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Transcriptome analysis of the hormone-sensing
cells in mammary epithelial reveals dynamic
changes in early pregnancy
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Abstract

Background: Alveoli, the milk-producing units of the mammary gland, are generated during pregnancy by

collaboration of different epithelial cell types. We present the first analysis of transcriptional changes within the hormone

sensing population during pregnancy. Hormone-receptor positive (HR+) cells play a key role in the initiation of

alveologenesis as they sense systemic hormonal changes and translate these into local instructions for neighboring

HR- cells. We recently showed that IGF2 is produced specifically by HR+ cells in early pregnancy, but is undetectable in

the virgin state. Here, we define the transcriptome of HR+ cells in early pregnancy with the aim to elucidate

additional changes that are unique for this dynamic developmental time window.

Results: We harvested mammary glands from virgin, 3-day and 7-day pregnant mice and isolated a few hundred

hormone-sensing cells per animal by FACS for microarray analysis. There was a high concordance between animals

with a clear induction of cell cycle progression genes at day 3 of pregnancy and molecules involved in paracrine

signalling at day 7.

Conclusions: These findings underscore the proliferative capacity of HR+ cells upon specific stimuli and elucidate

developmentally-restricted changes in cellular communication. Since the majority of breast cancers are HR+, with

a variable proportion of HR+ cells per tumor, we anticipate that this data set will aid further studies into the regulation

of HR+ cell proliferation and the role of heterotypic signalling within tumors.
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Background

The adult mammary gland of the mouse contains a

branching structure of epithelial milk ducts embedded

in the mammary fat pad. The epithelial ducts are bi-

layered; the outer basal layer consists mainly of contract-

ile myoepithelial cells and the luminal layer contains

both hormone receptor positive (HR+) and negative

(HR-) cells. HR+ cells are identified by their expression

of the steroid hormone receptors for estrogen and pro-

gesterone (ER and PR) [1], and they also have a high ex-

pression of the prolactin receptor [2]. Luminal HR- cells

are characterised by expression of the transcription

factor Elf5 and already express low levels of milk genes

even in the virgin state [2,3]. In the adult virgin epithelial

cells rarely proliferate, but the ones that do are usually

luminal HR- cells [4,5]. In in vitro assays, HR- cells form

colonies whereas the majority of HR+ cells are non-

clonogenic [6]. Together, this has led to the concept that

HR+ cells are relatively mature, or terminally differenti-

ated, cells [7,8]. However, Ewan and colleagues showed

that TGFbeta signaling is actively required to prevent

proliferation by HR+ cells [9] and another report docu-

mented a 10-fold increase in proliferating HR+ cells

in early pregnancy [10]. Interestingly, a study that used

ovarectomized mice treated with hormone injections to

mimic early pregnancy in a time-controlled manner

showed that there is a short first wave of proliferation of

HR+ cells, followed by a larger wave of proliferation of

HR- cells [11].
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Upon pregnancy, there is increased branching of the

milk ducts on which lobular structures of alveoli (future

sites of milk production) are formed [1]. HR- luminal

cells are molecularly primed for milk production and as

such are referred to as alveolar progenitor cells. How-

ever, these progenitor cells do not provide all the pro-

geny that generate the alveoli. Recent data by others and

us showed that alveologenesis occurs to a large extent by

collaborative outgrowth of the three main epithelial cell

lineages; basal cells and luminal HR+ and HR- cells

[12-14]. This is consistent with an important role for

cellular communication in alveolar development [15].

Pregnancy causes an increase in progesterone and pro-

lactin levels and both these hormones are required for

the initiation of alveologenesis [1]. HR+ cells translate

these systemic hormonal signals into local instructions

for neighboring cells by paracrine signaling. For instance,

progesterone and prolactin induce expression of RANKL

[2,16], a growth factor that is essential to induce proli-

feration of neighboring HR- cells [11]. In addition, we

found that another growth factor that is essential for

alveologenesis, IGF2 [17], was produced specifically by

HR+ in early pregnancy [2]. Notably, IGF2 is undetect-

able in virgin state [2] and therefore we wondered what

other factors these cells produce specifically during ac-

tive morphogenesis in early pregnancy.

Here, we analyzed the transcriptome of HR+ cells at

two early time points in naturally-induced pregnancy to

characterize these cells in a state of active proliferation

and cellular communication.

Results and discussion

Pregnancy induces proliferation in both HR+ and

HR- cells

To characterize the changes that occur in HR+ cells in

early pregnancy, we obtained mammary glands from FVB/

N mice that were adult virgins (nulliparous), and from

timed-mated mice at day 3 and day 7 of pregnancy.

Carmine staining of the thoracic mammary glands con-

firmed the presence of relatively bare milk ducts at the vir-

gin state (metestrus), increased branching and thickening

of the ducts at day 3 of pregnancy and the appearance of

alveolar structures by day 7 of pregnancy (Figure 1A). We

evaluated the proliferative status of the HR+ cells by EdU

injection 24 hours before harvest. Paraffin sections were

stained with antibodies against cytokeratin 8 (CK8, blue)

to identify luminal epithelial cells and the estrogen recep-

tor (ER, red) as a marker for HR+ cells. In this case, we

chose ER to identify HR+ cells but it is important to note

that not all ER+ cells co-express the progesterone receptor

(PR) and vice versa [5]. This can be due to receptor down-

regulation upon active signaling [18] but potentially could

also indicate a further heterogeneity within the HR+ cell

population [19]. Similar to previous literature [4,10], we

found that in mammary epithelium not many epithelial

cells are proliferating in the virgin state, and the rare cells

that do are all ER- (Figure 1B). Pregnancy induced consid-

erable proliferation of luminal epithelial cells, including

the ER+ cells (Figure 1B and C). By day 7 of pregnancy,

the proportion of proliferating luminal cells that are ER+

diminishes, whereas the proportion of proliferating ER-

luminal cells (that are primed for milk production)

continues to increase (Figure 1C). Beleut and colleagues

demonstrated that steroid hormone injections first in-

duced proliferation in a portion of progesterone receptor

positive (PR+) cells, followed by proliferation in a much

larger proportion of PR- cells [11]. Our data show that this

response also occurs during a natural pregnancy, in which

ER +HR+ cells proliferate for a brief initial period,

whereas the luminal HR- cells also start proliferating early

on, but continue to expand considerably during the course

of pregnancy.

Identification of HR+ cells by cell surface markers in early

pregnancy

To identify molecular changes during the burst of prolifer-

ation of HR+ cells, we isolated HR+ epithelial cells from

the abdominal mammary glands of virgin mice at metes-

trus and 3-day and 7-day pregnant mice. Single cells were

stained with cell surface markers and isolated by FACS.

After exclusion of doublets, dead cells and lymphocytes,

luminal epithelial cells were identified by their high expres-

sion of CD24 and relatively low expression of alpha6-

integrin (CD49f, see gating strategy in Additional file 1 and

2). The luminal cell population was separated into HR+

and HR- cells based on Sca1 (Ly6A) and alpha2-integrin

(CD49b) expression (Figure 2A). The proportions of the

various FACS populations for individual animals can be

found in Additional file 2. Notably, Sca1 expression went

gradually down in HR+ cells upon pregnancy. Due to the

continued proliferation of the luminal HR- cells, the rela-

tive proportion of HR+ cells at day 7 of pregnancy is con-

siderably smaller compared to the virgin state (Figure 2A).

To ensure that the cell surface profiles in pregnancy still

identified the HR+ population despite the changes in Sca1

expression, the two distinct populations were sorted for

qPCR analysis. We made use of a direct lysis method we

recently developed for mRNA analysis of small numbers of

cells [20] and 500 cells per population were analyzed from

three individual mice. There is some fluctuation in hor-

mone receptor transcription during pregnancy (Figure 2B),

which could be due to changes in transcriptional activity

but also potentially to alterations in cellular subsets within

the HR+ population [19]. Note that ER protein levels

go down in early pregnancy (Additional file 3) but ER

transcript levels do not. Because ligand binding induces

hormone receptor degradation [18] the relation between

transcript and protein levels is not straight forward.
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Nevertheless, this qPCR validation shows that the CD49flo

population clearly contains the HR+ cell population des-

pite the reduction in Sca1 expression. In addition, the HR-

population is identified by the expression of Elf5 and this

population does not contaminate the HR+ population

sorted based on Sca1 and CD49b (Figure 2B).

Transcriptome analysis of HR+ cells obtained in early

pregnancy

To carry out a comprehensive gene expression analysis of

the changes that occur in HR+ cells in early pregnancy,

we adapted our direct lysis protocol for microarray ana-

lysis. In this case, we sorted a thousand HR+ cells per

Figure 1 Pregnancy induces proliferation in both the HR+ and HR- cells. (A) Representative images of carmine-alum-stained whole mounts

of mammary glands from virgin, 3-day and 7-day pregnant FVB/N mice. Scale bar, 1 mm. (B) Confocal immunofluorescence of mammary gland

sections from virgin, 3-day and 7-day pregnant mice stained for the proliferation marker 5-ethynyl-2’-deoxyuridine (EdU, green), Estrogen Receptor

(ER, red) and the luminal cell marker cytokeratin-8 (CK8, blue). Scale bar, 10 μm. The exposure time for the ER signal was increased in pregnant

samples to allow robust identification of ER+ cells (see Additional file 3 for images with a fixed exposure time). (C) Quantification of the proportion of

luminal cells that is proliferating, separated by cell type based on ER expression. ER+ and ER- luminal cells start proliferating at day 3 of pregnancy, by

day 7 the majority of proliferating luminal cells are ER-. Bars represent individual animals.
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animal and used an aliquot equivalent to 167 cells for RNA

amplification and subsequent hybridization to Illumina ar-

rays. Note that this cell number is low enough to allow

sampling from individual mice even when the cellular sub-

set is small, while the cell number is large enough to pro-

vide a robust average of the population without the need

for many repeats, as would for instance be the case with

single cell analysis. The assumption that a few hundred

cells per population provides a consistent representation of

the changes that occur within the HR+ cell population is

supported by the high reproducibility of the transcriptional

profiles of samples taken from individual animals (n = 3 an-

imals per time point), as indicated by a principal compo-

nent analysis (Figure 3A). Unsupervised hierarchical

clustering also confirms that the HR+ populations of the

different time points are most similar to samples of the

same developmental stage (Figure 3B).

At day 3 of pregnancy, there is a set of 165 genes that

have changed more than 2 fold compared to the virgin

samples and that are distinct from changes that occur at

day 7 of pregnancy. There is a larger group of 401 genes

that is changed at both the 3-day and 7-day time point,

in addition to 605 genes whose expression only starts

changing at day 7 of pregnancy (Figure 3C, genes listed

in Additional file 4).

Figure 4A illustrates that distinct gene clusters can be

recognized based on the direction of the transcriptional

changes. For instance, there are genes that are strongly

upregulated at day 3 but are reduced again at day 7

(Figure 3B), genes that are induced gradually from day

3 to day 7 (Figure 3C), or become induced only by day

7 (Figure 3D). Similar trends can be observed for

downregulation of genes, in which a cluster of genes is

abruptly downregulated at day 3 (Figure 3E), but there

Figure 2 Purification of HR+ cells by FACS in early pregnancy. (A) The luminal population of mammary epithelial cells (CD24hiCD49flo) was

separated into hormone-sensing cells (Sca1hi CD49blo; purple gate) and alveolar progenitor cells (Sca1lo CD49bhi; orange gate). (B) Quantitative

RT-PCR on 500 directly-lysed cells per sample for markers that distinguish the two luminal cell types. Values are relative to mRNA levels in HR+

cells from virgin animals and normalised to HPRT expression. Error bars indicate standard deviation for 3 individual mice.
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are also genes whose expression gradually decreases with

the progression of pregnancy (Figure 3F) and some genes

are only downregulated by day 7 (Figure 3G).

Response of HR+ cells at day 3 of pregnancy is

characterized by proliferation and changes in hereditary

breast cancer pathways

In our previous work, we noticed that IGF2 transcription

is strongly induced in HR+ cells in early pregnancy [2].

Analysis of the microarray data shows that additional

players in the IGF signalling network are also induced

(Figure 5A), such as Insulin-like growth factor acid labile

subunit (IGFALS) which increases the half-life of IGFs

[21] and also two Insulin-like growth factor binding pro-

teins (IGFBP5 and IGFBP7) that have opposing roles in

mammary gland involution [22,23]. The long non-coding

RNA H19, whose transcription is tightly linked to that of

IGF2 [24], is strongly induced already at day 3 of preg-

nancy (Figure 5A). This seems earlier than the induction

of IGF2, but that could also be due to differences in detec-

tion sensitivity of the array. Both IGFBP5 and H19 have

been suggested to antagonise IGF signalling and therefore

these data suggest an intricate regulation of IGF signalling

in mammary epithelium in early pregnancy.

An unbiased examination of changes in signalling

pathways was performed by Ingenuity Pathway analysis.

The pathways that were most significantly changed in

HR+ cells at day 3 of pregnancy compared to the virgin

samples comprised pathways related to the cell cycle

and DNA repair check points (Figure 5B). Interestingly,

several of the transcriptional changes at day 3 occur in

genes that have been implicated in hereditary breast can-

cer, such as p53, Chek2 and FANCD2. A complete list of

the 27 genes that are responsible for the significant change

in the Hereditary Breast Cancer Ingenuity Pathway is in-

cluded in Additional file 5. At day 7 of pregnancy, changes

grouped according to Ingenuity signalling pathways were

less significant and occurred to some extent already at day

3 (Figure 5B). These pathways were mostly related to im-

mune function and cell migration and included genes such

as integrins and PI3KR3, that were for instance assigned

to the Ingenuity pathway ‘invasive glioma signaling’.

The individual genes whose transcription is changed

most dramatically in HR+ cells in early pregnancy are

listed in Figure 6. For instance, at day 3 of pregnancy

several of the most highly induced genes are involved in

proliferation (Figure 6A). This includes cell cycle genes

(CDCa3 and CDCa8) and mitotic genes such as PDZ-

binding kinase (PBK) [25], Kinesin-like protein 22 (Kif22),

Kinetochore associated 1 (KNTC1), Nucleolar and spindle-

associated protein 1 (Nusap1). Minichromosome mainten-

ance complex component 5 (MCM5) is a DNA replication

licensing factor [26] and RAD54B plays a role in hom-

ologous recombination and repair of DNA [27]. Additional

file 6 contains a summary of genes involved in the cell

cycle that are transcriptionally changed in early pregnancy.

Other top upregulated genes at day 3 of pregnancy are

known targets of steroid hormones, such as calcitonin

(CALCA) and IGFALS [28,29]. The genes that are strongly

down regulated at pregnancy day 3 are mostly similar to

the genes that are down regulated at day 7 (Figure 6B) and

they do not cluster into obvious functional groups.

Figure 3 Transcriptome analysis clusters HR+ cells by developmental state. (A) Principal Component Analysis (PCA) was performed on

three biological replicates of HR+ cells derived from virgin (Vir), 3-day (3D) and 7-day (7D) pregnant mice based on 19,821 probes (see Methods

for details). A scatterplot of the first two principal components demonstrates a separation by pregnancy along the first principal component (PC1)

and by duration of pregnancy along the second principal component (PC2). (B) Unsupervised hierarchical clustering based on 1328 probes

(probes with an absolute fold-change > =2 and false discovery rate (FDR) of 10% or less) shows that the biological replicates cluster according to

developmental state. (C) Venn diagram illustrating the number of genes that were changed more than 2-fold with a FDR of 10 in the 3 replicates

of HR+ cells isolated at day 3 of pregnancy (3D, light grey) compared to virgin samples and the overlap of this gene set compared to differentially

expressed genes at day 7 of pregnancy (7D, dark grey, more than 2 fold change compared to virgin).
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Indoleamine 2,3 dioxygenase (IDO1), an enzyme that ca-

tabolizes trypthophan, has a potentially immunosuppres-

sive role and high IDO expression in ER+ breast cancer is

associated with a better overall survival [30,31]. D site of

albumin promoter (albumin D-box) binding protein (DBP)

is a transcription factor that for instance binds to the insu-

lin promoter. The sodium/iodide transporter (SLC5A5) is

negatively regulated by IGF-1 and TGF-beta signalling in

the mammary gland [32] and therefore its down regulation

may be a reflection of increased IGF signalling.

Taken together, at day 3 of pregnancy the most striking

change in the transcriptome of HR+ cells compared to HR

+ in the non-pregnant mammary gland is the induction of

proliferation. This is indicated by the Ingenuity Pathway

Analysis, the individual genes that change most signifi-

cantly based on the microarray analysis, and this was fur-

ther validated by qPCR on some of the cell cycle genes on

independent cDNA samples (Figure 7A).

Transcriptional changes in HR+ cells at day 7 of

pregnancy involve immune regulation and cellular

communication

The expression of cell cycle progression genes is still ap-

parent at day 7 of pregnancy, but to a lesser extent. This

is consistent with the initial wave of proliferation in HR

+ cells that is superseded by proliferation in the luminal

HR- cells (Figure 1). Part of the overlap in gene changes

at pregnancy day 3 and day 7 (Figure 3C) is due to the

Figure 4 Heat maps of transcriptional changes in HR+ during early pregnancy. (A) Heat map of Illumina gene probes generated by

GenePattern software showing transcriptional changes during early pregnancy. (B-C) Heat maps generated with an input of the 25 most up-regulated

and 25 most down-regulated genes in each category based on the values of their Pi scores (see Methods). Twenty-five gene probe sets that are

induced (B) and reduced (C) most strongly in HR+ cells specifically at day 3 of pregnancy. (D-E) Gene probe sets that are most strongly induced

(D) and reduced (E) in early pregnancy. (F-G) Gene probe sets that are induced (F) and reduced (G)most strongly in HR+ cells specifically at day 7

of pregnancy.
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induction of cell cycle genes, but there are other pro-

cesses that partially overlap that are only just detectable

at day 3 and become much more robust at day 7. For in-

stance, the induction of progesterone targets calcitonin

and RANKL is detectable at day 3 of pregnancy, but the

fold induction is much higher at day 7 (Figure 7B). An-

other target of the progesterone receptor (PR), Wnt4, is

not detectable with the relatively low sensitivity of the

microarray but an increase in Wnt4 expression at day 7

of pregnancy can be detected by qPCR (Figure 7B). Cyc-

lin D1 has also been found to be partially regulated by

PR [33] but we do not find evidence for Cyclin D1

induction either by microarray or qPCR (Figure 7B).

Induction of cyclin D1 transcription was described

24 hours after progesterone injection, but in that case

RNA from the entire mammary gland was used [34], im-

plying that the cyclin D1 induction could have occurred

in neighboring HR- cells.

In addition to elevated cell cycle genes and known

hormone-induced target genes, this data set provides

insight to other processes that are initiated in HR+ cells

at day 7 of a murine pregnancy, the time when alveoli

become clearly visible (Figure 1A). In Figure 7, we high-

light a few of the top molecules that are all secreted fac-

tors (with the exception of Cyclin D1). A complete list

of transcriptional changes in secreted factors (annotation

by Ingenuity) is included in Additional file 7.

WFDC (WAP four-disulfide core domain) is a prote-

ase inhibitor with a potential role in immune regulation.

Interestingly, WFDC is part of the same gene cluster as

SLPI (Secretory Leukocyte Protease Inhibitor) [35] and

both genes are strongly induced in HR+ cells at preg-

nancy day 7 (Figure 4C, 6B and 7C). Secreted SLPI spe-

cifically reduces growth of mammary but not colon

cancer cells grown in mice [36], suggesting a functional

role for SLPI in mammary epithelial cells. The role of

the induced SFTPD (Surfactant, pulmonary-associated

protein D) seems straight forward; surfactant secretion

prevents the collapse of lung alveoli and likely also of

the developing mammary alveoli that become apparent

by day 7 of pregnancy. In addition, SFTPD is thought to

play an important role in innate immunity because it

binds a wide variety of microorganisms and may modulate

leukocyte responses [37]. Curiously, DMBT1 (Deleted in

Malignant Brain Tumors 1) is also expressed in the lung

and seems to interact with SFTPD at the protein level

[38]. DMBT1 is induced in inflammatory conditions as

part of an anti-microbal defense but it is downregulated

in the process of terminal differentiation in gastric epi-

thelia [39]. Our data show that DMBT1 is strongly

Figure 5 Pathway analysis of changes in HR+ cells during early pregnancy. (A) Bar chart of the transcriptional changes of genes involved in

IGF signaling. Values are normalized Log2 values of Illumina probe sets, error bars denote standard deviation of three biological replicates. The

dotted red line indicates background noise. (B) Ingenuity Pathway Analysis showing canonical pathways that are most significantly changed at

day 3 of pregnancy (blue) and at day 7 of pregnancy (green) compared to virgin samples. The number of genes in each pathway that was

significantly changed in the HR+ samples is indicated at the top of each bar.
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downregulated in HR+ cells in early pregnancy (Figure 7C).

In contrast, SFTPD is strongly induced and it is currently

unclear whether in mammary alveologenesis DMBT1 and

SFTPD are functionally linked. Similar to its downregu-

lation in early pregnancy, DMBT1 expression is also

reduced in breast cancer where its expression was anti-

correlated with the proliferation marker MCM5 [40].

Thus, the downregulation of DMBT1 in HR+ cells in early

pregnancy could be related to an induction of prolifera-

tion. Taken together, several of the most strongly induced

genes play a role in the protection against microorganisms.

Speculatively, there may be an increased risk for a com-

promised epithelial barrier during active morphogenesis.

Another category of induced genes is involved in cell

to cell communication. IGF2 is a prime example of this

(Figure 7D), but we also observed the induction of for

instance Midkine (MDK) and IL-19 and a strong down-

regulation of IL-33 (Figure 7D). Like IGF2, Midkine is a

growth factor (MDK is also known as neurite growth

promoting factor 2) and is widely expressed during em-

bryogenesis but is absent from most adult tissues with

the notable exception of the nervous system [41]. We

show here that it is just detectable in virgin HR+ cells

(average Ct of 33) and strongly induced in pregnancy

(average Ct of 28 at day 7, Figure 7C). MDK has been

reported to promote proliferation of cancer cells [42].

However, reports about its role in breast cancer are

contradictory [43-45] and warrant further investigation

of the role of MDK in the different mammary epithelial

cell types in normal and malignant mammary deve-

lopment. The cytokine IL-19 was approximately 8-fold

upregulated in the biological replicates used for the

microarray analysis, but the independent validation by

qPCR showed a more moderate response (Figure 7D). It

will nevertheless be interesting to further explore the

role of IL-19 because it induces proliferation and migra-

tion of breast cancer cells and the expression of IL-19 is

correlated with a poor clinical outcome [46]. IL-33 is

highly expressed in epithelial barrier tissues [47] and

thought to act as an ‘alarmin’ that amplifies the innate

immune response in case of tissue damage [48]. In con-

trast to the other genes shown in Figure 7D, IL-33 is

abruptly downregulated, possibly to prevent an ‘alarmist’

response in case of alveolar morphogenesis. Preliminary

data suggest that IL-33 enhances tumor growth in

a mouse model of breast cancer [49] and it will be

Figure 6 Top molecules that are differentially expressed in HR+ cells in early pregnancy. (A) Molecules identified by Ingenuity Pathway

Analysis that are most strongly down- and upregulated in HR+ cells at day 3 of pregnancy compared to virgin samples. (B) Molecules identified

by Ingenuity Pathway Analysis that are most strongly down- and upregulated in HR+ cells at day 7 of pregnancy compared to virgin samples.
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interesting to investigate the role and cellular target of

IL-33 in the mammary gland.

Conclusion
Pregnancy induces considerable changes in the mammary

gland, and many studies have characterized this. Molecu-

lar analysis has been primarily performed on entire mam-

mary glands, thereby blending the characteristics of all cell

types of the fat pad and all epithelial cells types [50,51].

Sorting mammary epithelial cell populations based on cell

surface markers has already provided new insights into

cell-type specific transcriptomes of the three epithelial lin-

eages in the adult virgin gland [3,8] and of the involuted

mammary gland [52]. Here, we have taken that a step fur-

ther and analyzed the dynamic transcriptional changes

within a specific cell population in early pregnancy. We

focussed on the changes in HR+ cells specifically, but

similar dynamic changes are likely to occur in the other

Figure 7 Quantitative polymerase chain reaction (qPCR) validation of the transcriptional changes in HR+ in early pregnancy. (A)

Relative mRNA expression of cell cycle genes during pregnancy compared to virgin samples, normalised to HPRT expression. (B) Relative mRNA

expression of progesterone target genes during pregnancy compared to virgin samples, normalised to HPRT expression. (C) Relative mRNA

expression of secreted factors during pregnancy compared to virgin samples, normalised to HPRT expression. N.D.: Not Detected. Error bars

indicate standard deviation for 3 individual mice.
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lineages that contribute to alveologenesis. Our data

underscore that HR+ proliferate as part of a normal de-

velopmental program that is active in early pregnancy.

Estrogen-dependent proliferation is one of the defining

features for ER+ breast cancer, however this has been

considered a newly acquired trait because ER+ cells in

normal non-pregnant breast tissue rarely proliferate. It

will be interesting to explore to what extend ER+ cancer

cells hijack this developmentally-restricted program.

The transcriptional changes at day 7 of pregnancy show

a wide range of responses, part of which seem to involve

the increase in anti-microbial defense which might be due

to a suboptimal barrier function during active epithelial

morphogenesis. Another part of the response at day 7 is

likely involved in the coordination of the collaborative out-

growth of different epithelial cell types to form the milk-

producing alveoli. Many of the most significantly changed

genes have a role in breast cancer and given the hetero-

geneity within breast tumors, where ER+ breast tumors

can contain as few as 10% ER+ cells [53], it will be import-

ant to investigate heterotypic signaling in both normal and

malignant mammary gland development.

Methods
Mice and timed mating

All experiments were conducted with FVB/N mice pur-

chased from Jackson Laboratory and bred and maintained

in the animal facility of the DUKE-NUS Graduate Medical

School and The National Cancer Centre, Singapore. All

animal protocols were approved by the SingHealth Insti-

tute Animal Care and Use Committee. The virgin controls

were injected with EdU at metestrus when 11 weeks old

and mammary glands were harvested 24 hours later. For

the early-pregnancy time-points, mice were timed-mated

when 9-11 weeks old. Female mice at estrus were placed

in the cage of a male after 10 pm and checked for vaginal

plugs at 8 am the following morning (Day 0). Mice were

injected with EdU 24 hours before euthanizing 3 days or

7 days later by carbon dioxide inhalation. 2 mg/g body

weight of EdU (Molecular Probes #C10337) was injected.

Carmine staining of whole-mounted mammary glands

A #3 (thoracic) gland was fixed in methacarn (60%

methanol, 30% chloroform, 10% acetic acid) between

glass slides for 24 hours. Subsequently the gland was

placed in 70% ethanol for 24 hours, then immersed in

0.2% carmine (Sigma #C1022)- 0.5% aluminum potas-

sium sulfate (Aldrich) stain for 18 hours. Next, glands

were transferred to 70%, 90% and 100% ethanol for

1 hour each, followed by 100% ethanol for 18 hours.

Finally glands were transferred to methyl salicylate

(Sigma #M2047) for visualisation and photography with

an Olympus SZX12 microscope.

Confocal immunofluorescence

Fresh #3 (thoracic) glands were fixed for 18 hours in

4% buffered formaldehyde (ICM Pharma), processed and

embedded in paraffin wax. 5 μm sections were cut and ad-

hered to Superfrost Plus coated slides (Menzel-Glaser

#J1800AMNZ) overnight at 37°C. Sections were de-

paraffinized in Xylene (2× 5 minutes) and hydrated by

sequential incubation in ethanol solutions of decreasing

concentration (100% ethanol 2× 5 minutes, 90% ethanol 2×

5 minutes, 70% ethanol 2× 5 minutes and distilled H2O

5 minutes). Antigen retrieval was performed in 600 mL of

1 mM disodium-EDTA by heating in a microwave on high

for 5 minutes and on 30% power for an additional 5 minutes

and then cooled at room temperature for 1 hour. Slides

were immersed in distilled H2O and washed in PBS for

5 minutes. Sections were encircled with a wax pen and in-

cubated for 30 minutes at room temperature with the

Click-iT reaction mix (Molecular Probes #C10337),

prepared as described by the manufacturer. Primary anti-

body was diluted in PBS (for dilutions and suppliers, see

Additional file 8) with 10% normal serum from the species

in which the secondary antibody was raised, was applied

and incubated at 4°C overnight. Sections were washed in

PBS (3× 5 minutes) before the addition of secondary anti-

body (in PBS + 10% normal serum), for 30 minutes at room

temperature. Sections were washed in PBS (2× 5 minutes)

and stained with DAPI (1 μg/mL) for 2 minutes at room

temperature. Sections were then washed in PBS and

mounted in Vectashield fluorescence mounting media

(Vector Laboratories #H-1000). Images were acquired on a

Zeiss 710 confocal microscope with a pinhole aperture of 1

airy unit. For cell enumeration, at least 20 fields were ran-

domly selected and greater than 1300 luminal cells counted

per animal. Of note, ER protein levels decrease upon preg-

nancy (see Additional file 3) and to allow accurate identifi-

cation of ER+ cells for quantification we increased the

exposure of samples derived from pregnant animals to a

signal that was similar to the samples derived from virgin

mice (Figure 1).

Isolation of primary mammary epithelial cells

Mammary epithelial cells (MECs) were isolated according

to [54], with minor modifications [2]. The #4 and #5 mam-

mary glands were excised after removal of mammary lymph

nodes and were mechanically and enzymatically digested to

single cells. The glands from one animal were pooled and

processed as one sample. For more details, see [2]. Single

cells were resuspended in L15 medium with 6% FCS,

counted and kept on ice during antibody staining for FACS.

Cell labeling, flow cytometric analysis & fluorescence-

activated cell sorting (FACS)

Fluorochrome-conjugated antibodies were titrated on

primary mammary epithelial cells to ensure maximal
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positive:background fluorescence ratio (Additional file 9).

Anti-mouse &/or anti-rat compensation beads (BD

#552843 and #552845, respectively) were used for single

stain antibody controls. Compensation controls also in-

cluded two cellular samples: unstained cells and cells with

DAPI (Sigma #D8417). Single cell samples from individual

animals (3 animals per time point) were incubated with

antibodies on ice for 45 minutes with agitation each 15 mi-

nutes. Samples were then washed with twice the sample

volume and resuspended in L15+ containing 200 ng/mL

of DAPI, except non-DAPI compensation controls. All

multiple-labelled samples were gated on FSC-A vs. SSC-A

and doublet discrimination (FSC-H vs. FSC-W & SSC-H vs.

SSC-W) and DAPI negativity (Additional file 1). Samples

contained anti-CD45 to exclude lymphocytes from ana-

lysis. Cells were analyzed and sorted on a BD FACS-Aria

II containing 355 nm UV, 488 nm blue, 561 nm yellow-

green and 633 nm red lasers. An overview of the FACS

proportions of the individual animals used for this study

can be found in Additional file 2.

Generation of cDNA by direct reverse transcription &

qPCR analysis

For analysis of transcript levels by qPCR, cells were

sorted directly into lysis buffer (10 IU RNase inhibitor

(Invitrogen), 2 mM DTT, 0.15% Tween-20 (Biorad) in

10 μL of nuclease-free water) in PCR tubes. 500 cells

were sorted into each tube, making approximately 12 μL

total volume. Reverse transcription was performed using

Superscript VILO (Invitrogen #11754) as per manufac-

turers protocol. Primers were designed that span introns

to exclude the detection of genomic DNA and selected

for optimum melt curve and amplification profiles (for

primer sequences, see Additional file 9). qPCR was per-

formed using SSo Fast Evagreen supermix reagent

(Biorad #172-500) as per manufacturers protocol. Per

condition 3 animals were assayed, normalized by HPRT

(validated to be consistent between groups), averaged

and compared to Virgin samples according to the

delta-delta c (t) method. The relative values from 3-5

sets of mice were assessed by paired t-test for statistical

significance.

Preparation of RNA for the microarray

For Microarray analyses, cells were sorted directly into

lysis buffer (20 IU RNase inhibitor (Invitrogen), 2 mM

DTT, 0.15% Tween-20 (Biorad) in 8 μL of nuclease-free

water) in PCR tubes. 1000 cells were sorted into each

tube, making approximately 12 μL total volume. The

cells were allowed to lyse for 15 minutes on ice and

stored at -80 degrees. RNA from 2 μL of lysed cells

(equivalent of 167 cells) was amplified and labelled with

Biotin using the TargetAmp™ 2-Round Biotin-aRNA

Amplification Kit 3.0 (epicentre #TAB2R710) as per the

manufacturers protocol. Sorting a thousand cells improves

the representation of the HR+ population and the accur-

acy of the sort (because of the collection volume of 8 μL).

The maximum input in the TargetAmp Kit was 2 μL and

we used the leftover RNA for quality controls. The Targe-

tAmp output was subjected to SuperScript® II Reverse

Transcriptase (Invitrogen #18064) and SuperScript® III

Reverse Transcriptase (Invitrogen #180800) to synthesize

cDNA and RNA Clean & Concentrator™(ZYMO Research

#R1017) and RNeasy MinElute Cleanup Kit (Qiagen

#74204) were used to purify the RNA as recommended by

the amplification protocol. The concentration and pur-

ity of the Biotin-labelled aRNA was determined by

using a NanoDrop spectrophotometer (Thermo Scientific-

NanoDrop 2000).

Microarray analysis

Microarray hybridization and scanning was performed by

the Genomic and RNA Profiling Core Facility at DUKE-

NUS Graduate Medical School. 1.5 μg of biotinylated a/

cRNA from each sample was hybridized at 58°C for

16 hours using the Illumina Whole-Genome Gene Expres-

sion Direct Hybridization Assay system with the Illumina

Mouse WG-6 v2.0 (six-sample BeadChip) platform. The

signal was developed using streptavidin-Cy3 and the

BeadChips were scanned with an Illumina BeadArray

Reader. Raw signals were logarithmically transformed (to

base 2) and quantile normalized. The background noise

from the array was determined at 100, and probes with an

average signal <100 in all comparator groups were re-

moved from further analysis (this reduced the number of

analyzed probes from 45281 to 19821). Differential gene

expression between pregnant and virgin samples was

expressed as a log ratio of the average logged signals

between the compared groups. Statistical significance of

differential gene expression was assessed by a regularized

t-test adapted for small replication groups (Cyber-T, [55]).

False discovery rates (FDR) were generated on the nominal

p-values by the multiple testing correction procedure of

Benjamini and Hochberg [56]. Generally, genes with an

absolute fold-change of 2-fold or higher and a FDR less

than or equal to 10% were considered to be significantly

and differentially expressed and formed the basis for com-

paring gene lists from each comparison (3D vs Vir and 7D

vs Vir). For each probe, a combined metric (Pi score)

based on the signed log ratio and the FDR was additionally

defined [57] and computed as follows: Pi = (log ratio)*

(-log10 [FDR]). The Pi score was used to determine the

top 25 up- and down-regulated genes in the 3-day and

7-day pregnant samples compared to the virgin group.

Principal components analysis was conducted on the ex-

pression covariance matrix to identify potential sample

outliers (Partek Genomics Suite, version 6.6). The micro-

array data from this publication have been submitted to
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the NCBI Gene Expression Omnibus and are deposited as

GSE63720.

Pathway enrichment analysis

Pathway enrichment analysis was conducted via the over-

representation analysis (ORA) method in the Ingenuity

Pathway Analysis (IPA) tool (Ingenuity Systems, www.

ingenuity.com). A pre-filtered list of differentially ex-

pressed genes (absolute fold-change ≥ 2-fold and FDR ≤

10%) were used as input for each comparison. Pathway en-

richment was assessed on the list of canonical pathways

from the Ingenuity Knowledge Base. Over-representation

of biological pathways was ascertained via Fisher’s exact

test and corrected for multiple testing by the Benjamini-

Hochberg procedure.

Declaration of compliance with guidelines for the use of

animals in this study

All procedures were performed in accordance with the

guidelines for ethical treatment of laboratory animals ap-

proved by the SingHealth Institute Animal Care and Use

Committee, Singapore. FVB/N mice were purchased from

Jackson Laboratory and bred and maintained in the ani-

mal facility of the DUKE-NUS Graduate Medical School

and The National Cancer Centre, Singapore under guide-

lines for housing and husbandry conditions of each insti-

tute. Mice were euthanized by carbon dioxide inhalation

and cervical dislocation. Effort was taken to ensure good

animal welfare and prevent suffering.

Availability of supporting data

The data set supporting the results from this article is avail-

able in the NCBI Gene Expression Omnibus, GSE63720.

Additional files

Additional file 1: Gating strategy used for fluorescence-activated

cell sorting (FACS). Cell doublets and debris were excluded from the

murine mammary gland cell suspension using the Forward and Side scatter

parameters. Single viable cells were gated using DAPI before excluding

lymphocytes using CD45. CD24 and CD49f were used to subdivide the

epithelial cells into Luminal and Basel lineages. The luminal population was

further subdivided into the HR+ and Alveolar cell populations using Sca1

and CD49b expression.

Additional file 2: FACS proportions of mammary epithelial

subpopulations of the samples used for the microarray. (A) Proportion

of basal (blue) and luminal (green) epithelial cells based on FACS using

cell surface markers CD24 and CD49f for cells isolated from 3 virgin mice

(Vir-1, Vir-2 and Vir-3), 3 mice that were 3-days pregnant (3D-1, 3D-2 and

3D-3) and 3 mice that were 7 days pregnant (7D-1, 7D-2 and 7D-3).

(B) Proportion of hormone receptor positive (HR+, purple) and alveolar

progenitor (yellow) luminal cells based on FACS using cell surface

markers Sca1 and CD49b for the same samples shown in (A).

Additional file 3: Immuno-fluorescence staining illustrating the

reduction of hormone receptor expression during pregnancy.

Estrogen Receptor (ER, green), Progesterone Receptor (PR, red), Cyto-keratin 8

(CK8, blue) and DAPI (Grey). Scale bar, 10 μm. Images were acquired with a

fixed exposure time.

Additional file 4: List of genes that significantly change in hormone-

sensing cells at day 3 and day 7 of pregnancy. (A) List of 165 genes

differentially expressed in HR+ cells at day 3 of pregnancy compared to virgin

animals based on Venn analysis conducted on a list of genes that had an

absolute fold-change of > = 2-fold and a FDR of 10% or less. Since some

genes are represented by multiple Illumina probes, the analysis was

conducted at the gene symbol level. (B) List of 401 genes differentially

expressed in HR+ cells at both day 3 and 7 of pregnancy compared to virgin

animals based on Venn analysis. (C) List of 605 genes differentially expressed

in HR+ cells at day 7 of pregnancy compared to virgin animals based on Venn

analysis.

Additional file 5: Enrichment for gene function by Ingenuity

Pathway Analysis (IPA) systems. List of genes belonging to canonical

Ingenuity pathways that were differentially expressed in HR+ cells in

early pregnancy. Pathway enrichment analysis was conducted via

over-representation analysis in Ingenuity Pathway Analysis software,

using a pre-filtered list of differentially expressed genes (absolute fold-

change ≥ 2-fold and FDR ≤ 10%) as the input. Pathway significance was

ascertained by the right-tailed Fisher’s exact test (column B) and the ratio

of the number of pathway-specific differentially expressed genes to the

total number of genes for the pathway are shown in column C. Columns

D-O list the individual differentially expressed genes for each pathway.

Additional file 6: Cell cycle regulators identified in HR+ cells in

early pregnancy. (A) Fold change of Log 2 expression of pre-selected

cell cycle genes at pregnancy day 3 and 7 compared to virgin samples.

At 3 days of pregnancy, up-regulated genes are indicated in red, down-

regulated genes in green and unchanged genes in grey. (B) Schematic

representation of pre-selected genes involved in cell cycle regulation

at 3 days of pregnancy. Up-regulated genes are indicated in red,

down-regulated genes in green and unchanged genes in grey.

Additional file 7: List of genes encoding secreted factors that are

differentially expressed in HR+ cells at day 7 of pregnancy. (A) List

of genes encoding secreted factors differentially expressed at day 7 of

pregnancy compared to virgin animals. Data was generated by cross-

comparing the genes of interest against the master list of Uniprot

proteins with subcellular location = ‘secreted’ (confidence level = any).

This list corresponds to the Gene Ontology term “extracellular region

(GO0005576)”. (B) Top 50 up-regulated genes encoding secreted factors

at day 7 of pregnancy. (C) Top 50 down-regulated genes encoding

secreted factors at day 7 of pregnancy.

Additional file 8: Antibodies used in confocal immunofluorescence

and fluorescence-activated cell sorting (FACS).

Additional file 9: Nucleic acid sequences for primers used in

Quantitative polymerase chain reaction (qPCR) experiments.

Abbreviations

HR: Hormone receptor; IGF2: Insulin-like growth factor 2; ER: Estrogen receptor;

PR: Progesterone receptor; Elf5: E74-like factor 5; RANKL: Receptor activator of

nuclear factor kappa-B ligand, also known as TNFSF11; FACS: Fluorescence-

activated cell sorting; qPCR: Quantitative polymerase chain reaction; RT:

Reverse transcriptase; EDTA: Ethylenediaminetetraacetic acid; EdU: 5-Ethynyl-2’-

deoxyuridine; CK8: Cytokeratin-8; DAPI: 4’,6-Diamidino-2-phenylindole;

FDR: False discovery rate; GSEA: Gene-set enrichment analysis; PCA: Principal

component analysis; IGFALS: Insulin-like growth factor acid labile subunit;

IGFBP: IInsulin-like growth factor binding protein; CDCa3: Cell division cycle

associated 3; CDCa8: Cell division cycle associated 8; PBK: PDZ-binding kinase;

Kif22: Kinesin-like protein 22; KNTC1: Kinetochore associated 1;

Nusap1: Nucleolar and spindle-associated protein 1; MCM5: Minichromosome

maintenance complex component 5; CALCA: Calcitonin; IDO1: Indoleamine

2,3 dioxygenase; Wnt4: Wingless-type MMTV integration site family, member 4;

SLC5A5: Solute carrier family 5; DBP: D site of albumin promoterbinding

protein; WFDC: WAP four-disulfide core domain; SFTPD: Surfactant, pulmonary-

associated protein D; DMBT1: Deleted in Malignant Brain Tumors 1; MDK: Neurite

growth promoting factor 2; IL-19: Interleukin 19; IL-33: Interleukin 33.

Competing interests

The authors declare that they have no competing interests.

De Silva et al. BMC Developmental Biology  (2015) 15:7 Page 12 of 14

http://www.ingenuity.com
http://www.ingenuity.com
http://www.biomedcentral.com/content/supplementary/s12861-015-0058-9-s1.pdf
http://www.biomedcentral.com/content/supplementary/s12861-015-0058-9-s2.pdf
http://www.biomedcentral.com/content/supplementary/s12861-015-0058-9-s3.pdf
http://www.biomedcentral.com/content/supplementary/s12861-015-0058-9-s4.xlsx
http://www.biomedcentral.com/content/supplementary/s12861-015-0058-9-s5.xlsx
http://www.biomedcentral.com/content/supplementary/s12861-015-0058-9-s6.pdf
http://www.biomedcentral.com/content/supplementary/s12861-015-0058-9-s7.xlsx
http://www.biomedcentral.com/content/supplementary/s12861-015-0058-9-s8.pdf
http://www.biomedcentral.com/content/supplementary/s12861-015-0058-9-s9.pdf


Authors’ contributions

DS participated in the design of the study and drafting the manuscript, was

responsible for all animal work, obtained the samples for FACS and

histological analysis and carried out the RNA amplification and biotin

labeling. KK participated in some of the animal work and operation of the

FACS. SG performed the bioinformatic analysis of the microarray data and

analysed the data together with DS and AP. AP conceived of the study,

participated in its design and coordination and drafted the manuscript.

All authors read and approved the final manuscript.

Acknowledgements

The authors thank the Duke-NUS Genomics Facility for hybridisation and

scanning of the microarray and Mathijs Voorhoeve for helpful discussions

and critical reading of the manuscript. This work was supported by a grant

from the Agency for Science, Technology and Research (A*Star Singapore,

SSCC/10/022) and the Duke-NUS Signature Research Program.

Author details
1Laboratory of Mammary Gland Biology, National Cancer Centre Singapore,

11 Hospital Dr, Singapore 169610, Singapore. 2Program in Cancer & Stem

Cell Biology, Duke-NUS Graduate Medical School, 8 College, Rd, 169857

Singapore, Singapore. 3Program in Cardiovascular & Metabolic Disorders,

Duke-NUS Graduate Medical School, 8 College Rd, Singapore 169857,

Singapore. 4Department of Physiology, National University of Singapore, 21

Lower Kent Ridge Rd, Singapore 119077, Singapore.

Received: 30 August 2014 Accepted: 15 January 2015

References

1. Brisken C, O’Malley B. Hormone action in the mammary gland. Cold Spring

Harbor Perspectives in Biology. 2010;2:a003178.

2. Tarulli GA, De Silva D, Ho V, Kunasegaran K, Ghosh K, Tan BC, et al.

Hormone-sensing cells require Wip1 for paracrine stimulation in normal and

premalignant mammary epithelium. Breast Cancer Res. 2013;15:R10.

3. Kendrick H, Regan JL, Magnay F-A, Grigoriadis A, Mitsopoulos C, Zvelebil M,

et al. Transcriptome analysis of mammary epithelial subpopulations

identifies novel determinants of lineage commitment and cell fate.

BMC Genomics. 2008;9:591.

4. Clarke RB, Howell A, Potten CS, Anderson E. Dissociation between steroid

receptor expression and cell proliferation in the human breast. Cancer Res.

1997;57:4987–91.

5. Zeps N, Bentel JM, Papadimitriou JM, D’Antuono MF, Dawkins HJ. Estrogen

receptor-negative epithelial cells in mouse mammary gland development

and growth. Differentiation. 1998;62:221–6.

6. Shehata M, Teschendorff A, Sharp G, Novcic N, Russell A, Avril S, et al.

Phenotypic and functional characterization of the luminal cell hierarchy of

the mammary gland. Breast Cancer Res. 2012;14:R134.

7. Wicha MS. Targeting breast cancer stem cells. Breast. 2009;18:S56–8.

8. Lim E, Wu D, Pal B, Bouras T, Asselin-Labat M-L, Vaillant F, et al. Transcriptome

analyses of mouse and human mammary cell subpopulations reveal multiple

conserved genes and pathways. Breast Cancer Res. 2010;12:R21.

9. Ewan KBR, Oketch-Rabah HA, Ravani SA, Shyamala G, Moses HL, Barcellos-Hoff

MH. Proliferation of estrogen receptor-alpha-positive mammary epithelial cells

is restrained by transforming growth factor-beta1 in adult mice. Am J Pathol.

2005;167:409–17.

10. Mastroianni M, Kim S, Kim YC, Esch A, Wagner C, Alexander CM. Wnt

signaling can substitute for estrogen to induce division of ERα-positive cells

in a mouse mammary tumor model. Cancer Lett. 2010;289:23–31.

11. Beleut M, Rajaram RD, Caikovski M, Ayyanan A, Germano D, Choi Y, et al.

Two distinct mechanisms underlie progesterone-induced proliferation in

the mammary gland. Proc Natl Acad Sci. 2010;107:2989–94.

12. van Amerongen R, Bowman AN, Nusse R. Developmental stage and time

dictate the fate of Wnt/β-catenin-responsive stem cells in the mammary

gland. Cell Stem Cell. 2012;11:387–400.

13. Šale S, Lafkas D, Artavanis-Tsakonas S. Notch2 genetic fate mapping reveals

two previously unrecognized mammary epithelial lineages. Nat Cell Biol.

2013;15:1–11.

14. Chang TH-T, Kunasegaran K, Tarulli GA, De Silva D, Voorhoeve PM, Pietersen

AM. New insights into lineage restriction of mammary gland epithelium using

parity-identified mammary epithelial cells. Breast Cancer Res. 2014;16:R1.

15. Alexander CM, Joshi PA, Khokha R. Fully Interlocking: A Story of Teamwork

among Breast Epithelial Cells. Dev Cell. 2014;28:114–5.

16. Lee HJ, Ormandy CJ. Interplay between progesterone and prolactin in

mammary development and implications for breast cancer. Mol Cell

Endocrinol. 2012;357:101–7.

17. Brisken C, Kaur S, Chavarria T, Binart N. Prolactin controls mammary gland

development via direct and indirect mechanisms. Dev Biol. 1999;210:96–106.

18. Lange CA, Shen T, Horwitz KB. Phosphorylation of human progesterone

receptors at serine-294 by mitogen-activated protein kinase signals their

degradation by the 26S proteasome. Proc Natl Acad Sci U S A.

2000;97:1032–7.

19. Hilton HN, Doan TB, Graham JD, Oakes SR, Silvestri A, Santucci N, et al.

Acquired convergence of hormone signaling in breast cancer: ER and PR

transition from functionally distinct in normal breast to predictors of

metastatic disease. Oncotarget. 2014;5:8651–64.

20. Ho V, Yeo SY, Kunasegaran K, De Silva D, Tarulli GA, Voorhoeve PM, et al.

Expression analysis of rare cellular subsets: direct RT-PCR on limited cell

numbers obtained by FACS or soft agar assays. BioTechniques. 2013;54:208–12.

21. Domené HM, Scaglia PA, Jasper HG. Deficiency of the insulin-like growth

factor-binding protein acid-labile subunit (ALS) of the circulating ternary

complex in children with short stature. Pediatr Endocrinol Rev. 2010;7:339–46.

22. Tonner E, Barber MC, Allan GJ, Beattie J, Webster J, Whitelaw CBA, et al.

Insulin-like growth factor binding protein-5 (IGFBP-5) induces premature cell

death in the mammary glands of transgenic mice. Development.

2002;129:4547–57.

23. Chatterjee S, Bacopulos S, Yang W, Amemiya Y, Spyropoulos D, Raouf A,

et al. Loss of igfbp7 causes precocious involution in lactating mouse

mammary gland. PLoS One. 2014;9:e87858.

24. Kaffer CR, Grinberg A, Pfeifer K. Regulatory mechanisms at the mouse Igf2/

H19 locus. Mol Cell Biol. 2001;21:8189–96.

25. Gaudet S, Branton D, Lue RA. Characterization of PDZ-binding kinase, a

mitotic kinase. Proc Natl Acad Sci U S A. 2000;97:5167–72.

26. Lei M, Tye BK. Initiating DNA synthesis: from recruiting to activating the

MCM complex. J Cell Sci. 2001;114:1447–54.

27. Miyagawa K, Tsuruga T, Kinomura A, Usui K, Katsura M, Tashiro S, et al. A

role for RAD54B in homologous recombination in human cells. EMBO J.

2002;21:175–80.

28. Ismail PM, DeMayo FJ, Amato P, Lydon JP. Progesterone induction of

calcitonin expression in the murine mammary gland. J Endocrinol.

2004;180:287–95.

29. Lu SS, Becker KAK, Hagen MJM, Yan HH, Roberts ALA, Mathews LAL, et al.

Transcriptional responses to estrogen and progesterone in mammary gland

identify networks regulating p53 activity. Endocrinology. 2008;149:4809–20.

30. Levina V, Su Y, Gorelik E. Immunological and nonimmunological effects of

indoleamine 2,3-dioxygenase on breast tumor growth and spontaneous

metastasis formation. Clin Dev Immunol. 2012;2012:173029.

31. Soliman H, Rawal B, Fulp J, Lee J-H, Lopez A, Bui MM, et al. Analysis of

indoleamine 2-3 dioxygenase (IDO1) expression in breast cancer tissue by

immunohistochemistry. Cancer Immunol Immunother. 2013;62:829–37.

32. Yu X, Shen H, Liu L, Lin L, Gao M, Wang S. Changes of sodium iodide

symporter regulated by IGF-I and TGF-β1 in mammary gland cells from

lactating mice at different iodine levels. Biol Trace Elem Res. 2012;146:73–8.

33. Said TK, Conneely OM, Medina D, O’Malley BW, Lydon JP. Progesterone, in

addition to estrogen, induces cyclin D1 expression in the murine mammary

epithelial cell, in vivo. Endocrinology. 1997;138:3933–9.

34. Lain AR, Creighton CJ, Conneely OM. Research resource: progesterone

receptor targetome underlying mammary gland branching morphogenesis.

Mol Endocrinol. 2013;27:1743–61.

35. Hurle B, Swanson W, Swanson W, Green ED. Comparative sequence

analyses reveal rapid and divergent evolutionary changes of the WFDC

locus in the primate lineage. Genome Res. 2007;17:276–86.

36. Amiano NO, Costa MJ, Reiteri RM, Payés C, Guerrieri D, Tateosian NL, et al.

Anti-tumor effect of SLPI on mammary but not colon tumor growth. J Cell

Physiol. 2013;228:469–75.

37. Crouch EC. Structure, biologic properties, and expression of surfactant protein

D (SP-D). Biochim Biophys Acta (BBA) - Mol Basis Dis. 1997;1408:278–89.

38. Holmskov U, Mollenhauer J, Madsen J, Vitved L, Gronlund J, Tornoe I, et al.

Cloning of gp-340, a putative opsonin receptor for lung surfactant protein

D. Proc Natl Acad Sci U S A. 1999;96:10794–9.

39. Kang W, Reid KBM. DMBT1, a regulator of mucosal homeostasis through the

linking of mucosal defense and regeneration? Febs Letters. 2003;540:21–5.

De Silva et al. BMC Developmental Biology  (2015) 15:7 Page 13 of 14



40. Braidotti P, Nuciforo PG, Mollenhauer J, Poustka A, Pellegrini C, Moro A,

et al. DMBT1 expression is down-regulated in breast cancer. BMC Cancer.

2004;4:46.

41. Winkler C, Yao S. The midkine family of growth factors: diverse roles in

nervous system formation and maintenance. Br J Pharmacol.

2014;171:905–12.

42. Sakamoto K, Kadomatsu K. Midkine in the pathology of cancer, neural

disease, and inflammation. Pathol Int. 2012;62:445–55.

43. Chen Y, McKenzie KE, Aldaz CM, Sukumar S. Midkine in the progression of

rat N-nitroso-N-methylurea-induced mammary tumors. Mol Carcinog.

1996;17:112–6.

44. Ibusuki MM, Fujimori HH, Yamamoto YY, Ota KK, Ueda MM, Shinriki SS, et al.

Midkine in plasma as a novel breast cancer marker. Cancer Sci.

2009;100:1735–9.

45. Li LQ, Huang HL, Ping JL, Xu W, Li J, Dai LC. Expression of midkine and

endoglin in breast carcinomas with different immunohistochemical profiles.

APMIS. 2011;119:103–10.

46. Hsing CH, Cheng HC, Hsu YH, Chan CH, Yeh CH, Li CF, et al. Upregulated

IL-19 in Breast Cancer Promotes Tumor Progression and Affects Clinical

Outcome. Clin Cancer Res. 2012;18:713–25.

47. Pichery M, Mirey E, Mercier P, Lefrancais E, Dujardin A, Ortega N, et al.

Endogenous IL-33 Is Highly Expressed in Mouse Epithelial Barrier Tissues,

Lymphoid Organs, Brain, Embryos, and Inflamed Tissues: In Situ Analysis

Using a Novel Il-33-LacZ Gene Trap Reporter Strain. J Immunol.

2012;188:3488–95.

48. Oboki K, Ohno T, Kajiwara N, Arae K, Morita H, Ishii A, et al. IL-33 is a crucial

amplifier of innate rather than acquired immunity. Proc Natl Acad Sci U S A.

2010;107:18581–6.

49. Jovanovic IP, Pejnovic NN, Radosavljevic GD, Arsenijevic NN, Lukic ML. IL-33/

ST2 axis in innate and acquired immunity to tumors. Oncoimmunology.

2012;1:229–31.

50. Lemay DG, Neville MC, Rudolph MC, Pollard KS, German JB. Gene regulatory

networks in lactation: identification of global principles using bioinformatics.

BMC Syst Biol. 2007;1:56.

51. Anantamongkol U, Charoenphandhu N, Wongdee K, Teerapornpuntakit J,

Suthiphongchai T, Prapong S, et al. Transcriptome analysis of mammary

tissues reveals complex patterns of transporter gene expression during

pregnancy and lactation. Cell Biol Int. 2009;34:67–74.

52. Meier-Abt F, Milani E, Roloff T, Brinkhaus H, Duss S, Meyer DS, et al. Parity

induces differentiation and reduces Wnt/Notch signaling ratio and

proliferation potential of basal stem/progenitor cells isolated from mouse

mammary epithelium. Breast Cancer Res. 2013;15:R36.

53. Hammond MEH, Hayes DF, Dowsett M, Allred DC, Hagerty KL, Badve S, et al.

American Society of Clinical Oncology/College Of American Pathologists

guideline recommendations for immunohistochemical testing of estrogen

and progesterone receptors in breast cancer. J Clin Oncol. 2010;28:2784–95.

54. Smalley MJ. Isolation, culture and analysis of mouse mammary epithelial

cells. Methods Mol Biol. 2010;633:139–70.

55. Baldi P, Long AD. A Bayesian framework for the analysis of microarray

expression data: regularized t -test and statistical inferences of gene

changes. Bioinformatics (Oxford, England). 2001;17:509–19.

56. Benjamini Y, Hochberg Y: Controlling the false discovery rate: a practical

and powerful approach to multiple testing. Journal of the Royal Statistical

Society. Series B (Methodological) 1995:289–300

57. Xiao Y, Hsiao TH, Suresh U, Chen H, Wu X. A novel significance score for

gene selection and ranking. Bioinformatics (Oxford, England). 2014;30:801–7.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

De Silva et al. BMC Developmental Biology  (2015) 15:7 Page 14 of 14


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Pregnancy induces proliferation in both HR+ and HR- cells
	Identification of HR+ cells by cell surface markers in early pregnancy
	Transcriptome analysis of HR+ cells obtained in early pregnancy
	Response of HR+ cells at day 3 of pregnancy is characterized by proliferation and changes in hereditary breast cancer pathways
	Transcriptional changes in HR+ cells at day 7 of pregnancy involve immune regulation and cellular communication

	Conclusion
	Methods
	Mice and timed mating
	Carmine staining of whole-mounted mammary glands
	Confocal immunofluorescence
	Isolation of primary mammary epithelial cells
	Cell labeling, flow cytometric analysis & fluorescence-activated cell sorting (FACS)
	Generation of cDNA by direct reverse transcription & qPCR analysis
	Preparation of RNA for the microarray
	Microarray analysis
	Pathway enrichment analysis
	Declaration of compliance with guidelines for the use of animals in this study
	Availability of supporting data

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

