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Abstract: Reproductive factors are well-established risk factors for breast cancer. The prevailing hypothesis sug-
gested that stem cell changes may be the key underlying mechanisms, but epidemiological evidence has been
notably scarce. Herein we examined the relationship between reproductive risk factors and the expression of well-
established stem cell markers CD44, CD24, and ALDH1A1 in benign breast biopsy non-cancerous samples. Our
study included 735 participants from the Nurses’ Health Study Il who were diagnosed with biopsy-confirmed inci-
dent benign breast disease (BBD). Reproductive history and other BBD/breast cancer risk factors were measured
from self-reported biennial questionnaires. Immunohistochemistry was performed on breast tissue microarrays
from normal terminal ductal-lobular units (TDLU) cores. Marker expression in epithelium and stroma was quantified
using semi-automated image analysis. The generalized linear regression was used to examine the associations of
reproductive factors with the positive expression of CD44, CD24, and ALDH1A1, adjusted for known breast cancer
risk factors. Age at first birth 230 years old (vs. <25 years) was associated with lower ALDH1A1 expression in the
epithelium (B for 230 vs. <25 years =-0.30, 95% CI -0.57; -0.03, p-trend = 0.03). Parity, breastfeeding, age at men-
arche, and the time interval between menarche and age at first birth were not associated with the expression of any
of the three markers in epithelium or stroma. These findings suggest age at first birth may influence the ALDH1A1
expression in breast tissue. Our study added to the very limited evidence regarding the potential impact of reproduc-
tive factors on breast stem cell markers.
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Introduction

Reproductive factors, especially those related
to childbearing, are well-established risk fac-
tors for breast cancer [1-4]. Several studies
have demonstrated that greater parity, younger
age at first birth, and longer duration of breast-
feeding were associated with lower risk of de-
veloping breast cancer, with consistent findings
pointing towards its role in modifying circulating
hormone levels [5, 6], decreasing mammo-
graphic breast density [7-10], influencing epi-
thelial-stroma interactions [11], and reducing
the risk of benign breast disease (BBD) [12,
13]. Additionally, reproductive factors may also

influence epigenetic modifications, gene ex-
pression profiles, and tissue composition in
the breast [11, 14, 15], further affecting wom-
en’s susceptibility to breast cancer.

Recently, another prevailing hypothesis sug-
gested that stem cell pool reduction may be a
key mechanism underlying the protective effect
of these childbearing-related factors on breast
cancer carcinogenesis [16]. According to the
stem cell hypothesis, the likelihood of develop-
ing breast cancer may be linked to both the
quantity and mitotic activity of the stem cell
pool in the breast [16]. Additionally, within the
mammary gland, only stem cells possess the
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unique ability to accumulate oncogenic chang-
es throughout a woman’s life [16]. Previous
studies also indicate that pregnancy prompts
differentiation in a subset of stem cells, thus
lowering the pool of cells susceptible to trans-
formation within the breast [16-20]. Further-
more, pregnancies occurring earlier in life, as
opposed to later, may effectively reduce the
quantity of mammary stem cells [16]. This find-
ing aligns with observations that a younger age
at first birth and a shorter interval between
menarche and first birth are protective against
breast cancer risk [17, 19, 20]. Moreover, preg-
nancy is believed to modulate signaling path-
ways integral to the function of mammary stem
cells [16]. Consequently, the changes in the
size and activity of the stem cell pool might elu-
cidate the link between parity and breast
cancer.

However, epidemiological studies exploring the
associations between reproductive factors and
breast stem cells have been notably scarce. We
conducted a previous analysis within a cohort
of 439 cancer-free women in the Nurses’
Health Study (NHS) and NHSII, in which we
found that age at menarche, age at first birth,
and the time interval between these two events
were inversely associated with expressions of
stem cell biomarkers [21]. In the current study,
we present a larger new cohort of women with
incident BBD diagnosis within NHSII, to contin-
ue examining the relationship between various
early-life reproductive factors and the expres-
sion of stem cell markers in benign breast biop-
sy samples. We focused on CD44, CD24, and
ALDH1A1, given that they are well-established
cancer stem cell markers [22]. We hypothe-
sized that reproductive factors known to confer
protective effects (e.g., earlier age of first birth
and a higer parity) for breast cancer may be
associated with lower stem cell markers’ ex-
pression.

Materials and methods
Study population

Our study encompasses participants with inci-
dent biopsy-confirmed BBD from the NHSII. The
NHSII consists of registered nurses across the
U.S., aged 25-42 years at recruitment [23]. The
initial 1989 NHSII questionnaire and all subse-
quent biennial questionnaires asked women to
report whether they had ever received a physi-
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cian diagnosis of fibrocystic or other BBD and
whether the diagnosis was confirmed by biopsy
or aspiration [24]. Cumulative response rates
were >90%, and response rates to each ques-
tionnaire were very similar among women with
and without previously reported BBD [25].
Updated biennial questionnaires provided fol-
low-up data on breast cancer risk factors such
as reproductive history, exogenous hormone
usage, alcohol consumption, and disease diag-
noses, including BBD, confirmed through medi-
cal records [26]. Details about the study design
methods for the NHSII and incident BBD study
have been published previously [24, 26-28].

Women who reported a first diagnosis of biop-
sy-confirmed BBD were contacted to confirm
the diagnosis and to acquire permission to
review their pathology specimens. After per-
mission was granted, benign breast biopsy
slides were collected from hospital pathology
departments and were coded and submitted to
the study pathologists [24]. Exclusions were
made for in situ or invasive carcinoma or
unknown lesion type at biopsy. Our current
analysis includes 735 women with complete
reproductive factor data and stem cell marker
staining results.

The study protocol was approved by the insti-
tutional review boards of the Brigham and
Women’s Hospital and Harvard T.H. Chan
School of Public Health, and those of participat-
ing registries as required. Consent was either
explicitly given or implied by the questionnaire
return.

Reproductive variables

Data on reproductive variables, including age
at menarche, parity, age at first birth, age at
last birth, and breastfeeding, were obtained
from baseline and nearest biennial question-
naires preceding the biopsy date. Among eligi-
ble women with stem cell marker data (n =
735), nulliparous status and age at menarche
data completion was 100%. In parous women
with marker data (n = 634), the complete data
on number of children, age at first birth, and
breastfeeding were available for 100%, 98%,
and 97% of women, respectively.

Age atfirst birth was categorized as <25, 25-29,
>30 years and also modeled as a continuous
variable. Parity was defined both as binary (nul-
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liparous, parous) and categorical (1, 2, 3, >4
children), with the number of children among
parous women also modeled as a continuous
variable. Breastfeeding duration across all
births was categorized as none to <1, 1- <12,
12- <24, and =24 months. Age at menarche
was categorized as <12, 12, 13, >13 years and
also modeled as a continuous variable. The
interval between menarche and first birth and
the time since last birth were treated as a con-
tinuous variable [21].

Benign breast biopsy confirmation and BBD
subtypes

Hematoxylin and eosin (H&E)-stained breast
tissue slides from women with BBD were inde-
pendently reviewed by pathologists and blind-
ed to the original BBD diagnosis [29, 30].
Questionable or confirmed atypia cases were
jointly reviewed. Each BBD case was classified
as non-proliferative, proliferative without atyp-
ia, or atypical hyperplasia (ductal or lobular)
according to standard categorization [25, 31].

Tissue microarray (TMA) construction of BBD
samples

After centralized review, formalin-fixed paraffin-
embedded (FFPE) benign breast biopsy blocks
were collected. H&E sections of corresponding
tissue blocks were re-evaluated to identify pro-
liferative lesions and normal terminal duct-
lobular units (TDLUs) for TMA core extraction.
TMAs, constructed at the Dana Farber/Harvard
Cancer Center (DF/HCC) Tissue Microarray
Core Facility, contained up to 3 normal TDLU
cores per woman. Our previously evaluated
TMA construction method achieved a high suc-
cess rate (76%) in capturing normal TDLUs [32].

Immunohistochemistry (IHC) for stem cell
markers

The expression of the stem cell markers was
evaluated by automated IHC techniques that
allow the quantification of markers’ expression
levels and localization of the target signal to
specific cells/structures. For each of the three
markers, one 5-uym paraffin section was cut
from a single TMA block and then stained with
antibodies for CD44, CD24, and ALDH1A1 at
the University of Florida Pathology Core Lab on
DAKO AutostainerPlus according to the previ-
ously standardized protocol with commercial
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antibodies (DAKO AutostainerPlus, CD44
[DAKO] 1:25 dilution; CD24 [Invitrogen, Wal-
tham, MA] 1:200 dilution and ALDH1A1
[Abcam, Cambridge, MA] 1:300 dilution).
Details of this protocol have been described
previously [21]. Briefly, slides were de-paraf-
finized with xylene and re-hydrated throu-
gh decreasing concentrations of ethanol to
water, including an intermediate step to quench
endogenous peroxidase activity (3% hydrogen
peroxide in methanol) and transferred to 1X
TBS-T (Tris-buffered saline-Tween). For heat-
induced antigen retrieval, sections were heat-
ed in a steamer while submerged in Citra
(Biogenex, Fremont, CA) or Trilogy (Cell Marque,
Rocklin, CA) for 30 minutes. Next, slides were
1) rinsed in 1XTBS-T and incubated with a uni-
versal protein blocker Sniper (Biocare Medical,
Walnut Creek, CA) for 10 (for CD44 and
ALDH1A1) or 15 minutes (for CD24); 2) rinsed
in 1XTBS-T and co-incubated in primary anti-
body ALDH1A1, CD24, or CD44 for 1 hour; and
3) rinsed in 1XTBS-T followed by application of
conjugated secondary antibody (Mach 2 goat
anti-rabbit horse [or mouse] radish peroxidase-
conjugated, Biocare Medical, Walnut Creek, CA)
for 30 minutes. Detection of antibodies was
achieved by incubating slides in 3’3’ diamino-
benzidine (Vector Laboratories Inc., Burlinga-
me, CA) for 4 minutes. Slides were counter-
stained with hematoxylin (Biocare Medical,
Walnut Creek, CA) 1:10 for 3 minutes and
mounted with Cytoseal XYL (Richard-Allen Sci-
entific, Kalamazoo, MI). The laboratory imple-
mented standard quality control procedures.

Image analysis

Stained TMA sections were digitized at 40x
using the Phenolmager HT (Akoya Biosciences,
Marlborough, MA). QuPath v0.5.0 was used to
quantify the immunoreactivity of the markers
[33]. For each marker, we randomly selected
12 tissue cores of variable staining intensities
on a TMA to train tissue segmentation into
epithelium, stroma, and background. For each
core, the expression level of each marker was
evaluated on a continuous scale, representing
the percentage (0-100%) of cells that stained
positive (across all intensities) for a specific
marker, assessed separately for epithelial and
stromal cells [21, 34]. All analyses were limit-
ed to cores with at least 50 cells of specific tis-
sue type (epithelium or stroma), consistent with
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previously used approaches [35, 36]. We deter-
mined the minimum intensity to score a cell as
immunoreactive [34]. We used a random forest
object classifier and the “positive cell detec-
tion” command to optimize cell parameters and
intensity thresholds for hematoxylin and cyto-
plasm (mean optical density) and used the
default values for all other parameters. The
focus was particularly on normal TDLU cores
due to their relevance to early breast carcino-
genesis and the heterogeneity and smaller
number of benign lesion cores. The Spearman
correlation between pathologist and computa-
tional assessments ranged between 0.40-0.64
for stroma and 0.66-0.68 for epithelium in nor-
mal TDLUs cores [35]. Staining results for stro-
ma were available for 728, 714, and 714 wo-
men for CD44, CD24, and ALDH1A1, respec-
tively; the staining results for epithelium were
available for 725, 708, and 717 women, res-
pectively.

Covariate information

Data on breast cancer risk factors were extract-
ed from biennial questionnaires closest to the
biopsy date. The postmenopausal status of
participants was determined based on estab-
lished criteria, considering factors like men-
strual cycle cessation, oophorectomy, and hys-
terectomy [37, 38].

Statistical analysis

Multivariate-adjusted linear regression was uti-
lized to explore the relationships between vari-
ous reproductive factors and each marker’s
continuous expression (log-transformed) (sepa-
rately for epithelium and stroma). We used a
weighted average to summarize the marker
expression level across available cores for a
woman [35]. The risk estimates were adjusted
for the following potential confounders: age
(continuous), body mass index (BMI, continu-
ous), a family history of breast cancer (yes/no),
menopausal status/postmenopausal hormone
use (premenopausal, postmenopausal/no hor-
mones, postmenopausal/past hormones, post-
menopausal/current hormones, postmenopa-
usal/unknown hormone use status), benign
breast disease subtype (non-proliferative, pro-
liferative without atypia, proliferative with atyp-
ia), and alcohol use (none, >0- <5, >5 g/day)
were adjusted for the models. Additionally, in
the analysis of the association of breastfeed-
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ing, the estimates were further adjusted for
parity and age at first birth. The risk estimates
were mutually adjusted for these two variables
in analyzing the associations of parity and age
at first birth. The estimates were adjusted for
parity in the analysis for the interval between
menarche and first birth.

The analyses of all reproductive variables
except nulliparity and age at menarche were
limited to parous women only. Parity, age at first
birth, and age at menarche were modeled both
as continuous and categorical, and breastfeed-
ing was modeled as categorical. The lowest cat-
egory for parity (1 child), age at first birth (less
than 25 years), and breastfeeding (O - less than
1 month) were used as the reference. To assess
the overall trend for each categorical reproduc-
tive variable, we used respective medians with-
in each category. The duration of the interval
between menarche and first birth was modeled
as a continuous variable. All statistical analy-
ses were conducted using SAS software (ver-
sion 9.4, SAS Institute, Cary, NC).

Results

In this study of 735 cancer-free women with
incident BBD, 195 (26.5%) had non-prolifera-
tive disease, 480 (65.3%) had proliferative dis-
ease without atypia, and 60 (8.2%) had atypical
hyperplasia. The average age at the biopsy was
44 years (range 27-63 years). Women in our
sample were predominantly premenopausal at
the biopsy (81.2%). The majority of women were
parous (86.3%).

Table 1 presented the age-adjusted character-
istics of 735 women with incident BBD accord-
ing to parous status. The distribution of the
three markers’s expression across BBD sub-
types in our study is presented in Supplemen-

tary Table 1.

In multivariate analysis (Table 2), age at first
birth was inversely associated with ALDH1A1
expression in epithelium (B for 25-29 vs. <25
years =-0.17, 95% Cl -0.39; 0.05; [ for 230 vs.
<25 years =-0.30, 95% CI -0.57; -0.03, p-trend
= 0.03). We observed a suggestive positive
association of parity with CD24 expression in
epithelium which, however, did not reach sta-
tistical significance (p-trend = 0.08). Brea-
stfeeding, age at menarche, the time interval
between menarche and age at first birth, and
time since last birth were not associated with
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Table 1. Characteristics of women at the time of the biopsy, stratified

by parous status

ed reproductive factors
with the expression of
stem cell markers CD44,

Characteristic Parous  Nulliparous cD24. and ALDHIAL in
n=634 n=101 ’

Mean (SD) benign breast biopgy sa

Age (years) 445(60) 43262  MPles. We found signifi-

cant inverse associations

Age at menopause (years) 46.3(4.9) 45.2(9.7) of age at first birth with

Body mass index (kg/m?) 25.6 (5.6) 26.2(7.2) ALDH1A1 expression in

Alcohol use (grams/day) 3.8(6.0) 5.1(8.0) epithelium. No associa-

Parity 2.3(0.9) NA tions were observed for

Age at first birth (years) 26.5 (4.5) NA the remaining reproduc-
Age at menarche (years) 12.6 (1.4) 12.4(1.3) tive factors.

CD44 normal TDLU Epithelium %
CD44 normal TDLU Stroma %
CD24 normal TDLU Epithelium %
CD24 normal TDLU Stroma %
ALDH1A1 normal TDLU Epithelium %
ALDH1A1 normal TDLU Stroma %
Percentages

Breastfeeding

0- <1 month

1- <12 months

12- <24 months

>24 months
Family history of breast cancer
Smoking status

Never smoked

Past smoker

Current smoker
Menopausal status/Postmenopausal hormone use

Premenopausal

Never used

Past use

Current use
Benign breast disease subtypes

Non-proliferative

Proliferative without atypia

Proliferative with atypia

47.8 (24.6) 50.8 (21.1)

Our findings add to the

8.6(8.9) 78(7.1) limited evidence on the
73:3(17.0) 71.7(16.3) relationship between re-
43.5(19.0) 39.7 (17.7) productive factors and
14.8 (12.1) 13.0(9.4) stem cell marker expres-
26.1(20.9) 23.6(17.8) sion in cancer-free wo-
men. Established theo-
ries suggest that repro-
18 NA ductive events, such as
31 NA pregnancy and lactation,
27 NA induce the differentiation
24 NA of mammary stem cells,
which may reduce the
10 8 . .
pool of undifferentiated
cells that can give rise to
67 56 malignancies. Several po-
24 29 tential underlying biologi-
9 15 cal mechanisms are often
tied to hormonal regula-
80 89 tion [39], immune regula-
4 2 tion [40], epigenetic re-
2 1 programming [15], and
8 5 tissue remodeling [14],
which can further affect
66 29 s.tem cell acti-vit)f in brea;t
66 62 tissue. Our flndlngs, whi-
ch demonstrate differen-
8 10

Abbreviations: SD = standard deviation, NA = not applicable. Note: Values are means

tial expression of stem
cell markers based on re-

(SD) and percentages and are standardized to the age distribution of the study popula-

tion.

the expression of any of the three markers in
epithelium or stroma. The results were similar
in reduced models adjusted for age and BMI
(Supplementary Table 2).

Discussion

In our study of 735 cancer-free women, we
explored the associations of childbearing-relat-
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productive history, align

with these theories by

showing that reproduc-
tive events may indeed modify the stem cell
landscape in ways that reduce breast cancer
risk, particularly in parous women. However,
our findings also present nuanced insights th-
at challenge some aspects of these theories.
Specifically, it has been suggested that full-
term pregnancy may exert its protective effect
on the risk of breast cancer [41] by decreasing
the number of stem cells [4, 42-46]; however,
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Table 2. Associations of reproductive factors with log-transformed expression of stem cell markers in benign breast biopsy samples (B coefficients and
95% Confidence intervals)

Reproductive CD44 CD24 ALDH1A1

factor N In Epithelium N In Stroma N In Epithelium N In Stroma N In Epithelium N In Stroma

Nulliparity?
Nulliparous 98 0.15 (-0.04; 0.35) 100  0.02(-0.37;0.41) 95  -0.02(-0.08; 0.05) 97 -0.08(-0.20;0.04) 97 -0.2x102(-0.25;0.24) 97 -0.18(-0.62; 0.26)
Parous 627 Reference 628 Reference 613 Reference 617 Reference 620 Reference 617 Reference

Breastfeed-

ing, months®
0-<1 111 Reference 111 Reference Reference 109 Reference 109 Reference 107 Reference
1-<12 185 0.01 (-0.22; 0.24) 185 -0.14 (-0.59; 0.31) 109 0.02(-0.05;0.09) 185 -0.08(-0.22;0.06) 186 0.15(-0.13;0.43) 185 0.13(-0.34;0.59)
12- <24 164 0.04 (-0.20; 0.28) 164  0.05(-0.52; 0.43) 183 0.03(-0.04;0.10) 161 -0.04(-0.19;0.11) 159 0.31(0.02;0.60) 159 0.38(-0.11; 0.88)
>24 150 0.01 (-0.25; 0.26) 151  -0.13 (-0.64; 0.37) 160 -0.01(-0.09; 0.07) 145 -0.05(-0.20;0.11) 149 0.24(-0.07; 0.55) 149  0.24(-0.29; 0.76)
p-trend 0.93 0.79 144 0.81 0.93 0.14 0.32

Parity®
1 107 Reference 107 Reference 104 Reference 104 Reference 105 Reference 103 Reference
2 277  -0.21(-0.43;0.02) 277 -0.38(-0.82;0.07) 271 -0.01(-0.08;0.06) 272 -0.05(-0.19;0.09) 273 -0.08(-0.36;0.19) 273 -0.51(-0.97;-0.04)
3 169  -0.16 (-0.40; 0.09) 170 -0.33(-0.82; 0.15) 166  0.03 (-0.04;0.11) 169 0.02(-0.13;0.17) 168 0.03(-0.27;0.33) 168 -0.08(-0.58; 0.43)
>4 63 -0.08 (-0.40; 0.23) 63  -0.15(-0.77;0.48) 62 0.06 (-0.03; 0.16) 62 0.08(-0.11;0.28) 63 -0.05(-0.44;0.34) 62 -0.05(-0.69; 0.60)
p-trend 0.75 0.66 0.08 0.24 0.79 0.42

Parity con- 616  -0.01(-0.09;0.08) 617 -0.01(-0.18;0.16) 603 0.02(-0.01;0.04) 607 0.02(-0.03;0.07) 609 0.01(-0.09;0.12) 606 0.07 (-0.11; 0.24)

tinuous®

Age at 1%

birthd
<25 214 Reference 214 Reference 209 Reference 209 Reference 211 Reference 210 Reference
25-29 256  -0.08(-0.25;0.10) 256 -0.24(-0.58;0.11) 250 -0.001(-0.06; 0.05) 253 -0.10(-0.20;0.01) 254 -0.17 (-0.39;0.05) 253 -0.32(-0.68;0.04)
>30 146  -0.01(-0.23;0.21) 147 -0.22(-0.65; 0.21) 144 -0.01 (-0.07;0.06) 145 -0.10(-0.23;0.03) 144 -0.30(-0.57;-0.03) 143 -0.22(-0.66; 0.23)
p-trend 0.87 0.27 0.87 0.12 0.03 0.28

Age at 1% 616 0.2x102(-0.09;0.09) 617 -0.03(-0.21; 0.15) 603 -0.01(-0.04;0.02) 607 -0.04(-0.09;0.02) 609 -0.10(-0.22;0.01) 606 -0.04(-0.23;0.15)

birth, con-

tinuous (per

5 years)?

Age at men-

arche®
<12 154 0.08 (-0.13; 0.29) 157 -0.3x102(-0.42; 0.42) 148 0.01(-0.06;0.07) 153 0.01(-0.12;0.14) 152 0.08 (-0.18;0.34) 150 0.18(-0.29; 0.65)
12 210 0.06 (-0.13; 0.26) 210  0.28(-0.11; 0.67) 208 -0.02(-0.08;0.04) 209 -0.04(-0.16;0.08) 210 -0.4x1072(-0.25;0.24) 209  0.01 (-0.42; 0.45)
13 213 0.07 (-0.12; 0.27) 213  0.25(-0.14; 0.64) 205 -0.01(-0.07;0.05) 205 0.02(-0.10;0.14) 209 -0.5x102(-0.29;0.19) 210 -0.04 (-0.47; 0.40)
>13 148 Reference 148 Reference 147 Reference 147 Reference 146 Reference 145 Reference
p-trend 0.50 0.99 0.93 0.75 0.48 0.42
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Age at 725 -0.17 (-0.41; 0.08) 728 -0.09 (-0.58; 0.40) 708 -0.01(-0.09;0.07) 714 0.01(-0.15;0.16) 717 -0.13(-0.43;0.18) 714 -0.27 (-0.82;0.28)
menarche,

continuous

(per 5 years)®

Time 616 0.02 (-0.07; 0.11) 617 -0.02(-0.20; 0.15) 603 -0.01(-0.03;0.02) 607 -0.03(-0.09;0.02) 609 -0.08(-0.18;0.03) 606 -0.4x102(-0.18; 0.17)
between

menarche

and age at

15t birth, con-

tinuous (per

5 years)f

Time since 616 -0.02x1072(-0.17; 0.16) 617  0.19 (-0.14; 0.51) 603 -0.5%x102(-0.06; 0.05) 607 -0.07 (-0.18;0.03) 609 -0.19(-0.39;0.01) 606 -0.25(-0.58;0.09)
last birth,

continuous

(per 5 years)®

2Adjusted for age (continuous), BMI (continuous), age at menarche (<12, 12, 13, >13), a family history of breast cancer (Yes/No), menopausal status/postmenopausal hormone use (premenopausal, postmenopausal/
no hormones, postmenopausal/past hormones, postmenopausal/current hormones, postmenopausal/unknown hormone use status), benign breast disease subtype (non-proliferative, proliferative without atypia,
proliferative with atypia),and alcohol use (none, >0- <5, >5 g/day). "Among parous women only: adjusted for age (continuous), BMI (continuous), age at menarche (<12, 12, 13, >13), parity, age at first child’s birth, a
family history of breast cancer (Yes/No), menopausal status/postmenopausal hormone use (premenopausal, postmenopausal/no hormones, postmenopausal/past hormones, postmenopausal/current hormones,
postmenopausal/unknown hormone use status), benign breast disease subtype (non-proliferative, proliferative without atypia, proliferative with atypia), and alcohol use (none, >0- <5, >5 g/day). “Among parous women
only: adjusted for age (continuous), BMI (continuous), age at first birth, age at menarche (<12, 12, 13, >13), a family history of breast cancer (Yes/No), menopausal status/postmenopausal hormone use (premeno-
pausal, postmenopausal/no hormones, postmenopausal/past hormones, postmenopausal/current hormones, postmenopausal/unknown hormone use status), benign breast disease subtype (non-proliferative,
proliferative without atypia, proliferative with atypia), and alcohol use (none, >0- <5, 25 g/day). “Among parous women only: adjusted for age (continuous), BMI (continuous), parity, age at menarche (<12, 12, 13, >13),
a family history of breast cancer (Yes/No), menopausal status/postmenopausal hormone use (premenopausal, postmenopausal/no hormones, postmenopausal/past hormones, postmenopausal/current hormones,
postmenopausal/unknown hormone use status), benign breast disease subtype (non-proliferative, proliferative without atypia, proliferative with atypia), and alcohol use (none, >0- <5, >5 g/day). °Adjusted for age
(continuous), BMI (continuous), parous status (nulliparous, parous), a family history of breast cancer (Yes/No), menopausal status/postmenopausal hormone use (premenopausal, postmenopausal/no hormones,
postmenopausal/past hormones, postmenopausal/current hormones, postmenopausal/unknown hormone use status), benign breast disease subtype (non-proliferative, proliferative without atypia, proliferative with
atypia), and alcohol use (none, >0- <5, >5 g/day). "Among parous women only: adjusted for age (continuous), BMI (continuous), parity, a family history of breast cancer (Yes/No), menopausal status/postmenopausal
hormone use (premenopausal, postmenopausal/no hormones, postmenopausal/past hormones, postmenopausal/current hormones, postmenopausal/unknown hormone use status), benign breast disease subtype
(non-proliferative, proliferative without atypia, proliferative with atypia), and alcohol use (none, >0- <5, >5 g/day).
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we did not find significant associations of par-
ous status with the expression of any of the
three markers, though nulliparous women had
suggestive evidence of greater expression of
CD44 in both epithelium and stroma. A pre-
vious investigation exploring potential links
between parity and stem cell population size by
analyzing the proportion of ALDH1A1 positive
cells in breast epithelium also reported no sig-
nificant differences across nulliparous and par-
ous women [47]. Our recent analysis [21] con-
ducted among 439 women with BBD in NHS
and NHSII nested case-control study of breast
cancer also found no associations of parity with
any of the three markers.

In our current study, we noticed suggestive evi-
dence of a positive association between the
number of children and epithelial CD24 ex-
pression. Previous studies suggest that com-
bined expression of CD44(+), CD24(-/low), and
ALDHZ1(high) expression could be used to char-
acterize two largely non-overlapping popula-
tions of breast cancer stem cells that have epi-
thelial-like and mesenchymal-like phenotypes,
respectively [48-50]. Even though we were
unable to assess the combined expression of
these markers on a cell-by-cell basis in our
study, our findings of positive associations of
parity with CD24 provide indirect evidence that
the observed associations may be reflective of
a reduction in the number and/or activity of
breast stem cells.

We observed a significant inverse association
between the age at first birth and ALDH1A1
expression in epithelial cells. These results are
consistent with our previous findings from a
smaller nested case-control study in NHS/
NHSII cohorts with 439 women [21]. However,
they contradict our previous hypothesis that
earlier age of first birth may help reduce the
size and activity of the stem cell pool in the
breast [16, 51]. These inconsistent findings
across animal and observational studies high-
light the complexity of reproductive history’s
impact on breast cancer risk and suggest that
not all reproductive events confer protective
effects in the same manner. There is a crucial
need to further elucidate the biological chang-
es of stem cell behavior occurring during preg-
nancy and to explore how stem cells interact
with other key breast cellular components of
the tissue microenvironment [41]. Specifically,
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we have previously shown associations of stem
cells with mammographic breast density [52-
54], a strong breast cancer risk factor that has
been linked both to reproductive factors [10,
55, b6] as well as pro-inflammatory tissue
microenvironment [57, 58]. Further research is
needed to build on our work by studying the
interaction between reproductive history, stem
cell markers, and local tissue microenviron-
ment in order to better understand underlying
biological pathways behind these complex
associations.

Our study is the second and the largest to date
to explore associations of several key reproduc-
tive risk factors with the expression of breast
stem cell markers CD44, CD24, and ALDH1A1
in cancer-free women with BBD biopsy sam-
ples. We utilized data from the NHSII, an es-
tablished cohort with more than 30 years of
follow-up, with confirmation of BBD status and
comprehensive breast cancer risk factor infor-
mation to be adjusted for. There are also a few
limitations. First, while the data from NHSII
were gathered in a prospective manner, the
possibility of measurement inaccuracies for
certain reproductive factors, especially among
postmenopausal women, remains possible. Se-
cond, it's important to note that our biopsy
samples were obtained from the nomal TDLUs
of the breast tissue. However, our previous
studies have indicated that this tissue sam-
pling method still yields robust evidence for
measuring breast tissue involution [59], for
identification of breast cancer biomarkers [60-
62], and for establishing the correlation with
various breast cancer risk factors [63]. Third,
our study includes only cancer-free women who
underwent routine clinical biopsies for BBD
diagnosis potentially limiting their generalizabil-
ity; however, given that our analysis focuses on
normal TDLUs, we believe the results could still
apply to a broader spectrum of women without
BBD rather than only to women with BBD [11].
Furthermore, in our study, we did not employ
co-localization techniques for the IHC staining,
which precluded us from evaluating the com-
bined expression of these markers at the indi-
vidual cell level [64]. Additionally, all our BBD
diagnoses were confirmed by biopsy or aspira-
tion. We acknowledge that breast surgical pro-
cedures may modulate cancer biology [65-68],
but this may result in non-differential impact on
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marker status in our study given we used non-
cancerous tissues. Finally, since the majority of
our study participants were premenopausal, we
were unable to conduct stratified analyses by
menopausal status.

In conclusion, our study adds to the very limit-
ed evidence on how childbearing-related repro-
ductive factors might influence the expression
of key breast stem cell markers, potentially
impacting breast cancer risk. The observed
inverse associations of age at first birth with
ALDH1A1 expression, along with the potential
influence of parity on CD24 expression, under-
score the need for further research to unravel
the complex underlying biological mechanisms.
Given that BBD is a known risk factor for breast
cancer, our results might inform early detection
strategies, particularly for women with specific
reproductive histories. Our findings also shed
light on the importance of integrating biomark-
ers, such as stem cell markers, in screening
protocols to identify women at higher risk for
progression to malignancy. Future studies are
warranted to confirm these findings and ad-
vance our understanding of the role of stem
cells in breast cancer etiology.
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Reproductive factors and stem cell markers in breast tissue

Supplementary Table 1. Distribution of stem cell markers by BBD subtype (mean, SD, range)

Marker expression Non-proliferative Proliferative without atypia  Proliferative with atypia
(n=195) (n=480) (n=60)
CD44 epithelium 45.7 (24.4) 49.5 (24.6) 47.1(20.8)
0.47-95.9 0-97.2 3.1-95.7
CD44 stroma 8.2 (8.2) 8.7 (8.8) 8.1 (10.7)
0-43.0 0-50.6 0-49.9
CD24 epithelium 73.7 (16.5) 73.3 (17.0) 69.3 (18.6)
9.2-98.0 21.3-99.5 22.8-97.7
CD24 stroma 44.4 (18.2) 42.7 (19.3) 41.1 (18.6)
1.2-87.2 1.3-93.7 10.6-91.2
ALDH1A1 epithelium 14.0 (11.3) 14.5 (12.2) 15.7 (11.1)
0-61.0 0-59.2 1.1-43.9
ALDH1A1 stroma 23.4 (19.3) 26.5 (20.9) 31.0 (22.9)
0-81.1 0-93.8 0-83.6




Reproductive factors and stem cell markers in breast tissue

Supplementary Table 2. Associations of reproductive factors with log-transformed expression of stem cell markers in benign breast biopsy
samples (B coefficients and 95% Confidence intervals), adjusted for age and BMI only

Reproductive factor

CD44

CD24

ALDH1A1

In Epithelium

In Stroma

In Epithelium

In Stroma

In Epithelium

In Stroma

Nulliparity

Nulliparous

Parous

Breastfeeding, months

0-<1
1-<12
12-<24

>24

p-trend
Parity

1

2

3

>4

p-trend
Parity continuous
Age at 1% birth

<25

25-29

>30

p-trend

Age at 1% birth, continuous (per 5 years)

Age at menarche
<12

12

13
>13
p-trend

Age at menarche, continuous (per 5 years)
Time between menarche and age at 1% birth, continuous (per

5 years)

Time since last birth, continuous (per 5 years)

0.16 (-0.03; 0.36)

Nulliparous

Reference
0.02 (-0.20; 0.25)

-0.5%x102(-0.24;
0.23)

-0.04 (-0.27; 0.20)
0.64

Reference
-0.23 (-0.44; 0.02)
-0.18 (-0.41; 0.04)
-0.09 (-0.38; 0.20)

0.75
-0.03 (-0.11; 0.06)

Reference
-0.07 (-0.24; 0.10)
0.06 (-0.14; 0.26)

0.59
0.02 (-0.06; 0.11)

0.07 (-0.12; 0.26)

0.06 (-0.13; 0.25)
0.06 (-0.14; 0.27)
Reference
0.64
-0.14 (-0.38; 0.11)
0.03 (-0.05; 0.11)

-0.02 (-0.10; 0.07)

0.02 (-0.37; 0.41)

Reference

Reference
-0.15 (-0.60; 0.29)
-0.15 (-0.61; 0.31)

-0.21 (-0.68; 0.26)
0.48

Reference
-0.31(-0.72; 0.17)
-0.28 (-0.73; 0.17)
-0.05 (-0.64; 0.53)

0.66
-0.03 (-0.20; 0.14)

Reference
-0.20 (-0.55; 0.14)
-0.10 (-0.50; 0.30)

0.58

-0.4x102 (-0.16; 0.17)

-0.09 (-0.50; 0.33)

0.25 (-0.14; 0.64)
0.21 (-0.17; 0.60)
Reference
0.73

-0.4x10? (-0.48; 0.49)

0.01 (-0.15; 0.16)

0.03 (-0.14; 0.20)

-0.02 (-0.08; 0.04)

Reference

Reference
0.02 (-0.05; 0.09)
0.03 (-0.03; 0.11)

0.04 (-0.05; 0.10)
0.52

Reference
-0.01 (-0.08; 0.05)
0.03 (-0.04; 0.10)
0.06 (-0.03; 0.15)

0.08
0.02 (-0.003; 0.05)

Reference
-0.01 (-0.06; 0.05)
-0.02 (-0.09; 0.04)

0.44
-0.02 (-0.04; 0.01)

0.01 (-0.06; 0.08)

-0.02 (-0.08; 0.04)
-0.01 (-0.07; 0.05)
Reference
0.93
-0.01 (-0.09; 0.07)
-0.01 (-0.04; 0.01)

-0.09 (-0.21; 0.04)

Reference

Reference
-0.11 (-0.25; 0.03)
-0.06 (-0.20; 0.08)

-0.03 (-0.18; 0.11)
0.75

Reference
-0.01 (-0.14; 0.11)
0.06 (-0.08; 0.20)
0.14 (-0.14; 0.32)

0.24
0.05 (-0.003; 0.10)

Reference
-0.11 (-0.21; -0.002)
-0.12 (-0.25; -0.001)

0.04
-0.05 (-0.10; 0.001)

0.5x102 (-0.13; 0.13)

-0.04 (-0.16; 0.08)
0.02 (-0.10; 0.14)
Reference
0.75
0.01 (-0.14; 0.16)
-0.04 (-0.09; 0.01)

0.05x102(-0.03; 0.03) 0.02x102(-0.05; 0.05)

-0.01 (-0.26; 0.23)

Reference

Reference
0.13 (-0.14; 0.41)
0.25 (-0.04; 0.53)

0.18 (-0.11; 0.47)
0.26

Reference
-0.07 (-0.32; 0.19)
0.08 (-0.20; 0.36)
-0.07 (-0.29; 0.43)

0.79
0.05 (-0.06; 0.15)

Reference
-0.19 (-0.40; 0.02)

-0.27 (-0.51; -0.02)

0.03
-0.10 (-0.20; 0.01)

0.08 (-0.18; 0.34)

0.01 (-0.23; 0.26)
-0.03 (-0.27; 0.21)
Reference
0.46
-0.12 (-0.42; 0.18)
-0.07 (-0.18; 0.02)

0.02 (-0.09; 0.12)

-0.17 (-0.60; 0.27)

Reference

Reference
0.15 (-0.32; 0.61)
0.31(-0.17; 0.78)

0.21 (-0.28; 0.69)
0.41

Reference
-0.46 (-0.89; -0.04)
-0.04 (-0.50; 0.43)
0.06 (-0.54; 0.66)

0.42
0.09 (-0.09; 0.26)

Reference

-0.36 (-0.71; 0.004)

-0.16 (-0.57; 0.25)
0.40
-0.04 (-0.22; 0.13)

0.15 (-0.31; 0.62)

0.03x102(-0.43; 0.43)

-0.06 (-0.49; 0.37)
Reference
0.47
-0.23 (-0.77; 0.32)
-0.02 (-0.18; 0.14)

-0.07 (-0.24; 0.11)




