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Abstract

tests of statistical significance were two-sided.

to non-dense breast tissue.

Background: Mammographic breast density is a well-established, strong breast cancer risk factor but the biology
underlying this association remains unclear. Breast density may reflect underlying alterations in the size and activity
of the breast stem cell pool. We examined, for the first time, associations of CD44, CD24, and aldehyde
dehydrogenase family 1 member A1 (ALDH1AT1) breast stem cell markers with breast density.

Methods: We included in this study 64 asymptomatic healthy women who previously volunteered for a unique biopsy
study of normal breast tissue at the Mayo Clinic (2006-2008). Mammographically identified dense and non-dense areas
were confirmed/localized by ultrasound and biopsied. Immunohistochemical analysis of the markers was performed
according to a standard protocol and the staining was assessed by a single blinded pathologist. In core
biopsy samples retrieved from areas of high vs. low density within the same woman, we compared staining
extent and an expression score (the product of staining intensity and extent), using the signed rank test. All

Results: A total of 64, 28, and 10 women were available for CD44, CD24, and ALDH1A1 staining, respectively.
For all three markers, we found higher levels of staining extent in dense as compared to non-dense tissue,
though for CD24 and ALDHTAT1 the difference did not reach statistical significance (CD44, 6.3% vs. 2.0%, p <O.
001; CD24, 8.0% vs. 5.6%, p=0.10; and ALDH1AT1, 0.5% vs. 0.3%, p=0.12). The expression score for CD44 was
significantly greater in dense as compared to non-dense tissue (9.8 vs.3.0, p <0.001).

Conclusions: Our findings suggest an increased presence and/or activity of stem cells in dense as compared
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Background

Mammographic breast density is a well-established,
strong predictor of breast cancer [1]. Mammographic
breast density is a reflection of the amount of adipose,
connective, and epithelial tissue in the breast. Although
several studies investigated potential risk factors for
breast density [2-6], the mechanisms by which breast
density alters the breast cancer risk remain poorly
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understood. Breast tissue undergoes significant struc-
tural changes throughout a woman’s life [7]. The tissue
architecture is maintained by a population of stem cells
that have self-renewal capacity, which are essential for
tissue repair and remodeling [8]. Tissue-specific stem
cells serve as the source of the mature, functional cell
types of a given tissue type, and have the capacity for
self-renewal and the ability to regenerate its “home” tis-
sue in its entirety [7, 9-12].

The mammary stem cells are a rapidly cycling cell
population in the normal adult [12]. Larger mammary
gland mass is expected to have a larger pool of mam-
mary cells and be correlated with the number of
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mammary stem cells [13]. A stem cell hypothesis of
breast carcinogenesis suggests that breast cancer devel-
opment might be directly related to the size of the stem
cell pool and its mitotic activity [14]. Perinatal variability
in breast tissue (ranging from glands consisting of sim-
ple ductal systems to those with well-developed branch-
ing ducts complete with terminal lobules) suggests
differences in the number and/or activity of stem cells
between individuals, which may be important for adult
breast cancer risk [9], potentially operating through the
degree of mammographic breast density. According to
the stem cell hypothesis of breast carcinogenesis, babies
with greater birthweight would have a larger pool of
stem cells that would determine their greater breast can-
cer risk. This hypothesis is supported by reports of
greater breast cancer risk in women with larger birth-
weight in different populations [14, 15], higher concen-
tration of umbilical cord blood cells expressing stem cell
markers in babies with greater birthweight [9], and posi-
tive correlation between birthweight and mammographic
breast density [9, 16]. Another established breast cancer
risk factor, parity, has been consistently associated with
decreased breast density [2, 6, 17, 18] and decreased
breast cancer risk [19-22]. Emerging data also suggest
decrease in the mammary stem cell numbers with
increasing parity [22, 23] which would support an asso-
ciation of stem cells with breast density. Finally, in the
mammary gland, stem cells are the only cell subpopula-
tion that has capacity to accumulate all the oncogenic
alterations [7].

There are limited data on expression of stem cell
markers in healthy breast tissue, in particular the epithe-
lium and stroma of normal breast tissue in asymptom-
atic women. Well-characterized stem cell markers CD44
and CD24 have been linked to younger age at diagnosis,
higher odds of unfavorable tumor characteristics, includ-
ing triple-negative receptor status (estrogen, progester-
one, and human epidermal growth factor receptor 2
(HER2)), and distant metastasis [24—26]. Another stem
cell marker, aldehyde dehydrogenase family 1 member
Al (ALDHI1A1), is correlated with poor prognosis and
chemotherapy-resistant breast cancer [26—29]. Whether
mammographic breast density reflects the number and
expression of stem cells in the breast is unknown. To fill
this knowledge gap, we examined associations between
the expression of CD44, CD24, and ALDHI1A1 in nor-
mal breast tissue samples retrieved from the areas of
high and low breast density in the same woman.

Methods

Study design and population

This study included 64 asymptomatic healthy women
who previously volunteered for a study of normal breast
tissue at the Mayo Clinic (Rochester, MN, USA) between
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2006 and 2008. Details of this study have been described
previously [30, 31]. Briefly, eligible women were aged
40 years or older with no personal history of breast can-
cer, a normal screening mammogram within 6 months
of biopsy, and mammographically dense and non-dense
areas identified on the mammogram, and confirmed and
localized by ultrasound, that could be biopsied for the
study. Women were ineligible if they were currently
using postmenopausal hormones, oral contraceptives,
other endocrine therapy, or anticoagulants. Other exclu-
sions were history of bleeding complications or allergy
to local anesthetic agents. All participants completed a
self-administered questionnaire on breast cancer risk
factors including age at menarche, age at first parity,
family history of breast cancer in a first-degree relative,
use of oral contraceptives or postmenopausal hormone
therapy, number of breast biopsies, and prior history of
atypical hyperplasia. There were in total 64 women avail-
able for this investigation; the majority of these women
were included in our prior investigations and the same
protocols were used for acquisition and sectioning of
tissue [30, 31]. This study was approved by the Mayo
Clinic, Rochester and the University of Florida
Institutional Review Boards. Written consent was
obtained from all participants.

Ascertainment of dense and non-dense cores

In the original core biopsy study, the study radiologist
identified areas of high and low density in the right
breast (the upper outer quadrant in most cases) using
mammogram films taken within 6 months [30, 31]. If
the patient had a previous benign surgical biopsy in the
right breast, then the left breast was selected for biopsy.
The areas of mammographically dense and non-dense
tissue in the upper-outer region of the breast (>50% and
<25% density represented by fibroglandular elements,
respectively), were identified by an experienced breast
radiologist, then localized by ultrasound in a similar
fashion to routine clinical practice where mammo-
graphic findings are further evaluated with ultrasound
[30, 31]. Sonographically, the dense tissue selected for
biopsy was either homogenously hyperechoic (relative to
subcutaneous breast fat) or a heterogenous mixture of
hyperechoic tissue and hypoechoic ducts. Sonographi-
cally, the non-dense tissue selected for biopsy was isoe-
choic to subcutaneous breast fat. Using a 14-gauge
needle, an ultrasound-guided core-needle biopsy was
performed in the identified dense and non-dense re-
gions. Four cores were taken from each region; three
cores were formalin fixed and embedded in one paraffin
block and the remaining core was frozen. Thirty serial
sections were cut from each paraffin-embedded block.
Slides (sections 1, 15, and 30) cut from both the dense
and non-dense paraffin-embedded blocks were stained
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with hematoxylin and eosin (H&E) and histologically ex-
amined to ensure that sections contained benign tissue
[31]. In our previous study using these samples [30], all
H&E slides from dense and non-dense areas were
assessed by an experienced pathologist for the type of
benign breast tissue, which was classified as non-
proliferative disease, proliferative disease without atypia,
and atypical hyperplasia using standard criteria described
by Dupont et al. [32, 33]. The prevalence of proliferative
changes among 59 women in our prior study was higher
in slides from dense areas as compared to non-dense
areas [30]. Of the slides from dense areas, 11.9%
contained proliferative disease without atypia vs. 0% in
the non-dense areas. The rest of the slides from both
dense (88.1%) and non-dense areas (100%) were repre-
sented by non-proliferative tissue. Presence of atypical
hyperplasia was assessed on all slides from 64 women.
None of the slides from dense or non-dense areas
showed presence of atypia.

Due to the design of our study, only patients with
samples taken both from regions of dense and non-
dense tissue in the same breast were considered, and
these were stained and analyzed. Thus, the histologic as-
sessment and staining were not performed on sections
from patients who only had dense or non-dense tissue.
Eligible women and those who were excluded from this
study had similar breast imaging reporting and data sys-
tem (BI-RADS) breast density.

Immunohistochemical analysis and interpretation

Immunohistochemical analysis of the markers on 5-pm
tissue sections was performed at the University of Flor-
ida Pathology Core Laboratory according to a standard
protocol and using commercially available antibodies
(DAKO AutostainerPlus, CD44 (DAK) 1:25 dilution;
CD24 (Abcam) 1:200 dilution; and ALDH1A1 (Abcam)
1:300 dilution). For this investigation, we had tissue sec-
tions available for 64, 28, and 10 women to stain for
CD44, CD24, and ALDH1A1, respectively. Staining for
each of the tissue markers was performed on a separate
section from the dense and non-dense areas of the
woman’s breast (sections 5, 12, and 13 from the original
core; total of 128 slides for CD44, 56 for CD24, and 20
for ALDH1A1). Slides were de-paraffinized with xylene
and rehydrated through decreasing concentrations of
ethanol to water, including an intermediary step to
quench endogenous peroxidase activity (3% hydrogen
peroxide in methanol). Slides were transferred to 1 x
Tris-buffered saline-Tween (TBS-T).). For heat-induced
antigen retrieval, sections were heated in a steamer while
being submerged in Citra (Biogenex, Fremont, CA,
USA) or Trilogy (Cell Marque, Rocklin, CA, USA) for
30 minutes. Slides were subsequently rinsed in 1 x TBS-
T and incubated with a universal protein blocker Sniper
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(Biocare Medical, Walnut Creek, CA, USA) for 15 mi-
nutes and then rinsed in 1 x TBS-T and co-incubated in
primary antibody ALDH1A1 or CD24 or CD44 for
1 hour. Next, slides were rinsed in 1 x TBS-T followed
by application of conjugated secondary antibody: Mach
2 goat anti-rabbit horse (or mouse) radish peroxidase-
conjugated (Biocare Medical, Walnut Creek, CA, USA)
for 30 minutes. Antibodies were detected by incubating
slides in 3’3’ diaminobenzidine (Vector Laboratories
Inc., Burlingame, CA, USA) for 4 minutes. Slides were
counterstained with hematoxylin (Biocare Medical, Wal-
nut Creek, CA, USA) 1:10 for 3 minutes and mounted
with Cytoseal XYL (Richard-Allen Scientific, Kalamazoo,
MI, USA).

The percentage of total immunoreactivity and staining
intensity for each marker was assessed by a single patholo-
gist using the Olympus BX43. Any cellular staining pat-
tern (e.g. nuclear, cytoplasmic or membranous) was
considered positive. Staining extent was quantified as per-
centage of the area occupied by positively stained cells out
of the total tissue area in the slide. Average intensity of the
staining in each slide was categorized as weak (1+), inter-
mediate (2+) or strong (3+) (Fig. 1). The composition of
the breast tissue was evaluated as the proportion of epi-
thelial, stromal, and adipose tissue elements. Additional
staining images are provided in Additional file 1.

Statistical analysis
Data on stem cell marker expression are presented as
means and standard deviations. First, the analysis for a
given marker was restricted to the subjects with >1%
presence of either epithelium or stroma in both dense
and non-dense cores stained for this marker. In a second-
ary analysis, we further restricted the comparison for a
given marker to the subjects with > 10% of combined epi-
thelial and stromal elements in both dense and non-dense
sections stained for this marker. The correlation between
proportion of epithelial and stromal area across the sec-
tions stained for three markers was very high (>0.9). The
signed rank test was used to compare the expression of
each stem cell marker in core biopsy samples that were re-
trieved from areas of high vs. low density. We separately
examined staining extent and an expression score that
represented the product of staining intensity and extent.
In a secondary analysis, we compared expression of
the markers in dense and non-dense areas using re-
peated measures generalized linear models while adjust-
ing for proportion of epithelial tissue, proportion of
stroma, and proportion of total epithelial and stromal
area. In this analysis, the expression of the markers was
first square-root-transformed to improve normality and
then converted into one standard deviation scale for ease
of comparison across markers with differing scales.
These models used a freely estimable covariance
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Fig. 1 Example of positive and negative staining for CD44
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structure to account for correlation between dense and
non-dense areas within each woman. Analyses were per-
formed using SAS software (version 9.4; SAS Institute,
Cary, NC, USA). All tests of statistical significance were
two-sided (with Hy=no difference between dense and
non-dense tissue) and the level of statistical significance
was set at p < 0.05.

Results

The characteristics of the 64 women in this study are
presented in Table 1. All women were Caucasian and
the sample included both premenopausal (n=22; 34%)
and postmenopausal (n=42; 66%) women, with mean
age 51 years (range 40-79). The proportions of different
tissue elements (epithelial, stromal, and adipose) in the
paired samples from dense and non-dense areas are pre-
sented in Additional file 2 Table S1. Figure 2 represents
pairs of samples from dense and non-dense areas of the
breasts of the same woman stained for each of the
markers. For all three markers, we found higher levels of
staining extent in dense as compared to non-dense
tissue, though for CD24 and ALDH1A1 the difference
was not statistically significant (6.3% vs. 2.0% for CD44,
p <0.001; 8.0% vs. 5.6% for CD24, p =0.10; and 0.5% vs.
0.3% for ALDH1A1, p=0.12) (Table 2 and Fig. 3). The
expression score (product of extent and intensity) for
CD44 was significantly greater in dense as compared to
non-dense tissue (9.8 vs. 3.0, p<0.001) (Table 2). The
average expression scores for CD24 and ALDH1A1 ap-
peared to be greater in dense as compared to non-dense
tissue, but these differences were not statistically signifi-
cant (11.1 vs. 85, p=0.40 and 0.8 vs. 0.4, p=0.06,
respectively) (Table 2). These differences in staining

extent and expression score for all three markers were
similar when the analysis was restricted to subjects
with>10% of epithelial and stromal elements in both
dense and non-dense cores (Table 3).

In a univariate analysis, the staining extent and expres-
sion score for CD44 and ALDH1A1 were significantly

Table 1 Characteristics of 64 women in the study

Mean (STD) or
number (percentage)

Characteristic

Age at mammogram (continuous, years) 51.1 (9.6)
Body mass index (continuous, kg/m?) 27.0 (4.7)
Parity and age at first child’s birth

Nulliparous 10 (16%;

(16%)

1-4 children with age at first birth < 24 years (38%)
1-4 children with age at first birth of 25-29 years 13 (20%)
(23%)

1-4 children with age at first birth of 2 30 years 15 (23%,

=5 children with age at first birth of < 25 years 0 (0%)

=5 children with age at first birth of 225 years 2 (3%)
Menopausal status

Premenopausal 22 (34%)

Postmenopausal 42 (66%)
Postmenopausal hormone use

Never 28 (67%)

Past 13 (31%)

Current 0 (0%)

Unknown 1 (2%)
Family history of breast or ovarian cancer in first- 26 (43%)

degree relatives®

STD standard deviation
“Data were missing for 4 women
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Fig. 2 Immunohistochemical staining for CD44 (a), CD24 (b), and
aldehyde dehydrogenase family T member AT (ALDH1A1) (c) in sections

from dense (left) and non-dense (right) areas within the same woman
. J

associated with greater breast density (Table 4). In the
secondary analysis with adjustment for epithelial area,
the difference in the expression patterns was no longer
significant, except for ALDH1A1 expression. The associ-
ation patterns were no longer evident with additional
adjustment for either proportion of stroma or combined
proportion of epithelial and stromal elements. As stem
cell markers predominantly express in epithelial and
stromal elements in the breast [34], this change in
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association pattern is expected with additional adjust-
ment for epithelial and stromal area (Table 3).

Discussion

Our study provides the first evidence that the expression
of stem cell markers is increased in the areas of dense
breast tissue as compared to low density area within the
same woman. These findings suggest that stem cell
markers could partially explain the underlying molecular
mechanisms behind the associations of high breast dens-
ity with increased breast cancer risk.

Breast tissue is very dynamic and undergoes significant
remodeling and structural changes during puberty, preg-
nancy, lactation, and involution [7]. Breast stem cells are
essential for the continuous tissue remodeling and main-
tenance of the breast tissue architecture. The potential
association between stem cells and breast density is sup-
ported by findings from previous studies that demon-
strate consistent associations between epidemiologic risk
factors that influence breast stem cell activity and breast
density. For example, birthweight is positively associated
with higher breast density and breast cancer risk in pre-
vious studies [14—16, 35—37] and these associations are
explained by higher insulin-like growth factor 1 (IGF-1)
levels during adulthood in women with greater birth-
weight [38]. The IGF-1 pathway is implicated in
epithelial-to-mesenchymal transition (EMT), a naturally
occurring process for tissue remodeling in both normal
and cancerous tissue. Cells undergoing EMT also acquire
stem-cell-like characteristics suggesting an overlap be-
tween EMT and stem cell mechanisms [39]. In contrast,
greater childhood and adolescent body fat is associated
with an increase in sex steroid hormones in heavier girls,
early breast tissue differentiation and reduction in the
stem cell pool, and lower levels of IGF-1 in adulthood
[40—-42]. Consistently, greater adolescent body size is as-
sociated with decreased breast density and reduced risk

Table 2 Subset of subjects with 2 1% epithelium or = 1% stroma in both dense and non-dense cores

Marker expression measure Dense Non-dense P for difference*
Number Mean (STD) Number Mean (STD)
CD44
Staining extent 59 6.3 (6.7) 59 20 4.2) <0.001
Expression score (extent x intensity) 59 9.8 (11.3) 59 330.1) <0.001
CD24
Staining extent 27 8.0 (6.0) 27 56 (5.8) 0.10
Expression score (extent x intensity) 27 11.1 (86) 27 85 (11.5) 040
ALDH1A1
Staining extent 10 0.5 (0) 10 03 (0.3) 012
Expression score (extent x intensity) 10 08(03) 10 04 (03) 0.06

STD standard deviation, ALDH1AT aldehyde dehydrogenase family 1 member A1

*P value from signed rank test for alternative hypothesis of associations vs. null hypothesis of no association with significance level of 0.05
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of breast cancer [41, 43—47]. Finally, emerging data sug-
gests a decrease in the stem cell pool with increasing par-
ity [22, 23, 48], which is also associated with lower breast
density and reduced breast cancer risk [2, 6, 18, 19].

Our findings suggest greater expression of stem cell
markers in areas of dense as compared to non-dense
breast tissue. As expected, these differences were attenu-
ated after additional adjustment for proportion of epi-
thelial or stromal elements and were further attenuated

after adjustment for the combined area of epithelial and
stromal tissue. Previous literature suggests that stem cell
markers are expressed in epithelium and stroma [34]. In
our study, expression of all three markers was more
apparent in tissue sections with a larger proportion of
epithelium. We observed strong correlation between
staining positivity and the proportion of epithelium
(correlation coefficients 0.83, 0.31, and 0.50 for CD44,
CD24, and ALDHI1AI, respectively), and moderate
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Table 3 Subset of subjects with sum of epithelium and stroma = 10% in both dense and non-dense cores
Marker Expression measure Dense Non-dense P for
Number Mean (STD) Number Mean (STD) difference*
CD44
Staining extent 34 74 (7.6) 34 33(5.1) 0.009
Expression score (extent x intensity) 34 11.8 (13.0) 34 54 (11.6) 0.01
CD24
Staining extent 18 8.7 (6.5) 18 6.5 (6.8) 0.36
Expression score (extent x intensity) 18 11.509.3) 18 10.2 (13.7) 045
ALDH1A1
Staining extent 6 0.5 (0) 6 03(0.3) 0.17
Expression score (extent x intensity) 6 0.8 (0.3) 6 03(03) 0.09

STD standard deviation, ALDH1A1 aldehyde dehydrogenase family 1 member A1

*P value from signed rank test for alternative hypothesis of associations vs. null hypothesis of no association with significance level of 0.05

correlation with the proportion of stroma for all three
markers (0.55, 0.38, and 0.51, respectively). The staining
for all three markers was detected even in some sections
with no epithelium, but a large proportion of stromal
tissue, suggesting that expression in the stromal tissue is
also important. These findings could suggest that breast-
density-associated increase in breast cancer could poten-
tially result from greater presence of cells with stem-like
properties in dense breast tissue. However, we cannot
directly determine the specific location of the increased
expression as being within the stroma or the epithelium.

We examined, for the first time, the association of
CD44, CD24, and ALDH1A1 expression with dense and
non-dense areas of the breast in healthy, asymptomatic
women. We utilized a unique tissue resource from
healthy volunteers who have provided core biopsies of
dense and non-dense regions allowing the comparison
of stem cell markers within a woman. This type of re-
source with healthy tissue sampled specifically from
dense and non-dense regions is unique and allows for

comparison of tissue markers within the same breast.
Our study has a few limitations. Marker staining was
assessed by a single expert pathologist. We did not
count the number of different cell types in the sections
but rather estimated the proportion of epithelial, stro-
mal, and fat tissue area out of the total tissue area. These
proportions were further used for adjustment for tissue
composition in our secondary analysis. Although efforts
were taken, the pathologist cannot be completely
blinded to the dense or non-dense status of the sections
due to the general composition of dense tissue being
more likely to contain larger amounts of stromal and
epithelial cells as compared to non-dense tissue. How-
ever, as the pathologist was not aware of the research
hypothesis, it is unlikely that the results of the staining
readings were influenced by the knowledge of the tissue
composition. Validation studies have demonstrated very
good inter-observer agreement in staining assessment by
different experts and between automated and pathologist
readings [49-51]. Consistently, in clinical practice,

Table 4 Association of stem cell markers with breast density, adjusted for epithelial/stromal tissue, regression coefficient (standard

error) for dense vs. non-dense area

Marker Expression measure® Unadjusted  Adjusted for percentage  Adjusted for percentage epithelium  Adjusted for percentage
epithelium and stroma stroma
CD44
Staining extent 095 (0.14)*  0.01 (0.09) —0.29 (0.14) 0.30 (0.26)
Expression score (extent x intensity) 0.89 (0.14)* —0.04 (0.10) —0.25 (0.16) 0.35 (0.26)
CD24
Staining extent 044 (0.29) 0.12 (0.30) —-1.36 (043)* —0.65 (0.48)
Expression score (extent x intensity) 0.37 (0.29) 0.09 (0.30) —145 (046)* —0.75 (049)
ALDH1A1
Staining extent 097 (040* 065 (040) -0.31(0.71) 0.18 (0.76)
Expression score (extent x intensity) 111 (041)* 0.95 (0.40)° 048 (0.63) 061 (0.74)

ALDH1A1 aldehyde dehydrogenase family 1 member A1

2All markers transformed using square root and put on one standard deviation scale

“Significant at 0.05
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reading of the staining results for several markers is per-
formed by only one pathologist and not by consensus of
multiple pathologists. Further, use of a single reader
eliminates inter-rater variability. In the core biopsy
study, the areas of dense and non-dense tissue were
identified by a single radiologist. Previous studies dem-
onstrate very good agreement in breast density assess-
ment by different radiologists [52—54]. Finally, in our
study, initial assessment of density on a mammogram
was further confirmed with ultrasound.

We had tissue sections from only 28 and 10 women
for CD24, and ALDHI1A1l, respectively. However, be-
cause of the paired nature of the dense and non-dense
sections, this sample size was sufficient to detect a 0.37
standard deviation difference in CD44, 0.5 standard de-
viation difference in CD24 and a 1 standard deviation
difference in AHDH1A1 between dense and non-dense
tissue, with 80% power, thus making our results inform-
ative. Some recent studies indicate that staining intensity
can be affected by both storage time and variability in
processing [55]. As our samples were collected over
3 years, the influence of storage time on staining inten-
sity results could not be ruled out completely. However,
due to the paired nature of the cores, it would likely re-
sult in attenuation of any associations between dense
and non-dense tissue. In contrast to the expression score
results that incorporate information on staining inten-
sity, the comparison of staining extent has consistently
demonstrated greater expression of all three markers in
dense as compared to non-dense areas. Finally, in this
preliminary investigation, we did not have sufficient
power to examine associations between stem cell
markers and breast density by the status of postmenopausal
hormone use, family history of breast cancer, or other im-
portant risk factors known to be associated with density.

Conclusions

This study provides the first evidence on the expression of
stem cell markers in normal breast tissue from healthy
women and contributes to the understanding of potential
pathways by which breast density may influence breast
cancer. As activity of breast stem cells is potentially modi-
fiable by immunotherapy, modulation of specific target
pathways and some therapeutic interventions [56-58], if
an association between stem cells and density is confirmed
in subsequent studies, these findings may pave a way for
new therapeutic interventions to reduce breast density
and breast cancer risk in high-risk women with dense
breasts. Importantly, strategies aimed at breast density re-
duction will apply to a large segment of women (~50%)
with dense breasts. Reduced breast density will not only
decrease subsequent breast cancer risk but will also im-
prove mammography performance (by improving
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sensitivity in less dense breasts) and facilitate detection of
breast cancer at an early and curable stage.
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Abbreviations

ALDH1A1: Aldehyde dehydrogenase family 1 member A1; EMT: Epithelial-to-
mesenchymal transition; HER2: Human epidermal growth factor receptor 2;
IGF-1: Insulin-like growth factor 1; TBS-T: Tris-buffered saline-Tween

Acknowledgements

The authors would like to thank Elaine Dooley for performing
immunohistochemical analyses for this study and Dr. Ashwini Esnakula for
providing staining images.

Funding

This work was supported by the University of Florida Cancer Center through
the Florida Consortium of National Cancer Institute Centers Program at the
University of Florida (Bridge Funding to LY); Mayo Clinic CCaTS KL2 program
(K12 RR24151); and Mayo Clinic Breast SPORE (NCI P50 CA116201; NCI RO1
CA128931; NCI ROT CA140286).

Availability of data and materials
Not applicable.

Authors’ contributions

LY conceived of and designed the study, directed statistical analyses,
interpreted results, drafted the manuscript, substantially revised initial drafts
of the paper, and provided final review and approval. CS performed
statistical analyses and interpretation of data and revised the manuscript. MJ
performed statistical analyses and revised the manuscript. CV designed the
study, collected the data in biopsy study, directed statistical analyses,
interpreted results, and revised the manuscript. ES evaluated marker staining
and tissue histology and revised the manuscript. KG designed the study,
collected the data in the biopsy study, and revised the manuscript. DV
performed all review of the biopsy samples and revised the manuscript. KB
assessed BI-RADS breast density, performed the core biopsies, and revised
the manuscript. All authors read and approved the final manuscript.

Authors’ information
No further information.

Ethical approval and consent to participate

This study was approved by the Mayo Clinic, Rochester and the University of
Florida Institutional Review Boards. Written consent was obtained from all
participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Epidemiology, College of Public Health and Health
Professions and College of Medicine, University of Florida, 2004 Mowry Rd,
Gainesville, FL 32610, USA. “Department of Pathology, Immunology and
Laboratory Medicine, College of Medicine, University of Florida, 1600 SW


dx.doi.org/10.1186/s13058-017-0889-3
dx.doi.org/10.1186/s13058-017-0889-3

Yaghjyan et al. Breast Cancer Research (2017) 19:100

Archer Road, Gainesville, FL 32610, USA. >Division of General Internal
Medicine, Mayo Clinic College of Medicine, 200 First St SW, Rochester, MN
55902, USA. “Division of Biomedical Statistics and Informatics, Mayo Clinic
College of Medicine, 200 First St. SW, Rochester, MN 55905, USA.
°Department of Radiology, Mayo Clinic College of Medicine, 200 First St. SW,
Rochester, MN 55905, USA. ®Department of Anatomic Pathology, Mayo Clinic
College of Medicine, 200 First St. SW, Rochester, MN 55905, USA.
’Department of Health Sciences Research, Division of Epidemiology, Mayo
Clinic College of Medicine, 200 First St. SW, Rochester, MN 55905, USA.

Received: 3 April 2017 Accepted: 4 August 2017
Published online: 29 August 2017

References

1.

McCormack VA, dos Santos Silva I. Breast density and parenchymal patterns
as markers of breast cancer risk: a meta-analysis. Cancer Epidemiol
Biomarkers Prev. 2006;15(6):1159-69.

Vachon CM, Kuni CC, Anderson K, Anderson VE, Sellers TA. Association of
mammographically defined percent breast density with epidemiologic risk
factors for breast cancer (United States). Cancer Causes Control.
2000;11(7):653-62.

Vachon CM, Sellers TA, Vierkant RA, Wu FF, Brandt KR. Case-control study of
increased mammographic breast density response to hormone replacement
therapy. Cancer Epidemiol Biomarkers Prev. 2002;11(11):1382-8.
Titus-Ernstoff L, Tosteson AN, Kasales C, Weiss J, Goodrich M, Hatch EE,
Carney PA. Breast cancer risk factors in relation to breast density (United
States). Cancer Causes Control. 2006;17(10):1281-90.

Tamimi RM, Hankinson SE, Colditz GA, Byrne C. Endogenous sex hormone
levels and mammographic density among postmenopausal women. Cancer
Epidemiol Biomarkers Prev. 2005;14(11 Pt 1):2641-7.

Yaghjyan L, Colditz GA, Rosner B, Bertrand KA, Tamimi RM. Reproductive
factors related to childbearing and mammographic breast density. Breast
Cancer Res Treat. 2016;158(2):351-9.

Cobaleda C, Cruz JJ, Gonzalez-Sarmiento R, Sanchez-Garcia |, Perez-Losada J.
The emerging picture of human breast cancer as a stem cell-based disease.
Stem Cell Rev. 2008:4(2):67-79.

Smalley M, Ashworth A. Stem cells and breast cancer: a field in transit. Nat
Rev Cancer. 2003;3(11):832-44.

Savarese TM, Low HP, Baik I, Strohsnitter WC, Hsieh CC. Normal breast stem
cells, malignant breast stem cells, and the perinatal origin of breast cancer.
Stem Cell Rev. 2006,2(2):103-10.

Kordon EC, Smith GH. An entire functional mammary gland may comprise
the progeny from a single cell. Development. 1998;125(10):1921-30.
Shackleton M, Vaillant F, Simpson KJ, Stingl J, Smyth GK, Asselin-Labat ML,
Wu L, Lindeman GJ, Visvader JE. Generation of a functional mammary gland
from a single stem cell. Nature. 2006;439(7072):84-8.

Stingl J, Eirew P, Ricketson I, Shackleton M, Vaillant F, Choi D, Li HI, Eaves CJ.
Purification and unique properties of mammary epithelial stem cells. Nature.
2006;439(7079):993-7.

Trichopoulos D, Adami HO, Ekbom A, Hsieh CC, Lagiou P. Early life events
and conditions and breast cancer risk: from epidemiology to etiology. Int J
Cancer. 2008;122(3):481-5.

Ginestier C, Wicha MS. Mammary stem cell number as a determinate of
breast cancer risk. Breast Cancer Res. 2007;9(4):109.

Xue F, Michels KB. Intrauterine factors and risk of breast cancer: a systematic
review and meta-analysis of current evidence. Lancet Oncol.
2007;8(12):1088-100.

Cerhan JR, Sellers TA, Janney CA, Pankratz VS, Brandt KR, Vachon CM.
Prenatal and perinatal correlates of adult mammographic breast density.
Cancer Epidemiol Biomarkers Prev. 2005;14(6):1502-8.

Modugno F, Ngo DL, Allen GO, Kuller LH, Ness RB, Vogel VG, Costantino JP,
Cauley JA. Breast cancer risk factors and mammographic breast density in
women over age 70. Breast Cancer Res Treat. 2006,97(2):157-66.

Yaghjyan L, Mahoney MC, Succop P, Wones R, Buckholz J, Pinney SM.
Relationship between breast cancer risk factors and mammographic breast
density in the Fernald Community Cohort. Br J Cancer. 2012;106(5):996—
1003.

Woolcott CG, Koga K, Conroy SM, Byrne C, Nagata C, Ursin G, Vachon CM,
Yaffe MJ, Pagano |, Maskarinec G. Mammographic density, parity and age at
first birth, and risk of breast cancer: an analysis of four case-control studies.
Breast Cancer Res Treat. 2012;132(3):1163-71.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

Page 9 of 10

Butt S, Borgquist S, Anagnostaki L, Landberg G, Manjer J. Parity and age at
first childbirth in relation to the risk of different breast cancer subgroups. Int
J Cancer. 2009;125(8):1926-34.

Ramon JM, Escriba JM, Casas |, Benet J, Iglesias C, Gavalda L, Torras G, Oromi
J. Age at first full-term pregnancy, lactation and parity and risk of breast
cancer: a case-control study in Spain. Eur J Epidemiol. 1996;12(5):449-53.
Britt K, Ashworth A, Smalley M. Pregnancy and the risk of breast cancer.
Endocr Relat Cancer. 2007;14(4):907-33.

Isfoss B, Holmqpvist B, Jernstrém H, Alm P, Olsson H. Women with familial risk
for breast cancer have an increased frequency of aldehyde dehydrogenase
expressing cells in breast ductules. BMC Clin Pathol. 2013;13(1):1-9.
Giatromanolaki A, Sivridis E, Fiska A, Koukourakis M. The CD44+/CD24—
phenotype relates to ‘triple-negative’ state and unfavorable prognosis in
breast cancer patients. Med Oncol. 2011;28(3):745-52.

Abraham BK; Fritz P, Van der Kuip H, Buck M, Szabo Z, Athelogou M, Brauch
H. Evaluation of CD44+/CD24-/low cells in breast cancer and relevance for
distant metastasis. AACR Meet Abstr. 2005;2005(1):481.

Neumeister V, Agarwal S, Bordeaux J, Camp RL, Rimm DL. In situ
identification of putative cancer stem cells by multiplexing ALDH1, CD44,
and cytokeratin identifies breast cancer patients with poor prognosis. Am J
Pathol. 2010;176(5):2131-8.

Eden JA. Human breast cancer stem cells and sex hormones — a narrative
review. Menopause. 2010;17(4):801-10.

Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M,
Jacquemier J, Viens P, Kleer CG, Liu S, et al. ALDH1 is a marker of normal
and malignant human mammary stem cells and a predictor of poor clinical
outcome. Cell Stem Cell. 2007;1(5):555-67.

Liu Y, Lv DL, Duan JJ, Xu SL, Zhang JF, Yang XJ, Zhang X, Cui YH, Bian XW,
Yu SC. ALDH1TAT1 expression correlates with clinicopathologic features and
poor prognosis of breast cancer patients: a systematic review and meta-
analysis. BMC Cancer. 2014;14:444.

Ghosh K, Brandt KR, Reynolds C, Scott CG, Pankratz VS, Riehle DL, Lingle WL,
Odogwu T, Radisky DC, Visscher DW, et al. Tissue composition of
mammographically dense and non-dense breast tissue. Breast Cancer Res
Treat. 2012;131(1):267-75.

Vachon CM, Sasano H, Ghosh K, Brandt KR, Watson DA, Reynolds C, Lingle
WL, Goss PE, Li R, Aiyar SE, et al. Aromatase immunoreactivity is increased in
mammographically dense regions of the breast. Breast Cancer Res Treat.
2011;125(1):243-52.

Dupont WD, Page DL. Risk factors for breast cancer in women with
proliferative breast disease. N Engl J Med. 1985;312(3):146-51.

Hartmann LG, Sellers TA, Frost MH, Lingle WL, Degnim AC, Ghosh K,
Vierkant RA, Maloney SD, Pankratz VS, Hillman DW, et al. Benign breast
disease and the risk of breast cancer. N Engl J Med. 2005;353(3):229-37.
Anwar T, Kleer CG. Tissue-based identification of stem cells and epithelial-to-
mesenchymal transition in breast cancer. Hum Pathol. 2013;44(8):1457-64.
Rice MS, Tamimi RM, Connolly JL, Collins LC, Shen D, Pollak MN, Rosner B,
Hankinson SE, Tworoger SS. Insulin-like growth factor-1, insulin-like growth
factor binding protein-3 and lobule type in the Nurses' Health Study II.
Breast Cancer Res. 2012;14(2):1-7.

Christopoulos PF, Msaouel P, Koutsilieris M. The role of the insulin-like
growth factor-1 system in breast cancer. Mol Cancer. 2015;14:43.

Rinaldi S, Peeters PHM, Berrino F, Dossus L, Biessy C, Olsen A, Tjonneland A,
Overvad K, Clavel-Chapelon F, Boutron-Ruault MC, et al. IGF-I, IGFBP-3 and
breast cancer risk in women: The European Prospective Investigation into
Cancer and Nutrition (EPIC). Endocr Relat Cancer. 2006;13(2):593-605.
Schernhammer ES, Tworoger SS, Eliassen AH, Missmer SA, Holly JM, Pollak
MN, Hankinson SE. Body shape throughout life and correlations with IGFs
and GH. Endocr Relat Cancer. 2007:14(3):721-32.

Farabaugh SM, Boone DN, Lee AV. Role of IGF1R in breast cancer subtypes,
stemness, and lineage differentiation. Front Endocrinol. 2015;6:59.

Baer HJ, Colditz GA, Willett WC, Dorgan JF. Adiposity and sex hormones in
girls. Cancer Epidemiol Biomark Prev. 2007;16(9):1880-8.

Bertrand KA, Baer HJ, Orav EJ, Klifa C, Shepherd JA, Van Horn L, Snetselaar L,
Stevens VJ, Hylton NM, Dorgan JF. Body fatness during childhood and
adolescence and breast density in young women: a prospective analysis.
Breast Cancer Res. 2015;17(1):1-10.

Poole EM, Tworoger SS, Hankinson SE, Schernhammer ES, Pollak MN, Baer
HJ. Body size in early life and adult levels of insulin-like growth factor 1 and
insulin-like growth factor binding protein 3. Am J Epidemiol.
2011;174(6):642-51.



Yaghjyan et al. Breast Cancer Research (2017) 19:100

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Warner ET, Eliassen AH, Chen WY, Holmes MD, Willett WC, Tamimi RM.
Abstract 130: Childhood and adolescent body size and risk of fatal breast
cancer. Cancer Res. 2013;73(8 Supplement):130.

Baer HJ, Colditz GA, Rosner B, Michels KB, Rich-Edwards JW, Hunter DJ,
Willett WC. Body fatness during childhood and adolescence and incidence
of breast cancer in premenopausal women: a prospective cohort study.
Breast Cancer Res. 2005;7(3):1-12.

Palmer JR, Adams-Campbell LL, Boggs DA, Wise LA, Rosenberg L. A
prospective study of body size and breast cancer in black women. Cancer
Epidemiol Biomarkers Prev. 2007;16(9):1795-802.

Frazier AL, Rosenberg SM. Pre-adolescent and adolescent risk factors for
benign breast disease. J Adolesc Health. 2013;52(5 0):536-40.

Warner ET, Hu R, Collins LC, Beck AH, Schnitt S, Rosner B, Eliassen AH,
Michels KB, Willett WC, Tamimi RM. Height and body size in childhood,
adolescence, and young adulthood and breast cancer risk according to
molecular subtype in the Nurses' Health Studies. Cancer Prev Res.
2016,9(9):732-8.

Dall G, Risbridger G, Britt K. Mammary stem cells and parity-induced breast
cancer protection-new insights. J Steroid Biochem Mol Biol. 2017;170:54-60.
Collins LC, Marotti J, Baer HJ, Deitz AC, Colditz GA, Tamimi RM. Comparison
of estrogen receptor assay results from pathology reports with results from
central laboratory testing: implications for population-based studies of
breast cancer. J Natl Cancer Inst. 2008;100(3):218-21.

Ma H, Wang Y, Sullivan-Halley J, Weiss L, Burkman RT, Simon MS, Malone KE,
Strom BL, Ursin G, Marchbanks PA, et al. Breast cancer receptor status: do
results from a centralized pathology laboratory agree with SEER registry
reports? Cancer Epidemiol Biomarkers Prev. 2009;18(8):2214-20.

Ahern TP, Beck AH, Rosner BA, Glass B, Frieling G, Collins LC, Tamimi RM.
Continuous measurement of breast tumour hormone receptor expression: a
comparison of two computational pathology platforms. J Clin Pathol. 2017;
70(5):428-34.

Ekpo EU, Ujong UP, Mello-Thoms C, McEntee MF. Assessment of
interradiologist agreement regarding mammographic breast density
classification using the fifth edition of the BI-RADS atlas. Am J Roentgenol.
2016;206(5):1119-23.

Winkel RR, von Euler-Chelpin M, Nielsen M, Diao P, Nielsen MB, Uldall WY,
Vejborg |. Inter-observer agreement according to three methods of
evaluating mammographic density and parenchymal pattern in a case
control study: impact on relative risk of breast cancer. BMC Cancer.
2015;15(1):274.

Redondo A, Comas M, Macia F, Ferrer F, Murta-Nascimento C, Maristany MT,
Molins E, Sala M, Castells X. Inter- and intraradiologist variability in the BI-
RADS assessment and breast density categories for screening
mammograms. Br J Radiol. 2012;85(1019):1465-70.

Atkins D, Reiffen K-A, Tegtmeier CL, Winther H, Bonato MS, Stérkel S.
Immunohistochemical detection of EGFR in paraffin-embedded tumor
tissues: variation in staining intensity due to choice of fixative and storage
time of tissue sections. J Histochem Cytochem. 2004;52(7):893-901.

Lamb R, Ablett MP, Spence K, Landberg G, Sims AH, Clarke RB. Wnt pathway
activity in breast cancer sub-types and stem-like cells. PLoS One.
2013;8(7):67811.

Lombardo Y, Filipovi¢ A, Molyneux G, Periyasamy M, Giamas G, Hu Y, Trivedi
PS, Wang J, Yagte E, Michel L, et al. Nicastrin regulates breast cancer stem
cell properties and tumor growth in vitro and in vivo. Proc Natl Acad Sci.
2012;109(41):16558-63.

Harrison H, Farnie G, Howell SJ, Rock RE, Stylianou S, Brennan KR, Bundred
NJ, Clarke RB. Regulation of breast cancer stem cell activity by signaling
through the Notch4 receptor. Cancer Res. 2010;70(2):709-18.

Page 10 of 10

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study design and population
	Ascertainment of dense and non-dense cores
	Immunohistochemical analysis and interpretation
	Statistical analysis

	Results
	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Ethical approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

