breast cancer. 

ABBREVIATIONS
MaSC: Mammary stem cell; ER: estrogen receptor; DCIS: 

ductal carcinoma in-situ; LCIS; lobular carcinoma in-situ; RR; 
relative risk; TEB: terminal end bud. 

INTRODUCTION
In a passing comment in his book “The diseases of workers”, 

the father of occupational medicine, Italian physician Bernardino 
Ramazinni, stated that nuns had a higher risk of breast cancer 
than the rest of the population. This comment, made in 1714, 
has become arguably the most important epidemiological 
finding relating to breast cancer risk to date. It would remain an 
anecdotal observation until large case controlled epidemiological 
studies performed in the 19th century validated nulliparity, or a 
lack of childbearing, as a risk factor for the development of breast 
cancer. Women who had children were shown to have a reduction 
in breast cancer risk, and thus deemed protected [1,2]. A previous 
epidemiological study in 1926 correlated breast cancer risk and 
reproductive history in a cohort of women from the UK and found 
that early age at marriage (which at the time correlated well with 
age at first birth), increasing number of births and breastfeeding 
for longer than 12 months were all associated with a lower risk 
of breast cancer [3]. This study was repeated using a US cohort 
and found similar associations [4]. Recently both studies were 

reassessed using modern statistical methods, which validated 
the findings of the earlier studies [5]. This review will explore the 
evidence for parity-associated protection against breast cancer 
and if it is specific to a certain stage or subtype of cancer. We will 
assess whether parity protects against initiation, progression 
or metastasis and also whether it protects against all cancer 
subtypes or only the estrogen driven tumours. In addition to 
parity protecting against breast cancer, the age at which a women 
bears her first child significantly impacts on her protection. We 
will discuss why parity associated protection is stronger in 
younger mothers and the relationship that MaSCs may play in 
mediating this. 

Does parity reduce breast cancer risk and is it specific 
to certain subtypes of cancer?

Even though the protective effect of parity has been known 
for over half a century, relatively little is known about whether 
it protects against initiation and/or progression. In order to 
ascertain whether parity protects against initiation or progression 
of breast cancer we will begin by reviewing whether parity 
protection has been shown to be specific to the development of 
early lesions, the progression of breast cancer to invasive lesions 
and or metastasis. As pregnancy is associated with alterations in 
steroid hormone levels, we will also assess whether protection is 
specific to hormonally regulated breast cancers. 
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Current methods for classifying histological grade, 
metastatic burden and molecular subtype of breast 
cancer

Histological grading of breast cancer ranges from 0 (non-
invasive or in situ) to IV (metastatic). In situ carcinomas can 
be either lobular (LCIS) or ductal (DCIS), with the latter being 
more common. DCIS can be further subdivided into comedo, 
cribiform, micropapillary, papillary and solid types [6] . Invasive 
carcinomas can take the form of infiltrating ductal, invasive 
lobular, mucinous, tubular, medullary and papillary as well 
as ductal/lobular histological types. Infiltrating ductal (IDC) 
accounts for 70-80% of breast cancer [7]  and is sub-divided into 
grades I, II and III depending on differentiation status which is 
assessed by mitotic index and nuclear pleomorphism (that is, the 
size and shape of the nucleus) [8]. Breast cancer is also classified 
according to the expression of hormone receptors, estrogen 
receptor (ER) and progesterone receptor (PR), and growth 
factor receptors to ascertain the suitability of particular adjuvant 
therapies. Patients who are ER+PR+ positive are much more likely 
to respond to the ER antagonist Tamoxifen than those who are 
ER-PR- [9]. Tamoxifen has been shown to halve annual recurrence 
of ER+ breast cancer and reduce mortality rate by a third [10], 
thus patients responding to this treatment are associated with 
more favourable outcomes. 

Epidemiological evidence suggests parity is not 
specific to histological subtype

Most epidemiological studies correlating parity with breast 
cancer generalize to overall incidence although some studies have 
determined whether parity protects against a particular grade or 
molecular subtype of breast cancer. A number of case-control 
studies of varying sizes and across different ethnicities have 
been completed to assess whether the protective effect of parity 
was similar for DCIS as well as invasive breast cancer [11-18]. 
Collectively, these studies show a decrease in breast cancer risk 
with increasing parity for both DCIS and invasive breast cancer, 
and that parity-associated protection was not restricted to either 
[11,12,15-18]. Similarly, a number of these studies showed that 
increased age at first full term birth, correlated with increasing 
breast cancer risk for both DCIS and invasive breast cancer 
[13,14,16-18]. However, this was not the case for all studies 
with Trentham-Dietz and associates showing that increased age 
at first birth affected only invasive breast cancer risk [15]. As it 
has been suggested that DCIS is a precursor for invasive breast 
cancer [16,19], these studies indicate that parity is able to protect 
against the early stages of breast cancer development and thus 
also prevent the incidence of invasive breast cancer.

In addition to assessing the effects of parity on the histology 
and grade of breast cancer, some studies have reported an 
increase in local metastasis (axillary lymph node) with increasing 
births [20-23]. This is in contrast to the observation that multiple 
births decrease the overall relative risk of breast cancer, as will 
be discussed in further detail below. However, these studies are 
limited by small samples size and papers reporting on larger 
cohorts of breast cancer patients have not been able to validate 
these findings [24-26].  Larger studies with multivariate analysis, 
which allows the relationships of age and tumour size to be 
corrected for, are required.  It would also be informative to see if 
the increase in node involvement in parous women is restricted 

to pregnancy associated breast cancers (immediately after 
pregnancy), which are known to be of poorer prognosis than 
non-pregnancy associated breast cancers. There is no conclusive 
evidence to our knowledge that parity specifically decreases the 
metastatic capability of breast cancers.

Parity may protect only against ER positive breast 
cancers

A number of studies have determined if parity protection 
is dependent on hormone receptor status and have collectively 
found that parity protection is restricted to ER+ cancers.  In 2004, 
Althuis and colleagues reviewed 12 epidemiological studies that 
had reported hormone receptor status among their cases and 
controls and found nulliparity to be associated only with the risk 
of developing ER+ cancer [27] which represent approximately 
75% of all breast cancers. Similarly, Ma et al., found that parity 
protection was restricted to ER+PR+ breast cancer, based on 
analysis from eight studies published between 1995 and 2005 
(5 of which were also included in the Althuis review) [28]. Bao 
and associates also found that parity protection was restricted 
to ER+PR+ breast cancers when compared to ER-PR- subtypes, but 
only in postmenopausal cases [29]. 

Additional reproductive factors influence parity-
associated protection 

To deduce the mechanisms of parity associated protection 
against breast cancer, several studies have assessed the impact 
of additional reproductive factors such as multiple births, 
duration of breastfeeding and birth spacing. By exploring these 
different aspects of reproduction and how they modulate breast 
cancer risk, the mechanisms of protection, such as changes to the 
architecture of the breast and duration of pregnancy hormone 
exposure, could be identified. Ever breastfeeding versus never 
breastfeeding has been shown consistently to reduce breast 
cancer risk [12,30,31], and an increased duration of breastfeeding 
offers more protection [30-34]. In fact, the reduction in breast 
cancer risk found to be offered by breastfeeding is 4.3-4.5% 
for every 12 months of breastfeeding [35,36], which, unlike 
childbearing itself, does not appear to be influenced by hormone 
receptor status [12,37]. In these studies it was also found that 
the more cumulative breastfeeding a mother performed over her 
lifetime, the lower the risk of breast cancer, which is consistent 
with findings showing that an increasing number of births further 
reduces breast cancer risk [38-40]. Lambe et. al. demonstrated 
that the reduction in risk of breast cancer was approximately 
10% for each additional full-term birth [41] and more recently 
Tamakoshi and associates showed that in women who had 4 or 
more pregnancies, their risk of breast cancer was reduced by 
66% (compared to that of single pregnancy) [42]. The spacing 
between pregnancies also modulates breast cancer risk. In 2009, 
a study showed that a 1-3 year interval between successive births 
significantly increased the number of cases of breast cancer 
compared to intervals of less than one year and greater than 3 
years [43]. Whilst this is an intriguing finding, the underlying 
mechanism is not at all obvious.

The young mammary gland is particularly sensitive 
to reproductive events

Cumulatively, these additional modulators of breast cancer 
risk indicate that the exposure to steroid hormones may play a 
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role in reducing the risk of breast cancer. As menses is suspended 
for the duration of pregnancy and lactation, it can be inferred 
that the more full-term pregnancies experienced, the longer the 
period of breastfeeding and the shorter the interval between 
births, the less menses a woman will complete and therefore 
the less time that the mammary gland is exposed to fluctuating 
steroid hormones. This is reinforced by studies showing that 
a later age at menarche and earlier age of menopause is also 
associated with a decrease in breast cancer risk [5,31,34,44].  Of 
particular interest in terms of parity is the observation of a later 
age at menarche resulting in a decrease in breast cancer risk. Like 
a late menarche, the earlier a woman has her first child the more 
protected she is against breast cancer. A first full term birth before 
the age of 20 reduces the risk of breast cancer by 50% compared 
to nulliparous women [1]. This has been validated by numerous 
studies over the past three decades [32,45-48]. Therefore it is 
clear that the timing of the influence on growth and development 
of the mammary gland by steroid hormones is important and 
adolescence represents a critical time point in programming 
developmental consequences within the mammary gland. 

Why is the young breast susceptible to both cancer 
promoting and protective events?

The young breast is thought to be highly sensitive to cancer 
promoting and protective events. Epidemiological evidence exists 
for an increase in the risk of breast cancer following carcinogen 
exposure during adolescence, and numerous experimental 
studies in animals investigating breast cancer risk following 
administration of a carcinogen at different time points support 
these findings.

Epidemiological studies show the young breast is 
particularly at risk of carcinogenic insult

The epidemiological dataset that has provided the strongest 
support for the young breast being particularly carcinogen 
sensitive is the Hiroshima and Nagasaki atomic bomb survivors. 
Numerous investigators have assessed this cohort, collectively 
referred as the Life Span Study (LSS), for their risk of breast cancer. 
They have stratified the cohort based on sex, age at exposure, age 
at diagnosis, radiation dose and reproductive history [49-52]. 
Consistently, the studies show an increase in excess relative risk 
of breast cancer with decreasing age at exposure, with women 
who were less than 20 years of age far more likely to develop 
breast cancer than those exposed after 20 years of age [52,53]. 
Exposure to medical radiation in adolescence has also been 
associated with breast cancer risk. X-ray exposure in adolescence 
to monitor scoliosis increased breast cancer incidence later 
in life [54]. Similarly, the relative risk (RR) of breast cancer 
following x-ray examination of tuberculosis patients was highest 
in those women treated between 15 and 19 years of age (RR= 
2.26 compared to 0.76 for women 30 to 39 years of age) [55]. 
The increased risk of breast cancer due to radiation exposure 
to treat Hodgkin’s lymphoma was highest in women receiving 
radiation before the age of 20 [56]. However, in this study the 
cases were more likely to have a family history of benign breast 
disease, an earlier menarche, higher nulliparity, older age at first 
full-term birth and shorter duration of breast feeding compared 
to controls. As mentioned above, all of these factors contribute to 

an increase in breast cancer risk, which raises concerns over the 
validity of these results. Another study assessed breast cancer 
risk following radiation treatment for Hodgkin’s lymphoma and 
found that girls exposed to radiation between 10 and 16 years 
of age had a higher risk of cancer than those exposed under 10 
years of age (using COX regression models) [57]. When they 
re-analysed the same cohort using Poisson’s regression, which 
takes into account the age specific increase in breast cancer risk 
that all women experience, they found no statistically significant 
increase in risk in exposure during this time [58].  Furthermore, 
no reproductive histories were provided for cases or controls 
in either analysis and thus one must assume that the data were 
not controlled for these variables on breast cancer risk. Similar 
inconsistencies in the contribution of age of radiation exposure 
to breast cancer risk was observed in two other case-control 
studies looking at the risk of breast cancer to the contralateral   
breast following radiation therapy for primary breast cancer. An 
assessment of a cohort from Connecticut found that the risk of 
breast cancer in the contralateral  breast was higher in women 
treated for breast cancer before 45 years of age. However, in a 
cohort from Denmark of similar size, there was no effect of age 
at exposure on risk of breast cancer in the contralateral  breast 
[59,60]. Base-line incidence, mortality and 5-year survival 
rates for breast cancer are similar between US and Danish 
women [61] and both studies used similar radiation doses to 
the contralateral  breast in their subjects and matched their 
cases and controls for cancer grade. Additionally they both used 
conditional logistical regression to analyse their data sets. The 
Danish study did have a lower representation of women under 45 
years of age at diagnosis, as well as women with regional spread 
and carcinoma, which differs from the adenocarcinomas and 
infiltrating breast cancers observed in the US study. Whether this 
contributed to the differences in risk assessment is uncertain. 
In addition to the studies of radiation exposure and breast 
cancer risk, one epidemiological study has assessed the risk 
of breast cancer following exposure to a chemical carcinogen, 
Dichlorodiphenyltrichloroethane (DTT). Fifty years after 
exposure to DTT, it was found that women were 5 times more 
likely to develop breast cancer than the average population, but 
only if they were exposed before 14 years of age [62].

Experimental evidence in rodents of a critical 
period of increased carcinogenic vulnerability in the 
mammary gland

Experimental exposure to radiation and chemical carcinogens 
in rodents has shown a similar relationship between age of 
exposure and risk of breast cancer development. The rodent is 
a good model system for the assessment of carcinogen exposure 
on the mammary gland as the glandular architecture is similar to 
that of the human [63] and following exposure to carcinogens, 
the histology of malignant lesions largely mirrors that of the 
human [64,65]. A period of increased sensitivity to carcinogen-
induced mammary carcinogenesis was identified as 7 to 55 
days following radiation or the administration of a chemical 
carcinogen 7,12-Dimethylbenz(a)anthracene (DMBA) [66,67]. As 
rats usually undergo puberty around 45 days of age, both studies 
indicate that the period of increased susceptibility to carcinogens 
occurs during puberty. In an attempt to explore this period of 
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susceptibility, the Russo group characterized the development of 
the mammary gland during this time and identified terminal end 
buds (TEBs), club-like structures on the leading end of a growing 
epithelial duct, were at their highest frequency at 20 days of age 
[67,68]. TEB numbers then gradually decreased until 46 days, 
when they dramatically decrease due to the onset of estrogen 
signalling from the ovary, causing differentiation into terminal 
ducts (TDs). Following administration of DMBA during puberty, 
instead of differentiating into TDs, the TEBs undergo hyper-
proliferation and develop into adenocarcinomas [68,69].    

Do stem cells mediate the increased susceptibility to 
carcinogens experienced during puberty?

The overlap of the period of increased susceptibility to 
carcinogen insult and high TEB frequency has led to speculation 
that stem cells may account for the increased susceptibility 
of the young breast/mammary gland. Early morphological 
analysis of the developing mammary gland suggested MaSCs 
were found in the TEBs [70], and more recent studies using 
transgenic approaches to label stem cells have supported this 
[71,72]. However, as yet, no direct evidence correlating high 
TEB frequency and high MaSC numbers has been provided. 
Furthermore there is little evidence to suggest that MaSCs are 
particularly more sensitive to carcinogenic stress than other 
more differentiated cells, although again, this has not yet been 
investigated extensively. 

Experimental evidence of TEBs housing MaSCs

A detailed assessment of the cellular morphology of the TEB 
identified the outermost layer of the TEB as being comprised 
of ‘cap cells’ which, due to their cuboidal structure, nuclear 
morphology and lack of cellular adhesions, appeared to be stem 
cells [70]. Cap cells may also give rise to both myoepithelial cells 
(due to their close proximity to this cell layer) and luminal cells 
(an explanation as to the purpose of the cap cells migrating into 
the medulla of the TEB), giving functional validation to their 
identity as stem cells. The location of the stem cells in the TEBs 
has been confirmed in more recent studies that have utilized 
transgenic mouse models to mark expression of known stem cell 
markers. Bai and associates [71] generated a transgenic mouse 
where GFP was expressed under the promoter of s-SHIP, whose 
expression in the hematopoietic system is restricted to putative 
stem cells [73]. In the mammary gland s-SHIP-GFP was first 
observed in these mice at 4 weeks of age in the outer layer of TEBs, 
and was then lost in the post-pubertal mammary gland only to re-
appear in the alveolar buds during the early stages of pregnancy, 
no doubt to contribute to the extensive expansion of glandular 
tissue required at this time [71]. Importantly, this GFP positive 
population represented a subset of the basal Lin-CD24+CD49fhi 
population, which has been shown in various studies to contain 
the MaSC [74,75]. Similar results were shown in a study using 
the histone 2B-GFP (H2b-GFP) gene under the control of the 
mammary gland basal marker Keratin 5 (K5) [76]. Briefly, the 
H2B-GFP gene is regulated by a tetracycline responsive element 
(TRE) as well as a tetracycline controlled transcription activator 
(tTA) which itself is under control of the K5 promoter. Thus 
wherever K5 is expressed, the tTA can bind to the TRE and allow 
transcription of the H2B-GFP fusion gene. When the synthetic 
form of tetracycline, doxycycline, is administered, the tTA can 

no longer bind to the TRE which turns off transcription of the 
H2B-GFP and thus the GFP signal is lost over time by dilution 
of the protein into cell progeny. In this study, 3 week old mice 
were treated with doxycycline for 12 weeks and assessed for GFP 
expression [72]. Not surprisingly, GFP+ cells were restricted to 
the tips of TEBs after 12 weeks of doxycycline treatment. 

Stem cells in hematopoietic system and skin are 
resistant to carcinogenic insult and repair their DNA 
using error-prone methods

Whilst support exists for TEBs housing MaSCs, at least during 
puberty, the correlation between high TEB frequency and stem 
cell number has never been directly assessed, and thus the theory 
connecting high stem cell numbers and increased carcinogen 
sensitivity during puberty remains speculative. However one 
cannot rule out the stem cells as being the cause of increased 
susceptibility of carcinogenesis. In the hematopoietic system, 
conflicting results exist on the sensitivity of hematopoietic stem 
cells to radiation-dependent apoptosis [77-81], and the result 
appears to be dependent on the specific cell subset being analysed 
[79,80,82]. One study that compared the radiosensitivity of 
hematopoietic stem and progenitor cells (HSPCs) to that of 
common myeloid and granulocyte progenitors found that HSPCs 
were more resistant to radiation-induced apoptosis and had 
fewer γH2AX foci, indicating fewer DNA double-stranded breaks 
[79]. Furthermore, HSPCs were more likely to repair DNA double-
strand breaks induced by radiation with non-homologous end 
joining (NHEJ), known to be error-prone [83,84]. Hair follicle 
stem cells have also been shown to be resistant to radiation-
induced apoptosis and, similar to the HSPCs, repaired their DNA 
damage by NHEJ [85]. This indicates that while the stem cells in 
other organ systems are less vulnerable to radiation-induced 
apoptosis, their mechanism of evading elimination results in 
error-prone DNA repair that may lead to the generation of 
oncogenic gene translocations.

Evidence to support MaSCs as being more sensitive to 
carcinogenesis is controversial

A limited number of studies have been completed in the 
mammary gland to ascertain whether MaSC are more or less 
prone to DNA damage compared to more mature progeny. 
MaSCs characterized by Lin-CD24+CD49fhi expression have lower 
levels of reactive-oxygen species (ROS) than progenitors [86], 
which would suggest that they are less likely to be targets of the 
deleterious effects on DNA by ROS [87]. Two studies have found 
that MaSCs do not exhibit more DNA damage than progenitors 
as measured by γH2AX staining following radiation exposure 
[88,89]. Despite this, Woodward and associates showed a 
decrease in MaSC numbers following radiation exposure, while 
Insinga and colleagues actually saw an expansion of MaSCs. The 
two studies used different methods to isolate MaSCs (FACS and 
cell surface markers vs label-retention), but a third study that 
used the same isolation method as Woodward and associates 
(FACS and cell surface makers) also found an increase in MaSCs 
following radiation exposure [90], so the discrepancies in the 
findings are not due to isolation methods. 

Whilst Woodward and associates did not see an increase in 
MaSCs, they did observe an increase in progenitor cells, shown 



Central

Britt et al. (2014)
Email:    

J Cancer Biol Res 2(2): 1049 (2014) 5/11

previously to be Sca-1 positive [91,92], following radiation 
exposure. Sca-1+ progenitors isolated from the iCommaDβgeo 
cell line (an immortalized pre-neoplastic mammary cell line 
with epithelial stem/progenitor characteristics) have since been 
shown to be radioresistant, exhibit no change in mammosphere 
forming ability and no increase in γH2AX staining compared to 
more putative cells, however this time no expansion in progenitor 
numbers was observed [93]. These results indicate that it is the 
progenitors in the mammary gland that are more resistant to 
carcinogenic insult, however as yet no further analysis has been 
reported in relation to whether their resistance is conferred 
through error-prone DNA repair mechanisms, as has been shown 
in the hematopoietic system.

Does parity lead to a decrease in stem cell number or 
function?

There have been significant advances in MaSC isolation 
over the past decade. The use of cell surface markers and FACS 
have allowed investigators to assess stem cell characteristics 
on a more purified population and begin to ask questions about 
what regulates their numbers and activity. As mentioned above, 
MaSC are thought to be enriched in the basal population of Lin-

CD24+CD29hi or Lin-CD24+CD49fhi (CD29 and CD49f are used 
interchangeably as these represent similar populations). Single 
cells from this subset can re-epithelialize cleared mammary 
fat pads and have serial transplantation capability [74]. CD61 
can separate the luminal progenitors (CD61+) from the mature 
luminal cells (CD61-), whilst Sca-1 and c-kit in combination can 
further differentiate ER+ mature luminal cells (CD24+Sca-1+/-c-
kit-) from ER+ (CD24+Sca-1+c-kit+) and ER- (CD24+Sca-1-c-kit+) 
luminal progenitors within the CD24+ population [92]. Some of 
the studies investigating the effects of parity on MaSC number 
and function were undertaken whilst the above markers were 
being validated and so the early studies were more restricted in 
their isolation methods. However, the emerging studies in the 
area are now using these markers to assess the impact of parity 
on MaSCs and have largely found similar results.

Early but not late parity decreases MaSC numbers

There have been four attempts to determine if parity leads 
to a decrease in MaSC number or activity. From these studies, it 
appears that early, but not late pregnancy can reduce the number 
of MaSC [94-97], thereby supporting the epidemiological findings 
of early pregnancy being the most protective reproductive factor 
against breast cancer. The studies that assessed stem cell activity 
in animals experiencing a late pregnancy found no change in 
MaSC activity [95,96] but they assessed mice that were mated at 
9-10wks of age.  At this age, mice are only 3 weeks post sexual 
maturity, and so could still be considered quite young. To mimic 
the effects of older pregnancies in women, mice should be mated 
at ages closer to the decline of reproductive function. The other 
limitation of these studies was the use of non-fractionated 
mammary glands [96] or epithelial cell enriched fractions [95] 
rather than isolated MaSCs. Two studies that used young mice 
(5-6weeks of age) showed a decrease in MaSC activity [94,97]. 
However the contribution to this decrease by non stem cells 
cannot be determined since the studies used either non-
fractionated mammary gland [94] or MaSC enriched fractions 

in combination with Matrigel, which affords stem cell activity 
to a non stem cell population [98].  Thus the effect of parity on 
MaSCs will remain elusive until a direct comparison of MaSC 
number and activity is made from mice undergoing early and late 
pregnancy using the same method of MaSC isolation. In addition 
to completing limiting dilution mammary stem cell transplants 
with these isolated cells (in the absence of matrigel) serial 
transplants are required. 

Assessment of MaSCs during reproductive cycles 
provide evidence for short- and long-term MaSCs

In addition to these transplant studies, which are considered 
the gold standard for MaSC analysis, a recent lineage tracing 
study claimed that a population of label-retaining cells with high 
MaSC activity is completely depleted during pregnancy [72]. This 
finding is unexpected given what we know about the mammary 
gland and its ability to regenerate epithelial structures required 
for successive pregnancies, which would imply that some cells 
with repopulating potential must survive the involution process. 
One explanation could be that they are marking short-term stem 
cells, which are induced to differentiate at early pregnancy and 
then lose their characteristic stem cell marker expression. This 
would assume that their remains a pool of long term MaSC, which 
acts as a reservoir to facilitate the differentiation and repopulation 
required in successive pregnancies. The idea of short- and long-
term stem cells in the mammary gland is supported by studies 
assessing MaSC number and activity during pregnancy. Asselin-
labat and colleagues reported a 24-fold increase in the number 
of Lin-CD24+CD29hi cells at day 12.5 of pregnancy, which they 
confirmed as MaSCs by demonstrating mammary repopulation 
activity in primary fat pad transplants. However, this expanded 
subset of cells had limited serial transplantability [99]. 
Furthermore, a transgenic mouse that expresses luciferase and 
GFP under the control of the constitutive CMV/β-actin promoter 
was used to assess MaSC numbers over the course of pregnancy 
and lactation using flow cytometry. A similar expansion of MaSCs 
was reported, which was not as extensive during a second round 
of pregnancy in the same mice [100]. MaSC are also expanded 
during the reproductive cycle. MaSC are increased during the 
diestrus stage of the estrus cycle of the mouse [101]. The diestrus 
stage is characterized by high serum progesterone levels and 
elevated estrogen levels [102-104], which may underlie the 
changes. To confirm this, overiectomized mice were treated 
with steroid hormones, resulting in combined estrogen and 
progesterone treatment, but neither alone induced the same 
changes observed in diestrus [101]. However, to discern if this 
is the same population of MaSC expanded at pregnancy, serial 
transplants need to be completed. Should these MaSC, expanded 
at diestrus, show similar regenerative restrictions as those 
increased at pregnancy, these studies would provide collective 
evidence for the presence of hormone sensitive short-term MaSC 
within the mammary gland. Whether these short-term MaSC 
arise from more primitive long-term MaSC in response to steroid 
hormones, and are then removed during involution (Figure 1a), 
or whether they exist pre-programmed to their specific fate 
alongside long-term MaSCs (Figure 1b) is unknown. In addition, 
it is unclear if parity is conferring protection by reducing one 
or both of these cell subsets. The answers to these issues may 
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provide information on the mechanisms by which MaSCs can 
influence the risk of breast cancer.

Parity-identified mammary epithelial cells are long-
term repopulating cells but not true stem cells

Another subset of cells influenced by parity are long-term 
alveolar progenitors. These cells known as parity-identified 
mammary epithelial cells (PI-MECs) and were identified using 
a Lox/Cre/LacZ system where Cre recombinase was under the 
control of whey acidic protein (WAP) that is expressed late in 
pregnancy [105] and considered a marker of differentiation. 
When the WAP is expressed, the Cre recombinase removes the lox-
flanked stop codon upstream of LacZ, allowing for the expression 
of LacZ in the cell and their progeny. The primary function of PI-
MECs is to contribute to alveologenesis in consecutive pregnancies 
[106] and they can be found within the parous mammary gland 
for up to one year [107]. These cells differ from the short term 
MaSCs identified by Asselin-Labat and colleagues [99], not only in 
their ability to contribute to further alveologenesis, but by their 
contribution to luminal and myoepithelial lineages in secondary 
mammary fat pad transplant assays [108]. Although able to self-
renew and avoid apoptosis, these cells are not true stem cells, 
since they are unable to give rise to all the mammary epithelial 
cell lineages. The degree to which they contribute to mammary 
gland expansion with successive pregnancies will be important 
in understanding the rate of turnover and use of more primitive 
stem cells in the mature organ.

Parity-dependent lineage skewing may explain 
decrease in breast cancer risk

Instead of decreasing MaSCs, is it possible that parity skews 
the lineage differentiation to favour progeny with less tumorigenic 
potential. In human mammary epithelial cells, a decrease occurs 
in myoepithelial cells with an increase in luminal progenitors, 
indicating a preferential skewing of lineage differentiation [109]. 
The authors propose that this underpins the increased breast 
cancer risk with age as luminal progenitors with increasing 
age have been implicated as a cancer cell of origin in some 
cancers [110]. This speculation is justified given data from the 
hematopoietic system. With age there is an increase in myeloid 
derived cells and a decrease in cells of lymphoid origin [111-
113]. The basis for changes in lineage differentiation is proposed 
to be due to changes in the hematopoietic microenvironment. 
Decreases in expression of adhesion molecules, decrease in 
bone mass and an increase in adipose tissue could all contribute 
(reviewed in [114]). One study found that aged HSC had an 
increase in methylation at genomic regions associated with 
lymphoid and erythrocyte lineage specificity, which was leading 
to this observed lineage skewing [115].  The promotion of 
differentiation into cells of a myeloid lineage may underlie the 
decrease in adaptive immunity and the increase in myeloid 
cancers with age [116,117]. It will be interesting to see if further 
work in the mammary gland can validate the findings of Garbe 
and associates and that MaSC share this property with stem cells 
from other compartments.

Figure 1 Two theories on the origins of long term (LT) and short term (ST) MaSC through out reproductive cycle. (A) Long-term MaSC differentiate 
into short-term stem cells which expand modestly at diestrus and rapidly with pregnancy, but these short-term MaSCs are exhausted and removed 
at involution. Over time or successive pregnancies, more long-term MaSCs are induced to differentiate into the short-term stem cells thus reducing 
the overall pool of long-term stem cells also. (B) Short-term MaSCs and long-term MaSCs co-exist, short-term MaSCs contributing to expansion at 
diestrus and pregnancy, long-term MaSCs required as an emergency back up only. Overtime, only the short-term MaSC reduce in numbers, and 
long-term MaSC numbers remain stable.
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Parity may not reduce the risk of cancer through 
direct effects on MaSC 

It is possible that the decreased risk of breast cancer in parous 
women is not due to stem cells, but to changes in the number 
of ER+ mature luminal cells [118]. Support for this idea comes 
from research using flow cytometry and immunohistochemistry 
to show that CD24+ Sca-1+ cells (ER+ luminal cells) are decreased 
is parous mice [97]. While not implicated as cancer cells of origin, 
Sca-1 positivity confers radio-resistance [89,93] and identifies 
tumour-initiating cells in BalbC-neuT mammary tumours [119].  
However, it is not clear if these are luminal cells, as the studies 
were performed on isolated Sca-1+ total epithelial or Sca-1+ side-
population subsets. The decrease in ER+ luminal cells may be 
directly responsible for the decrease in breast cancer risk, or it 
may induce these effects via the MaSC population. The work by 
Meier and colleagues has shown that the decrease in ER+ luminal 
cells is coincident with a decrease in Wnt4 signalling [120,121], 
leading to a decreased proliferation potential of the parous MaSC 
[97]. Further studies into the effect of parity on ER+ cells may shed 
light on why parity protection is specific to ER+ breast cancer.

CHALLENGES FOR THE FUTURE
There are several challenges to overcome when studying 

parity-associated protection against breast cancer. First, 
whilst CD24 and CD29/CD49f consistently enrich for cells with 
stem cell characteristics, the population they isolate is still 
heterogeneous. Advances in cell lineage tracing techniques 
have revealed new MaSC enriching markers, but these have yet 
to be validated extensively. Second, while FACs is irrefutably 
accepted as the optimal method for MaSC isolation, techniques to 
validate isolated MaSC functionally are less stringent. The gold-
standard method for assessing MaSC function is the mammary 
fat pad assay to measure repopulation capacity. This method 
needs to be used correctly by completing multiple transplants 
at several cell dilutions, followed by serial transplantation. 
However this assay necessitates the dissociation of the MaSC 
from their microenvironment, which in other systems, is known 
to play a critical role in stem cell maintenance. Furthermore the 
injection of isolated cells into a cleared fat pad may stimulate 
cells to repopulate the glandular architecture, when they 
would have otherwise remained quiescent or showed little 
repopulating activity [122]. Another common method used 
to assess MaSC repopulation is the colony-forming assay or 
mammosphere assay. As these are in vitro assays, completely 
devoid of normal vascularization or systemic hormonal and 
growth factor influence, any results from such studies must be 
interpreted with caution. Advances in 3D culture systems such 
as those introduced by Tanos and associates [123] that allow the 
preservation of intact tissue architecture ex-vivo and maintain 
complex signalling relationships otherwise interrupted in 
normal 3D methods, may prove to be a superior model to assess 
the relationship of different mammary cell populations following 
extrinsic or intrinsic stimuli. 

CONCLUSION
Parity-associated protection against breast cancer is one 

of the most important reproductive factors influencing breast 
cancer risk. The protection afforded by parity has not been 

shown to be specific to cancer subtype but it is strongest in 
women having their first full-time birth before 20 years of age. 
The time of greatest protection against breast cancer from parity 
appears to coincide with a period of increased susceptibility to 
carcinogenic insult shown by epidemiological evidence in humans 
and experimental evidence in rodents. There is speculation that 
the high number of stem cells during this time underlies the 
increase in risk of transformation, as they are believed to be 
particularly sensitive to carcinogen insult. Thus an early parity 
will reduce this large pool of carcinogen sensitive cells. Despite 
major advances in the field isolating MaSCs and evidence to show 
early but not late parity reduces MaSC numbers, direct evidence 
for MaSCs being highest in young women or rodents has not yet 
been provided. A more thorough assessment of MaSC numbers 
with age as well as carcinogen sensitivity needs to be performed 
in order to conclusively link MaSCs as being the mechanism of 
parity-associated protection against breast cancer.

ACKNOWLEDGEMENTS
Genevieve Dall is supported by an Australian Postgraduate 

Award and Kara Britt is support by an National Breast Cancer 
Foundation Early Career fellowship.

REFERENCES
1. MacMahon B, Cole P, Lin TM, Lowe CR, Mirra AP, Ravnihar B, et al. 

Age at first birth and breast cancer risk. See comment in PubMed 
Commons below Bull World Health Organ. 1970; 43: 209-221.

2. Brinton LA, Williams RR, Hoover RN, Stegens NL, Feinleib M, Fraumeni 
JF . Breast cancer risk factors among screening program participants. 
J Natl Cancer Inst. 1979; 62: 37-44 

3. Lane-Claypon JE, A Further Report on Cancer of the Breast with Special 
Reference to its Associated Anticedent Conditions. London, 1926; 32.

4. Wainwright JM. A Comparison of Conditions Associated with Breast 
Cancer in Great Britain and America. J. Epidemiol. 2005; 59:740-748.

5. Press DJ, Pharoah P. Risk factors for breast cancer: a reanalysis of two 
case-control studies from 1926 and 1931. See comment in PubMed 
Commons below Epidemiology. 2010; 21: 566-572.

6. Connolly, James L, Robert E. Fechner, Richard L. Kempson, et al. 
Recommendations for the Reporting of Breast Carcinoma. Association 
of Directors of Anatomic and Surgical Pathology, 2004.

7. Li CI, Uribe DJ, Daling JR. Clinical characteristics of different histologic 
types of breast cancer. See comment in PubMed Commons below Br J 
Cancer. 2005; 93: 1046-1052.

8. Lester SC, Bose S, Chen YY, Connolly JL, de Baca ME, Fitzgibbons PL, 
et al. Protocol for the examination of specimens from patients with 
invasive carcinoma of the breast. See comment in PubMed Commons 
below Arch Pathol Lab Med. 2009; 133: 1515-1538.

9.  Bardou VJ, Arpino G, Elledge RM, Osborne CK, Clark GM. Progesterone 
receptor status significantly improves outcome prediction over 
estrogen receptor status alone for adjuvant endocrine therapy in two 
large breast cancer databases. J Clin Oncol. 2003; 21: 1973-1979.

10. Early Breast Cancer Trialists’ Collaborative Group (EBCTCG). Effects 
of chemotherapy and hormonal therapy for early breast cancer on 
recurrence and 15-year survival: an overview of the randomised 
trials. See comment in PubMed Commons below Lancet. 2005; 365: 
1687-1717.

11. Butt S, Borgquist S, Anagnostaki L, Landberg G, Manjer J. Parity and 

http://www.ncbi.nlm.nih.gov/pubmed/5312521
http://www.ncbi.nlm.nih.gov/pubmed/5312521
http://www.ncbi.nlm.nih.gov/pubmed/5312521
http://www.ncbi.nlm.nih.gov/pubmed/281576
http://www.ncbi.nlm.nih.gov/pubmed/281576
http://www.ncbi.nlm.nih.gov/pubmed/281576
http://www.epidemiology.ch/history/PDF bg/Lane-Claypon_FurtherReportOnBreastCancer_1926.PDF
http://www.epidemiology.ch/history/PDF bg/Lane-Claypon_FurtherReportOnBreastCancer_1926.PDF
http://cancerres.aacrjournals.org/content/amjcancer/15/4/2610.abstract
http://cancerres.aacrjournals.org/content/amjcancer/15/4/2610.abstract
http://www.ncbi.nlm.nih.gov/pubmed/20498604
http://www.ncbi.nlm.nih.gov/pubmed/20498604
http://www.ncbi.nlm.nih.gov/pubmed/20498604
http://www.humanpathol.com/article/S0046-8177(96)90060-X/abstract?cc=y
http://www.humanpathol.com/article/S0046-8177(96)90060-X/abstract?cc=y
http://www.humanpathol.com/article/S0046-8177(96)90060-X/abstract?cc=y
http://www.ncbi.nlm.nih.gov/pubmed/16175185
http://www.ncbi.nlm.nih.gov/pubmed/16175185
http://www.ncbi.nlm.nih.gov/pubmed/16175185
http://www.ncbi.nlm.nih.gov/pubmed/19792042
http://www.ncbi.nlm.nih.gov/pubmed/19792042
http://www.ncbi.nlm.nih.gov/pubmed/19792042
http://www.ncbi.nlm.nih.gov/pubmed/19792042
http://www.ncbi.nlm.nih.gov/pubmed/12743151
http://www.ncbi.nlm.nih.gov/pubmed/12743151
http://www.ncbi.nlm.nih.gov/pubmed/12743151
http://www.ncbi.nlm.nih.gov/pubmed/12743151
http://www.ncbi.nlm.nih.gov/pubmed/15894097
http://www.ncbi.nlm.nih.gov/pubmed/15894097
http://www.ncbi.nlm.nih.gov/pubmed/15894097
http://www.ncbi.nlm.nih.gov/pubmed/15894097
http://www.ncbi.nlm.nih.gov/pubmed/15894097
http://www.ncbi.nlm.nih.gov/pubmed/19569233


Central

Britt et al. (2014)
Email:    

J Cancer Biol Res 2(2): 1049 (2014) 8/11

age at first childbirth in relation to the risk of different breast cancer 
subgroups. See comment in PubMed Commons below Int J Cancer. 
2009; 125: 1926-1934.

12.  Ma H, Henderson KD, Sullivan-Halley J, Duan L, Marshall SF, Ursin G, 
et al. Pregnancy-related factors and the risk of breast carcinoma in 
situ and invasive breast cancer among postmenopausal women in the 
California Teachers Study cohort. Breast Cancer Res. 2010; 12; R35.

13. Gapstur SM, Morrow M, Sellers TA. Hormone replacement therapy 
and risk of breast cancer with a favorable histology: results of the 
Iowa Women’s Health Study. See comment in PubMed Commons 
below JAMA. 1999; 281: 2091-2097.

14. Wohlfahrt J, Rank F, Kroman N, Melbye M. A comparison of 
reproductive risk factors for CIS lesions and invasive breast cancer. 
See comment in PubMed Commons below Int J Cancer. 2004; 108: 
750-753.

15. Trentham-Dietz A, Newcomb PA, Storer BE, Remington PL. Risk factors 
for carcinoma in situ of the breast. See comment in PubMed Commons 
below Cancer Epidemiol Biomarkers Prev. 2000; 9: 697-703.

16.  Kerlikowske K, Barclay J, Grady D, Sickles EA, Ernster V. Comparison 
of risk factors for ductal carcinoma in situ and invasive breast cancer. 
J Natl Cancer Inst. 1997; 89: 76-82.

17. Weiss HA, Brinton LA, Brogan D, Coates RJ, Gammon MD, Malone KE, 
et al. Epidemiology of in situ and invasive breast cancer in women 
aged under 45. See comment in PubMed Commons below Br J Cancer. 
1996; 73: 1298-1305.

18. Granström C, Sundquist J, Hemminki K. Population attributable risks 
for breast cancer in Swedish women by morphological type. See 
comment in PubMed Commons below Breast Cancer Res Treat. 2008; 
111: 559-568.

19. Strah KM, Love SM. The in situ carcinomas of the breast. See comment 
in PubMed Commons below J Am Med Womens Assoc. 1992; 47: 165-
168.

20. Manjer J, Balldin G, Zackrisson S, Garne JP. Parity in relation to risk 
of axillary lymph node involvement in women with breast cancer. 
Results from Swedish population-based series of 3,472 consecutive 
cases. See comment in PubMed Commons below Eur Surg Res. 2005; 
37: 179-184.

21. Orr RK, Fraher KM. Parity is associated with axillary nodal involvement 
in operable breast cancer. See comment in PubMed Commons below 
Breast Cancer Res Treat. 1995; 34: 71-76.

22. Lehrer S, Garey J, Shank B. Nomograms for determining the probability 
of axillary node involvement in women with breast cancer. See 
comment in PubMed Commons below J Cancer Res Clin Oncol. 1995; 
121: 123-125.

23. Lehrer S, Levine E, Savoretti P, Cropley J, Botstein C, Song HK, et 
al. Past pregnancy is associated with axillary node involvement in 
women with breast cancer. See comment in PubMed Commons below 
Cancer. 1992; 69: 981-983.

24. Siddiqui T, Khan S, Kayani N, Pervez S, Salam A. Clinical, pathological 
and molecular factors predicting axillary node involvement in primary 
breast cancer in Pakistani women. See comment in PubMed Commons 
below J Pak Med Assoc. 2002; 52: 192-195.

25. Fossati R, Parazzini F, Manzari A. Past pregnancy is associated with 
axillary node involvement in women with breast cancer. See comment 
in PubMed Commons below Cancer. 1993; 71: 876-877.

26. Fentiman IS, Smith P. Axillary nodal involvement and parity in breast 
cancer patients. See comment in PubMed Commons below J Cancer 
Res Clin Oncol. 1995; 121: 694-695.

27. Althuis MD, Fergenbaum JH, Garcia-Closas M, Brinton LA, Madigan 
MP, Sherman ME. Etiology of hormone receptor-defined breast 
cancer: a systematic review of the literature. See comment in PubMed 
Commons below Cancer Epidemiol Biomarkers Prev. 2004; 13: 1558-
1568.

28.  Ma H, Bernstein L, Pike MC, Ursin G. Reproductive factors and breast 
cancer risk according to joint estrogen and progesterone receptor 
status: a meta-analysis of epidemiological studies. Breast Cancer Res. 
2006; 8: R43.

29.  Bao PP, Shu XO, Gao YT, Zheng Y, Cai H, Deming SL, et al. Association 
of hormone-related characteristics and breast cancer risk by estrogen 
receptor/progesterone receptor status in the shanghai breast cancer 
study. Am J Epidemiol. 2011; 174: 661-671.

30.  Newcomb PA, Egan KM, Titus-Ernstoff L, Trentham-Dietz A, 
Greenberg ER, Baron JA, et al. Lactation in relation to postmenopausal 
breast cancer. Am J Epidemiol. 1999; 150: 174-182.

31.  Enger SM, Ross RK, Paganini-Hill A, Bernstein L. Breastfeeding 
experience and breast cancer risk among postmenopausal women. 
Cancer Epidemiol Biomarkers Prev. 1998; 7: 365-369.

32. Layde PM, Webster LA, Baughman AL, Wingo PA, Rubin GL, Ory 
HW. The independent associations of parity, age at first full term 
pregnancy, and duration of breastfeeding with the risk of breast 
cancer. Cancer and Steroid Hormone Study Group. J Clin Epidemiol. 
1989; 42: 963-973.

33. Enger SM, Ross RK, Henderson B, Bernstein L. Breastfeeding history, 
pregnancy experience and risk of breast cancer. See comment in 
PubMed Commons below Br J Cancer. 1997; 76: 118-123.

34. Romieu I, Hernández-Avila M, Lazcano E, Lopez L, Romero-Jaime 
R. Breast cancer and lactation history in Mexican women. Am J 
Epidemiol. 1996; 143: 543-552.

35.  Collaborative Group on Hormonal Factors in Breast Cancer. Breast 
cancer and breastfeeding: collaborative reanalysis of individual data 
from 47 epidemiological studies in 30 countries, including 50302 
women with breast cancer and 96973 women without the disease. 
Lancet. 2002; 360: 187-195.

36. Huo D, Adebamowo CA, Ogundiran TO, Akang EE, Campbell O, 
Adenipekun A, et al. Parity and breastfeeding are protective against 
breast cancer in Nigerian women. See comment in PubMed Commons 
below Br J Cancer. 2008; 98: 992-996.

37. Lord SJ, Bernstein L, Johnson KA, Malone KE, McDonald JA, Marchbanks 
PA, et al. Breast cancer risk and hormone receptor status in older 
women by parity, age of first birth, and breastfeeding: a case-control 
study. See comment in PubMed Commons below Cancer Epidemiol 
Biomarkers Prev. 2008; 17: 1723-1730.

38. Suh JS, Yoo KY, Kwon OJ, Yun IJ, Han SH, Noh DY, et al. Menstrual and 
reproductive factors related to the risk of breast cancer in Korea. 
Ovarian hormone effect on breast cancer. See comment in PubMed 
Commons below J Korean Med Sci. 1996; 11: 501-508.

39. Hirose K, Tajima K, Hamajima N, Inoue M, Takezaki T, Kuroishi T, et 
al, hospital-based case-control study of risk factors of breast cancer 
according to menopausal status. See comment in PubMed Commons 
below Jpn J Cancer Res. 1995; 86: 146-154.

40. Kato I, Miura S, Kasumi F, Iwase T, Tashiro H, Fujita Y, et al. A case-
control study of breast cancer among Japanese women: with special 
reference to family history and reproductive and dietary factors. See 
comment in PubMed Commons below Breast Cancer Res Treat. 1992; 
24: 51-59.

41. Lambe M, Hsieh C, Trichopoulos D, Ekbom A, Pavia M, Adami HO. 
Transient increase in the risk of breast cancer after giving birth. See 
comment in PubMed Commons below N Engl J Med. 1994; 331: 5-9.

http://www.ncbi.nlm.nih.gov/pubmed/19569233
http://www.ncbi.nlm.nih.gov/pubmed/19569233
http://www.ncbi.nlm.nih.gov/pubmed/19569233
http://www.ncbi.nlm.nih.gov/pubmed/20565829
http://www.ncbi.nlm.nih.gov/pubmed/20565829
http://www.ncbi.nlm.nih.gov/pubmed/20565829
http://www.ncbi.nlm.nih.gov/pubmed/20565829
http://www.ncbi.nlm.nih.gov/pubmed/10367819
http://www.ncbi.nlm.nih.gov/pubmed/10367819
http://www.ncbi.nlm.nih.gov/pubmed/10367819
http://www.ncbi.nlm.nih.gov/pubmed/10367819
http://www.ncbi.nlm.nih.gov/pubmed/14696102
http://www.ncbi.nlm.nih.gov/pubmed/14696102
http://www.ncbi.nlm.nih.gov/pubmed/14696102
http://www.ncbi.nlm.nih.gov/pubmed/14696102
http://www.ncbi.nlm.nih.gov/pubmed/10919740
http://www.ncbi.nlm.nih.gov/pubmed/10919740
http://www.ncbi.nlm.nih.gov/pubmed/10919740
http://www.ncbi.nlm.nih.gov/pubmed/8978410
http://www.ncbi.nlm.nih.gov/pubmed/8978410
http://www.ncbi.nlm.nih.gov/pubmed/8978410
http://www.ncbi.nlm.nih.gov/pubmed/8630296
http://www.ncbi.nlm.nih.gov/pubmed/8630296
http://www.ncbi.nlm.nih.gov/pubmed/8630296
http://www.ncbi.nlm.nih.gov/pubmed/8630296
http://www.ncbi.nlm.nih.gov/pubmed/17990099
http://www.ncbi.nlm.nih.gov/pubmed/17990099
http://www.ncbi.nlm.nih.gov/pubmed/17990099
http://www.ncbi.nlm.nih.gov/pubmed/17990099
http://www.ncbi.nlm.nih.gov/pubmed/1460220
http://www.ncbi.nlm.nih.gov/pubmed/1460220
http://www.ncbi.nlm.nih.gov/pubmed/1460220
http://www.ncbi.nlm.nih.gov/pubmed/16088184
http://www.ncbi.nlm.nih.gov/pubmed/16088184
http://www.ncbi.nlm.nih.gov/pubmed/16088184
http://www.ncbi.nlm.nih.gov/pubmed/16088184
http://www.ncbi.nlm.nih.gov/pubmed/16088184
http://www.ncbi.nlm.nih.gov/pubmed/7749162
http://www.ncbi.nlm.nih.gov/pubmed/7749162
http://www.ncbi.nlm.nih.gov/pubmed/7749162
http://www.ncbi.nlm.nih.gov/pubmed/7883774
http://www.ncbi.nlm.nih.gov/pubmed/7883774
http://www.ncbi.nlm.nih.gov/pubmed/7883774
http://www.ncbi.nlm.nih.gov/pubmed/7883774
http://www.ncbi.nlm.nih.gov/pubmed/1735090
http://www.ncbi.nlm.nih.gov/pubmed/1735090
http://www.ncbi.nlm.nih.gov/pubmed/1735090
http://www.ncbi.nlm.nih.gov/pubmed/1735090
http://www.ncbi.nlm.nih.gov/pubmed/12174489
http://www.ncbi.nlm.nih.gov/pubmed/12174489
http://www.ncbi.nlm.nih.gov/pubmed/12174489
http://www.ncbi.nlm.nih.gov/pubmed/12174489
http://www.ncbi.nlm.nih.gov/pubmed/8431873
http://www.ncbi.nlm.nih.gov/pubmed/8431873
http://www.ncbi.nlm.nih.gov/pubmed/8431873
http://www.ncbi.nlm.nih.gov/pubmed/7593135
http://www.ncbi.nlm.nih.gov/pubmed/7593135
http://www.ncbi.nlm.nih.gov/pubmed/7593135
http://www.ncbi.nlm.nih.gov/pubmed/15466970
http://www.ncbi.nlm.nih.gov/pubmed/15466970
http://www.ncbi.nlm.nih.gov/pubmed/15466970
http://www.ncbi.nlm.nih.gov/pubmed/15466970
http://www.ncbi.nlm.nih.gov/pubmed/15466970
http://www.ncbi.nlm.nih.gov/pubmed/16859501
http://www.ncbi.nlm.nih.gov/pubmed/16859501
http://www.ncbi.nlm.nih.gov/pubmed/16859501
http://www.ncbi.nlm.nih.gov/pubmed/16859501
http://www.ncbi.nlm.nih.gov/pubmed/21768404
http://www.ncbi.nlm.nih.gov/pubmed/21768404
http://www.ncbi.nlm.nih.gov/pubmed/21768404
http://www.ncbi.nlm.nih.gov/pubmed/21768404
http://www.ncbi.nlm.nih.gov/pubmed/10412962
http://www.ncbi.nlm.nih.gov/pubmed/10412962
http://www.ncbi.nlm.nih.gov/pubmed/10412962
http://www.ncbi.nlm.nih.gov/pubmed/9610784
http://www.ncbi.nlm.nih.gov/pubmed/9610784
http://www.ncbi.nlm.nih.gov/pubmed/9610784
http://www.ncbi.nlm.nih.gov/pubmed/2681548
http://www.ncbi.nlm.nih.gov/pubmed/2681548
http://www.ncbi.nlm.nih.gov/pubmed/2681548
http://www.ncbi.nlm.nih.gov/pubmed/2681548
http://www.ncbi.nlm.nih.gov/pubmed/2681548
http://www.ncbi.nlm.nih.gov/pubmed/9218743
http://www.ncbi.nlm.nih.gov/pubmed/9218743
http://www.ncbi.nlm.nih.gov/pubmed/9218743
http://www.ncbi.nlm.nih.gov/pubmed/8610671
http://www.ncbi.nlm.nih.gov/pubmed/8610671
http://www.ncbi.nlm.nih.gov/pubmed/8610671
http://www.ncbi.nlm.nih.gov/pubmed/12133652
http://www.ncbi.nlm.nih.gov/pubmed/12133652
http://www.ncbi.nlm.nih.gov/pubmed/12133652
http://www.ncbi.nlm.nih.gov/pubmed/12133652
http://www.ncbi.nlm.nih.gov/pubmed/12133652
http://www.ncbi.nlm.nih.gov/pubmed/18301401
http://www.ncbi.nlm.nih.gov/pubmed/18301401
http://www.ncbi.nlm.nih.gov/pubmed/18301401
http://www.ncbi.nlm.nih.gov/pubmed/18301401
http://www.ncbi.nlm.nih.gov/pubmed/18628424
http://www.ncbi.nlm.nih.gov/pubmed/18628424
http://www.ncbi.nlm.nih.gov/pubmed/18628424
http://www.ncbi.nlm.nih.gov/pubmed/18628424
http://www.ncbi.nlm.nih.gov/pubmed/18628424
http://www.ncbi.nlm.nih.gov/pubmed/9008099
http://www.ncbi.nlm.nih.gov/pubmed/9008099
http://www.ncbi.nlm.nih.gov/pubmed/9008099
http://www.ncbi.nlm.nih.gov/pubmed/9008099
http://www.ncbi.nlm.nih.gov/pubmed/7730137
http://www.ncbi.nlm.nih.gov/pubmed/7730137
http://www.ncbi.nlm.nih.gov/pubmed/7730137
http://www.ncbi.nlm.nih.gov/pubmed/7730137
http://www.ncbi.nlm.nih.gov/pubmed/1463872
http://www.ncbi.nlm.nih.gov/pubmed/1463872
http://www.ncbi.nlm.nih.gov/pubmed/1463872
http://www.ncbi.nlm.nih.gov/pubmed/1463872
http://www.ncbi.nlm.nih.gov/pubmed/1463872
http://www.ncbi.nlm.nih.gov/pubmed/8202106
http://www.ncbi.nlm.nih.gov/pubmed/8202106
http://www.ncbi.nlm.nih.gov/pubmed/8202106


Central

Britt et al. (2014)
Email:    

J Cancer Biol Res 2(2): 1049 (2014) 9/11

42. Tamakoshi K, Yatsuya H, Wakai K, Suzuki S, Nishio K, Lin Y, et al. 
Impact of menstrual and reproductive factors on breast cancer risk 
in Japan: results of the JACC study. See comment in PubMed Commons 
below Cancer Sci. 2005; 96: 57-62.

43. Kauppila A, Kyyrönen P, Hinkula M, Pukkala E. Birth intervals and 
breast cancer risk. See comment in PubMed Commons below Br J 
Cancer. 2009; 101: 1213-1217.

44. Gao YT, Shu XO, Dai Q, Potter JD, Brinton LA, Wen W, et al. Association 
of menstrual and reproductive factors with breast cancer risk: results 
from the Shanghai Breast Cancer Study. See comment in PubMed 
Commons below Int J Cancer. 2000; 87: 295-300.

45. Craig TJ, Comstock GW, Geiser PB. Epidemiologic comparison of 
breast cancer patients with early and late onset of malignancy and 
general population controls. J Natl Cancer Inst. 1974; 53: 1577-1581.

46. Henderson BE, Powell D, Rosario I, Keys C, Hanisch R, Young M, et al. 
An epidemiologic study of breast cancer. See comment in PubMed 
Commons below J Natl Cancer Inst. 1974; 53: 609-614.

47.  Albrektsen G, Heuch I, Hansen S, Kvåle G. Breast cancer risk by age 
at birth, time since birth and time intervals between births: exploring 
interaction effects. Br J Cancer. 2005; 92: 167-175.

48. Ursin G, Bernstein L, Lord SJ, Karim R, Deapen D, Press MF, et al. 
Reproductive factors and subtypes of breast cancer defined by 
hormone receptor and histology. See comment in PubMed Commons 
below Br J Cancer. 2005; 93: 364-371.

49.  Ozasa K, Shimizu Y, Suyama A, Kasagi F, Soda M, Grant EJ, et al. Studies 
of the mortality of atomic bomb survivors, Report 14, 1950-2003: an 
overview of cancer and noncancer diseases. Radiat Res. 2012; 177: 
229-243.

50. Pierce DA, Shimizu Y, Preston DL, Vaeth M, Mabuchi K. Studies of the 
mortality of atomic bomb survivors. report 12, part I. Cancer: 1950-
1990. 1996. Radiat Res. 2012; 178: AV61-87.  

51.  Land CE, Hayakawa N, Machado SG, Yamada Y, Pike MC, Akiba S, et 
al. A case-control interview study of breast cancer among Japanese 
A-bomb survivors. II. Interactions with radiation dose. Cancer Causes 
Control. 1994; 5: 167-176.

52.  Land CE, Tokunaga M, Koyama K, Soda M, Preston DL, Nishimori I, et 
al. Incidence of female breast cancer among atomic bomb survivors, 
Hiroshima and Nagasaki, 1950-1990. Radiat Res. 2003; 160: 707-717.  

53. Thompson DE, Mabuchi K, Ron E, Soda M, Tokunaga M, Ochikubo S, et 
al. Cancer incidence in atomic bomb survivors. Part II: Solid tumors, 
1958-1987. See comment in PubMed Commons below Radiat Res. 
1994; 137: S17-67.

54.  Hoffman DA, Lonstein JE, Morin MM, Visscher W, Harris BS , Boice JD. 
Breast cancer in women with scoliosis exposed to multiple diagnostic 
x rays. J Natl Cancer Inst. 1989; 81: 1307-1312. 

55.  Boice JD Jr, Preston D, Davis FG, Monson RR. Frequent chest X-ray 
fluoroscopy and breast cancer incidence among tuberculosis patients 
in Massachusetts. Radiat Res. 1991; 125; 214-222.

56.  John EM, Phipps AI, Knight JA, Milne RL, Dite GS, Hopper JL, et al. 
Medical radiation exposure and breast cancer risk: findings from the 
Breast Cancer Family Registry. Int J Cancer. 2007; 121: 386-394.

57.  Bhatia S, Robison LL, Oberlin O, Greenberg M, Bunin G, Fossati-Bellani 
F, et al. Breast cancer and other second neoplasms after childhood 
Hodgkin’s disease. N Engl J Med. 1996; 334: 745-751.

58.  Bhatia S, Yasui Y, Robison LL, Birch JM, Bogue MK, Diller L, et al. High 
risk of subsequent neoplasms continues with extended follow-up 
of childhood Hodgkin’s disease: report from the Late Effects Study 
Group. J Clin Oncol. 2003; 21: 4386-4394.

59. Boice JD, Harvey EB, Blettner M, Stovall M, Flannery JT. Cancer in the 
contralateral breast after radiotherapy for breast cancer. See comment 
in PubMed Commons below N Engl J Med. 1992; 326: 781-785.

60.  Storm HH, Andersson M, Boice JD , Blettner M, Stovall M, Mouridsen 
HT, et al. Adjuvant radiotherapy and risk of contralateral breast 
cancer. J Natl Cancer Inst. 1992; 84: 1245-1250.

61.  Hortobagyi GN, Garza Salazar J, Pritchard K, Amadori D, Haidinger 
R, Hudis CA, et al. The global breast cancer burden: variations in 
epidemiology and survival. Clin Breast Cancer. 2005; 6: 391-401.

62. Cohn BA, Wolff MS, Cirillo PM, Sholtz RI. DDT and breast cancer in 
young women: new data on the significance of age at exposure. See 
comment in PubMed Commons below Environ Health Perspect. 2007; 
115: 1406-1414.

63. Lim E, Wu D, Pal B, Bouras T, Asselin-Labat ML, Vaillant F, et al. 
Transcriptome analyses of mouse and human mammary cell 
subpopulations reveal multiple conserved genes and pathways. 
Breast Cancer Res. 2010; 12: R21. 

64. Cardiff RD. The biology of mammary transgenes: five rules. See 
comment in PubMed Commons below J Mammary Gland Biol 
Neoplasia. 1996; 1: 61-73.

65. Russo IH, Russo J. From pathogenesis to hormone prevention of 
mammary carcinogenesis. See comment in PubMed Commons below 
Cancer Surv. 1986; 5: 649-670.

66.  Imaoka T, Nishimura M, Daino K, Kokubo T, Doi K, Iizuka D, et al. 
Influence of age on the relative biological effectiveness of carbon ion 
radiation for induction of rat mammary carcinoma. Int J Radiat Oncol 
Biol Phys. 2013; 85: 1134-1140.

67. Russo J, Wilgus G, Russo IH. Susceptibility of the mammary gland 
to carcinogenesis: I Differentiation of the mammary gland as 
determinant of tumor incidence and type of lesion. See comment in 
PubMed Commons below Am J Pathol. 1979; 96: 721-736.

68. Russo J, Russo IH. DNA labeling index and structure of the rat mammary 
gland as determinants of its susceptibility to carcinogenesis. See 
comment in PubMed Commons below J Natl Cancer Inst. 1978; 61: 
1451-1459.

69. Russo IH, Russo J. Developmental stage of the rat mammary gland as 
determinant of its susceptibility to 7,12-dimethylbenz[a]anthracene. 
See comment in PubMed Commons below J Natl Cancer Inst. 1978; 
61: 1439-1449.

70. Williams JM, Daniel CW. Mammary ductal elongation: differentiation 
of myoepithelium and basal lamina during branching morphogenesis. 
See comment in PubMed Commons below Dev Biol. 1983; 97: 274-
290.

71. Bai L, Rohrschneider LR. s-SHIP promoter expression marks activated 
stem cells in developing mouse mammary tissue. See comment in 
PubMed Commons below Genes Dev. 2010; 24: 1882-1892.

72. Santos CO, Rebbeck C, Rozhkova E, Valentine A, Samuels A, Kadiri LR, 
et al. Molecular hierarchy of mammary differentiation yields refined 
markers of mammary stem cells. Proc Natl Acad Sci U S A. 2013; 110: 
7123-7130.

73.  Tu Z, Ninos JM, Ma Z, Wang JW, Lemos MP, Desponts C, et al. Embryonic 
and hematopoietic stem cells express a novel SH2-containing inositol 
5’-phosphatase isoform that partners with the Grb2 adapter protein. 
Blood. 2001; 98: 2028-2038.

74. Shackleton M, Vaillant F, Simpson KJ, Stingl J, Smyth GK, Asselin-Labat 
ML, et al. Generation of a functional mammary gland from a single 
stem cell. See comment in PubMed Commons below Nature. 2006; 
439: 84-88.

http://www.ncbi.nlm.nih.gov/pubmed/15649257
http://www.ncbi.nlm.nih.gov/pubmed/15649257
http://www.ncbi.nlm.nih.gov/pubmed/15649257
http://www.ncbi.nlm.nih.gov/pubmed/15649257
http://www.ncbi.nlm.nih.gov/pubmed/19738607
http://www.ncbi.nlm.nih.gov/pubmed/19738607
http://www.ncbi.nlm.nih.gov/pubmed/19738607
http://www.ncbi.nlm.nih.gov/pubmed/10861490
http://www.ncbi.nlm.nih.gov/pubmed/10861490
http://www.ncbi.nlm.nih.gov/pubmed/10861490
http://www.ncbi.nlm.nih.gov/pubmed/10861490
http://www.ncbi.nlm.nih.gov/pubmed/4436863
http://www.ncbi.nlm.nih.gov/pubmed/4436863
http://www.ncbi.nlm.nih.gov/pubmed/4436863
http://www.ncbi.nlm.nih.gov/pubmed/4369771
http://www.ncbi.nlm.nih.gov/pubmed/4369771
http://www.ncbi.nlm.nih.gov/pubmed/4369771
http://www.ncbi.nlm.nih.gov/pubmed/15597097
http://www.ncbi.nlm.nih.gov/pubmed/15597097
http://www.ncbi.nlm.nih.gov/pubmed/15597097
http://www.ncbi.nlm.nih.gov/pubmed/16079783
http://www.ncbi.nlm.nih.gov/pubmed/16079783
http://www.ncbi.nlm.nih.gov/pubmed/16079783
http://www.ncbi.nlm.nih.gov/pubmed/16079783
http://www.ncbi.nlm.nih.gov/pubmed/22171960
http://www.ncbi.nlm.nih.gov/pubmed/22171960
http://www.ncbi.nlm.nih.gov/pubmed/22171960
http://www.ncbi.nlm.nih.gov/pubmed/22171960
http://www.ncbi.nlm.nih.gov/pubmed/22870980
http://www.ncbi.nlm.nih.gov/pubmed/22870980
http://www.ncbi.nlm.nih.gov/pubmed/22870980
http://www.ncbi.nlm.nih.gov/pubmed/8167264
http://www.ncbi.nlm.nih.gov/pubmed/8167264
http://www.ncbi.nlm.nih.gov/pubmed/8167264
http://www.ncbi.nlm.nih.gov/pubmed/8167264
http://www.ncbi.nlm.nih.gov/pubmed/14640793
http://www.ncbi.nlm.nih.gov/pubmed/14640793
http://www.ncbi.nlm.nih.gov/pubmed/14640793
http://www.ncbi.nlm.nih.gov/pubmed/8127952
http://www.ncbi.nlm.nih.gov/pubmed/8127952
http://www.ncbi.nlm.nih.gov/pubmed/8127952
http://www.ncbi.nlm.nih.gov/pubmed/8127952
http://www.ncbi.nlm.nih.gov/pubmed/2769783
http://www.ncbi.nlm.nih.gov/pubmed/2769783
http://www.ncbi.nlm.nih.gov/pubmed/2769783
http://www.ncbi.nlm.nih.gov/pubmed/1996380
http://www.ncbi.nlm.nih.gov/pubmed/1996380
http://www.ncbi.nlm.nih.gov/pubmed/1996380
http://www.ncbi.nlm.nih.gov/pubmed/17372900
http://www.ncbi.nlm.nih.gov/pubmed/17372900
http://www.ncbi.nlm.nih.gov/pubmed/17372900
http://www.ncbi.nlm.nih.gov/pubmed/8592547
http://www.ncbi.nlm.nih.gov/pubmed/8592547
http://www.ncbi.nlm.nih.gov/pubmed/8592547
http://www.ncbi.nlm.nih.gov/pubmed/14645429
http://www.ncbi.nlm.nih.gov/pubmed/14645429
http://www.ncbi.nlm.nih.gov/pubmed/14645429
http://www.ncbi.nlm.nih.gov/pubmed/14645429
http://www.ncbi.nlm.nih.gov/pubmed/1538720
http://www.ncbi.nlm.nih.gov/pubmed/1538720
http://www.ncbi.nlm.nih.gov/pubmed/1538720
http://www.ncbi.nlm.nih.gov/pubmed/1640483
http://www.ncbi.nlm.nih.gov/pubmed/1640483
http://www.ncbi.nlm.nih.gov/pubmed/1640483
http://www.ncbi.nlm.nih.gov/pubmed/16381622
http://www.ncbi.nlm.nih.gov/pubmed/16381622
http://www.ncbi.nlm.nih.gov/pubmed/16381622
http://www.ncbi.nlm.nih.gov/pubmed/17938728
http://www.ncbi.nlm.nih.gov/pubmed/17938728
http://www.ncbi.nlm.nih.gov/pubmed/17938728
http://www.ncbi.nlm.nih.gov/pubmed/17938728
http://www.ncbi.nlm.nih.gov/pubmed/20346151
http://www.ncbi.nlm.nih.gov/pubmed/20346151
http://www.ncbi.nlm.nih.gov/pubmed/20346151
http://www.ncbi.nlm.nih.gov/pubmed/20346151
http://www.ncbi.nlm.nih.gov/pubmed/10887481
http://www.ncbi.nlm.nih.gov/pubmed/10887481
http://www.ncbi.nlm.nih.gov/pubmed/10887481
http://www.ncbi.nlm.nih.gov/pubmed/3107814
http://www.ncbi.nlm.nih.gov/pubmed/3107814
http://www.ncbi.nlm.nih.gov/pubmed/3107814
http://www.ncbi.nlm.nih.gov/pubmed/23084769
http://www.ncbi.nlm.nih.gov/pubmed/23084769
http://www.ncbi.nlm.nih.gov/pubmed/23084769
http://www.ncbi.nlm.nih.gov/pubmed/23084769
http://www.ncbi.nlm.nih.gov/pubmed/112872
http://www.ncbi.nlm.nih.gov/pubmed/112872
http://www.ncbi.nlm.nih.gov/pubmed/112872
http://www.ncbi.nlm.nih.gov/pubmed/112872
http://www.ncbi.nlm.nih.gov/pubmed/102857
http://www.ncbi.nlm.nih.gov/pubmed/102857
http://www.ncbi.nlm.nih.gov/pubmed/102857
http://www.ncbi.nlm.nih.gov/pubmed/102857
http://www.ncbi.nlm.nih.gov/pubmed/102856
http://www.ncbi.nlm.nih.gov/pubmed/102856
http://www.ncbi.nlm.nih.gov/pubmed/102856
http://www.ncbi.nlm.nih.gov/pubmed/102856
http://www.ncbi.nlm.nih.gov/pubmed/6852366
http://www.ncbi.nlm.nih.gov/pubmed/6852366
http://www.ncbi.nlm.nih.gov/pubmed/6852366
http://www.ncbi.nlm.nih.gov/pubmed/6852366
http://www.ncbi.nlm.nih.gov/pubmed/20810647
http://www.ncbi.nlm.nih.gov/pubmed/20810647
http://www.ncbi.nlm.nih.gov/pubmed/20810647
http://www.ncbi.nlm.nih.gov/pubmed/23580620
http://www.ncbi.nlm.nih.gov/pubmed/23580620
http://www.ncbi.nlm.nih.gov/pubmed/23580620
http://www.ncbi.nlm.nih.gov/pubmed/23580620
http://www.ncbi.nlm.nih.gov/pubmed/11567986
http://www.ncbi.nlm.nih.gov/pubmed/11567986
http://www.ncbi.nlm.nih.gov/pubmed/11567986
http://www.ncbi.nlm.nih.gov/pubmed/11567986
http://www.ncbi.nlm.nih.gov/pubmed/16397499
http://www.ncbi.nlm.nih.gov/pubmed/16397499
http://www.ncbi.nlm.nih.gov/pubmed/16397499
http://www.ncbi.nlm.nih.gov/pubmed/16397499


Central

Britt et al. (2014)
Email:    

J Cancer Biol Res 2(2): 1049 (2014) 10/11

75. Stingl J, Eirew P, Ricketson I, Shackleton M, Vaillant F, Choi D, et al. 
Purification and unique properties of mammary epithelial stem cells. 
See comment in PubMed Commons below Nature. 2006; 439: 993-
997.

76. Tumbar T, Guasch G, Greco V, Blanpain C, Lowry WE, Rendl M, et al. 
Defining the epithelial stem cell niche in skin. See comment in PubMed 
Commons below Science. 2004; 303: 359-363.

77.  Katoh O, Tauchi H, Kawaishi K, Kimura A, Satow Y. Expression of 
the vascular endothelial growth factor (VEGF) receptor gene, KDR, 
in hematopoietic cells and inhibitory effect of VEGF on apoptotic cell 
death caused by ionizing radiation. Cancer Res. 1995; 55: 5687-5692.

78.  Hayashi T, Hayashi I, Shinohara T, Morishita Y, Nagamura H, Kusunoki 
Y, et al. Radiation-induced apoptosis of stem/progenitor cells in 
human umbilical cord blood is associated with alterations in reactive 
oxygen and intracellular pH. Mutat Res. 2004; 556: 83-91.

79. Mohrin M, Bourke E, Alexander D, Warr MR, Barry-Holson K, Le Beau 
MM, et al. Hematopoietic stem cell quiescence promotes error-prone 
DNA repair and mutagenesis. See comment in PubMed Commons 
below Cell Stem Cell. 2010; 7: 174-185.

80.  Down JD, Boudewijn A, van Os R, Thames HD, Ploemacher RE. 
Variations in radiation sensitivity and repair among different 
hematopoietic stem cell subsets following fractionated irradiation. 
Blood. 1995; 86: 122-127.

81. Milyavsky M, Gan OI, Trottier M, Komosa M, Tabach O, Notta F, et al. A 
distinctive DNA damage response in human hematopoietic stem cells 
reveals an apoptosis-independent role for p53 in self-renewal. Cell 
Stem Cell. 2010; 7: 186-197.

82. Takahashi K, Monzen S, Hayashi N, Kashiwakura I. Correlations of 
cell surface antigens with individual differences in radiosensitivity in 
human hematopoietic stem/progenitor cells. See comment in PubMed 
Commons below Radiat Res. 2010; 173: 184-190.

83. Sancar A, Lindsey-Boltz LA, Unsal-Kaçmaz K, Linn S. Molecular 
mechanisms of mammalian DNA repair and the DNA damage 
checkpoints. See comment in PubMed Commons below Annu Rev 
Biochem. 2004; 73: 39-85.

84.  Weinstock DM, Richardson CA, Elliott B, Jasin M. Modeling oncogenic 
translocations: distinct roles for double-strand break repair pathways 
in translocation formation in mammalian cells. DNA Repair (Amst). 
2006; 5: 1065-1074.

85.  Sotiropoulou PA, Candi A, Mascré G, De Clercq S, Youssef KK, Lapouge 
G, et al. Bcl-2 and accelerated DNA repair mediates resistance of hair 
follicle bulge stem cells to DNA-damage-induced cell death. Nat Cell 
Biol. 2010; 12: 572-582. 

86. Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, Kulp AN, et al. 
Association of reactive oxygen species levels and radioresistance in 
cancer stem cells. See comment in PubMed Commons below Nature. 
2009; 458: 780-783.

87. Waris G, Ahsan H. Reactive oxygen species: role in the development 
of cancer and various chronic conditions. See comment in PubMed 
Commons below J Carcinog. 2006; 5: 14.

88.  Insinga A, Cicalese A, Faretta M, Gallo B, Albano L, Ronzoni S, et al. 
DNA damage in stem cells activates p21, inhibits p53, and induces 
symmetric self-renewing divisions. Proc Natl Acad Sci U S A. 2013; 
110: 3931-3936.

89. Woodward WA, Chen MS, Behbod F, Alfaro MP, Buchholz TA, Rosen JM. 
WNT/beta-catenin mediates radiation resistance of mouse mammary 
progenitor cells. Proc Natl Acad Sci U S A. 2007; 104: 618-623. 

90.  Nguyen DH, Oketch-Rabah HA, Illa-Bochaca I, Geyer FC, Reis-Filho 
JS, Mao JH. Radiation acts on the microenvironment to affect breast 

carcinogenesis by distinct mechanisms that decrease cancer latency 
and affect tumor type. Cancer Cell. 2011; 19: 640-651.

91.  Welm BE, Tepera SB, Venezia T, Graubert TA, Rosen JM, Goodell MA. 
Sca-1(pos) cells in the mouse mammary gland represent an enriched 
progenitor cell population. Dev Biol. 2002; 245: 42-56. 

92. Smalley MJ, Kendrick H, Sheridan JM, Regan JL, Prater MD, Lindeman 
GJ, et al. Isolation of mouse mammary epithelial subpopulations: a 
comparison of leading methods. See comment in PubMed Commons 
below J Mammary Gland Biol Neoplasia. 2012; 17: 91-97.

93.  Chen MS, Woodward WA, Behbod F, Peddibhotla S, Alfaro MP, 
Buchholz TA, et al. Wnt/beta-catenin mediates radiation resistance of 
Sca1+ progenitors in an immortalized mammary gland cell line. J Cell 
Sci. 2007; 120: 468-477. 

94.  Siwko SK, Dong J, Lewis MT, Liu H, Hilsenbeck SG, Li Y. Evidence 
that an early pregnancy causes a persistent decrease in the number 
of functional mammary epithelial stem cells--implications for 
pregnancy-induced protection against breast cancer. Stem Cells. 
2008; 26: 3205-3209. 

95.  Kara Britt L, Howard Kendrick, Joseph L Regan, Gemma Molyneux, 
Fiona-Ann Magnay, Alan Ashworth, et al. Pregnancy in the mature 
adult mouse does not alter the proportion of mammary epithelial 
stem/progenitor cells. Breast Cancer Research. 2009; 11.

96. Raafat A, Strizzi L, Lashin K, Ginsburg E, McCurdy D, Salomon D, Smith 
GH. Effects of age and parity on mammary gland lesions and progenitor 
cells in the FVB/N-RC mice. See comment in PubMed Commons below 
PLoS One. 2012; 7: e43624.

97. Meier-Abt F, Milani E, Roloff T, Brinkhaus H, Duss S, Meyer DS. Parity 
induces differentiation and reduces Wnt/Notch signaling ratio and 
proliferation potential of basal stem/progenitor cells isolated from 
mouse mammary epithelium. Breast Cancer Res. 2013; 15: R36.  

98. Vaillant F, Lindeman GJ, Visvader JE. Jekyll or Hyde: does Matrigel 
provide a more or less physiological environment in mammary 
repopulating assays? See comment in PubMed Commons below 
Breast Cancer Res. 2011; 13: 108.

99. Asselin-Labat ML, Vaillant F, Sheridan JM, Pal B, Wu D, Simpson ER, 
et al. Control of mammary stem cell function by steroid hormone 
signalling. See comment in PubMed Commons below Nature. 2010; 
465: 798-802.

100.  Tiede BJ, Owens LA, Li F, DeCoste C, Kang Y. A novel mouse model 
for non-invasive single marker tracking of mammary stem cells in 
vivo reveals stem cell dynamics throughout pregnancy. PLoS One. 
2009; 4: e8035.

101. Joshi PA, Jackson HW, Beristain AG, Di Grappa MA, Mote PA, Clarke 
CL, et al. Progesterone induces adult mammary stem cell expansion. 
See comment in PubMed Commons below Nature. 2010; 465: 803-
807.

102. Fata JE, Chaudhary V, Khokha R. Cellular turnover in the mammary 
gland is correlated with systemic levels of progesterone and not 
17beta-estradiol during the estrous cycle. See comment in PubMed 
Commons below Biol Reprod. 2001; 65: 680-688.

103. Wood GA, Fata JE, Watson KL, Khokha R. Circulating hormones and 
estrous stage predict cellular and stromal remodeling in murine 
uterus. See comment in PubMed Commons below Reproduction. 
2007; 133: 1035-1044.

104.  Walmer DK, Wrona MA, Hughes CL, Nelson KG. Lactoferrin 
expression in the mouse reproductive tract during the natural 
estrous cycle: correlation with circulating estradiol and 
progesterone. Endocrinology. 1992; 131: 1458-1466.

105. Pittius CW, Sankaran L, Topper YJ, Hennighausen L. Comparison of 

http://www.ncbi.nlm.nih.gov/pubmed/16395311
http://www.ncbi.nlm.nih.gov/pubmed/16395311
http://www.ncbi.nlm.nih.gov/pubmed/16395311
http://www.ncbi.nlm.nih.gov/pubmed/16395311
http://www.ncbi.nlm.nih.gov/pubmed/14671312
http://www.ncbi.nlm.nih.gov/pubmed/14671312
http://www.ncbi.nlm.nih.gov/pubmed/14671312
http://www.ncbi.nlm.nih.gov/pubmed/7585655
http://www.ncbi.nlm.nih.gov/pubmed/7585655
http://www.ncbi.nlm.nih.gov/pubmed/7585655
http://www.ncbi.nlm.nih.gov/pubmed/7585655
http://www.ncbi.nlm.nih.gov/pubmed/15491635
http://www.ncbi.nlm.nih.gov/pubmed/15491635
http://www.ncbi.nlm.nih.gov/pubmed/15491635
http://www.ncbi.nlm.nih.gov/pubmed/15491635
http://www.ncbi.nlm.nih.gov/pubmed/20619762
http://www.ncbi.nlm.nih.gov/pubmed/20619762
http://www.ncbi.nlm.nih.gov/pubmed/20619762
http://www.ncbi.nlm.nih.gov/pubmed/20619762
http://www.ncbi.nlm.nih.gov/pubmed/7795217
http://www.ncbi.nlm.nih.gov/pubmed/7795217
http://www.ncbi.nlm.nih.gov/pubmed/7795217
http://www.ncbi.nlm.nih.gov/pubmed/7795217
http://www.ncbi.nlm.nih.gov/pubmed/20619763
http://www.ncbi.nlm.nih.gov/pubmed/20619763
http://www.ncbi.nlm.nih.gov/pubmed/20619763
http://www.ncbi.nlm.nih.gov/pubmed/20619763
http://www.ncbi.nlm.nih.gov/pubmed/20095850
http://www.ncbi.nlm.nih.gov/pubmed/20095850
http://www.ncbi.nlm.nih.gov/pubmed/20095850
http://www.ncbi.nlm.nih.gov/pubmed/20095850
http://www.ncbi.nlm.nih.gov/pubmed/15189136
http://www.ncbi.nlm.nih.gov/pubmed/15189136
http://www.ncbi.nlm.nih.gov/pubmed/15189136
http://www.ncbi.nlm.nih.gov/pubmed/15189136
http://www.ncbi.nlm.nih.gov/pubmed/16815104
http://www.ncbi.nlm.nih.gov/pubmed/16815104
http://www.ncbi.nlm.nih.gov/pubmed/16815104
http://www.ncbi.nlm.nih.gov/pubmed/16815104
http://www.ncbi.nlm.nih.gov/pubmed/20473297
http://www.ncbi.nlm.nih.gov/pubmed/20473297
http://www.ncbi.nlm.nih.gov/pubmed/20473297
http://www.ncbi.nlm.nih.gov/pubmed/20473297
http://www.ncbi.nlm.nih.gov/pubmed/19194462
http://www.ncbi.nlm.nih.gov/pubmed/19194462
http://www.ncbi.nlm.nih.gov/pubmed/19194462
http://www.ncbi.nlm.nih.gov/pubmed/19194462
http://www.ncbi.nlm.nih.gov/pubmed/16689993
http://www.ncbi.nlm.nih.gov/pubmed/16689993
http://www.ncbi.nlm.nih.gov/pubmed/16689993
http://www.ncbi.nlm.nih.gov/pubmed/23417300
http://www.ncbi.nlm.nih.gov/pubmed/23417300
http://www.ncbi.nlm.nih.gov/pubmed/23417300
http://www.ncbi.nlm.nih.gov/pubmed/23417300
http://www.ncbi.nlm.nih.gov/pubmed/17202265
http://www.ncbi.nlm.nih.gov/pubmed/17202265
http://www.ncbi.nlm.nih.gov/pubmed/17202265
http://www.ncbi.nlm.nih.gov/pubmed/21575864
http://www.ncbi.nlm.nih.gov/pubmed/21575864
http://www.ncbi.nlm.nih.gov/pubmed/21575864
http://www.ncbi.nlm.nih.gov/pubmed/21575864
http://www.ncbi.nlm.nih.gov/pubmed/11969254
http://www.ncbi.nlm.nih.gov/pubmed/11969254
http://www.ncbi.nlm.nih.gov/pubmed/11969254
http://www.ncbi.nlm.nih.gov/pubmed/22644112
http://www.ncbi.nlm.nih.gov/pubmed/22644112
http://www.ncbi.nlm.nih.gov/pubmed/22644112
http://www.ncbi.nlm.nih.gov/pubmed/22644112
http://www.ncbi.nlm.nih.gov/pubmed/17227796
http://www.ncbi.nlm.nih.gov/pubmed/17227796
http://www.ncbi.nlm.nih.gov/pubmed/17227796
http://www.ncbi.nlm.nih.gov/pubmed/17227796
http://www.ncbi.nlm.nih.gov/pubmed/18787212
http://www.ncbi.nlm.nih.gov/pubmed/18787212
http://www.ncbi.nlm.nih.gov/pubmed/18787212
http://www.ncbi.nlm.nih.gov/pubmed/18787212
http://www.ncbi.nlm.nih.gov/pubmed/18787212
http://breast-cancer-research.com/content/11/2/r20
http://breast-cancer-research.com/content/11/2/r20
http://breast-cancer-research.com/content/11/2/r20
http://breast-cancer-research.com/content/11/2/r20
http://www.ncbi.nlm.nih.gov/pubmed/22952723
http://www.ncbi.nlm.nih.gov/pubmed/22952723
http://www.ncbi.nlm.nih.gov/pubmed/22952723
http://www.ncbi.nlm.nih.gov/pubmed/22952723
http://www.ncbi.nlm.nih.gov/pubmed/23621987
http://www.ncbi.nlm.nih.gov/pubmed/23621987
http://www.ncbi.nlm.nih.gov/pubmed/23621987
http://www.ncbi.nlm.nih.gov/pubmed/23621987
http://www.ncbi.nlm.nih.gov/pubmed/21635708
http://www.ncbi.nlm.nih.gov/pubmed/21635708
http://www.ncbi.nlm.nih.gov/pubmed/21635708
http://www.ncbi.nlm.nih.gov/pubmed/21635708
http://www.ncbi.nlm.nih.gov/pubmed/20383121
http://www.ncbi.nlm.nih.gov/pubmed/20383121
http://www.ncbi.nlm.nih.gov/pubmed/20383121
http://www.ncbi.nlm.nih.gov/pubmed/20383121
http://www.ncbi.nlm.nih.gov/pubmed/19946375
http://www.ncbi.nlm.nih.gov/pubmed/19946375
http://www.ncbi.nlm.nih.gov/pubmed/19946375
http://www.ncbi.nlm.nih.gov/pubmed/19946375
http://www.ncbi.nlm.nih.gov/pubmed/20445538
http://www.ncbi.nlm.nih.gov/pubmed/20445538
http://www.ncbi.nlm.nih.gov/pubmed/20445538
http://www.ncbi.nlm.nih.gov/pubmed/20445538
http://www.ncbi.nlm.nih.gov/pubmed/11514328
http://www.ncbi.nlm.nih.gov/pubmed/11514328
http://www.ncbi.nlm.nih.gov/pubmed/11514328
http://www.ncbi.nlm.nih.gov/pubmed/11514328
http://www.ncbi.nlm.nih.gov/pubmed/17616732
http://www.ncbi.nlm.nih.gov/pubmed/17616732
http://www.ncbi.nlm.nih.gov/pubmed/17616732
http://www.ncbi.nlm.nih.gov/pubmed/17616732
http://www.ncbi.nlm.nih.gov/pubmed/1505477
http://www.ncbi.nlm.nih.gov/pubmed/1505477
http://www.ncbi.nlm.nih.gov/pubmed/1505477
http://www.ncbi.nlm.nih.gov/pubmed/1505477
http://www.ncbi.nlm.nih.gov/pubmed/2464745


Central

Britt et al. (2014)
Email:    

J Cancer Biol Res 2(2): 1049 (2014) 11/11

the regulation of the whey acidic protein gene with that of a hybrid 
gene containing the whey acidic protein gene promoter in transgenic 
mice. See comment in PubMed Commons below Mol Endocrinol. 
1988; 2: 1027-1032.

106. Wagner KU, Smith GH. Pregnancy and stem cell behavior. See 
comment in PubMed Commons below J Mammary Gland Biol 
Neoplasia. 2005; 10: 25-36.

107. Matulka LA, Triplett AA, Wagner KU. Parity-induced mammary 
epithelial cells are multipotent and express cell surface markers 
associated with stem cells. See comment in PubMed Commons 
below Dev Biol. 2007; 303: 29-44.

108. Boulanger CA, Wagner KU, Smith GH. Parity-induced mouse 
mammary epithelial cells are pluripotent, self-renewing and 
sensitive to TGF-beta1 expression. See comment in PubMed 
Commons below Oncogene. 2005; 24: 552-560.

109.  Garbe JC, Pepin F, Pelissier FA, Sputova K, Fridriksdottir AJ, Guo 
DE, et al. Accumulation of multipotent progenitors with a basal 
differentiation bias during aging of human mammary epithelia. 
Cancer Res. 2012; 72: 3687-3701.

110. Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, et al. Aberrant 
luminal progenitors as the candidate target population for basal 
tumor development in BRCA1 mutation carriers. Nat Med. 2009; 15: 
907-913.

111. Sudo K, Ema H, Morita Y, Nakauchi H. Age-associated characteristics 
of murine hematopoietic stem cells. See comment in PubMed 
Commons below J Exp Med. 2000; 192: 1273-1280.

112.  Rossi DJ, Bryder D, Zahn JM, Ahlenius H, Sonu R, Wagers AJ. Cell 
intrinsic alterations underlie hematopoietic stem cell aging. Proc 
Natl Acad Sci U S A. 2005; 102: 9194-9199. 

113. Cho RH, Sieburg HB, Muller-Sieburg CE. A new mechanism for 
the aging of hematopoietic stem cells: aging changes the clonal 
composition of the stem cell compartment but not individual stem 
cells. See comment in PubMed Commons below Blood. 2008; 111: 
5553-5561.

114. Raveh-Amit H, Berzsenyi S, Vas V, Ye D, Dinnyes A. Tissue resident 

stem cells: till death do us part. See comment in PubMed Commons 
below Biogerontology. 2013; 14: 573-590.

115.  Beerman I, Bock C, Garrison BS, Smith ZD, Gu H, Meissner A, et 
al. Proliferation-dependent alterations of the DNA methylation 
landscape underlie hematopoietic stem cell aging. Cell Stem Cell. 
2013; 12: 413-425.

116.  Signer RA, Montecino-Rodriguez E, Witte ON, McLaughlin J, 
Dorshkind K. Age-related defects in B lymphopoiesis underlie the 
myeloid dominance of adult leukemia. Blood. 2007; 110: 1831-1839.

117.  Pollyea DA, Kohrt HE, Medeiros BC. Acute myeloid leukaemia in 
the elderly: a review. See comment in PubMed Commons below Br J 
Haematol. 2011; 152: 524-542.

118. Britt K, Ashworth A, Smalley M. Pregnancy and the risk of breast 
cancer. See comment in PubMed Commons below Endocr Relat 
Cancer. 2007; 14: 907-933.

119. Grange C, Lanzardo S, Cavallo F, Camussi G, Bussolati B. Sca-1 
identifies the tumor-initiating cells in mammary tumors of BALB-
neuT transgenic mice. See comment in PubMed Commons below 
Neoplasia. 2008; 10: 1433-1443.

120. Brisken C, Heineman A, Chavarria T, Elenbaas B, Tan J, Dey SK, et 
al. Essential function of Wnt-4 in mammary gland development 
downstream of progesterone signaling. Genes Dev. 2000; 14: 650-
654.

121. Miyakoshi T, Kajiya H, Miyajima K, Takei M, Tobita M, Takekoshi 
S, et al. The expression of Wnt4 is regulated by estrogen via an 
estrogen receptor alpha-dependent pathway in rat pituitary growth 
hormone-producing cells. Acta Histochem Cytochem. 2009; 42: 205-
213.

122. van Amerongen R, Bowman AN, Nusse R. Developmental stage and 
time dictate the fate of Wnt/β-catenin-responsive stem cells in the 
mammary gland. Cell Stem Cell. 2012; 11: 387-400. 

123. Tanos T, Sflomos G, Echeverria P C, Ayyanan A, GutierrezM, Delaloye 
J F, et al. Progesterone/RANKL Is a Major Regulatory Axis in the 
Human Breast. Science Translational Medicine. 2013; 5: 182ra55.

Dall G, Anderson R, Britt K (2014) The Role of Stem Cells in Parity Induced Protection against Breast Cancer. J Cancer Biol Res 2(2): 1049.

Cite this article

http://www.ncbi.nlm.nih.gov/pubmed/2464745
http://www.ncbi.nlm.nih.gov/pubmed/2464745
http://www.ncbi.nlm.nih.gov/pubmed/2464745
http://www.ncbi.nlm.nih.gov/pubmed/2464745
http://www.ncbi.nlm.nih.gov/pubmed/15886884
http://www.ncbi.nlm.nih.gov/pubmed/15886884
http://www.ncbi.nlm.nih.gov/pubmed/15886884
http://www.ncbi.nlm.nih.gov/pubmed/17222404
http://www.ncbi.nlm.nih.gov/pubmed/17222404
http://www.ncbi.nlm.nih.gov/pubmed/17222404
http://www.ncbi.nlm.nih.gov/pubmed/17222404
http://www.ncbi.nlm.nih.gov/pubmed/15580303
http://www.ncbi.nlm.nih.gov/pubmed/15580303
http://www.ncbi.nlm.nih.gov/pubmed/15580303
http://www.ncbi.nlm.nih.gov/pubmed/15580303
http://www.ncbi.nlm.nih.gov/pubmed/22552289
http://www.ncbi.nlm.nih.gov/pubmed/22552289
http://www.ncbi.nlm.nih.gov/pubmed/22552289
http://www.ncbi.nlm.nih.gov/pubmed/22552289
http://www.ncbi.nlm.nih.gov/pubmed/19648928
http://www.ncbi.nlm.nih.gov/pubmed/19648928
http://www.ncbi.nlm.nih.gov/pubmed/19648928
http://www.ncbi.nlm.nih.gov/pubmed/19648928
http://www.ncbi.nlm.nih.gov/pubmed/11067876
http://www.ncbi.nlm.nih.gov/pubmed/11067876
http://www.ncbi.nlm.nih.gov/pubmed/11067876
http://www.ncbi.nlm.nih.gov/pubmed/15967997
http://www.ncbi.nlm.nih.gov/pubmed/15967997
http://www.ncbi.nlm.nih.gov/pubmed/15967997
http://www.ncbi.nlm.nih.gov/pubmed/18413859
http://www.ncbi.nlm.nih.gov/pubmed/18413859
http://www.ncbi.nlm.nih.gov/pubmed/18413859
http://www.ncbi.nlm.nih.gov/pubmed/18413859
http://www.ncbi.nlm.nih.gov/pubmed/18413859
http://www.ncbi.nlm.nih.gov/pubmed/24085521
http://www.ncbi.nlm.nih.gov/pubmed/24085521
http://www.ncbi.nlm.nih.gov/pubmed/24085521
http://www.ncbi.nlm.nih.gov/pubmed/23415915
http://www.ncbi.nlm.nih.gov/pubmed/23415915
http://www.ncbi.nlm.nih.gov/pubmed/23415915
http://www.ncbi.nlm.nih.gov/pubmed/23415915
http://www.ncbi.nlm.nih.gov/pubmed/17554060
http://www.ncbi.nlm.nih.gov/pubmed/17554060
http://www.ncbi.nlm.nih.gov/pubmed/17554060
http://www.ncbi.nlm.nih.gov/pubmed/21314823
http://www.ncbi.nlm.nih.gov/pubmed/21314823
http://www.ncbi.nlm.nih.gov/pubmed/21314823
http://www.ncbi.nlm.nih.gov/pubmed/18045947
http://www.ncbi.nlm.nih.gov/pubmed/18045947
http://www.ncbi.nlm.nih.gov/pubmed/18045947
http://www.ncbi.nlm.nih.gov/pubmed/19048122
http://www.ncbi.nlm.nih.gov/pubmed/19048122
http://www.ncbi.nlm.nih.gov/pubmed/19048122
http://www.ncbi.nlm.nih.gov/pubmed/19048122
http://www.ncbi.nlm.nih.gov/pubmed/10733525
http://www.ncbi.nlm.nih.gov/pubmed/10733525
http://www.ncbi.nlm.nih.gov/pubmed/10733525
http://www.ncbi.nlm.nih.gov/pubmed/10733525
http://www.ncbi.nlm.nih.gov/pubmed/20126574
http://www.ncbi.nlm.nih.gov/pubmed/20126574
http://www.ncbi.nlm.nih.gov/pubmed/20126574
http://www.ncbi.nlm.nih.gov/pubmed/20126574
http://www.ncbi.nlm.nih.gov/pubmed/20126574
http://www.ncbi.nlm.nih.gov/pubmed/22863533
http://www.ncbi.nlm.nih.gov/pubmed/22863533
http://www.ncbi.nlm.nih.gov/pubmed/22863533
http://stm.sciencemag.org/content/5/182/182ra55
http://stm.sciencemag.org/content/5/182/182ra55
http://stm.sciencemag.org/content/5/182/182ra55

	The Role of Stem Cells in Parity Induced Protection against Breast Cancer
	Abstract
	Abbreviations
	Introduction
	Does parity reduce breast cancer risk and is it specific to certain subtypes of cancer?
	Current methods for classifying histological grade, metastatic burden and molecular subtype of breas
	Epidemiological evidence suggests parity is not specific to histological subtype
	Parity may protect only against ER positive breast cancers
	Additional reproductive factors influence parity-associated protection 
	The young mammary gland is particularly sensitive to reproductive events
	Why is the young breast susceptible to both cancer promoting and protective events?
	Epidemiological studies show the young breast is particularly at risk of carcinogenic insult
	Experimental evidence in rodents of a critical period of increased carcinogenic vulnerability in the
	Do stem cells mediate the increased susceptibility to carcinogens experienced during puberty?
	Experimental evidence of TEBs housing MaSCs
	Stem cells in hematopoietic system and skin are resistant to carcinogenic insult and repair their DN
	Evidence to support MaSCs as being more sensitive to carcinogenesis is controversial
	Does parity lead to a decrease in stem cell number or function?
	Early but not late parity decreases MaSC numbers
	Assessment of MaSCs during reproductive cycles provide evidence for short- and long-term MaSCs
	Parity-identified mammary epithelial cells are long-term repopulating cells but not true stem cells
	Parity-dependent lineage skewing may explain decrease in breast cancer risk
	Parity may not reduce the risk of cancer through direct effects on MaSC 

	Challenges for the future
	Conclusion
	Acknowledgements
	References
	Figure 1

