
Citation: Joshi, J.; Xiong, Y.; Kuhn, M.;

Radcliff, A.B.; Baker, T.L.; Watters, J.J.;

Arendt, L.M. Gestational Intermittent

Hypoxia Enhances Mammary Stem

Cells and Alters Tumor Phenotype in

Adult Female Offspring. Cells 2024, 13,

249. https://doi.org/10.3390/

cells13030249

Academic Editor: Ceshi Chen

Received: 2 January 2024

Revised: 21 January 2024

Accepted: 24 January 2024

Published: 29 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Article

Gestational Intermittent Hypoxia Enhances Mammary Stem
Cells and Alters Tumor Phenotype in Adult Female Offspring
Jaitri Joshi, Yue Xiong, Molly Kuhn, Abigail B. Radcliff, Tracy L. Baker , Jyoti J. Watters and Lisa M. Arendt *

Department of Comparative Biosciences, School of Veterinary Medicine, University of Wisconsin-Madison,
2015 Linden Drive, Madison, WI 53706, USA; tracy.baker@wisc.edu (T.L.B.); jjwatters@wisc.edu (J.J.W.)
* Correspondence: lmarendt@wisc.edu

Abstract: An adverse perinatal environment can increase long-term cancer risk, although the precise
nature of associated perinatal triggers remain unknown. Sleep apnea is a common condition during
pregnancy, characterized by recurrent cessations in breathing during sleep, and the potential conse-
quences of sleep apnea during pregnancy as it relates to breast cancer risk in offspring have not been
explored. To model sleep apnea, Sprague-Dawley dams were exposed during gestation to nightly
intermittent hypoxia (GIH) or normoxia (GNx), and the mammary glands of female offspring were
examined. GIH offspring demonstrated increased epithelial stem and progenitor cell populations,
which are associated with diminished transforming growth factor beta (TGFβ) activity. Elevations
in adipose tissue stem cells in the mammary gland were also identified in GIH offspring. In aging
females, mammary tumors formed in GIH offspring. These tumors displayed a dramatic increase in
stroma compared to tumors from GNx offspring, as well as distinct patterns of expression of stem
cell-related pathways. Together, these results suggest that exposure to sleep apnea during pregnancy
leads to lasting changes in the mammary glands of female offspring. Increased stem and progenitor
cell populations as a result of GIH exposure could enhance long-term breast cancer risk, as well as
alter the clinical behavior of resulting breast tumors.

Keywords: breast cancer; gestational intermittent hypoxia; mammary stem cells; sleep apnea; mammary
gland

1. Introduction

In 2021, breast cancer became the most common cancer type globally, and is the second
most common cause of cancer death among American women [1]. Many factors that
modulate breast cancer risk, such as age, family history, and reproductive factors such as
age of first menarche or onset of menopause, are not modifiable. However, modifiable
risk factors related to lifestyle are continuing to be identified, opening the field to new
strategies for primary prevention. Approximately half of breast cancers develop in women
who have no identifiable breast cancer risk factors other than gender (female) and age (over
40 years) [2], suggesting that there are also potentially unrecognized risk factors for breast
cancer development.

Sleep apnea is a common disorder during pregnancy, characterized by recurrent cessa-
tions in breathing during sleep, which leads to pathologic drops in blood oxygen levels.
These drops in blood oxygen levels are termed intermittent hypoxia (IH). Pregnancy can
promote the initial development of sleep apnea or worsen pre-existing sleep apnea [3].
Sleep apnea prevalence in pregnancy is unclear due to a lack of screening [4,5], although
estimates indicate that sleep apnea occurs in 15% of all pregnancies and >50% of high-risk
pregnancies [3,4]. Sleep apnea often goes undetected during pregnancy because the ques-
tionnaires used for screening are unreliable [3,5]. Although sleep apnea is highly treatable,
approximately 50% of pregnant women refuse sleep apnea testing, in part due to erroneous
concerns that the continuous positive airway pressure device used for treatment will harm
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the fetus [5]. Importantly, breast cancer incidence is almost twice as high in women with
sleep apnea [6,7], although this relationship is poorly appreciated and mechanistically not
understood. While detrimental effects of sleep apnea during pregnancy on the mother
and fetus have recently been identified [8], little is known about potential long-term con-
sequences for the offspring. Using IH during gestation in rats to model sleep apnea, we
have observed multiple systemic abnormalities in offspring rats including autism-relevant
behavioral abnormalities, hypertensive responses, and altered respiratory control [9–11].
While many of these long-term physiologic changes occur in male offspring rats, questions
remain regarding consequences for female offspring rats exposed to gestational IH (GIH).

To investigate whether exposure to sleep apnea could be an underlying long-term
risk factor for breast cancer, we examined the mammary glands of female rat offspring
whose mothers were exposed to GIH or gestational normoxia (GNx) during late gestation.
We observed a long-term enrichment for mammary epithelial stem and progenitor cells
in GIH offspring associated with diminished TGFβ activity. Further, GIH offspring had
elevated numbers of multipotent stem cells within mammary adipose tissue. Aging GIH
offspring developed mammary tumors with a significant increase in stromal cells, and
gene expression analysis revealed distinct transcriptional programs related to stem and
progenitor cells in tumors from GIH offspring as compared to those from GNx offspring.
These results suggest that GIH causes long-term changes in the function of both epithelial
and stromal cells in the mammary glands of female offspring rats. These functional changes
could have significance for increased breast cancer risk and altered types of breast tumors
that may form in daughters of women impacted by sleep apnea during pregnancy.

2. Materials and Methods
2.1. Intermittent Hypoxia Model

All studies were conducted with the approval of the Animal Care and Use Committee
at the University of Wisconsin-Madison, per guidelines published by the NIH Guide for the
Care and Use of Laboratory Animals (Animal Welfare Assurance No. D16-00239). Animals
were housed in AAALAC-accredited facilities, and studies were conducted according
to ARRIVE guidelines. Timed-pregnant Sprague-Dawley rats at gestational day (GD)9
(Charles River, Wilmington, MA, USA) were maintained on a 12:12 h light/dark cycle with
water and food provided ad libitum, then randomized to either GIH or GNx conditions.
From GD10 until GD21, dams were exposed to 2-min cycles of 10.5% O2 hypoxic or
intermittent room air (21% O2; normoxia) alternating 15 times per hour for 8 h [9]. The
dams were returned to normal cages prior to parturition to prevent the direct exposure
of offspring to hypoxic conditions. Age at puberty was determined by the day of vaginal
opening. Vaginal cytology was performed for 2 weeks following the date of vaginal opening
to determine estrous cycle length. Following humane euthanasia, the second, third, and
fourth mammary glands were collected from 8 and 20-week-old female offspring. A cohort
of offspring were housed either until tumors spontaneously formed in any of the mammary
glands, or until the offspring reached 24 months of age.

2.2. Mammary Whole Mounts

The left fourth mammary glands were fixed in 10% neutral buffered formalin for 48 h,
then stained with carmine alum. The tissue was treated with graded ethanol, defatted using
xylenes, then stored in glycerol. Mammary whole-mounts were imaged with IS-Capture
software (version 3.9.0.601, Tucsen Photonics) using a dissecting microscope (AMScope,
Irvine, CA, USA, IN-300T-FL). Ductal branching was counted using ImageJ software version
1.52a (ImageJ, NIH, Bethesda, MD, USA). The length and width of ductal growth from the
nipple was measured, and the percentage area of ductal outgrowth was calculated using
the area of the mammary fat pad.
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2.3. Histology

All slides were blinded prior to staining and quantification. Five representative areas
of adipose tissue on hematoxylin and eosin-stained slides were imaged using a Nikon
Eclipse E600 microscope (Nikon, Melville, NY, USA). The diameters of 10 adipocytes/image
were measured with the ruler tool (NIS-Elements software, Basic Research (BR) version).
For immunohistochemistry, tissue sections were deparaffinized, rehydrated in graded
alcohol, and then underwent antigen retrieval in 0.01 M citrate buffer (pH = 6.0). Tissue
sections were incubated with anti-rat Ki67 antibodies (1:250 dilution; Abcam, Waltham, MA,
USA, ab157301), phosphorylated SMAD2 (1:250 dilution; Fisher Scientific, Waltham, MA,
USA, 44-244G), or CD68 monoclonal antibodies (KP1; 1:250 dilution; Invitrogen, Carlsbad,
CA, USA, MA5-13324) diluted in 5% fish gelatin/TBST. Tissue sections were incubated with
a 1:250 dilution of biotinylated anti-rabbit (1:250, BA-1000) or anti-mouse (1:250, MKB-2225)
secondary antibodies from Vector Laboratories (Newark, CA, USA). The samples were
counterstained with hematoxylin. Five ducts/slide were imaged, 100 cells/image were
quantified, and the percentage of positive nuclei were quantified.

2.4. Collagen Quantification

Paraffin-embedded tissue sections were stained for picrosirius red as described [12].
Stained tissue was imaged using a Nikon Eclipse E600 microscope and NIS-Elements
software. Five ducts were imaged for each slide. Collagen was quantified by subtracting
autofluorescence from the picrosirius red staining identified with the 532 nm laser, and the
area of collagen staining was quantified as described [13].

2.5. Isolation of Mammary Epithelial and Stromal Cells

Rat mammary tissue was minced, then digested overnight at 37 ◦C as described [14].
Clusters of epithelial cells were settled for 20 min, and then underwent centrifugation for
5 min at 8× g. The supernatant containing the adipose stromal cells was removed and
pelleted. The mammary epithelial and stromal cells were treated with red blood cell lysis
buffer (ACK Lysing Buffer, Lonza, Walkersville, MD, USA, 10-548E) and washed with
5% calf serum in PBS. The adipose stromal cells were plated in DMEM with 10% fetal
bovine serum, gentamicin sulfate (0.5 mg/mL, Fisher Scientific, AC455310010) [15], and
1% antibiotic/antimycotic (Corning, Corning, NY, USA, 30-004-CI), and adherent cells
were grown for no more than 3 passages. The mammary epithelial cells were dissociated
to single cells for progenitor assays as described [16]. Collagenase digested tumors were
plated for 1 h in DMEM with 10% fetal bovine serum and 1% antibiotic/antimycotic to
deplete stromal cells prior to RNA extraction from epithelial cells.

2.6. Progenitor Assays

To assess mammosphere forming ability, 5000 mammary epithelial cells from four
rats/group were plated in triplicate on 24-well ultra-low-attachment plates (Corning,
3473) in 500 µL as described [14]. Mammospheres formed for 7 days at 37 ◦C with 5%
CO2 and were counted and imaged using an inverted microscope. To assess secondary
mammosphere formation, primary mammospheres were collected, trypsinized, and re-
plated onto ultra-low-attachment plates for 7 days.

To assess colony forming abilities on tissue culture plates, viable cells from single-
cell suspensions from four rats/group were plated at 7500 cells/plate in duplicate on
35 mm2 tissue culture plates coated with 50 µg/mL rat tail collagen (Corning, 354236) as
described [14]. Following colony formation, plates were fixed with ice-cold methanol for
10 min, then stained with crystal violet. Colonies were counted using a light microscope.

2.7. Differentiation Assays

To assess differentiation potential, 1 × 105 adipose stromal cells were plated on six-
well plates with DMEM and supplemented with 10% FBS and 1% antibiotic/antimycotic
until confluent. For bone differentiation, media was supplemented with 0.01 M β-glycerol
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phosphate (MilliporeSigma, St. Louis, MO, USA, 50020) and 100 mM ascorbic acid (Sigma,
A4544) and was replaced every 2–3 days. On day 21, cells were collected for RNA extraction
or stained with alizarin red. Alizarin red stain was extracted and quantified by measuring
absorbance at 405 nm (Bio Tek, Shoreline, WA, USA, 7091000). For adipocyte differentiation,
media was supplemented with 0.5 µM dexamethasone (Sigma, D4902), 0.5 mM 3-isobutyl
methyl xanthine (Sigma, I7018), 0.5 µg/mL insulin (Sigma, I5500), and 50 µM indomethacin
(Fisher Scientific, AC458030050) for 7 days. After 7 days, media was supplemented with
0.5 µg/mL insulin (Sigma, I0516) and was replaced every 2–3 days. On day 21, cells were
collected for RNA extraction or stained with oil red O. Oil red O stain was extracted and
quantified by measuring absorbance at 510 nm.

2.8. Gene Expression Analyses

RNA was isolated using TRIzol (ThermoFisher, Waltham, MA, USA, 15596018) follow-
ing the manufacturer’s protocol. RNA cleanup was performed using an RNeasy Plus Micro
Kit (Qiagen, Germantown, MD, USA, 74034) and quantified using a NanoDrop 1000 Spec-
trophotometer (ThermoFisher, ND-1000). cDNA was synthesized using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosciences, Livermore, CA, USA, 4368814), and
qRT-PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules,
CA, USA, 172521) and the CFX Connect Optics Module (Bio-Rad). Data was normalized to
18S ribosomal RNA and analyzed using the ∆∆Cq method. Primers are found in Table S1.

RNA isolated from primary epithelial cells or tumor cells was amplified using the RT2

PreAMP cDNA Synthesis Kit (Qiagen, 330451) with RT2 PreAMP cDNA synthesis primer
Mix (Qiagen, 047Z) or RT2 First Strand Kit (330401). Gene expression was quantified using
RT2 Profiler PCR Rat Stem Cell Signaling Arrays (Qiagen, PARN-047Z) with RT2 SYBR
Green qPCR Mastermix (Qiagen, 330502), and analysis was completed using GeneGlobe
Analysis Software (Qiagen).

2.9. Statistical Analyses

The results between the two groups were compared using an unpaired t-test, and an
F test was used to compare the variances. For differentiation assays, data were analyzed
using one-way ANOVA with Tukey’s multiple comparison test. Data are represented using
mean ± s.e.m. All statistics were calculated using GraphPad Prism v 9.3.1. Statistical
significance was determined at a significance level of p = 0.05.

3. Results
3.1. Delayed Development of Mammary Glands in GIH Female Offspring

Dams were exposed to either GIH or GNx during their typical period of heightened
sleep, similar to humans with sleep apnea [17]. Since the timing of GIH induction was
during the period of fetal mammary gland development [18], we hypothesized that expo-
sure to GIH during pregnancy may lead to alterations in mammary gland development
of female offspring rats. We examined mammary whole mounts from rats after puberty
(8 weeks) and mature rats (20 weeks). We did not observe any differences in the percentage
of mammary glands filled with ducts (Figure S1A,B) or alveolar budding (Figure S1C,D).
However, at 8 weeks, GIH offspring had significantly reduced ductal branching compared
to GNx offspring (p = 0.004, Figure 1A), which was resolved by the 20-week age time point
(Figure 1B).

Mammary gland development is orchestrated by ovarian hormones. No significant
differences were observed in offspring at the start of puberty, although the GIH offspring
showed more variability than GNx offspring (p = 0.003, F-test, Figure S1E). Further, no
significant differences were observed in the length of time that the offspring spent in estrus
or diestrus during the estrus cycle over a 2-week period (Figure S1F,G). Previous data has
shown that serum levels of 17β-estradiol were not significantly different between offspring
at 12 weeks of age [9]. These data suggest that GIH offspring do not have significant
differences in ovarian function that impact mammary gland development.
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We examined changes in mammary epithelial cell proliferation over time. While
proliferation marker Ki67 expression was modestly reduced in 8-week-old GIH offspring
compared to GNx offspring (p = 0.06), at 20 weeks, GIH offspring demonstrated significantly
increased Ki67 expression compared to GNx females (p = 0.001, Figure 1C). This suggests
that GIH induces long-term increases in proliferation in the mammary epithelial cells
of offspring.
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Figure 1. Delayed mammary gland development in GIH offspring female rats. Quantification of
ductal branching within the mammary fat pads in normoxic (GNx) and hypoxic (GIH) offspring at
8 weeks ((A), n = 6 rats/group) and 20 weeks ((B), n = 6 GNx, n = 5 GIH rats). (C) Ki67 expression
in ducts from mammary tissue from 8 weeks (n = 6) and 20 weeks (n = 6 GNx, n = 5 GIH) offspring
rats. Dotted lines indicate area of magnification for inset image. Magnification of images (A,B) 40×.
Magnification bars: (A), 0.5 mm; (C), 100 µm.

3.2. Enhanced Mammary Stem/Progenitor Activity in GIH Offspring

The most common types of breast cancer are thought to arise from mutations or epige-
netic modifications in epithelial stem and progenitor cells, which may be acquired at key
phases of rapid cell division, such as during in utero development or during puberty [19,20].
To investigate how GIH exposure impacts mammary stem and progenitor cells, we isolated
mammary epithelial cells from GIH and GNx offspring and plated the cells in limiting dilu-
tion to measure mammospheres and colony formation. At 8 weeks, mammary epithelial
cells from GIH offspring had formed significantly greater numbers of both primary and
secondary mammospheres (Figure 2A,B). No differences were observed in the shape or
size of the mammospheres. When plated on adherent plates coated in collagen, mammary
epithelial cells isolated from GIH offspring demonstrated significantly enhanced colony for-
mation (p = 0.02, Figure 2C,D). Although the colonies generated from the primary epithelial
cells from each rat were variably sized, no differences were observed in colony size based
on group. At 20 weeks, epithelial cells from GIH offspring also developed significantly
more primary and secondary mammospheres (Figure 2E) as well as adherent colonies
(p = 0.0007; Figure 2F).

To identify potential mechanisms for increased stem and progenitor cell activity, we
isolated mammary epithelial cells from 20-week-old GNx and GIH offspring and examined
gene expression using stem cell pathway-focused qRT-PCR arrays. Surprisingly, we did not
observe any genes that were significantly upregulated in mammary epithelial cells from
GIH offspring compared to those from GNx offspring. Genes that were downregulated
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in mammary epithelial cells from GIH offspring included Tgfbr1, a downstream mediator
of TGFβ signaling, Smad2, as well as Nfat5, Nfat3c, and Il6st (Figure 2G). Since TGFβ is a
major negative regulator of epithelial cell stem and progenitor activity in the mammary
gland [21,22], we examined phosphorylation of SMAD2 to assess TGFβ signaling activ-
ity [23]. We observed a significant decrease in nuclear localization of phosphorylated
SMAD2 within epithelial cells of GIH offspring compared to GNx offspring (p < 0.0001,
Figure 2H). Together, these data suggest that GIH exposure increases long-term mammary
stem and progenitor activity through downregulation of the TGFβ signaling pathway.
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Figure 2. Increased mammary stem and progenitor cell activity in GIH offspring rats. (A) Repre-
sentative image of mammospheres. (B) Average primary and secondary mammospheres per well
for 8-week-old GNx and GIH offspring rat mammary glands (n = 4 rats/group). (C) Representa-
tive image of colonies. (D) Average mammary epithelial cell colonies per well (n = 4 rats/group).
(E) Average primary and secondary mammospheres per well for 20-week-old GNx and GIH off-
spring rat mammary glands (n = 4 rats/group). (F) Average mammary epithelial cell colonies per
well (n = 4 rats/group). (G) Differences in gene expression in mammary epithelial cells isolated
from mammary glands of GNx and GIH offspring quantified using qRT-PCR arrays (n = three
rats/group). (H) Representative images and quantification of phosphorylated SMAD2 (pSMAD2)
staining in rat mammary ducts (n = 5/group). Dotted lines indicate area of magnification for inset
image. Magnification bar = 100 µm.
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3.3. Microenvironmental Changes Observed in Mammary Glands of GIH Offspring

Recent work in a mouse model of GIH demonstrated that the exposure of pregnant
mice to IH during pregnancy altered the function of adipose tissue of male offspring,
leading to metabolic dysfunction [24]. To examine how exposure to GIH impacts cell
types in the stroma of mammary glands, we measured the diameter of adipocytes found
within the mammary tissue of GNx and GIH offspring. At both 8 and 20 weeks of age,
adipocyte diameters were significantly larger in the mammary glands of GIH offspring
compared to GNx offspring (Figure 3A). Interestingly, we observed that GIH offspring
had reduced collagen deposition surrounding mammary ducts at both 8 and 20-week time
points (Figure 3B). We also examined CD68+ macrophages surrounding ducts, which have
been shown to promote extracellular matrix remodeling [25]. At 8 weeks, no significant
difference was observed in the number of CD68+ macrophages surrounding mammary
ducts (Figure 3C). However, at 20 weeks, we observed significantly reduced numbers of
CD68+ macrophages surrounding mammary ducts in GIH offspring (p = 0.03, Figure 3C).
Together, these results suggest that GIH offspring also have lasting changes in the mammary
stroma surrounding the epithelial cells.
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Figure 3. Alterations in stromal cell populations in GIH offspring rats. (A) Adipocyte diameters
in mammary tissue from offspring rats at 8 weeks (n = 6 rats/group) and 20 weeks (n = 6 GNx,
n = 5 GIH). (B) Average area of collagen deposition surrounding ducts in offspring rat tissue
at 8 weeks (n = 6/group) and 20 weeks (n = 6 GNx, n = 5 GIH). (C) CD68+ macrophages sur-
rounding ducts in mammary tissue were quantified from GNx and GIH offspring rats at 8 weeks
(n = 6 rats/group) and 20 weeks (n = 6 GNx, n = 5 GIH). Magnification bar = 100 µm.
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3.4. Increased Differentiation Potential in Adipose-Derived Stromal Cells from GIH Offspring

Adipose tissue, including subcutaneous adipose tissue in the mammary gland, con-
tains a population of stem cells that have the ability to differentiate into mesenchymal cell
lineages in response to different stimuli [26]. Given the changes in the mammary stroma
that we observed in GIH offspring, we investigated whether there were also differences
in this stem cell population between GNx and GIH offspring. We expanded the adipose-
derived stromal cells from 20-week-old offspring in vitro. In response to adipogenic media,
adipose-derived stromal cells from GIH offspring had significantly increased lipid droplets
(p = 0.003, Figure 4A). Further, the expression of markers of adipocyte differenti ation,
Pparγ (p = 0.01) and Fabp4 (p = 0.04), were significantly elevated in differentiated stromal
cells from GIH offspring compared to undifferentiated control cells (Figure 4B,C). Similarly,
in response to bone differentiation media, adipose-derived stromal cells from GIH offspring
had significantly increased deposition of bone matrix (p = 0.002, Figure 4D). The expression
of markers of bone differentiation Alpl (p = 0.03, Figure 4E) and Runx2 (p = 0.004, Figure 4F)
was significantly higher in adipose-derived stromal cells from GIH offspring compared to
undifferentiated controls.

To examine contaminating cell types, we quantified the gene expression of epithelial
cell marker CD24, endothelial cell marker CD31, and immune cell marker CD45. No
significant differences were observed between stromal cells from GNx and GIH offspring
(Figure S2A–C). We also observed similar expression levels of stromal cell markers in the
adipose-derived stromal cells from GNx and GIH offspring (Figure S2D). These results
suggest that similar to the epithelial cell compartment in the mammary gland, adipose
stem cells are enhanced in the mammary glands of GIH offspring.

3.5. Fibrous Tumors Enhanced in Mammary Glands of GIH Offspring

Sprague-Dawley rats develop spontaneous mammary tumors during aging [27]. Al-
though no significant differences were observed in latency to tumor formation between
GNx and GIH offspring (Figure S3A), GIH offspring developed mammary tumors with
a mildly higher frequency, with an incidence of mammary tumors in 12 out of 27 rats
(44%), while GNx offspring developed tumors with an incidence of 10 out of 34 rats (29%)
(Figure S3B). Aging Sprague-Dawley rats are susceptible to pituitary tumors, which may
enhance mammary tumor formation through elevated circulating prolactin levels [28].
While many offspring that developed mammary tumors in both treatment groups also
developed pituitary tumors (Figure S3C), treatment did not significantly affect the incidence
of pituitary tumors, and the presence of pituitary tumors did not alter mammary tumor
latency (Figure S3D).

Tumors that formed in the mammary glands of aging offspring of both treatment
groups were well-differentiated adenomas and fibroadenomas that expressed estrogen
receptor alpha (ERα) at similar levels (Figure S3E). We observed a significant shift to
favoring the formation of fibroadenomas, which contain a large component of stromal
cells, in GIH offspring compared to GNx offspring (p = 0.009, Figure 5A). To identify how
stem cell signaling pathways were altered between adenomas and fibroadenomas, we
isolated epithelial cells from tumors and examined gene expression using qRT-PCR arrays.
Adenomas had significantly increased expression of transcription factors E2f5 and Tcf712,
Wnt family receptor Fzd2, transcriptional regulator Nfatc3, regulator of the gamma secretase
complex Psenen, and Rb (Figure 5B). In contrast, fibroadenomas had elevated expression
of Il6st, Lifr, Tgfβr2, and transcription factor Zeb2 (Figure 5C). Together these data suggest
that GIH exposure alters the phenotype of mammary tumors, and the tumors in mammary
glands of GIH offspring are enriched for different stem cell pathways than tumors from
GNx offspring.
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(Figure S2A–C). We also observed similar expression levels of stromal cell markers in the 

Figure 4. Increased differentiation potential of adipose-derived stromal cells from GIH offspring rats.
(A) Representative images of oil red O staining and quantification of adipose-derived stromal cells
from 8 week old rats exposed to adipogenic media (Dif) or vehicle controls (Veh; n = 4 rats/group).
Dotted lines indicate area of magnification for inset image. Expression of Pparγ (B) and Fabp4 (C)
from adipose-derived stromal cells exposed to adipogenic media or vehicle controls quantified using
qRT-PCR (n = 4 rats/group). (D) Representative images of alazarin red staining and quantification of
adipose-derived stromal cells from 8 week old rats exposed to bone differentiation media (Dif) or
vehicle controls (Veh; n = 4 rats/group). Expression of Alpl (E) and Runx2 (F) from adipose-derived
stromal cells exposed to bone differentiation media or vehicle controls quantified using qRT-PCR
(n = 4 rats/group). Magnification bar = 100 µm.
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Figure 5. Mammary fibroadenomas enriched in GIH offspring rats. (A) Tumor histotypes in aging
GNx and GIH offspring rats (n = 10 GNx, n = 12 GIH). (B) Genes with upregulated expression in
adenomas from offspring rats quantified using qRT-PCR arrays (n = 3 rats/group). (C) Genes with
upregulated expression in fibroadenomas from offspring rats quantified using qRT-PCR arrays (n = 3
rats/group). Magnification bar = 100 µm.

4. Discussion

Sleep apnea during pregnancy is a risk factor for multiple complications affecting
both the mother and fetus [29]. Little is known about the impact of sleep apnea during
pregnancy on the long-term health of the offspring. Using a rat model of sleep apnea
during pregnancy, we observed transient developmental delays in mammary gland ductal
branching. Although the differences in ductal branching resolved, we observed lasting
increases in stem and progenitor activity in both mammary epithelial cells and adipose-
derived stem cells in the mammary gland in female offspring. Changes in these stem cell
compartments may promote differences in the types of mammary tumors that develop, as
GIH offspring formed fibroadenomas with a significantly enriched stromal compartment
and distinct gene expression of stem cell-related pathways. Together, these results suggest
that GIH exposure has long-lasting effects on the mammary gland that could impact breast
cancer development later in life.

Multiple signaling pathways regulate mammary epithelial stem cell activity. In mam-
mary epithelial cells from GIH offspring, we observed significantly reduced expression of
Tgfrβ1 and downstream regulator Smad2 compared to GNx offspring. TGFβ1 is a negative
regulator of mammary epithelial stem/progenitor activity [21,22], and reduced activity
in this pathway may result in enhanced mammary stem and progenitor activity. Less is
known about the function of Nfat5 in the mammary gland. In the intestines, Nfat5 represses
canonical Wnt signaling to regulate stem cell differentiation [30], and reduced Nfat5 expres-
sion may enhance stem cell activity in mammary epithelial cells of GIH offspring through a
Wnt-mediated mechanism. We also observed diminished expression of Nfatc3 and Il6st,
which function as tumor suppressor genes in the mammary gland [31,32]. Interestingly, we
did not observe any significantly upregulated genes associated with stem and progenitor
cell activity. This may be indicative of more global changes in gene expression through
methylation, as has been observed in adipose tissue of male GIH offspring [24,33].
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Adipose-derived stromal cells from GIH offspring also demonstrated increased ability
to differentiate into mesenchymal lineages in vitro. This ability for multipotent differentia-
tion is consistent with increased adipose stem cells within the mammary gland. Given the
shift toward fibroadenomas in the mammary glands of aging GIH offspring, it is possible
that elevated adipose stem cells played a role in the growth of these tumors. During
tumorigenesis, adipose stem cells have been shown to differentiate into cancer-associated
fibroblasts in multiple types of cancer [34]. We also observed a significant increase in
Tgfβr2 expression within fibroadenomas that was not observed in adenomas. This data
is suggestive of elevated TGFβ signaling within the tumor microenvironment, and TGFβ
is a major promoter of tumor fibrosis [35]. Increased cancer-associated fibroblasts and
collagen deposition has been associated with a poor prognosis for breast tumors in human
studies [36,37].

Women with sleep apnea have a significantly higher risk for breast cancer [6,7]. The
mechanisms for this increased risk are still under investigation. While women with sleep
apnea have periods of reduced blood oxygen saturation, which could lead to enhanced
expression of hypoxia-associated genes, evidence suggests that maternal hypoxia due to
gestational sleep apnea may not lead to fetal hypoxia [38]. Sleep apnea also induces a
chronic inflammatory state, causing elevated levels of circulating cytokines [39]. Sleep
apnea has also been shown to induce global epigenetic changes in humans [40] as well as
animal models [41], although the mechanism promoting epigenetic remodeling is unknown.
Adverse events that occur during fetal development can induce persistent epigenetic
modifications that impact long-term health [42,43]. Long-term changes in epigenetic
programming could impact not only breast cancer risk [44], but also treatment responses in
breast tumors that develop [45,46].

Emerging evidence in human clinical studies demonstrates that many of the observa-
tions that we have made in rodent offspring following GIH exposure also occur in children
whose mothers had sleep apnea during pregnancy [47–49]. However, before links between
maternal sleep apnea and increased disease risk in offspring can be systematically investi-
gated in humans, animal models must provide the justification. Ethical concerns preclude
allowing human pregnancies with sleep apnea to proceed without medical intervention.
Interventions include using a continuous positive airway pressure device to eliminate the
periods of sleep apnea during sleep so that both the mother and the developing fetus are
protected from the pathological effects of hypoxia. In humans, the multifactorial aspects
of sleep apnea, such as body weight, genetics, and sleep rhythms, are not experimentally
separable [50]. Rodent GIH studies are a necessary strength to detangle the complex
mechanisms and interactions whereby sleep apnea alters fetal physiology into adulthood.

5. Conclusions

Sleep apnea is a common disorder in pregnant women. Both screening and testing
opportunities for sleep apnea during pregnancy are limited, although treatment with
continuous positive airway pressure during sleep ameliorates sleep apnea incidence and
pathological sequelae. Although pregnancy complications due to sleep apnea have been
identified, little is known about the long-term impact of sleep apnea on offspring. Here we
show that GIH exposure leads to lasting increases in mammary stem and progenitor cells
in both the epithelium and stromal compartments. Elevated numbers of epithelial stem
and progenitor cells could enhance breast cancer risk over time, particularly with exposure
to environmental carcinogens or unhealthy lifestyle choices. Improving interventions to
diagnose and treat sleep apnea during pregnancy could impact long-term breast cancer
risk for offspring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells13030249/s1, Figure S1: Mammary gland development,
timing of puberty, and estrus cycle in offspring rats; Figure S2: Characterization of adipose-derived
stromal cells from mammary glands of GNx and GIH offspring rats; Figure S3: Latency of tumors
from GNx and GIH aging offspring rats; Table S1: Primers used for quantitative RT-PCR analyses.
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