
	

 
 
 
 

 
 
 
 
 

 
 
 

Human milk cells as a tool to decipher mammary 
gland biology 

 
 

Alecia-Jane Twigger (B.Sc. Hons) 
 
 

This thesis is presented for the degree of Doctor of Philosophy of 

Biomedical Science from The University of Western Australia, Faculty of 

Science, School of Chemistry and Biochemistry 

 
 

AUGUST 2016 
 
 

 





	

I	

PREFACE 

 
This thesis was supervised by Assistant Professor Foteini Kakulas, Associate Professor 

Donna Geddes and Emeritus Professor Peter E. Hartmann (School of Chemistry and 

Biochemistry, The University of Western Australia, UWA). My candidature was 

financially supported by a University Postgraduate Award (UPA), and UWA safety net 

top up scholarship and a Women and Infants Research Foundation (WIRF) Postgraduate 

Scholarship.  

The work presented in this thesis is my own work, except where stated. It was 

carried out in the School of Chemistry and Biochemistry, Faculty of Science, UWA. 

The material presented in this thesis has not been presented for any other degree.  

This thesis is presented as a series of manuscripts for submission of scientific 

papers. One chapter has been published (Chapter 4). Permission has been granted by co-

authors for inclusion of their work in this thesis, and their contribution is outlined in the 

Statement of Candidature Contribution (pages XI-XII). Chapter 4 is identical to the 

published work. The work of this thesis has also been presented at scientific 

conferences in both oral and poster formats, as outlined in Publications (pages VIII-X). 

  



	

II	

 

 



	

	III	

ABSTRACT 

 

The human mammary gland is unique in that it fully matures only in pregnancy and 

lactation, and has the ability to do so repeatedly during life. The purpose of this function 

is to synthesise, secrete and deliver milk specifically for the nourishment, development 

and protection of the offspring. The aim of this thesis is to provide insight into the 

changes occurring in this organ at the cellular and molecular levels to facilitate 

successful lactation. Towards this end, cells isolated from prepartum mammary 

secretions during late pregnancy as well as human milk samples during lactation were 

utilised as a tool to non-invasively access the cellular hierarchy of the developing and 

the functional mammary gland, respectively. First, global gene expression was 

examined in longitudinal samples collected across pregnancy and lactation from the 

same individuals to establish changes during normal development. These changes were 

then further examined using a subset of selected key genes in human milk samples 

cross-sectionally to explore variation in the population and potential associations with 

mother/infant demographic characteristics. In addition, global gene expression 

longitudinal data were used to investigate key gene clusters and previously published 

gene groups with important functions either in the normal resting mammary gland or in 

the cancer affected organ. The identification of cancer-related genes that appear to have 

normal functions during healthy pregnancy and lactation was then further reinforced by 

the investigation of specific signalling receptors previously associated with cancer in the 

normal lactating mammary gland. 

 Global gene expression in the mammary gland during its development into a 

functional organ was characterised using RNA sequencing in resting, pregnancy and 

lactation stages utilising a longitudinal dataset of cell samples from prepartum 

mammary secretions and human milk collected in the first year of lactation from healthy 

mother/infant dyads (n=4). Highly expressed genes characterising the lactocyte-rich 

milk cell isolates were similar to those previously reported in the milk fat globule, the 

only other source of mammary mRNA studied during lactation. Further, numerous 

genes previously considered as “lactation” genes in animal studies were confirmed in 

the human mammary gland. Finally, novel pathways were identified that had not been 

described in lactation, which characterise changes occurring in the mammary gland 

during pregnancy, such as cell adhesion, and morphological changes occurring during 

lactation. These findings provide a deeper understanding of the targeted remodelling of 
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the mammary gland during pregnancy and lactation that enables milk synthesis and 

secretion.  

To provide further insight into factors that may influence the transformation of the 

gland into a functional organ, gene expression differences and their potential 

associations with maternal and/or infant demographic characteristics were investigated 

cross-sectionally in a large population of lactating women (n=66). This study revealed 

key genes in mammary gland biology including ESRRB, CK5 and CK14, which were 

highly expressed in milk cell samples compared to the resting mammary gland. 

Correlations were observed between gene expression and dyad characteristics including: 

maternal body mass index (BMI) and expression of lactocyte marker CK18; gestational 

age of the infant at delivery and lactocyte marker alpha-lactalbumin (a-LA) as well as 

stem cell markers NESTIN and SOX2; lactation stage and either ESRRB or GDF3 

expression; and change in bra cup size and stem/progenitor cell markers SOX2, REX1, 

lactocyte marker a-LA, and epithelial marker EPCAM. Infant gestational age at 

delivery and changes in maternal bra cup size between pre-pregnancy and postpartum 

lactation were associated with expression of genes controlling stemness as well as milk 

synthesis. Additional correlations were found between genes and dyad characteristics, 

which may explain abnormalities related to either low milk supply or preterm birth. 

This study highlighted that mammary cell characteristics differ between individuals, 

suggesting potential genes behind differences in organ functionality.  

Similar to either reduced or altered functionality of the mammary gland, 

deregulation of certain genes and associated molecular pathways can lead to 

malignancies. Breast cancer has increasing prevalence and a majority of research is 

centred on comparisons between cancer-affected tissue and its normal resting mammary 

gland counterpart. However, it has been suggested that the mature normal gland with its 

complete cellular hierarchy observed specifically in lactation would provide a better 

basis for the investigation of deregulation in this organ as well as key genes mediating 

normal function. Here, the expression of genes characteristic of classic breast cancer 

subtypes and of normal resting mammary cell subpopulations were examined in the 

normal gland in pregnancy and lactation. Normal luminal progenitor cell signatures 

were dominant in the lactating gland, suggestive of a prevalent population of cells that 

give rise to lactocytes for uninterrupted milk secretion. In contrast, mammary secretion 

cell samples obtained in late pregnancy displayed gene expression patterns associated 

with all normal cell subtypes, reflecting a healthy developing gland. Genes associated 

with the stem-like intrinsic breast cancer subtype claudin-low were found to be highly 
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expressed both during pregnancy and lactation, highlighting the stem cell-rich nature of 

the normal developing and functional mammary gland, and supporting the regulated 

presence of genes previously thought to be cancer-specific in the normal organ. In 

addition, genes associated with the claudin-low related phenomenon of epithelial-to-

mesenchymal transition (EMT), which promotes cell migration, had strong but 

differential presence in pregnancy and lactation, suggesting EMT-like processes in 

normal development. 

The involvement of cancer-related genes in the normal development of the 

mammary gland formed the basis for further analysis of signalling receptors for 

neurotrophin molecules, initially identified to regulate pathological signals in breast 

cancer, in the normal mammary gland during pregnancy and lactation. RNA sequencing 

together with RT-PCR data for these receptors (TrkA, TrkB, TrkC, p75, and sortilin) 

were used to expand investigations with a larger number of study participants. It was 

found that TrkB was differentially regulated and p75 significantly downregulated 

during pregnancy and lactation, whereas sortilin was consistently expressed across 

different stages of mammary gland development. Using immunostaining and flow 

cytometry, these findings were confirmed at the protein level in resting and lactating 

mammary tissue and milk cells, respectively. It is likely that these particular 

neurotrophins, through their receptors, play pleiotropic roles in mammary cell 

differentiation and regulation during pregnancy and lactation. 

This thesis used the mammary secretions of pregnancy and cells in human milk as 

a tool to non-invasively access and analyse the cellular and molecular characteristics of 

the human mammary gland during its development into a functional organ. Gene 

expression studies utilising the latest technologies of taqman RT-PCR and RNA 

sequencing both longitudinally (n=4) and cross-sectionally (n=19) in pregnant and 

lactating women revealed key genes and associated molecular pathways that are 

differentially regulated in the normal mammary gland during development. By 

examining statistical associations with maternal and infant characteristics, these genes 

were linked to potential dysfunctions of lactation, such as low milk supply, opening 

new avenues for further investigations of the roles of these genes for the successful 

management of lactation pathologies. The studies described here improve the current 

understanding of the changing landscape of the mammary cellular composition during 

pregnancy and lactation, the variation between women and potential molecular 

associations, and the involvement of cancer-related genes in the normal development of 

the mammary gland. 
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CHAPTER 1: GENERAL INTRODUCTION 
	

	 2	

1.1 BACKGROUND 

Investigations into regulation of mammary cells during the pregnancy-lactation cycle 

not only assists in our understanding of the plasticity and development of the gland but 

may also provide a deeper understanding into deregulated mammary signalling during 

breast cancer. Drastic changes in cell composition and anatomical architecture of the 

breast occurs during pregnancy to ready the mammary gland for milk synthesis. These 

changes are believed to be fuelled by stem/progenitor cells reacting to hormonal cues 

and undergoing subsequent mammary differentiation (Hassiotou & Geddes 2013), 

however conclusive evidence is yet to be provided to explicitly confirm this mechanism 

over asymmetric cell division of pre-existing cells. Post birth, further hormonal cues 

trigger secretory activation to stimulate the breasts ability to synthesise mature milk 

(Pang & Hartmann 2007). These events are evidenced by the change in composition and 

volume of the synthesised product from small amounts of colostrum to a copious 

production of mature human milk. Whilst it seems intuitive that these cell signalling 

pathways have been comprehensively explored, the vast majority of studies are limited 

to small numbers of studies done in animals.  

Changes in mammary gland cell signalling over the pregnancy and lactation cycle 

have been previously examined in a number of animal mammary gland tissues 

including the mouse, cow, sheep and goat (Lemay et al. 2007; Rudolph et al. 2003; 

Rudolph et al. 2007; Naylor et al. 2005b; Bionaz & Loor 2011; Paten et al. 2015). The 

lack of available primary human mammary tissue over this time has directed researchers 

to use non-invasive components of HM, such as the milk fat globule to examine these 

changes (Maningat et al. 2009; Lemay et al. 2013a; Lemay et al. 2013b). The HM fat 

globule, whist easily accessed provides mRNA representative of pure populations of 

milk-producing cells (lactocytes) (Lemay et al. 2013b). Data from these studies provide 

excellent insight into mechanisms of milk synthesis, however is limited in informing 

our understanding of regulation of other cell types. In this way, HM cells provide a 

distinct advantage being recognised to contain a broader representation of the mammary 

gland including stem cells (Hassiotou et al. 2012), differentiated mammary cell 

populations (Hassiotou, Geddes & Hartmann 2013) and under some conditions immune 

cells (Hassiotou et al. 2013b). Whist some studies have examined the mRNA expression 

of HM cells (Hassiotou et al. 2012; Sharp et al. 2016), a clear understanding of the 

changes occur within women across different stages of mammary gland development 

and function is not known. Reported variation between women HM cell gene expression 

has been noted (Hassiotou et al. 2012), however it is not known whether like HM 
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composition, different characteristics of the mother and infant such as parity and 

maternal body mass index influence gene expression of HM cells. Begging the question 

of what is the natural variation in HM cell gene expression between and among 

lactating women? Establishing the variation in cells of the mammary gland over normal 

development and function would set a solid basis for comparisons with abnormal 

development in the mammary gland. 

Much of the research identifying deregulation of genes associated with breast 

cancer arises from comparisons of mammary tumours with resting (non-pregnant, non-

lactating) mammary tissue. However, plasticity and functionality of the mammary gland 

in the resting condition is relatively minor compared to changes occurring in the gland 

during pregnancy and lactation. Are the genes deregulated in breast cancer normally 

regulated in the pregnancy to lactation cycle? Neurotrophin signalling in the human 

mammary gland has been implicated in the regulation of breast cancer (Hondermarck 

2012). Whilst neurotrophin receptors have been identified in the resting mammary 

gland (Shibayama & Koizumi 1996), what their normal role in the gland is unknown. 

Identification of neurotrophins in HM and differential expression of certain 

neurotrophins and receptors in pregnancy and lactation in the ovine (Colitti 2015), 

suggest a potential role in normal human mammary gland maturation and function.  
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1.2 RESEARCH OBJECTIVES 

The aim of this thesis is to use HM cells as a tool to understand expression levels of 

genes regulating development and function in the human mammary gland during 

pregnancy and lactation. Importantly, I aim to determine differences in gene expression 

of cells taken from prepartum secretions (PS) (pregnancy) and HM from different 

lactation stages compared with resting mammary tissue (RMT) and characterise the 

variation in HM cell gene expression between different participants. Additionally, I aim 

to understand whether genes associated with breast cancer play a normal role in 

mammary gland maturation and whether neurotrophin receptors facilitate normal 

signalling in the mammary gland over the pregnancy-to-lactation cycle. Utilising tools 

of RNA sequencing and polymerase chain reaction (PCR) for mRNA analysis and flow 

cytometry and immunostaining experiments for protein analysis, the following null 

hypotheses will be addressed: 

 

1. No differences in RMT, PS cell and HM cell transcriptomes will be observed. 

2. No variation in HM cell gene expression will be evident between different 

participants. 

3. Genes associated with breast cancer will not be differentially regulated in PS 

and HM cells. 

4. No differential expression of neurotrophin receptors will be found between HM 

and PS cells. 
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2.1 INTRODUCTION	

The mammary gland undergoes significant changes during pregnancy (Figure 1) that 

result in the synthesis, secretion and delivery of copious amounts of milk soon after 

birth. Understanding the dynamic changes that occur in cell properties, hierarchy and 

associated functions in the mammary gland during pregnancy and lactation is 

imperative to delineating the potential molecular mechanisms of either lactation 

dysfunctions, such as low milk production, or aberrant growth and cancer. Knowledge 

about mammary cell function during lactation is surprisingly limited, even more so in 

the human due to limited access to lactating mammary tissue. Human milk cells offer 

new opportunities to bridge this gap by providing a non-invasive tool to study the 

normal remodeling of the mammary gland at the cellular and molecular levels. 

 

2.2 MAMMARY GLAND DEVELOPMENT AND MATURATION 

The mammary gland is thought to have evolved from either an ancestral apocrine-like 

gland associated with hair follicles or simple sebaceous glands that secreted 

antimicrobial mucous for the protection of the mother’s skin which later evolved into a 

gland able to discharge nutrient rich secretions (McClellan, Miller & Hartmann 2008). 

During embryonic development, the mammary gland originates from the milk streak, 

also known as the mammary band (Hughes 1950; Gusterson & Stein 2012), and is very 

similar in both males and females at birth (Howard & Gusterson 2000) with a few 

exceptions in different species (Daly 1979). In the new born infant, rudimentary ducts 

consisting of bulbous tipped blind ended tubes (club-like) exist in the mammary gland, 

that regress soon after birth (Hassiotou & Geddes 2013; Gusterson & Stein 2012). 

Isometric growth of the gland occurs until puberty (Hassiotou & Geddes 2013) at which 

time the gland undergoes cellular proliferation and apoptosis cyclically after menarche 

in the female (Fata, Chaudhary & Kokha 2001), however it is not until pregnancy and 

lactation that it matures (Figure 1) into a fully functional organ capable of milk 

synthesis and secretion (Gusterson & Stein 2012; Hassiotou & Geddes 2013). During 

pregnancy and in the first few days postpartum, two important sequential events occur, 

secretory differentiation and secretory activation, which allow successful lactation 

(Pang & Hartmann 2007).  
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Figure 1. Mammary gland morphology in the resting (non-pregnant, non-lactating) condition 

compared to the pregnancy and lactating gland. During secretory differentiation in pregnancy, 

ductal growth and alveolar structures accumulate. By the time of secretory activation, the gland 

is fully matured and is primed for milk synthesis Adapted from Hassiotou and Hartmann 2014, 

used with permission from Medela AG. 

 

2.2.1 Secretory differentiation 

Unlike mice, where the immature gland predominantly consists of adipose tissue, the 

post-pubertal human resting mammary gland contains terminal duct lobular units 

(TDLUs) embedded in specialised stroma due to prolonged exposure of progesterone 

during the menstrual cycle (Dontu & Ince 2015). TDLUs that are positioned at the end 

of the branching lobular structures have ductal networks that extend to the nipple for the 

purpose of future milk delivery to the infant following secretory differentiation and 

activation (Hassiotou & Geddes 2013; Dontu & Ince 2015). In pregnancy, generally at 

the start of the third trimester (24 weeks) (Hassiotou & Geddes 2013) and under the 

influence of a lactogenic hormone system (estrogen, progesterone, prolactin, growth 

hormone, placental lactogen, glucocorticoids and insulin), the ductal epithelium 

expands culminating in alveolar structures where secretory differentiation (previously 

Lactogenesis I) occurs (Figure 1) (Neville, McFadden & Forsyth 2002). Lineage tracing 

experiments in the mouse suggest that during this time bipotent basal-like cells give rise 

to a pool of luminal progenitor cells which drive this process (Figure 2) (Rios et al. 

2014). Further, alveolar morphogenesis is facilitated by interruptions in the associations 

between the mammary epithelial cells and the extracellular matrix mediated by integrin 

signalling (Kass et al. 2007). This process as well as many others is driven by prolactin 

binding to its receptor, which results in phosphorylation of the receptor and activation 

of the JAK2/STAT5 pathway, inducing transcription of milk protein genes (Freeman et 

Resting conditions Pregnancy Lactating
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al. 2000). STAT5a is not only essential for expression of milk protein genes, but it also 

plays a central role in lobuloalveolar development (Hughes & Watson 2012; Stein et al. 

2004). In addition to this pathway, insulin through its receptor appears to play important 

roles during secretory differentiation in the mammary gland. A knock-out murine model 

of the insulin receptor in the mammary gland reported a reduction in alveolar 

development mid-pregnancy and lack of differentiated cells as determined by the lack 

of mature epithelial markers (Neville et al. 2013), emphasising the importance of insulin 

signalling for secretory differentiation. 

 

2.2.3 Secretory activation 

Postpartum withdrawal of progesterone from the maternal circulation following delivery 

of the placenta in the presence of prolactin, insulin and cortisol initiates secretory 

activation (previously lactogenesis II) typically within 30-40 hours after birth (Pang & 

Hartmann 2007; Hassiotou & Geddes 2013). As a result, cells in the alveoli (lactocytes) 

begin to produce and secrete copious amounts of milk compared to the previous small 

amounts of colostrum. The recent discovery of the formation during pregnancy of 

binucleated cells that remain persistent in lactation suggests that these cells either 

participate in or support the mammary gland’s primary function of milk secretion (Rios 

et al. 2016). Delivery of milk to the infant is triggered by suckling, which initiates the 

release of bound oxytocin from the posterior pituitary gland into the blood stream, and 

that in turns stimulates contraction of the myoepithelial cells causing the ejection of 

milk into the ducts thereby making it available to the breastfeeding infant (Lincon & 

Paisley 1982). Whilst some molecular switches of these events have been investigated 

in the murine mammary gland (Rios et al. 2016; Naylor et al. 2005b), the application of 

the state-of-the-art technology of RNA sequencing in human mammary cells will 

illuminate the regulatory changes that facilitate milk synthesis. Understanding the 

controls of secretory activation may provide further insight into the molecular 

mechanisms behind low milk production which is sometimes observed in lactating 

women, particularly of preterm infants (Cregan et al. 2002). 

 

 

 

 



CHAPTER	2:	HUMAN	MILK	CELLS	AND	MAMMARY	GLAND	BIOLOGY	
	

	 9	

2.3 THE MOLECULAR DRIVERS OF MAMMARY GLAND REMODELLING 

IN PREGNANCY AND LACTATION 

2.3.1 Animal models 

Animal models have previously been the main sources of information unveiling 

orchestrated changes in gene expression during pregnancy and lactation. An early study 

by Rudolph et al. (2003) compared gene expression using microarrays of murine 

mammary gland tissue from day 12 of pregnancy to day 9 of lactation in an attempt to 

understand the mechanisms behind changes in cellular function in association with 

progesterone withdrawal. Typically stromal, enzyme fatty acid degradation and 

proteasomal genes were downregulated and milk protein genes upregulated throughout 

pregnancy, whereas genes mediating lipid synthesis sharply increased in expression 

with the commencement of lactation (Rudolph et al. 2003). Naylor et al. (2005b) 

examined commonly regulated transcripts among three murine models of poor lactation 

performance, and identified 35 novel genes involved in mammary gland secretory 

activation, also confirming the reduced expression of milk protein and lipid biosynthesis 

genes in these models. To further understand mechanisms behind milk synthesis, 

metabolic genes strongly regulated in the liver were analysed in the mammary gland 

with microarrays for both tissues taken at day 17 of pregnancy and day 2 of lactation 

(Rudolph et al. 2007). A specific subset of these genes was found to be strongly 

regulated between these time points in the mammary gland, particularly SREBP-1c. 

More recent reanalysis of the Rudolph et al. (2003) study with pathway annotations 

highlighted changes in the PI3K-AKT, integrin and protein ubiquitination pathway 

(Lemay et al. 2007), which have been found to be essential in lipid and lactose 

secretion, between the resting mammary gland, pregnancy and lactation (Oliver & 

Watson 2013). During pregnancy, b1 integrin signalling is important for cell 

proliferation and cell polarity (Faraldo et al. 1998) whilst during lactation, expression of 

the b-casein gene in mammary cells relies on anchorage of the cell to laminin, mediated 

by  b1 integrin (Streuli et al. 1995). A further set of genes identified in the literature to 

be associated with ‘lactation’ was compiled by Lemay et al. (Lemay et al. 2007).  

In the bovine, pathways of mTOR, AMPK and JAK2/STAT5 were examined with 

qPCR and found to be upregulated in the lactating mammary gland compared to its 

resting counterpart; further analysis suggested the importance of amino acid and glucose 

transporters as well as insulin signalling through the mTOR pathway for protein 

synthesis (Bionaz & Loor 2011). In the ovine, greater insight into gene regulation in the 
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mammary gland during pregnancy and lactation was given using RNA sequencing 

(Paten et al. 2015), including identification of highly expressed genes for each stage of 

mammary development, with milk proteins found to be expressed even in pregnancy, in 

support of previous murine studies (Rudolph et al. 2003). In addition, the JAK/STAT 

pathway was also identified as being differentially expressed in pregnancy and lactation 

as well as the PPAR signalling pathway in the ovine (Paten et al. 2015). Where in 

particular, PPARg has been found to be important for lobule and alveolar development 

in pregnancy and subsequent milk production in lactation determined by conditional 

knockout mice models (Cui et al. 2002) Whilst at a first glance it appears that similar 

genes and pathways regulate the remodelling of the mammary gland during pregnancy 

and lactation across mammals, studies examining cross-species data suggest otherwise. 

 

2.3.2 Lactation is not identical across mammals 

Inter-species differences in the regulation of mammary gland development during 

pregnancy and lactation are evident in comparative studies. Not only are there 

difference in mammary gland development between mammalian species (Dontu & Ince 

2015), but also milk composition is different; for example, protein and fat contents and 

composition differ in milk from different mammals (Bawden, Passey & Mackinlay 

1994; Malacarne et al. 2002). Whilst many molecular pathways are conserved between 

the ovine and bovine mammary gland (e.g. cell proliferation, lipid metabolism and 

amino acid synthesis), other functions such as organ morphogenesis, immune system 

processes, and milk composition mechanisms are divergent (Singh et al. 2013). Using 

bioinformatic analysis, Lemay et al. compared genomes of many mammalian species 

including platypus, opossum, human, dog, mouse and rat to the bovine for lactation 

genes (Lemay et al. 2009). Whilst from an evolutionary perspective, humans have 

developed in a very similar way to rodents, it was shown that genes associated with 

lactation in the human were closest to the dog followed by the bovine (Lemay et al. 

2009). This may relate to the physical size of the compared mammals and similarities in 

their duration of pregnancy and lactation, where large mammals, particularly the donkey 

have the most similar milk composition to humans (El-Hatmi 2015). There is a great 

need to understand mechanisms behind normal human lactation, which has thus far been 

hindered by accessibility to human lactating tissue (Hassiotou, Geddes & Hartmann 

2013; Hassiotou & Hartmann 2014). More recent ground-breaking studies have 

accessed mRNA of the lactating mammary gland non-invasively via milk cells 
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(Hassiotou et al. 2012; Hassiotou et al. 2013b; Hassiotou, Geddes & Hartmann 2013; 

Sharp et al. 2016). 

 

2.4 DIFFERENT SOURCES OF HUMAN MAMMARY GLAND mRNA 

Recently, mRNA isolated from the milk fat globule (MFG) (Maningat et al. 2009; 

Lemay et al. 2013a) and milk cells (Hassiotou et al. 2012; Sharp et al. 2016) have been 

used as a non-invasive way to access the genetic makeup of the mammary epithelium. 

Both mRNA sources have been found to be comparable in studies performed in 

macaques (Lemay et al. 2013b). The MFG was first considered as a potential source of 

mammary gland mRNA when levels of certain genes such as the milk protein genes α-

lactalbumin and caseins (β and γ) were expressed at satisfactorily high levels (Maningat 

et al. 2007). Following this study, analysis of MFG mRNA using microarrays was done 

in 5 women at regular intervals during a 24-hour period, identifying the most highly 

expressed genes in the human lactating mammary gland (Maningat et al. 2009). 

Resulting gene sets were also compared to key genes reported in murine studies (Naylor 

et al. 2005b; Rudolph et al. 2007; Lemay et al. 2007) in an attempt to compare murine 

lactation to that of the human (Maningat et al. 2009). All 98 of the milk protein genes 

reported in the Naylor study were found to be expressed in the human gland during 6-12 

weeks postpartum, most of the metabolic genes (some with human equivalents) of the 

Rudolph study, and 55% of the genes of the Lemay study (Maningat et al. 2009). A 

limitation of this comparative study was the cross-sectional nature of the data whereby 

each participant provided one milk sample. Subsequently, Lemay et al. (2013a) reported 

longitudinal RNA sequencing data of the human MFG from colostrum, transitional and 

mature milk of which mature milk demonstrated similar highly expressed genes to 

previous studies (Lemay et al. 2013a). However, key gene signatures in colostrum and 

transitional milk were different to those of mature milk of both this and the Maningat et 

al. (2009) study. Interestingly, cluster analysis revealed differential expression in 

colostrum, transitional and mature milk of known pathways such as cell cycling, 

immune response and lipid biosynthesis, identifying novel pathways, such as 

neurotrophin signalling and N-glycan biosynthesis, which had not been previously 

associated with lactation (Lemay et al. 2013a). Further to the MFG, which specifically 

characterises the lactocyte, an alternative non-invasive source of mammary cell mRNA 

that is more representative of the lactating mammary epithelial cell hierarchy, though 
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not fully characterised, is cells isolated from milk (Hassiotou, Geddes & Hartmann 

2013; Hassiotou & Hartmann 2014). 

 

2.5 HUMAN MILK CELLS 

HM cells provide a more complete representation of the lactating mammary gland 

including differentiated mammary epithelial cells, progenitor cells, stem cells, and 

immune cells, and are thus becoming an increasingly utilized source of non-invasive 

mammary cell mRNA and miRNA (Tunzi et al. 2000; Sharp et al. 2016; Hassiotou et al. 

2012; Alsaweed et al. 2016a). Comparisons between lactating mammary tissue, MFG 

and milk cells from lactating macaques found that these mRNA sources were similar, 

however the MFG represented a purer population of mRNA specific to the lactocyte, 

whilst milk cells were closer to the gene expression of mammary tissue due to their 

heterogeneous composition (Lemay et al. 2013b). Thus far, milk cell mRNA has only 

been examined using targeted approaches that utilized techniques such as either 

quantitative real time polymerase chain reaction (qRT-PCR) (Sharp et al. 2016; Tunzi et 

al. 2000; Hassiotou et al. 2012) or reporting genes of interest from larger microarray 

datasets (Sharp et al. 2016). In addition, most previous studies have utilised cross-

sectional sampling approaches and thus do not provide a complete picture of 

transcriptomic changes during different stages of mammary development and across 

lactation. 

 

2.5.1 Heterogeneity of human milk cells 

Milk is a non-invasive source of viable, proliferative cells that can be used to study the 

lactating mammary gland, yet it has been little examined. Early studies by Donne, 

Henle and subsequently Holmquist and Papanicolaou examined colostrum and mature 

milk cells by smearing undiluted samples across slides to morphologically determine 

cell types and properties (Holmquist & Papanicolaou 1956; Donné 1837). However, it 

was not until more modern techniques of cell isolation and classification were employed 

that a greater understanding of milk cells was obtained (Ho, Wong & Lawton 1979). 

The current consensus is that although human colostrum is a rich source of immune 

cells, mature human milk (HM) is predominantly characterised by cells from the 

lactating mammary epithelium (Hassiotou, Geddes & Hartmann 2013; Hassiotou & 

Geddes 2015; Hassiotou & Hartmann 2014; Ho, Wong & Lawton 1979; Ruegg & Blanc 

1982; Tunzi et al. 2000). It has also been shown that the milk cell composition differs 



CHAPTER	2:	HUMAN	MILK	CELLS	AND	MAMMARY	GLAND	BIOLOGY	
	

	 13	

amongst mammalian species, where for example immune cells dominate bovine milk at 

all stages of lactation (Hassiotou, Geddes & Hartmann 2013; Boutinaud, Herve & 

Lollivier 2015). 

In the late 1970’s and early 1980’s, mature HM cells were shown to proliferate in 

culture and survive multiple passages, introducing the idea that stem/progenitor cells 

exist in the mammary gland (Chang et al. 1982; Stoker, Perryman & Eeles 1982; 

Gaffney 1982; Taylor-Papadimitriou, Shearer & Tilly 1977). This was later confirmed 

in the murine mammary gland and more recently, in the human mammary gland, 

although in the latter the lack of mammary stem cell-specific markers and limited tissue 

availability, particularly from the mature lactating gland, has hindered detailed cellular 

characterisation (Dontu et al. 2003a; Dontu et al. 2003b; Dontu & Ince 2015; Visvader 

& Stingl 2014). More recently, it has been shown that HM can provide valuable insight 

into the stem cell characteristics of the lactating mammary gland (Hassiotou et al. 2012; 

Hassiotou & Hartmann 2014). 

 

2.5.2 Plasticity of human milk cells 

It was a remarkable discovery when multipotent stem cell marker nestin was first 

reported in HM cell populations at the protein and mRNA levels (Cregan et al. 2007). 

The same study showed that monolayer cultures of HM cells are enriched in cells 

expressing mammary stem cell marker cytokeratin 5 (CK5) and myoepithelial marker 

cytokeratin 14 (CK14) (Cregan et al. 2007), and a further study also employing 

monolayer culture of HM cells showed expression of epithelial progenitor marker p63 

(Thomas et al. 2011a). Subsequent studies clearly demonstrated that HM cells can be 

cultured in 3D to form spheroids and mini mammary gland organoids including 

bilayered primary, secondary and tertiary ductal and alveolar-like structures hosting 

cells with various degrees of differentiation (Thomas et al. 2012; Thomas et al. 2011b; 

Hassiotou et al. 2012; Hassiotou & Hartmann 2014). This included cell subpopulations 

that express mammary stem cell marker CD49f, luminal epithelial marker CK18, and 

myoepithelial marker CK14 (Thomas et al. 2012; Thomas et al. 2011b; Hassiotou et al. 

2012; Hassiotou & Hartmann 2014). Importantly, these 3D structures were shown to 

synthesise and secrete milk proteins a-lactalbumin and lactoferrin in culture (Hassiotou 

et al. 2012). Interestingly, in addition to the known mammary stem cell markers, HM 

cells and their 2D and 3D cultures were found to include stem cell subpopulations that 

express known pluripotency transcription factors such as OCT4, SOX2, NANOG and 
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others (Hassiotou et al. 2012), similar to embryonic stem cells and induced pluripotent 

stem cells (Boyer et al. 2005; Takahashi et al. 2007). These stem cells were also found 

in the resting mammary gland, albeit in much lower frequency, and were shown to 

originate primarily from the lactating epithelium, and were able to self-renew in vitro 

and display multilineage plasticity, differentiating into cells from all three germ layers 

(Hassiotou et al. 2012). These data were later confirmed in the resting mammary tissue 

(Roy et al. 2013). Further, it has been recently shown that milk cells with pluripotent 

stem cell features survive in the gastrointestinal tract of the offspring and enter the 

blood circulation, from which they are transferred to distant tissues where they integrate 

and potentially differentiate to contribute to tissue function (Hassiotou et al. 2014; 

Hassiotou & Hartmann 2014), similar to previous studies showing milk immune cell 

transfer to the neonate (Zhou et al. 2000; Jain et al. 1989; Weiler, Hickler & Sprenger 

1983). Although many questions still remain unanswered as to the properties and fate of 

cells of HM, studies have started to examine the variation in cell content, properties and 

composition amongst lactating women. 

 

2.5.3 Variation in human milk cell composition 

In addition to the prominent changes in milk composition as the mammary gland 

transitions from colostrum to mature milk production early postpartum, mature milk has 

also been well documented to be highly variable both within and between women as 

well as across species (Hassiotou, Geddes & Hartmann 2013). Within a breastfeed, one 

of the most striking milk changes is that of the milk fat content, which increases across 

the duration of the feed (Neville et al. 1984; Kent et al. 2006), and peaking 

approximately 30 minutes after the end of the feed (Hassiotou et al. 2013c). The stage 

of lactation can influence the protein content of HM, which typically decreases during 

the first year (Mitoulas et al. 2007) and is generally highly variable both within and 

between women (Hassiotou et al. 2013c; Khan et al. 2013), though markedly higher 

initially in women who have given birth to extreme preterm infants (<28 weeks 

gestation) (Bauer & Gerss 2011). Furthermore, preterm milk contains significantly 

higher carbohydrate, fat, energy content and sodium levels (in the first week) compared 

to term milk (Bauer & Gerss 2011), where milk productions in these women are 

particularly sensitive and can be decreased by the administration of antenatal 

corticosteroids (Henderson et al. 2008). Differences also exist in HM between women 

of male versus female infants. According to the Trivers-Willard theory, distribution of 
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maternal resources (such as milk) should favor the offspring with the “most likely to 

return investment” (i.e. most likely to provide future benefits to the parents), which is 

evolutionarily considered to be male infants (Trivers & Willard 1973) and seems 

counterintuitive based on the necessity of females to carry on the genetic lineage and 

should perhaps be a revised theory. In cows, macaques and humans many studies have 

found that milk intended for male offspring is more energy rich, containing higher 

levels of fat (Hinde 2007; Thakkar et al. 2013; Powe, Knott & Conklin-Brittain 2010; 

Hinde et al. 2014; Hinde 2009). Interestingly, another study found that this was the case 

for economically sufficient women, however in poorer classes the opposite was true, in 

support of richer milk for the female infants (Fujita et al. 2012). It is important to note 

that fluctuations in the milk fat content occurs both over the course of a feed and over a 

24 hour period (Kent et al. 2006) which may not have been taken into account in some 

of these studies, hence these results should be considered with caution. Macaques 

studies reveal that primiparous mothers produced less milk than multiparous mothers 

(Hinde 2009), and in humans it has been previously reported that multiparous mothers 

produce a more lipid rich milk (Bachour et al. 2012), supporting findings that the 

mammary tissue of multiparous mothers is different (Dos Santos et al. 2015; Wagner et 

al. 2002). Although mammary “memory” exists in multiparous compared to 

primiparous mothers, effected by specialized progenitor cells that develop during 

involution and enable successful lactation for the next offspring (Dos Santos et al. 

2015), little information exists on mechanisms inducing these differences. Other 

maternal factors that have been reported to influence milk composition include smoking 

and high body mass index, both of which have been associated with milk of lower 

protein content, and in particular maternal smoking resulted in a lower proportion of 

lipid content in the milk (Bachour et al. 2012). 

In addition to the non-cellular variation in milk composition within and between 

individuals, cells in milk have been reported to vary according to a number of maternal 

and/or infant characteristics (Hassiotou, Geddes & Hartmann 2013). Species variation 

in milk cell composition and content is striking, and even within bovine milk, which has 

a relatively low number of cells compared to humans, large variation exists in cell 

content and viability (Boutinaud & Jammes 2002; Lee, Wooding & Kemp 1980). In 

humans, milk cell content varies over the course of a breastfeed, responding similarly to 

fat and peaking approximately 30 minutes post-feeding (Hassiotou et al. 2013c). Whilst 

immune cells dominate human colostrum, they revert to <2.5% of total cells in mature 

HM, remaining at these low levels throughout lactation when both the mother and infant 
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are healthy (Hassiotou et al. 2013b). However, infection of either the mother or the 

infant rapidly affects the immune cell content and composition of HM, providing 

protection of the mammary gland and the infant, and facilitating recovery (Hassiotou et 

al. 2013b; Hassiotou & Geddes 2015; Riskin et al. 2012). Very little is known about 

variation in the composition of other than immune cell types in HM. What is not known 

is the differences in mammary cell gene expression between women and whether the 

factors previously identified to impact milk composition might also influence 

expression of key genes in milk cells. Understanding the natural variation in HM cell 

gene expression within and between women is important as a basis for future 

comparative studies on the regulation of genes in the normal mature mammary gland. 

Further application of this approach may also elucidate deregulation of genes in 

pathological processes of the mammary gland, such as breast cancer.  

 

2.6 NORMAL AND ABNORMAL DEVELOPMENT OF THE MAMMARY 

GLAND 

HM cells offer a unique tool to non-invasively access the lactating mammary gland 

epithelium, which can be used for comparative analyses between its normal physiology 

and pathological states to further understand molecular mechanisms leading to 

deregulation of normal function. Translation of knowledge between different fields of 

mammary gland biology such as lactation and breast cancer is likely to bring a deeper 

understanding to each field of study. Whilst the most comprehensively studied aspect of 

human mammary gland biology is the malignant process of breast cancer, there are still 

many unanswered questions relating to risk factors, development and progression of the 

disease. 

2.6.1 Breast cancer 

Breast cancer can be classified by many criteria including the presence of certain 

receptors (estrogen receptor (ER), progesterone receptor (PR) or human epidermal 

growth factor receptor 2 (HER2)), tumour size progression, and more recently, 

expression of molecular markers (Anderson et al. 2014). The “intrinsic” breast cancer 

subtypes were first identified in a seminal 2000 study that used molecular portraits of 

tumours to classify cancer type into distinct groups (Perou et al. 2000). This now is 

increasingly becoming the most common classification method of breast tumours. The 

intrinsic breast cancer subtypes consist of theoretically three basal cell-derived tumour 

classifications, including “basal-like” (initially considered synonymous with triple 
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negative due to lack of PR, ER and HER2 expression), “HER2 enriched”, and “normal-

like”, with a single luminal-like “luminal epithelial” classification (Perou et al. 2000). 

These classifications have since been validated and the “luminal epithelial” subtype was 

further subdivided into “Luminal-A” (ER+, HER2-, low expression of proliferation 

marker Ki-67) and “Luminal-B” (ER+, HER2- or ER+, HER2+, Ki-67high), whereas the 

triple negative subtype into “Claudin-low” and original “basal-like” subtypes by 

subsequent studies (Sorlie et al. 2001; Fan et al. 2006; Herschkowitz et al. 2007; Prat & 

Perou 2011; Prat et al. 2013c).  

However, whilst these classifications characterise cells both in situ and within 

invasive breast tumours, and correlate with disease progression and prognosis, 

discrepancies still exist between gene expression and routinely pathologically assessed 

immunohistochemistry-based examinations of the tissue (Anderson et al. 2014; Prat et 

al. 2013b; Prat et al. 2013a; Goldhirsch et al. 2011; Sorlie et al. 2001). Evidently, more 

comprehensive methods of characterisation of tumour type are needed to increase 

efficacious treatment and improve prognosis, however determining tumour origin and 

impacting risk factors informs important understanding of development that can lead to 

prevention. 

Determining the “cell of origin” of breast cancer remains an elusive concept not 

just because it is possible that each subtype has a different cell of origin, but also due to 

new studies centring around somatic cell and cancer cell transition plasticity. Normal 

human resting breast tissues sorted using CD49f and EpCAM signatures were 

sequenced and compared to the ‘intrinsic’ subtype classification markers which found 

luminal cell markers in Luminal-A, Luminal-B and HER2-enriched subtypes, mammary 

stem cell signatures in true normal breast, and the claudin-low subtype and luminal-

progenitor signature in basal-like tumours (Lim et al. 2009). These findings have been 

validated and lead to the theory that normal human luminal progenitors have basal 

characteristics, suggesting that the mammary cellular hierarchy is not as simple as 

consisting of separate cell types, such as basal and luminal progenitors (Prat & Perou 

2009). Indeed, it has previously been suggested that there is a differentiation continuum 

in the normal mature mammary gland, with no distinct cell types per se, but rather the 

presence of various cells across a developmental progression from early-stage stem-like 

cells to differentiated functional cells (Hassiotou et al. 2013a). Interestingly, evidence 

supports the notion that these cells have the ability to dynamically transition from one 

developmental state to another given the right microenvironmental cues, and the same 

has been proposed for different cancer cells (Figure 2) (Visvader 2009; Visvader & 
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Clevers 2016; Allinen et al. 2004); however, it is still largely unknown what regulates 

this process and which states are definite (Hassiotou et al. 2013a). Moreover, cell 

characteristics that were initially attributed to breast cancer cells, such as epithelial-to-

mesenchymal transition (EMT), a process which is associated with migration and 

metastasis (Mani et al. 2008), have recently been shown to be present also in the normal 

lactating mammary gland in mice (May et al. 2011), and likely exist in humans  

(Figure 2) (Hassiotou, Geddes & Hartmann 2013; Kakulas, Geddes & Hartmann 2016). 

Further evidence has suggested that a subpopulation of normal mammary stem cells 

were inducible to form an EMT in vitro phenotype (Mani et al. 2008). It seems evident 

that a similar mammary cellular hierarchy exists in the normal and cancer affected 

breast (Visvader 2009; Prat & Perou 2009; Hassiotou et al. 2013a), and to fully 

understand each of these mammary states we must translate knowledge between the 

fields of normal mammary development and breast cancer.  
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Figure 2. Mammary epithelial hierarchy has the potential to exist as a continuum of cell 

differentiation states ranging from stem to differentiated cell types. The relationship and 

mechanisms of epithelial-to-mesenchyal transition in normal development is still unknown. 

 

The purpose of the human mammary gland is to provide nourishment, protection 

and developmental signals for the infant through the processes of milk synthesis, 

secretion and delivery. Interestingly, lactation also reduces maternal breast cancer risk, 

suggesting that the dramatic transformation the mammary gland undergoes during 

pregnancy, lactation and subsequent involution plays a major role in the protection of 

the gland. In particular, both younger age at first successful pregnancy and increased 

parity  are associated with lower risk of Luminal-A breast cancer (Millikan et al. 2008). 

Further, longer durations of breastfeeding and having multiple long lactations have been 

associated with decreased risk of basal-like cancer, whereas multiple pregnancies but no 

subsequent lactations lead to an increased risk of basal-like breast cancer (Millikan et al. 

2008). These epidemiological studies strongly suggest an important role of lactation in 

reducing breast cancer risk. Whilst previous studies have focused on the mechanisms of 

decreased breast cancer risk associated with parity, examining differences in breast 

anatomy, gene expression and epigenetic regulation between nulliparous and 

multiparous women, one key consideration that is lacking in these studies is the effect 
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of lactation (Balogh et al. 2005; Russo et al. 2006; Misra et al. 2012). Changes in 

mammary cell function during involution are also often commonly studied (Clarkson et 

al. 2004; Stein et al. 2004) and have been related to breast cancer risk (Zaragoza et al. 

2015). However, as highlighted by Millikan et al. (2008) women who suppress lactation 

may in fact have an increased risk of certain breast cancer subtypes. It is possible that 

temporal changes in gene expression over the course of long lactation periods in 

combination with more permanent changes to either the epigenetics or stem cell 

component of parous women may contribute to the decrease in breast cancer risk. It is 

evident that the molecular changes that occur in the mammary gland during its normal 

function in lactation may play fundamental roles in preserving the normal state of this 

organ, thus reducing cancer risk (Faupel-Badger et al. 2013), and hence a translation of 

findings between the fields of lactation and cancer is vital to gaining a holistic view of 

the cellular activity and molecular controls of the mammary gland. 

 

2.6.2 Neurotrophin signalling in breast cancer and normal lactation 

The neurotrophin signalling pathway has been found to be important in breast cancer 

regulation, however the recent discovery of neurotrophin receptors (NTRs) in normal 

mammary tissue and neurotrophins (NTs) in milk during lactation (Dangat et al. 2014; 

Dangat et al. 2013; Li et al. 2011) suggests that these signalling pathways may 

participate in the normal development of the mammary gland. Core neurotrophins 

include neural growth factor (NGF), brain derived neurotrophic factor (BDNF), nerve 

growth factor-3 (NTF3), and nerve growth factor-4 (NGF4), and act on specific tyrosine 

receptor kinases (Trk) (TrkA, TrkB and TrkC) and on the p75 receptor (Chao 2003). 

Neurotrophins were once only associated with the growth and maintenance of neurons 

in the nervous system, however they have been found to play pleiotropic roles across 

multiple organs, such as those of the reproductive system (Tessarollo 1998).  

Intensive research has revealed significant implications of NTs and their receptors 

in the mammary gland that is affected by cancer. They have been shown to increase 

tumour survival by halting apoptosis and promoting metastasis and rapid cell 

proliferation (Hondermarck 2012). NGF, pro-NGF, BDNF, NTF4/5 and NTF3 are 

overexpressed and their receptors TrkA, TrkB.T1, TrkC, sortilin and p75 are known to 

be differentially regulated in many types of breast cancer (Demont et al. 2012; 

Hondermarck 2012). Breast cancer cell lines cultured with NGF and proNGF show a 

significant upregulation of genes controlling proliferation and divide more rapidly 
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(Tomellini et al. 2015). BDNF and NTF4 were found to promote breast cancer survival 

and exert anti-apoptotic effects (Vanhecke et al. 2011) together with other NTs and 

associated receptors that have been examined in both breast cancer cell lines and patient 

tumour samples. During these investigations, BDNF, NTF3, NTF4/5 and NTRs TrkA, 

TrkB, TrkC, p75 and sortilin have also been identified at baseline levels in normal 

resting mammary tissue, which were used as control (Vanhecke et al. 2011; Shibayama 

& Koizumi 1996). Nevertheless, the role of NTs and NTRs in the normal function of 

the mammary gland has not yet been interrogated. 

NGF was first linked to lactation by being identified in murine milk and since 

then, NTs as well as cilliary neurotrophic factors (NGF, s100b, GDNF and CTNF) have 

been reported in HM (Dangat et al. 2013; Dangat et al. 2014; Li et al. 2011; Fichter et 

al. 2011; Grueters et al. 1985), and have been indirectly associated with the superior 

performance of breastfed infants at cognitive and intelligence tests compared to formula 

fed infants (Li et al. 2011; Quigley et al. 2012). Breastfeeding duration of at least 3 

months has been found to have beneficial effects on the maturation of white matter 

regions in the brain, with extended breastfeeding leading to enhanced cognitive 

performance and white matter development (Deoni et al. 2013). Nassar et al. found that 

higher performance in cognitive tests was associated with breastfeeding at infancy and 

with higher infant serum levels of BDNF, although HM levels were not assessed 

(Nassar et al. 2011).  

NTs in HM may also be associated with the development of the enteric nervous 

system early in life (Wagner, Taylor & Johnson 2008; Fichter et al. 2011), particularly 

in vulnerable and immature populations such as preterm infants (Hunter et al. 2008). 

Studies into the NTs BDNF and NGF and their receptors TrkA and TrkB in ovine 

mammary tissue have found that the NTs and NTRs are localised to different regions 

during puberty, pregnancy and lactation and suggest a potential paracrine/autocrine 

signalling function (Colitti 2015). Further, the neurotrophin signalling network was also 

identified as a key system differentially expressed in HM lipids across lactation, from 

colostrum to transitional milk to mature milk (Lemay et al. 2013a). Evidently, a greater 

understanding of potential interactions between NTs and mammary gland tissue as well 

as the presence of these molecules in HM will improve the current understanding of the 

presence and function of the NT signalling network in the normal mammary gland. 
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2.7 CONCLUSIONS AND FUTURE DIRECTIONS 

The major focus of mammary gland research has been the aberrant growth observed in 

cancer, and to a lesser extent the programmed mammary development during 

embryonic life. However, significant molecular changes in the mammary gland that 

enable its functional activation occur during pregnancy and lactation, yet this is the 

most understudied developmental state. Whilst it is clear that there are many obstacles 

that currently exist for the study of human mammary gland development during 

pregnancy and lactation, HM cells provide a novel non-invasive tool to surmount some 

of these impediments. Future studies should focus on understanding the changes that 

occur in mammary milk-derived cells during pregnancy and lactation and potential 

factors that may underpin differences in cell composition, and thus function, between 

women. Findings from these studies will be vital to translate knowledge of mammary 

cell function and regulation into the field of breast cancer. 
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3.1 ABSTRACT 

Changes in mammary cell behaviour mediating normal breast development during 

pregnancy and lactation are poorly understood due to limited availability of biopsies. 

We non-invasively sampled the epithelial cell population of the lactating mammary 

gland from mature HM collected from healthy mother/infant dyads during the first year 

postpartum, and explored temporal changes in the mammary cell transcriptome using 

RNA sequencing. Comparisons were done with mammary secretions from late 

pregnancy and the resting mammary gland. Distinct gene signatures were found for the 

different mammary developmental stages examined. Cell adhesion pathways were 

differentially regulated between the resting gland and pregnancy, whereas immune cell 

signalling and morphogenesis/cancer pathways differed between lactation and 

pregnancy or the resting gland, respectively. The transcriptome of lactation remained 

consistent in the first year postpartum in these successfully lactating women. The gene 

signatures characteristic of HM cells confirmed lactation genes previously reported in 

animal models and the HM fat globule, with an additional 35 lactation genes detected in 

HM cells. This study identifies key genes and molecular pathways undergoing 

controlled regulation as the mammary gland transitions from a quiescent into a 

functional organ, providing experimental targets for the molecular investigation of 

mammary gland pathologies.  
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3.2 INTRODUCTION 

Changes in the molecular behaviour of mammary epithelial cells orchestrate the 

maintenance, development and regression of mammary gland architecture during 

pregnancy, lactation and subsequent involution (Hassiotou & Geddes 2013). This 

process results in shifts in the cellular dynamics of the gland and the development of a 

complete mammary cellular hierarchy manifested by stem cells, progenitor cells and 

differentiated cell populations characteristic of lactation (Hassiotou & Geddes 2013; 

Rios et al. 2016; Visvader & Stingl 2014). An understanding of the molecular 

mechanisms mediating these changes is vital in determining normal function of the 

gland as well as deciphering deregulation occurring in mammary pathologies, such as 

low milk production or breast cancer.  

The mammary gland is unique in that it progressively transforms into a fully 

mature organ in adult life during pregnancy and lactation (Hassiotou & Geddes 2013). 

Hormonal signals initiate ductal branching, mammogenesis and secretory differentiation 

during pregnancy, with secretory activation resulting in production of copious amounts 

of milk occurring soon after birth (Pang & Hartmann 2007). These dramatic changes in 

mammary architecture and function are fuelled by specialised stem cell populations that 

give rise to the complete cellular hierarchy of the mature gland including differentiated 

myoepithelial, milk-secretory (lactocytes) and binucleated cells (Tiede & Kang 2011; 

Hassiotou & Geddes 2013; Rios et al. 2016). Following progressive cessation of 

breastfeeding, mammary gland involution reverts the gland to an almost pre-pregnant 

state (Baxter, Neoh & Tevendale 2007; Hassiotou & Geddes 2013) retaining a 

‘functional memory’ via a transcriptionally distinct cell subset that mediates re-

activation of mammary remodelling in subsequent pregnancies (Wagner et al. 2002). 

Knowledge of the changes in gene expression in the mammary gland over these series 

of events is limited to animal models (primarily the murine and the bovine) due to the 

invasive nature of mammary tissue biopsies, particularly in pregnancy and lactation 

(Visvader & Lindeman 2006; Lemay et al. 2009). Resting mammary tissue (RMT) from 

non-pregnant non-lactating women has been analysed using RNA sequencing (Wang, 

Gerstein & Snyder 2009; Pardo et al. 2014). This technology has also been used to 

examine differential expression of genes in mRNA isolated from the human milk (HM) 

fat globule as a non-invasive alternative to human mammary tissue biopsies during 

lactation (Maningat et al. 2009; Lemay et al. 2013a). 
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Studies examining the HM fat globule transcriptome by RNA sequencing and 

microarray analysis have confirmed the findings of lactation studies in murine models 

(Neville et al. 2013; Lemay et al. 2007), showing highly expressed milk protein genes 

and differential expression of molecular pathways, such as insulin signalling, between 

early and established lactation (Lemay et al. 2013a; Maningat et al. 2009). In addition, 

HM fat globule studies have identified differential expression of immune defence 

pathways, milk proteins and lipid production genes between different stages of 

lactation, from colostrum to transitional and mature milk (Lemay et al. 2013a). Whilst 

examination of the HM fat globule gene expression profiles provides reliable and 

comparable data specific to lactocytes, it fails to describe the complete mammary 

epithelial cell hierarchy including other mammary cell types (Lemay et al. 2013b). 

More recently, human milk has been identified as a rich source of cells representing the 

mammary epithelium from which both mRNA and miRNA have been successfully 

isolated for gene expression studies using qRT-PCR, microarray and RNA sequencing 

(Hassiotou et al. 2012; Twigger et al. 2015; Sharp et al. 2016; Alsaweed et al. 2016a). 

Here, we took advantage of the dominance of epithelial cells isolated from mature HM 

of healthy, successfully lactating women to longitudinally examine changes in the 

transcriptome of the mammary epithelium during the first year of lactation using RNA 

sequencing and compare it with that of cells isolated from mammary secretions of late 

pregnancy as well as the resting mammary gland. 

 

3.3 MATERIALS AND METHODS 

3.3.1 Collection of human milk and prepartum mammary secretions 

This study was approved by the Human Research Ethics Committee of the University of 

Western Australia (UWA, RA/4/1/4397). All participants provided written informed 

consent and completed a questionnaire detailing demographic characteristics and 

medical history for both the mother and the infant. Mothers and infants were both 

healthy at the time of sample collection, and all mothers were successfully lactating 

without requiring supplementation. Pregnant women with an intention to breastfeed 

(n=14) that were willing to provide a prepartum (late pregnancy) mammary gland 

secretion (PS) sample and regular milk samples until weaning were recruited through 

the Australian Breastfeeding Association. Pregnant participants with the intention to 

breastfeed for more than 20 weeks, who provided PS at 32-37 weeks gestation, 

delivered their infant at term (38-40 weeks), and were able to provide subsequent HM 
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samples at months 1, 3, 6 and 12 of lactation were selected for the study (n=4) (Table 

1). The participants were multiparous mothers (parity 2-4 children), with a majority of 

participants delivering a male infant (n=3) vaginally (n=3). All participants continued 

breastfeeding for more than 15 months, therefore no samples representative of the 

involution period were collected during this study. PS samples (mean volume of 5 ± 5 

mL, range: 0.2-12 mL) and HM samples (mean volume of 72 ± 30 mL, range: 51-100 

mL) were collected either at our UWA physiology laboratory or at the participant’s 

home under aseptic conditions using a Medela Symphony breast pump (Medela AG, 

Baar, Switzerland). Samples were immediately transported to the laboratory for 

analysis. PS samples had lower cell counts (9.6×105 ± 9.1×105 cells, range: 1.1×105-

19.3×105 cells, n=4) and lower cell viabilities (73.8±22.9%, range: 57.1-100%, n=4) 

compared to mature HM samples, which had cell counts (16.0×106 ± 13.9×106, range: 

0.4×106-43.5×106, n=16) and cell viabilities (97.8±1.9%, range: 93.9-100%, n=16) 

similar to previously reported values (Hassiotou et al. 2012; Twigger et al. 2015). 

 

Table 1. Sample collection time points (weeks) for the four participants at each mammary 

developmental stage. 

Participant 

Prepartum 
secretion 
(weeks 

gestation) 

Month 1 HM 
sample (weeks 
postpartum) 

Month 3 HM 
sample (weeks 
postpartum) 

Month 6 HM 
sample (weeks 
postpartum) 

Month 12 HM 
sample (weeks 
postpartum) 

P1 37 5 14 27 51 
P2 34 3 12 26 50 
P3 32 5 16 26 49 
P4 37 3 12 24 48 

 

3.3.2 Cell isolation 

PS and HM samples were diluted with an equal volume of sterile phosphate buffered 

saline (PBS; pH 7.4, Gibco, Grand Island, NY, USA) and centrifuged at 800 g for 20 

minutes at 20°C. Cells were extracted as previously described (Hassiotou et al. 2012; 

Twigger et al. 2015) by removing the lipid layer and skim milk and washing the 

remaining cell pellet twice in PBS. The total cell content and percentage viability of 

each sample were determined by Trypan Blue exclusion using a Neubauer 

haemocytometer. The purified cell pellet was stored at -80°C until RNA extraction. 
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3.3.3 RNA extraction 

mRNA was isolated using the mini RNeasy extraction kit (Qiagen, Valencia, CA, USA) 

as previously described (Hassiotou et al. 2012; Twigger et al. 2015). After mRNA 

extraction, mRNA quantity and purity were measured using a NanoDrop 2000 (Thermo 

Fisher Scientific, Wilmington, DE, USA). In addition, RNA from pooled RMT taken 

from five donors aged 40-55 years was purchased as a control (Catalogue number: 

540045, Lot number: 0006135096, Agilent Technologies, Santa Clara, CA, USA). RNA 

obtained was of an acceptable quality fitting in the absorbance at 260/280 ratio of 1.8-

2.2. RNA Integrity number (RIN) was also determined with an Agilent 2100 

Bioanalyser (Santa Clara, CA, USA).  

 

3.3.4 Library preparation and RNA sequencing 

PS (n=4) and HM (n=16) cell mRNA as well as pooled mRNA from resting mammary 

tissues were standardized to contain the same amount of mRNA and were used for RNA 

sequencing. Library preparation was carried out by treating the samples with DNase I to 

degrade DNA contaminants, followed by mRNA enrichment with oligo(dT) magnetic 

beads before fragmentation (~200bp, base pairs) with fragmentation buffer. cDNA was 

synthesized from the purified RNA and further decontaminated with magnetic beads. 

Single additions of adenine (A) nucleotide to the 3’ end of the cDNA were carried out 

for end reparation before ligating sequence adapters to the fragments. Subsequently, 

PCR amplification and sample quality testing were conducted before samples were 

sequenced using Illumina HiSeq2000 with version 3 Chemistry with a minimum of 20 

M 50 base paired single end reads per sample. Phred Quality score (Q score) calculated 

by Perl was controlled to Q20 tested base calling accuracy, ensuring an accuracy of 

>85% confidence in base assignment of the reads. The data has been deposited in 

NCBI’s Gene Expression Omnibus and are accessible through GEO Series accession 

number GSE85494 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85494). 

Raw reads were cleaned by removing adapter sequences and reads from analysis if they 

contained more than 10% unknown nucleotides or low base quality scores (if 50% of 

the read had base quality scores ≤5). RNA sequencing of the samples yielded a total of 

865,913,217 clean reads. Clean transcripts (414,203,980) were aligned to the human 

genome assembly hg38, using SOAP aligner 2 software (Li et al. 2009), with no more 

than 2 mismatches allowed. Gene expression levels were estimated and expressed as 

RPKM (Reads Per Kilobase per Million mapped reads) (Mortazavi et al. 2008) and 
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annotated with BLAST (-p blastx -e 1e-5 -m 7/8) sequences to Nr database of NCBI to 

gene ontology (GO) terms by using BLAST2GO (default parameters) and KEGG 

pathway analyses (http://geneontology.org/ and http://www.genome.jp/kegg/) (Table 

S1, Appendix 1) 

 

3.3.5 Statistical analysis 

Graphical analysis of gene expression between samples and highly expressed lactation 

genes along with graphical exploration of data were completed with R 3.2.3 for Mac 

OSX using the packages mfuzz, ggplot2 and ComplexHeatmaps for hierarchical 

clustering analysis, dendogram plotting and creating longitudinal plots and heatmaps for 

genes of interest (Futschik 2007; Wickham 2009; Gu, Eils & Schlesner 2016). Global 

gene expression profiles were compared between samples using hierarchical clustering 

analysis to determine similarities between samples.  

The top 50 genes from each sample group of resting mammary tissue, pregnancy 

and lactation (for months 1, 3, 6 and 12 individually as well as the overall group of 

lactation) were determined using RPKM values, and pie charts were created for each of 

these stages using Microsoft Excel for Mac version 15.21.1. Genes within the top 50 

specific to each sample type (RMT, PS and HM) were plotted using spaghetti plots to 

depict changes in gene expression across samples.  

Homo sapiens gene variants previously examined in the HM fat globule 

(Maningat et al. 2009), including 439 genes compiled from previous literature (Lemay 

et al. 2007), 101 metabolic genes found in lactating murine mammary gland tissue 

(Rudolph et al. 2007), and 33 genes involved in murine secretory activation (Naylor et 

al. 2005b) were searched for in RMT, PS and HM cell samples. Genes found to be 

expressed in the majority of samples with expression level RPKM>1 were compared in 

heat maps. Normalized RPKM expression levels were examined and the number of 

clustering means (km), determined by visual inspection of the unclustered heat maps, 

were used to segment the data before hierarchical clustering analysis sorted genes of 

similar expression patterns across samples. 

 

3.3.6 Analysis of differentially expressed genes (DEGs) 

Samples were either compared between two groups (groups included RMT, PS cells and 

HM cells from each of the months 1, 3, 6 and 12 postpartum as well as participants) 
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using the NOIseq method (Tarazona et al. 2011) or overall (comparing resting to 

pregnancy and lactation subgroups simultaneously) using clustering analysis. 

Differentially expressed genes (DEGs) were determined by comparing participant 

samples against one another, lactation stages, PS samples against each lactation stage, 

resting mammary tissue against PS samples and lactation stages, and finally all lactation 

samples were compared against the resting mammary tissue. Fold changes ≥2 with 

probabilities ≥0.8 were retained for analysis. DEGs obtained in this analysis were 

annotated with GO molecular function, cell component, and biological process 

pathways as well as pathways found in the KEGG database.  

Cluster analysis was performed on the union of all differentially expressed genes 

(>5,000 genes) to identify potential functional correlations between genes using Cluster 

(de Hoon et al. 2004) and Java TreeView (Saldanha 2004). Genes were annotated with 

GO terms and KEGG pathways and further enrichment analysis was done using the 

databases above, where only genes with Bonferrroni corrected p-values <0.05 were 

considered significantly enriched. 

 

3.3.7 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

Genes selected for qRT-PCR validation were highly expressed or significantly 

differentially expressed between samples (Table S2, Appendix 1). cDNA was 

synthesised using the high-capacity cDNA archive kit (Applied Biosystems, Carlsbad, 

CA, USA) as previously described (Twigger et al. 2015; Hassiotou et al. 2012). cDNA 

libraries were prepared by incubating samples in a Bio-Rad C1000 96-well gradient 

block thermocycler and held at 25°C for 10 min, 37°C for 120 min, 85°C for 5 min, and 

finally at 4°C until collected. cDNA was stored at -20°C before qRT-PCR. Gene 

transcription was measured using hydrolytic probes (Taqman, Applied Biosystems; 

Table S2, Appendix 1) (Twigger et al. 2015; Hassiotou et al. 2012). Samples were 

measured in triplicate and volumes were controlled with in-house regulator GAPDH. 

Repeated measures of the samples were averaged and the standard error of the mean 

(SEM) was calculated for quality control. qRT-PCR validation was done as previously 

described (Lemay et al. 2013a) by using linear regression to correlate normalised 

RPKM values with ΔCT values in R with the additional package Lattice (Sarkar 2008) 

(Figure S1, Appendix 1). 
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3.4 RESULTS 

3.4.1 Differentially regulated pathways during different mammary developmental 

stages 

Global gene expression analysis of DEGs across the three stages of mammary 

development examined (RMT, PS and HM cells) revealed 6 distinct gene clusters that 

changed significantly from one stage to another. Each gene cluster had a different 

number of genes contained within it, where cluster 1 had the least number of genes 

(n=228) and cluster 6 had the greatest number of genes (n=2,294) (Figure 1 and Table 

S3, Appendix 1). Significant genes within each cluster were mapped to GO biological 

process and KEGG pathways, with the top 5 genes of each cluster shown in Figure 1. 

Genes of cluster 1 were highly expressed in RMT, less in PS cells, and slightly 

increased in expression in HM cells, with the top 5 GO biological processes pathways 

being associated with development and the top 5 KEGG pathways with cell adhesion 

(Figure 1A). Genes in cluster 6 had a similar pattern of expression to cluster 1, however 

gene expression was comparatively lower in HM cells compared to cluster 1 (Figure 1F) 

and mapped to morphogenesis and development pathways (Figure 1). Gene clusters 3 

and 5 had similar patterns of expression at the different stages of mammary 

development, and were most highly expressed in PS cells compared to RMT and HM 

cells (Figure 1C, E). Cluster 3 genes were associated with immune system processes 

and inflammation (Figure 1C). Similarly, genes in cluster 5 were associated with KEGG 

pathways of immunity and inflammation but to GO pathways associated with cell-to-

cell communication (Figure 1E). Expression patterns of genes in clusters 2 and 4 were 

distinct to other clusters. Cluster 2 showed no clear pattern of gene expression between 

samples and was widely variable. GO and KEGG pathways mapped by genes in cluster 

2 were associated with metabolism (Figure 1B), whereas genes in cluster 4 were 

associated with cell signalling and were most highly expressed in RMT, being low in 

PS and HM cells (Figure 1). 

Hundreds of genes were differentially expressed between mammary 

developmental stages of resting, pregnancy and overall lactation (Tables S4-S6, 

Appendix 1). DEGs with at least a 3-fold difference in expression were unbiasedly 

annotated to published database pathways KEGG and GO cell component, GO 

molecular function and GO biological process pathways (top pathways in Figure S2, 

Appendix 1). DEGs between resting and pregnancy samples were significantly affiliated 

with 50 KEGG, 63 GO cellular component, 51 GO molecular function, and 353 GO 
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biological process pathways (Tables S7A, S7B, Appendix 1). Between resting and 

lactation samples, 49 KEGG, 69 GO cellular component, 36 GO molecular functions 

and 490 GO biological process pathways were significantly associated with 

differentially expressed genes (Tables S8A and S8B, Appendix 1). Finally, between 

pregnancy and lactation samples, 73 KEGG, 62 GO cellular components, 45 GO 

molecular functions and 33 GO biological process pathways were annotated with 

differentially expressed genes (Tables S9A, S9B, Appendix 1). Analysis of the top 10 

significant (corrected p<0.05) KEGG and GO biological process pathways using 

calculated rich factors (number of genes mapped to the pathway/number of genes in the 

pathway) revealed distinct overall cell functions between developmental stages (Figure 

2).  
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Figure 1. Clustering analysis of differentially expressed genes (DEGs) across all samples found 6 distinct clusters of differential gene regulation between resting 

mammary tissue (RMT, R), prepartum secretion (PS, P) cells, and human milk (HM) cells (months 1, 3, 6 and 12; M1, M3, M6 and M12 respectively). Clusters 1 

and 6 (A, F) and clusters 3 and 5 (C, E) show similar patterns of expression across samples, whereas clusters 2 and 4 were distinct from the other clusters (B, D). 

Clusters were annotated with the top 5 most significant Kyoto Encyclopaedia of Genes and Genomes (KEGG) and Gene Ontology (GO) biological process pathway

Fig 6: Cluster diagram of each of the genes
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Figure 2. Top 10 Gene Ontology (GO) Biological Process and Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways associated with DEGs between (A) 

resting mammary tissue (RMT) and human milk (HM) cells (predominantly associated with morphological pathways); (B) RMT and prepartum secretion (PS) cells 

(mapped to adhesion and extracellular matrix pathways); and (C) PS and HM cells (affiliated with immune cell pathways).
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Anatomical structure development and morphogenesis, system and tissue 

development, multicellular organismal organisation and extracellular matrix (ECM) and 

structure development pathways were seven of the top ten most significant GO 

biological process pathways annotated with DEGs between RMT and HM samples 

(Figure 2A). Similar pathways were related to the DEGs using the KEGG database that 

included cell adhesion molecules (CAMs), ECM-receptor interaction, focal adhesion 

and cancer pathways (Figure 2A), suggesting that major pathways involved in 

mammary remodelling differ between the resting and the lactating gland. 

Biological adhesion, cell adhesion, ECM organisation, structure organisation and 

regulation of cell migration were five of the top ten GO biological process pathways 

associated DEGs between RMT and PS samples (Figure 2B). In addition, DEGs 

annotated to KEGG pathways included cell adhesion molecules, complement and 

coagulation cascades, ECM receptor interaction and focal adhesion pathways (Figure 

2B), suggesting that signalling of cell adhesion pathways during pregnancy differs from 

the resting mammary gland. 

All of the top ten significantly annotated GO biological process pathways of 

DEGs between PS and HM samples were associated with immune function including 

immune defence, the innate immune system, regulation of immune response and 

associated processes, response and regulation of response to stimulus, and response to 

stress (Figure 2C). Many of the mapped KEGG pathways were also centred around 

immune response and inflammation, such as allograph rejection, chemokine signalling 

pathways, cytokine-cytokine receptor interaction, hematopoietic cell lineage, osteoclast 

differentiation and rheumatoid arthritis (Figure 2C), showing significant changes in 

immune response pathways occurring in the mammary gland from pregnancy through to 

lactation. These findings identify the molecular pathways associated with DEGs 

between different mammary developmental stages, and thus reflect anatomical and 

functional changes occurring in the mammary gland during pregnancy and lactation. 

 

3.4.2 Unique gene signatures characterise different mammary developmental stages  

Examination of the top 50 genes most highly expressed in PS, HM and the RMT 

revealed unique gene signatures for each of the mammary developmental stages 

examined (Figures 3A, 4). Consistent high expression of housekeeping genes β-actin 

(ACTB), β-2-microglobulin (B2M), and eukaryotic translation elongation factor 1-α 1 

(EE1A1), 20 ribosomal protein genes, the ferritin heavy chain (FTH1), and microRNA 
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6723 (miR-6723) was found in all RMT, PS and HM samples (Figure 3A), whereas the 

remaining genes were more stage-specific. The RMT had the highest expression of 

housekeeping genes (γ-actin, ACTG1), matrix Gla protein (MGP), receptors for 

activated C kinase 1 (GNB2L1/RACK1), and collagen type 1 α1 and α2 and collagen 

type 3 α1 genes (COL1A1, COL1A2 and COL3A1) as well as the associated metabolic 

gene apolipoprotein D (APOD) (Figure 3A, 4A) and ribosomal protein genes 10A, 18, 

30 and 4 (Csa-19 or RPL10A, RPL18, RPL30 and RPL4). In PS samples, unique 

signatures in the top 50 genes most highly expressed were associated with immune cell 

markers (CD74, CTSD, HLA-B, IFI30, MTRNR2L1, S100A11, S100A9) and the 

metabolic gene apolipoprotein C1 (APOC1) (Figure 4B). Casein and whey milk protein 

genes were also highly expressed, with CSN1S1, b-casein (casein 2, CSN2), and α-

lactalbumin (LALBA) being within the top 50 most highly expressed genes. Additional 

casein and milk protein genes CSN1S2AP, CSN3, lactotransferrin (LTF) and xanthine 

dehydrogenase (XDH) previously identified in the HM fat globule (Maningat et al. 

2009; Lemay et al. 2013a) and HM cells (Sharp et al. 2016) dominated gene signatures 

in HM cells across lactation, with subtle variation between months 1, 3, 6 and 12 of 

lactation (Figure 3). Of these milk protein genes, LALBA and CSN2 were the most 

highly expressed genes in HM cells, as has been previously noted in the HM fat globule 

(Figure 3) (Lemay et al. 2013a). HM cell samples had high expression of epithelial 

marker CD24 and metabolic genes FABP3, FASN, SPP1 and TPT1 (top 50 genes) 

across lactation (Figure 3A, 4C). The highly expressed genes in RMT, PS and HM cells 

reflect specific and dominant cell functions associated with the resting, pregnancy and 

lactating mammary gland, respectively.  
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Figure 3. Highly expressed genes across samples highlighting milk protein genes. (A) Top 50 

most highly expressed genes at each stage of mammary gland development including resting 

mammary tissue (RMT), prepartum secretion (PS) cells, and human milk (HM) cells (summary 

and months 1, 3, 6, and 12; M1, M3, M6 and M12 respectively). Highly expressed genes in 

RMT had smaller reads per kilobase per million (RPKM) proportions compared to PS and HM 

cells. (B) Expression of the milk protein genes a-s1-, a-s2-like--, b- and k-casein (CSN1S1, 

CSN1S2AP, CSN2 and CSN3), a-lactalbumin (LALBA), lactotransferrin (LTF), and xanthine 

dehydrogenase (XDH) across samples. These genes were upregulated in PS cells and remained 

consistently high across the first 12 months of lactation. 
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Figure 4. Mammary stage-specific highly expressed genes showing their distribution across 

samples. (A) Resting mammary tissue (RMT) highly expressed extracellular matrix protein 

genes γ-actin (ACTG1), collagen type 1 α1, type 1 α2 and type 3 α1 (COL1A1, COL1A2 and 

COL3A1), receptor for activated C kinase 1 (GNB2L1/RACK1), matrix Gla protein (MGP) and 

metabolic gene apolipoprotein D (APOD). (B) Prepartum secretion (PS) cells express at high 

levels immune-related genes CD74, cathepsin D (CTSD), major histocompatibility complex, 

class 1B (HLA-B), lysosomal thiol reductase (IFI30), MT-RNR2-like 1 (MTRNR2L1), S100 

calcium binding proteins A11 and A9 (S100A11 and S100A9) and metabolic gene 

apolipoprotein C1 (APOC1). (C) Human milk (HM) cells show steady elevated expression of 

CD24 and metabolic genes fatty acid binding protein 3 (FABP3), fatty acid synthase (FASN), 

secreted phosphoprotein 1 (SPP1), and tumour protein transitionally controlled 1 (TPT1) 

across the first 12 months of lactation. 
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3.4.3 Lactation is marked by distinct gene expression profiles that remain consistent 

in the first year postpartum 

Hierarchical clustering analysis revealed that global gene expression profiles in HM 

cells were highly correlated during the first year of lactation, in all participants, where 

neither month of lactation nor participants influenced clustering (Figure 5A). Whist PS 

cells clustered together, RMT and PS cells did not show strong correlations in global 

gene expression profiles with HM cells, and were only weakly associated with each 

other (Figure 5A). NOIseq analysis reflected these differences in the numbers of DEGs 

between HM cell samples (month to month), developmental stages (resting mammary 

gland, pregnancy and lactation), and participants (participant to participant) (Figure 5B-

D).  
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Figure 5. (A) Hierarchical clustering analysis showing the distinct global transcriptome of 

human milk (HM) cells, representing the mammary gland epithelium during lactation, 

compared to the resting mammary gland and that at pregnancy. Blue represents samples that 

are similar, such as the lactation samples that cluster despite different participants and 

lactation stages (year 1 postpartum). Red represents dissimilarity between samples such as 

between the resting gland or pregnancy and lactation samples. (B-D) Differentially expressed 

genes between (B) different mammary gland developmental stages, where clearly the greatest 

number of genes differentially expressed was between the resting gland and lactation; (C) 

different lactation stages within the first year postpartum, where the greatest number of 

differentially expressed genes was between month 1 (M1) and month 12 (M12) of lactation; and 

(D) different participants, where fewer genes were differentially expressed, with the greatest 

differences were seen between participant 1 (P1) and participant 4 (P4). 
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(Table S4, Appendix 1 and Figure 5B). Higher numbers of genes were differentially 

expressed between PS and HM cells than RMT and PS cells (Figure 5B), with 278 

genes upregulated and 1,053 genes downregulated in HM cells compared to PS cells 

(Table S6, Appendix 1). However, when PS cells were compared only with HM cells at 

month 1 of lactation, 145 genes were found to be upregulated and 524 genes to be 

downregulated (total of 669 DEGs) in HM cells from month 1 (Table S10, Appendix 1). 

DEGs were mostly downregulated in HM cells from months 3, 6 and 12 of lactation 

compared to PS cells (total DEGs 665, 1296 and 1397, respectively) (Table S10, 

Appendix 1). When PS and HM cells were compared between participants, few genes 

were found to be differentially expressed, with the least number of DEGs being 30 

genes between participants P2 and P3, whereas the greatest number of DEGs was 126 

genes between P3 and P4 (Figure 5C and Table S10, Appendix 1). The number of 

DEGs between different months of lactation was also determined, with the greatest 

differences found between months 1 and 12 of lactation (277 DEGs), and the smallest 

differences between subsequent month pairs, which showed gradually higher variation 

in gene expression as months were further apart. Month 1 compared to 3 had a total of 

15 DEGs, and months 6 compared to 12 had 7 DEGs (Figure 5D and Table S10, 

Appendix 1). Between HM cells of months 3 and 6, 156 DEGs were identified, with the 

majority of these genes being downregulated (155 DEGs) in month 6 (Table S10, 

Appendix 1). GO and KEGG pathway annotations of these genes mapped very similar 

pathways to those found between HM cells of months 1 and 12, which were mainly 

related to immune cell functions. These findings demonstrate distinct and consistent 

lactation transcriptome compared to late pregnancy and the resting mammary gland. 

 

3.4.4 Lactation and metabolic gene signatures 

Highly expressed genes in HM cells were similar to those found in previous studies in 

the HM fat globule (Lemay et al. 2013a; Maningat et al. 2009). Half of the top 50 most 

highly expressed genes in the most correlated gene cluster identified in the HM fat 

globule (Maningat et al. 2009) were also among the top 50 genes most highly expressed 

in our dataset. Examination of stage-specific expression of genes in the HM fat globule 

showed that (Lemay et al. 2013a) 13 of the top 20 most highly expressed genes in 

colostrum were found in the top 50 most highly expressed genes in our PS samples. In 

addition, 17 of the top 20 genes in their transitional milk samples and 18 of their mature 

HM samples were found within the top 50 genes most highly expressed in the HM cell 



CHAPTER 3: VARIATION IN THE HUMAN MILK CELL TRANSCRIPTOME 

	 42	

samples analysed here. Identification of key genes previously found to be involved in 

secretory activation in the mouse mammary gland were identified here in RMT, PS and 

HM cells with varying levels of expression (Figure 6C) (Naylor et al. 2005b)
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Figure 6. Expression of genes associated with lactation in resting mammary tissue (RMT), prepartum secretion (PS) cells and human milk (HM) cells (months 1, 3, 

6 and 12; M1, M3, M6, M12, respectively). (A) Lactation genes originally described by Lemay et al. 2007 and found in the HM fat globule in Maningat et al. 2009. 

(B) Lactation genes originally described by Lemay et al. 2007 and not found in the HM fat globule in Maningat et al. 2009. (C) Secretory activation genes described 

by Naylor et al. 2005. 
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Genes previously annotated with the term “lactation” (Lemay et al. 2007) and 

examined in the HM fat globule (Maningat et al. 2009) were analysed here for 

expression in RMT and PS and HM cells. Of the 250 genes found in the HM fat 

globule, 203 genes were also found in our samples with expression levels >1 RPKM 

and in at least two HM cell samples (Figure 6A and Table S11, Appendix 1). Six 

additional genes were expressed only in RMT, and three genes were found exclusively 

within single HM cell samples. Of the 189 known lactation genes that were not found in 

the HM fat globule by Maningat et al. (2009), 35 genes were identified here in at least 

two HM cell samples with expression level RPKM>1, including transforming growth 

factor- b1 (TGFB1), arginase-1 (ARG1), macrophage colony stimulating factor 1 

(CSF1), receptor tyrosine-protein kinase erbB-4 (ERBB4), insulin-like growth factor-

binding protein 5 (IGFBP5), amphiregulin (AREG) and macrophage colony stimulating 

factor 1 receptor (CSF1R), which mapped to the mammary gland development GO 

biological process pathway (GO:0030879, p<0.05) (Figure 6B and Table S11, 

Appendix 1). A further 14 genes were found in the RMT but not in PS or HM cells, 

suggesting a potential downregulation in late pregnancy and lactation compared to the 

resting mammary gland (Table S11, Appendix 1).  

Genes associated with mammary gland metabolism and milk secretion, initially 

identified in a murine lactation model (Rudolph et al. 2007) and conserved in the HM 

fat globule (Maningat et al. 2009) were largely confirmed in RMT, PS and HM cells 

(Figure 7 and Table S12, Appendix 1). Genes contained in the functional groups “Milk 

protein”, “Plasma membrane transporters”, “Lactose synthesis” and “Glycolysis” 

(except the gene pyruvate kinase, PKM2) “Pentose phosphate shunt”, 

“Gluconeogenesis”, “Citric acid cycle” “Fatty acid binding proteins (“FABs”) (except 

FABP1), “Fatty acid degradation”, “Fatty acid synthesis + Malatya shuttling”, 

“Triglyceride synthesis” and “Cholesterol synthesis” were found to be expressed at 

various levels in RMT and PS and HM cells (Figure 7 and Table S12, Appendix 1) 

(Maningat et al. 2009). Additionally, the genes fatty acid binding protein 5 (FABP5), 

hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase, β 

subunit (HADHB), fatty acid desaturase 1 (FADS1), phosphofructokinase (PFKL), 

phosphoglycerate mutase 1 (PGAM1), chromobox 1, human Mod1 (CBX1), acetyl-

CoA carboxylase alpha (ACACA, human ACC), 1-acylglycerol-3-phosphate O-

acyltransferase 1 (AGPAT1), and diacylglycerol O-acyltransferase 1 (DGAT1), 

previously described by Rudolph et al. (2007) in a murine lactation model, were found 

to be expressed in RMT, PS and HM cells (Figure 7 and Table S12, Appendix 1). 
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However, no expression of fatty acid binding protein 2 and 9 (FABP2, FABP9), long 

chain acyl-CoA dehydrogenase (ACADL) or stearoyl-Coenzyme A desaturase 2 

(SCD2) was found in our samples, which is in accordance with previous studies done in 

the HM fat globule (Maningat et al. 2009; Rudolph et al. 2007). Confirmation in PS and 

HM cells of previously identified lactation genes affirms the importance of these genes 

in the regulation of the human mammary gland during pregnancy and lactation.  

 

 

Figure 7. Metabolic genes associated with lactation in resting mammary tissue (RMT), 

prepartum secretion (PS) cells and human milk (HM) cells (months 1, 3, 6 and 12; M1, M3, M6, 

M12, respectively) originally described by Rudolph et al. 2007 and confirmed in the HM fat 

globule (Maningat et al. 2009). 
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3.5 DISCUSSION 

The mammary gland transitions during pregnancy and lactation from a quiescent non-

functional to a milk-synthesising organ that exclusively nourishes the offspring early in 

life. To illuminate the molecular control of these developmental changes, previous 

studies have examined mRNA isolated from the HM fat globule as it originates solely 

from the milk secretory cell, the lactocyte (Maningat et al. 2009; Lemay et al. 2013a). 

Nevertheless, the HM fat globule does not reflect the complete cellular hierarchy of the 

lactating epithelium, which is now known to be well represented by the cells of mature 

HM when both the mother and infant are healthy, and to comprise a developmental 

continuum ranging from early-stage stem cells to mammary progenitors to more 

differentiated functional cells (Hassiotou & Geddes 2015; Hassiotou & Geddes 2013; 

Hassiotou et al. 2013b; Hassiotou & Hartmann 2014). Here, we expanded on this body 

of work by analysing cells isolated from mammary secretions during late pregnancy as 

well as HM longitudinally across the first 12 months of lactation to map the 

transcriptome characteristic of these mammary developmental stages and compare it 

with the resting mammary gland. Key genes associated with lactation and previously 

reported in animal models are confirmed here in the human mammary gland (Figures 6, 

7), whilst new genes and their associated molecular pathways are identified to be 

differentially regulated between the resting gland, pregnancy and lactation, setting the 

basis for molecular investigations of lactation-related and other mammary pathologies. 

Postpartum global gene expression profiling demonstrated little variability 

between different months of lactation during the first year, and distinct differences with 

the resting gland as well as late pregnancy (Figure 5). In a previous study, Lemay et al. 

(2013) reported large differences in the HM fat globule gene profiles between colostrum 

and mature milk (Lemay et al. 2013a), which is in agreement with our findings (Figures 

3A, 5A), suggesting a lactation switch differentiating the transcriptional activity of the 

mammary gland from the late pregnancy/early postpartum period to established 

lactation characterised by synthesis of copious amounts of milk (Rios et al. 2016). 

Indeed, the PS cell transcriptome was consistent between participants, which is in 

agreement with the findings of Kulski et al. (1981) reporting little change in the 

composition of mammary secretions in the third trimester of pregnancy (Kulski et al. 

1981). The consistent overall gene expression profiles during the first year postpartum 

in successfully lactating women (Figure 5A) indicate that the mammary gland regulates 

its molecular function to enable synthesis of milk over this time. This is consistent with 
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studies showing that women still produce substantial volumes of milk despite the 

introduction of solid food to the infant (Kent et al. 1999). It is likely that the lactation 

transcriptome may be different in women who fail to produce sufficient quantities of 

milk, and this merits further investigation.  

There is a marked lack in GO and KEGG pathways describing the molecular 

changes in the mammary gland over different stages of development, however pathways 

highlighted in this study are indicative of functional changes in the mammary gland to 

facilitate remodelling and milk synthesis. Morphogenesis and developmental pathways, 

including anatomical structure and ECM, were found to be differentially expressed 

between RMT and HM cells (Figure 2A, 1F), reflecting the functional and 

morphological differences between the resting and the lactating mammary gland. 

Similar morphogenesis and tissue remodelling pathways have been previously described 

in murine models during lactation and early involution (Clarkson et al. 2004). 

Interestingly, cancer pathways (KEGG) were also found to be differentially regulated 

between the resting and the lactating mammary gland (Figure 2A). This is consistent 

with the high expression of these pathways in the HM fat globule (Maningat et al. 

2009), indicating that they are characteristic of the lactocyte. Cancer is a process of 

aberrant growth and cell proliferation (Reya et al. 2001), in contrast to lactation, which 

is a process of controlled growth and cell proliferation that occurs on a sizable scale 

(Tiede & Kang 2011). Our findings suggest that genes that are normally differentially 

regulated in lactation are aberrantly affected in breast cancer. This concept has been 

previously suggested by Hassiotou et al. (2013), who proposed a hypothesis of normal 

and malignant transformation in the mammary gland, centring around genes controlling 

stemness and cell self-renewal (Hassiotou et al. 2013a). Deregulation and/or unbalanced 

expression of gene networks controlling the normal remodelling of the mammary gland 

associated with pregnancy and lactation may be a possible origin of breast oncogenesis 

(Hassiotou et al. 2013a; Hassiotou & Hartmann 2014). Similarly, when these pathways 

have not switched on/off at the right time to facilitate milk synthesis and secretion, 

lactation pathologies such as low milk production may manifest. Further research is 

required to shed light into the molecular controls of lactation that are deregulated in 

either lactation pathologies or breast malignancies. 

Although differences between the resting and lactating mammary transcriptome 

were related to development and morphogenesis, the main pathways differentiating the 

resting from the pregnancy transcriptome were associated with cell adhesion (Figures 

2A, 2B). ECM and cell adhesion pathways were the most differentially expressed 
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between the resting gland and that of late pregnancy (Figure 2B), implicating cell 

migration and subsequent cell differentiation as a mechanism behind mammary gland 

remodelling during pregnancy. During pregnancy, hormonal cues signal to mammary 

epithelial cells to proliferate and subsequently differentiate into functional cells, with 

these changes being dependent on signals from the ECM and surface tension of the 

surrounding stroma (Kass et al. 2007). Transmembrane receptors such as integrins 

transmit these cues, particularly b-1 integrin which plays a central role in permitting 

prolactin-mediated activation of the JAK/STAT pathway that triggers mammary cell 

differentiation (Naylor et al. 2005a). Moreover, the differential expression of laminin 

genes between RMT and PS cells (Table S5, Appendix 1) may be related to pathways 

associated with prolactin and laminin-mediated induction of milk protein secretion 

(Muschler et al. 1999). These results are consistent with previous murine studies that 

have also found cell adhesion to be an important pathway differentially expressed 

between resting and lactating conditions in the mammary gland (Clarkson et al. 2004). 

In addition, integrin-mediated signalling pathways in particular have been previously 

reported to be one of the most important pathways differentially modulated during 

pregnancy and lactation (Lemay et al. 2007), and was found here to be significantly 

different between the resting gland and pregnancy (p=0.010) (Table S7A, Appendix 1). 

Additional evidence in mice supports that during alveolar expansion stem cells migrate 

from adjacent ductal regions to the alveoli, further implicating adherence and migration 

pathways in the cellular remodelling occurring in pregnancy (Visvader & Stingl 2014). 

Our findings confirm the importance of ECM, cell adhesion and migration pathways in 

mammary differentiation during pregnancy. 

The lactation transcriptome was largely different from late pregnancy, primarily 

in pathways associated with the immune system (Figure 1C, 2C). Immune signalling 

differences between milk cells of early stage colostrum and mature milk have been 

noted previously (Sharp et al. 2016), however these differences are strikingly similar to 

those found when the HM fat globule is examined (Lemay et al. 2013a). Genes 

associated with immune pathways were upregulated in PS compared to HM cells 

(Figure 1C, 2C), which supports previous findings identifying immune cells as a 

dominant cell type in colostrum, decreasing to less than 2.5% of total cells in mature 

HM of healthy mother/infant dyads after secretory activation (Hassiotou et al. 2013b). 

Interestingly, immune-related genes were also highly expressed in the fat globule 

isolated from human colostrum which primarily consists of lactocytic mRNA (Lemay et 

al. 2013a), suggesting that the activating lactocyte may take on immune cell 
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characteristics, akin to previous reports of murine involution (Monks et al. 2002; Monks 

& Henson 2009). Genes associated with immune and inflammatory pathways have been 

shown to be upregulated during both pregnancy and involution and to be downregulated 

in murine lactation (Clarkson et al. 2004). Differences in immune cell signalling 

between the pregnancy and lactation transcriptome were also reflected in the immune 

cell genes distinctly highly expressed in PS cells compared to the milk protein genes 

that dominated the HM cell transcriptome. 

Each of the three stages of mammary gland development examined here had 

distinctly different profiles of upregulated genes (Figures 4, 5A, 5B) reflective of the 

specific functional state of the gland at that stage. The RMT expressed ECM genes such 

as collagens and actins (Figure 4A) that are representative of the extralobular stroma 

comprising fibrous collagen matrix that dominates the mammary gland in its adult 

resting state (Dontu & Ince 2015; Hassiotou & Geddes 2013). Although immune cell 

genes were predominant in PS cells (Figures 1C, 2C, 4B), metabolic and milk protein 

genes characteristic of secretory differentiation during which the mammary gland is 

primed for milk synthesis (Hassiotou & Geddes 2013) were also present. Thus, the HM 

cell transcriptome was dominated by milk protein and metabolic genes, which are 

consistently expressed across the first 12 months of lactation (Figures 3, 4C), potentially 

allowing uninterrupted milk synthesis. Unfortunately, the relationship between gene 

expression levels and cell subpopulations of the milk is unclear. It is possible that there 

are a moderate number of cells with high expression profiles for these genes or it is 

equally likely that there are high numbers of cells moderately expressing these genes. 

This represents an impediment for this study that utilises a heterogeneous cell 

population, however it is still valid to investigate HM cell population as it is holistically 

indicative of genes regulating cell function over different stages of development. 

Evidently, it is important that future studies deconvolute gene expression of this 

heterogeneous cell populations to determine more accurate signalling pathways over 

mammary gland development. Of equal importance are the genes downregulated 

between developmental stages (Tables S4-S6, Appendix 1) as has been found in the 

murine mammary transcriptome (Rudolph et al. 2003; Neville et al. 2013) where 

silencing of certain genes and associated molecular pathways is important to 

successfully enable secretory differentiation and activation. Previous studies have 

examined milk protein and metabolic genes in animal models (Rudolph et al. 2007; 

Naylor et al. 2005b; Lemay et al. 2007) and the HM fat globule (Maningat et al. 2009), 
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however here these genes are compared in longitudinal samples of HM cells, PS cells 

and the RMT. 

By analysing the total HM cell isolate longitudinally in women during the first 

year postpartum, we obtained a global view of cellular and molecular changes occurring 

during extended lactation, also providing new knowledge on cellular markers enriched 

in HM cells under normal conditions. Confirmation of genes previously identified in 

animal models (Naylor et al. 2005b; Rudolph et al. 2007) and a lactation literature 

search (Lemay et al. 2007) as well as the HM fat globule (Maningat et al. 2009) further 

supports the dominance of the lactocyte in mature HM milk, as previously shown 

(Hassiotou et al. 2013b) (Figures 6 and 7), and suggests that much of the knowledge 

gained from animal models can be translated to humans. Genes involved in metabolic 

pathways, such as plasma membrane transport and fatty acid synthesis, that were 

originally discovered in the liver and have been previously reported in the murine 

lactating mammary gland epithelium (Rudolph et al. 2007) and the HM fat globule 

(Maningat et al. 2009), were shown here to be present in HM cells (Figure 7). 

Importantly, 35 lactation genes, of which 7 mapped to the GO mammary gland 

development pathway (Lemay et al. 2007), that were not previously found in 

transcriptomic analyses of the HM fat globule (Maningat et al. 2009) were identified 

here in PS and HM cells (Figure 6). Interestingly, a further 14 genes previously 

annotated with the term lactation by Lemay et al. (2007) which were absent in HM fat 

globule samples analysed in the Maningat et al. (2009) study, were found here to be 

exclusively expressed in RMT (Figure 6), suggesting that their downregulation in 

pregnancy and lactation may mediate functional changes important for mammary 

remodelling. 

Limited information has been available for genes associated with lactation and the 

molecular control of mammary gland remodelling and milk synthesis, which is only just 

beginning to be elucidated (Lemay et al. 2013a; Maningat et al. 2009). Comparisons of 

the transcriptome of the resting, pregnancy and lactating stages of the human mammary 

gland revealed changes that characterise the gland during normal development as it 

transitions from a quiescent into a functional organ, involving morphogenesis, immune 

system, and cell adhesion pathways. We confirm genes of previous studies (Figures 6, 

7) (Naylor et al. 2005b; Lemay et al. 2007; Rudolph et al. 2007) and provide further 

data on lactation-associated genes. Importantly, by comparing the transcriptome of 

RMT, PS cells and HM cells, we identify genes and associated molecular pathways 

differentially regulated in the mammary gland during pregnancy and lactation, 
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correlating with changes in function. This sets the basis for investigations of the 

molecular causes of low milk production and other mammary gland pathologies 

(Hassiotou & Hartmann 2014; Hassiotou, Geddes & Hartmann 2013). 
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4.1 ABSTRACT 

Breastmilk is a rich source of cells with a heterogeneous composition comprising early-

stage stem cells, progenitors and more differentiated cells. The gene expression profiles 

of these cells and their associations with characteristics of the breastfeeding mother and 

infant are poorly understood. This study investigated factors associated with the cellular 

dynamics of breastmilk and explored variations amongst women. Genes representing 

different breastmilk cell populations including mammary epithelial and myoepithelial 

cells, progenitors, and multi-lineage stem cells showed great variation in expression. 

Stem cell markers ESRRB and CK5, myoepithelial marker CK14, and lactocyte marker 

α-lactalbumin were amongst the genes most highly expressed across all samples tested. 

Genes exerting similar functions, such as either stem cell regulation or milk production, 

were found to be closely associated. Infant gestational age at delivery and changes in 

maternal bra cup size between pre-pregnancy and postpartum lactation were associated 

with expression of genes controlling stemness as well as milk synthesis. Additional 

correlations were found between genes and dyad characteristics, which may explain 

abnormalities related to low breastmilk supply or preterm birth. Our findings highlight 

the heterogeneity of breastmilk cell content and its changes associated with 

characteristics of the breastfeeding dyad that may reflect changing infant needs.  
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4.2 INTRODUCTION 

Human milk (breastmilk) is a complex fluid consisting of a number of diverse 

components, which are biologically optimised for the human infant(Hassiotou & 

Geddes 2013). Amongst these are biochemical factors that provide nutrition, 

immunological support and developmental programming, and which change 

dynamically both within and between women(Neville et al. 1984; Khan et al. 2013; 

Qian et al. 2010). For example, the lipid content of breastmilk is known to change both 

during and after breastfeeding and pumping (Mitoulas et al. 2007; Hassiotou et al. 

2013c). Preterm birth influences breastmilk lipid, carbohydrate and energy contents 

(Bauer & Gerss 2011). In addition, protein content decreases over the course of 

lactation in both term and preterm milk (Mitoulas et al. 2007; Molinari et al. 2013). 

Other factors associated with differing breastmilk biochemical composition include 

parity, maternal body mass index (BMI) and bra size, and infant sex (Bachour et al. 

2012; Powe, Knott & Conklin-Brittain 2010). Cells are not a negligible component of 

breastmilk, yet most studies have focused on factors influencing changes in biochemical 

components. Very little is known about breastmilk cells, variation in gene expression 

between mothers, and characteristics of the mother/infant dyad that may influence 

breastmilk cell content (Hassiotou, Geddes & Hartmann 2013). Current knowledge is 

limited to cellular changes due to feeding/milk removal (Hassiotou et al. 2013c) and the 

responses of breastmilk leukocytes to mother and/or infant infections during the course 

of lactation (Hassiotou et al. 2013b). 

Breastmilk contains a heterogeneous mix of cells including epithelial cells and 

leukocytes. Leukocytes are the most widely studied cell type in breastmilk due to their 

protective properties and their known ability to infiltrate the infant’s tissues (Hassiotou 

et al. 2014; Hassiotou et al. 2013b; Jain et al. 1989). However, leukocytes constitute 

only a minority of cells in mature human milk when both the breastfeeding mother and 

infant are healthy (Hassiotou et al. 2013b). On the other hand, epithelial cells are 

thought to be the most dominant cell type in human milk, and their properties and 

functions have not been intensively studied (Hassiotou, Geddes & Hartmann 2013). 

Breastmilk epithelial cells consist of the two main types of cells, luminal and 

myoepithelial cells. Luminal cells express epithelial cell adhesion molecule (EPCAM) 

(Hassiotou, Geddes & Hartmann 2013) whereas myoepithelial cells express smooth 

muscle actin (SMA) and cytokeratin 14 (CK14) (Hassiotou, Geddes & Hartmann 2013). 

Luminal epithelial cells are made up of small populations of ductal non-secretory 
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epithelial cells which express cytokeratin 19 (CK19) and alveolar cells (lactocytes) that 

express cytokeratin 18 (CK18) and synthesize and secrete milk, and are thus positive for 

milk proteins such as α-lactalbumin (α-LA) (Brooker 1980) and β-casein (Brooker 

1980). Mammary stem-like cells positive for the markers α6 integrin (CD49f) and 

cytokeratin 5 (CK5) have also been identified in breastmilk and have been proposed to 

act as precursors to both luminal and myoepithelial cell types (Thomas et al. 2011b; 

Tiede & Kang 2011). Earlier reports have demonstrated that epithelial cells isolated 

from freshly expressed breastmilk were able to expand in adherent culture and form 

colonies of various morphologies that could be maintained through multiple passages 

(Brooker 1980; Buehring 1972; Gaffney et al. 1976; Taylor-Papadimitriou et al. 1977; 

Stoker, Perryman & Eeles 1982). This suggested for the first time the presence of self-

renewing cells in breastmilk (Hassiotou, Geddes & Hartmann 2013). These 

observations together with previous work by Russo et al. on the ultra-structure of 

lactocytes suggested that breastmilk contains both less differentiated, self-renewing 

cells and more differentiated milk-secretory cells (Russo et al. 1976). 

Cregan et al. (2007) first reported cells with mammary stem-like properties in 

breastmilk, expressing ectodermal progenitor markers such as Nestin (Cregan et al. 

2007). The presence of these cells has been confirmed by other investigators (Thomas et 

al. 2011b; Fan et al. 2010) and was further expanded by the identification of breastmilk 

stem cells (BSCs) (Hassiotou et al. 2012). BSCs not only self-renew in 3D spheroid 

culture, but also express pluripotency genes including the core transcription factors 

OCT4, SOX2 and NANOG and downstream targets KLF4, REX1 and GDF3. These 

breastmilk-derived cells are capable of differentiating into cells from all three germinal 

layers (Hassiotou et al. 2012; Twigger 2012). The various levels of gene expression 

observed within single breastmilk cell samples (Hassiotou et al. 2012) confirmed the 

presence of a cellular hierarchy in breastmilk, from early-stage stem cells to progenitor 

cells to more differentiated lactocytes and myoepithelial cells (Hassiotou, Geddes & 

Hartmann 2013; Thomas et al. 2011b; Cregan et al. 2007; Fan et al. 2010; Hassiotou et 

al. 2012). 

The discovery of BSCs with multilineage differentiation potential raised 

numerous questions as to the fate of these cells in the breastfed infant and their potential 

use in regenerative medicine (Hassiotou, Geddes & Hartmann 2013; Twigger et al. 

2013). Recent advances in our laboratory have provided the first evidence that BSCs 

integrate into tissues of the neonate (Hassiotou et al. 2014), potentially providing 

developmental benefits (Hassiotou, Geddes & Hartmann 2013). This, together with 
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previous observations that BSCs are not tumorigenic (Hassiotou et al. 2012) and are 

naturally transferred from the mother to the infant render these cells excellent 

candidates for stem cell therapies (Hassiotou, Geddes & Hartmann 2013). However, 

before such applications can be further explored, it is necessary to establish factors 

influencing the prevalence of breastmilk stem cells in expressed milk in order to 

optimize their isolation. Therefore, the aim of this study was to describe the existing 

variation of breastmilk cell populations between women, and to explore associations of 

gene expression with dyad characteristics, particularly those that have been previously 

linked to changes in biochemical components (Mitoulas et al. 2007; Bauer & Gerss 

2011; Bachour et al. 2012; Powe, Knott & Conklin-Brittain 2010). A secondary aim 

was to examine genes not previously assessed in breastmilk cells to broaden knowledge 

of the cell types present in human milk and their potential functional significance.  

 

4.3 MATERIALS AND METHODS 

4.3.1 Breastmilk Sample Collection 

The study was approved by the Human Research Ethics Committee of the University of 

Western Australia and the institutional review board (IRB) of The University of North 

Carolina at Chapel Hill, USA. All the methods were carried out in accordance with the 

approved guidelines. Breastfeeding dyads (n=66) were recruited in Australia (n=38) and 

the USA (n=28), who were breastfeeding at least once daily (not necessarily 

exclusively) to attend a single session at either The University of Western Australia or 

the University of North Carolina. Exclusion criteria of the study were applied to 

participants that reported signs of breast, other organ or general/systemic infection, were 

pregnant or did not provide a sufficient sample to perform PCR with the extracted 

cellular RNA. All participants provided informed written consent and completed a 

confidential questionnaire including relevant demographic data. During this session, 

participants expressed a breastmilk sample (5-250 mL) under aseptic conditions with a 

Medela Symphony breast pump (Medela AG, Baar, Switzerland). Samples were 

transported to the laboratory immediately shielded from the light. Cell content and 

viability were measured, and RNA was extracted for RT-PCR analysis as previously 

described (Hassiotou et al. 2012). 
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4.3.2 Breastmilk Cell Isolation 

Breastmilk was diluted with equal volume of sterile phosphate buffered saline (PBS; pH 

7.4, Gibco, Grand Island, NY) and centrifuged at 800 g for 20 minutes at 20°C. The 

lipid layer and skim milk were removed, and the cell pellet was washed twice in PBS at 

400 g for 5 minutes and was resuspended in PBS. The total cell content and viability of 

each sample were determined with a Neubauer haemocytometer by Trypan Blue 

exclusion. The cell pellet was stored at -80°C until RNA extraction. 

 

4.3.3 Cell Culture 

Cell lines used as positive and negative controls included adult dermal fibroblasts 

(Lonza, Walkersville, USA) and primary neonatal fibroblasts (Hassiotou et al. 2012), 

the Mel-2 embryonic stem cell line (StemCore, Brisbane, Australia), the OCT4-

transduced breast cell (OTBC) line (Beltran et al. 2011), and a resting human mammary 

epithelial cell line (HUMEC) derived from normal resting breast tissue mammoplasties 

(Hassiotou et al. 2012). Cell lines were cultured in T75 flasks for several passages in a 

Sanyo CO2 incubator MCO-17AIC (Quantum Scientific, Queensland, Australia) held at 

a constant temperature of 37°C at 5% CO2. Fibroblasts were cultured in DMEM/F12 

supplemented with 20% fetal bovine serum (FBS; Fisher Biotec, Western Australia, 

Australia) and 1% antibiotic/ antimycotic (Invitrogen, Victoria, Australia). Mel-2 cells 

were cultured in flasks coated with Matrigel (In Vitro, Victoria, Australia) at a density 

of 1.3 µL/cm2 in conditioned media from human fetal fibroblast feeder cells (CMKSR; 

conditioned mTeSR Stem Cell Technologies, Victoria, Australia) purchased from 

StemCore (Brisbane, Australia). Both OTBCs and HUMECs were cultured in HUMEC 

complete medium (Invitrogen, Victoria, Australia) supplemented with 1% antibiotic/ 

antimycotic. 

 

4.3.4 RNA Extraction 

Total RNA was extracted with the mini RNeasy extraction kit (Qiagen, Valencia, CA). 

Cell pellets were incubated in 600 µL of RLT buffer for 10 minutes and transferred to a 

separate Eppendorf tube whereby they were triturated through a 21G needle syringe 10 

times. Lysate was mixed well and equal volumes of 70% ethanol was added before 

mixing and spinning the lysate through the provided spin column at a maximum speed 
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of 8,000 g for 30 seconds. Flow through was discarded and 700 µL of RW1 solution 

was added to the spin column before spinning at 8,000 g for 30 seconds. Following this, 

500 µL of RPE buffer were added and spun at 8,000 g for 30 seconds. This was 

repeated after the flow-through was discarded, and it was spun for 2 minutes at 8,000 g. 

The spin column was placed in a new tube and 30 µL of RNAse free water was added to 

the center of the column, incubated for 10 minutes on ice before spinning for a final 

time at 8,000 g for 1 minute. After the RNA was eluted, RNA quantitation and purity 

was measured using a Nanodrop 1000. RNA obtained was of an acceptable quality 

fitting in the absorbance at 260/280 ratio of 1.8-2.2. 

 

4.3.5 cDNA Generation 

Total RNA was reverse transcribed using the high-capacity cDNA archive kit (Applied 

Biosystems, Carlsbad, CA). A 50-µL reaction was created by adding prescribed 

volumes of each component contained within the kit, to make up the cDNA master mix 

to 25 µL of the RNA diluted in Ultrapure RNAse free water (Gibco). Samples were 

incubated in a Bio-Rad C1000 96 well gradient block thermo cycler and held at 25°C 

for 10 minutes, 37°C for 120 minutes, 85°C for 5 minutes, and held at 4°C until 

collected. cDNA was stored at -20°C until required for quantitative real-time 

polymerase chain reaction (qRT-PCR).  

 

4.3.6 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

Gene transcription was quantified by qRT-PCR using hydrolytic probes (Taqman, 

Applied Biosystems; Table S1, Appendix 2) with the 7500 Fast RT-PCR system 

(Applied Biosystems). Each sample was measured in triplicate or in few cases in 

duplicate when the extracted RNA was not adequate. Genes were standardized to 

fibroblasts, and each sample was controlled with an in house regulator GAPDH. Fold 

change in gene expression for each sample and experimental condition was calculated 

as 2Ct(control) - Ct(sample) ± SD and relative quantitation was determined for each replicate. 

Repeated measures of the samples were averaged and the standard deviations were 

calculated. Standard deviations were used for quality control of the data and means 

were used for statistical analyses.  

 



CHAPTER 4: GENE EXPRESSION ASSOCIATION WITH DEMOGRAPHICS 

	 60	

4.3.7 Immunostaining of mammary tissues  

Human biopsied mammary tissues from lactating women were obtained from the tissue 

archive of the School of Anatomy, Physiology and Human Biology, The University of 

Western Australia. Formalin-fixed and paraffin-embedded tissues were sectioned at 5 

µm thickness and immunostained for fluorescence microscopy as described in 

Hassiotou et al. 2012 (Hassiotou et al. 2012). The primary and secondary antibodies 

used are shown in Table S2 (Appendix 2). 

 

4.3.8 Flow cytometry 

Flow cytometric analysis was conducted in cells isolated from freshly expressed 

breastmilk collected from two breastfeeding women according to Hassiotou et al. 2012 
25. In short, isolated cells were incubated with fixative (1.5% Paraformaldehyde: BDH, 

Poole, England; 1% Sucrose: Merck, Darmstadt, Germany in phosphate buffered saline/ 

PBS: Invitrogen, Mulgrave, Victoria) for 10 minutes followed by washing in PBS and 

were then centrifuged for 30 seconds. Permeabilisation occurred by adding Tween 20 

(USB, Cleveland, USA) 0.05% for 10 minutes to the cells. Primary antibodies (Table 

S2, Appendix 2) were added to the cells in Tween 20 0.05% with 2% fetal bovine serum 

(Borogen, Essendon, Australia) and incubated for 1 hour in the dark at 4°C following 

washing. Cells were washed twice and incubated with 1:200 secondary antibody 

solution (Table S2, Appendix 2) as above for 30 minutes in the dark at 4°C. Cells were 

washed twice in PBS/Tween 0.05%, and fixative was added. Appropriate negative 

internal controls were also prepared (no primary antibody). Data acquisition was done 

with a FACS Calibur Flow Cytometer (Becton Dickinson, Franklin Lakes, NJ, 

http://www.bd.com) and data analysis was done with FlowJo. 

 

4.3.9 Statistical Analyses 

Statistical analyses were carried out using R 2.9.0 for Mac OSX, with additional 

packages PMA (Witten, Tibshirani & Hastie 2009) and MASS (Venables & Ripley 

2002) for sparse principle component analysis and robust regression, respectively. 

Summary demographics and sample details are presented as means (ranges) in the 

results section and medians and ranges in Table 1. Demographic data were coded as 

follows: bra cup sizes as A=1, B=2, C=3, D=4, DD=5, E=6, F=7, FF=8, G=9, H=10; 

mode of delivery as either vaginal delivery (including assisted) or caesarean section 
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(emergency and elective). Gene expression was determined by relative quantitation 

(RQ) compared to the control fibroblasts. RQ data were generally logged due to the 

order of magnitude changes that exist between samples. Missing data due to varying 

levels of RNA extracted from breastmilk samples were taken into consideration using 

statistical analyses as described below. Multiple models were used to account for non-

uniformity of the data, as explained below. In general, p-values below 0.05 were 

considered statistically significant, unless stipulated otherwise. Very small p-values are 

reported as p<0.001. No adjustments were made for multiple comparisons other than the 

selection of more stringent alpha values for z-score analysis. Borderline associations 

(0.05≤p<0.1) have not been reported. 

To examine how gene expression varied between breastmilk cells, gene 

expression distributions were examined graphically and tested for normality. Normality 

was tested for each gene by the Shapiro-Wilk normality test. Data were assumed to be 

normally distributed when p≥0.1, indeterminate when 0.05≤p<0.1 and not normally 

distributed when p<0.05. To determine whether cell line values fitted within the 

distribution of breastmilk cells, z-scores and associated p-values were calculated based 

on whether cell line values sat outside of 99% of the distribution. As such, any z-scores 

for cell lines that sat outside of |2.56| were reported to be significantly different from 

breastmilk cell values (p<0.01). The hESC cell line was not tested for the mammary 

differentiation genes (α-LA, EPCAM, CK14 or CK18) and OTBCs were not tested for 

EPCAM, CK5 or GDF3 as they were not considered relevant controls of these genes.  

Possible gene-gene interactions were determined using sparse principle 

component analysis (PCA’s) that examined logged RQ variance to determine different 

components. The method developed by Witten et al. 2009, used here, allows for 

calculations of principle components in the presence of missing data. Using the defaults: 

non-orthoganality, 20 reiterations and centered data (Witten, Tibshirani & Hastie 2009), 

we looked at the first four principle components with a sum of the absolute values equal 

to 2. These parameters were set based on four perceived groupings (pluripotency genes, 

stem cell genes, mammary genes and a tumour suppressor gene). Another principle 

component was added to examine if there might be further groups than this; however, it 

was dropped out because the explanation of the variance between the 4th and 5th 

component did not increase by more than 5% when using a greater group number. 

Loadings of >|0.1| only were considered. 

Univariate relationships between measured gene expression (log[RQ]) and 

continuous demographic data (maternal BMI, maternal age, difference in bra size, 
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parity, current infant age, gestational age at delivery, and sample cell content) were 

assessed using regression. For all genes, ordinary least squares (OLS) regression models 

were fit for each demographic, after centering to meaningful theoretical values for each 

demographic (BMI on 25; Gestational age at delivery of 280 days [40 weeks]) and 

logging RQ values. Appropriateness of the model was assessed using graphical residual 

analysis. Where residuals were found not to be normally distributed, robust linear 

modeling was applied (Fox & Weisberg 2002) and considered both the Huber and 

Tukey bisquared residual corrections. T-value output was converted to p-values for 

interpretation. Ordinary least squares regression was used for the gene ESRRB against 

the demographic lactation stage, and for GDF3 compared to cell content. Genes CK18, 

NESTIN and REX1 were found to be more appropriately represented applying the 

Huber correction and the exception of cell content and a-LA where the Huber 

correction was also found to be more appropriate. The Tukey correction was suited for 

the genes a-LA, SOX2, EPCAN and GDF3 when examining correlations with lactation 

stage. 

For dichotomous demographic data (primi versus multigravida, infant sex, mode 

of delivery), differences in gene expression between categories were tested with one or 

more of Student’s t-test, Welch’s t-test, or the Wilcoxon signed rank test as follows. 

Where the Shapiro-Wilk test indicated that the data were not normally distributed 

(p<0.05), the Wilcoxon sign rank test was used. Where normality of the data was 

indicated (p≥0.1), Bartlett’s test was used to determine whether the assumption of equal 

variances held. Where this was considered to be the case (p≥0.1) the Student’s t-test 

was used, and where it was not (p<0.05) Welch’s t-test was used. In situations where 

either the Shapiro-Wilk or Bartlett’s test was ambiguous (0.05≤p<0.1) both conditions 

were run. When examining the difference between infant sexes for different genes, the 

multi-sex infant pair was excluded. The Welch test was found to be the most 

appropriate analysis for the gene a-LA and Wilcoxon for the genes EPCAM, KLF4 and 

NANOG. Associations between the discovered groups of genes with individual 

demographics were determined using the values generated by the sparse principle 

components. Ordinary least squares regression was then applied to determine 

associations with continuous demographic data.  
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4.4 RESULTS 

4.4.1 Breastmilk cell gene expression varies amongst women 

The demographic characteristics of the study participants (n=66) are described in Table 

1. Mothers were on average 34 years of age (range: 21-44) and typically delivered their 

infant vaginally (n=48; 35 female infants; 30 male infants; 1 set of male/female twins) 

at term (gestational age at delivery: 39.3 weeks; range: 27.1-43.4 weeks). At the time of 

breastmilk sample collection, infants had an average age of 30.5 weeks (range: 1-177 

weeks). The maternal BMI was 23.2 (range: 17.5-37.4). Bra size was used as an 

indicator of breast volume, as previously described (Cox 1996). The average change in 

bra size from pregnancy to lactation was from a C to a D cup. The infants were mainly 

first born (n=40), with a range of 2-4 children from multiparous mothers (n=26). 

Breastmilk sample volumes collected were on average 55 mL (range: 6-240 mL) and 

contained on average total cell counts of 2.77×105 cells/mL milk (range: 0.17×105 - 

3.75×106 cells/mL milk). The majority of cells isolated from freshly expressed 

breastmilk were viable (mean: 97.9%; range: 85.3-100%) (Table 1). 

 

Table 1. Demographic and breastmilk sample characteristics of the mother/infant dyads 

(N=66). 

 Median Range 

Maternal characteristics   

Age (years) 34 21 - 44 
Body mass index (BMI) 23.2 17.5 - 37.4 
Change in Bra size (cup sizes)* C to D A - H 
Parity 1 1 - 4 

Infant characteristics   

Age (weeks) 30.5 1 - 177 

Infant gestational age (weeks) 39.3 27.1 - 43.4 
Breastmilk samples   

Cell viability (%) 97.9 85.3 - 100 

Volume of breastmilk provided (mL) 55 6 - 240 
Total breastmilk cell count (x106) 16.4 1.6 - 201.3 
Breastmilk cell content (cells/mL milk, ×105) 2.77 0.17 - 37.5 
 

* Cup sizes represent Australian bra sizes. 

 

 



CHAPTER 4: GENE EXPRESSION ASSOCIATION WITH DEMOGRAPHICS 

	 64	

Gene expression was tested both at the mRNA (qRT-PCR, Figure 1a) and the 

protein levels (immunostaining of human lactating mammary tissues, Figure 1b and 

Figure S1, Appendix 2). Breastmilk cell gene expression varied widely amongst 

participants (Figure 1a, Table 2) where up to 105 fold ranges were found within single 

genes. The genes ESRRB, CK5, CK14 and α-LA showed the highest relative 

expression, whilst REX1, NOGGIN and PTEN had the lowest expression (Table 2). 

Normal distributions were found for ESRRB, KLF4, CK5, CD49f, PAX6, NESTIN, 

NOGGIN, PTEN and CK18. Normality of gene expression distribution was 

indeterminate of α-LA (p=0.052).  
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Figure 1. a Distributions of gene expression (RQ) amongst breastmilk cells (•) and reference 

cell line values [fibroblasts (w), human embryonic stem cells (hESCs, Δ), OCT4 transfected 

breast cells (OTBCs, �) and human mammary epithelial cells (HUMECs, n)]. Box plots 

represent breastmilk cell distributions where tails show the minimum and maximum values 

(excluding outliers) and upper and lower interquartile ranges; middle line represents the 

median. b Stained lactating breast tissue sections for OCT4, NANOG, SOX2, CD49f, CK5, 

NESTIN, EPCAM, α-LA, ESRRB, KLF4 and REX1. 
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Table 2. Range of gene expression in breastmilk cells, where N represents the total number of 

samples tested per gene. The means, medians, STDEV, and ranges represent the relative 

expression of each gene compared to the control cell line (fibroblasts).  

Gene N  Mean Median STDEV Range 

OCT4 48 512 10.73 2,004 0.47 – 12,924  
SOX2 46 438 20.61 1,589 0.13 – 9,190  
NANOG 47 548 56.14 1,815 1.11 – 9,399 
ESRRB 49 6,488 2,880 8,828 115 – 42,656 
GDF3 25 492 74.39 8.23 18.71 – 2,919 
KLF4 50 6.88 3.73 19.56 0.50 – 44.85 
REX1 44 10.20 2.42 895 0.001 – 98.79 
CD49f 29 83.00 47.43 94.12 2.87 – 351 
PAX6 29 51.04 21.92 74.25 0.28 – 346 
NESTIN 29 2.80 2.13 2.04 0.83 – 9.43 
NOGGIN 29 1.49 9.25 5.02 0.02 – 27.17 
CK5 29 2,761 1,057 4,424 16.11 – 21,621 
PTEN 29 1.38 1.00 1.07 0.11 – 4.72 
CK14 29 66,305 987 206,174 204 – 857,379 
α-LA* 29 1,379,623 548,334 2,390,070 16,451 – 8,672,119 
EPCAM 29 6,135 4,005 5,068 142 – 16,180 
CK18 29 352.0 283 241 107 – 900 

 

* α-LA: alpha-lactalbumin 

 

The core pluripotency transcription factors OCT4, SOX2 and NANOG had 

similar expression profiles (Figure 1a), with the majority of breastmilk cells expressing 

these genes at high levels and in some cases comparable or even higher than in hESCs 

(Figure 1a, Tables 2, 3). It was found that 96% of the breastmilk cell samples expressed 

these genes at levels higher than fibroblasts, 2% had higher OCT4 expression than 

hESCs, and over 10% of the samples expressed the three genes at levels higher than 

HUMECs. All breastmilk samples had significantly higher ESRRB expression than 

fibroblasts, with a mean of greater than 6,400 times higher expression (p<0.001) 

(Tables 2, 3). Similarly, approximately 80% and 90% of the breastmilk cell samples had 

higher ESRRB expression than hESCs and HUMECs, respectively. GDF3 was
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Table 3. Comparison of gene expression in breastmilk cells with negative and positive cell lines for the examined genes (fibroblasts, ESCs, and HUMECs). P values 

were calculated from t-values generated from z-score analysis for the log of the relative expression (RQ) values. 

 

Gene RQ of milk cells 
Mean± STDEV 

RQ 
OTBCs 

RQ 
HUMECs 

RQ 
hESCs 

P-value 
Fibroblasts 

P-value  
OTBCs 

P-value 
HUMECs 

P-value  
hESCs 

OCT4 512 ± 2,004 41,216 ± 530 102 ± 17.90 8,282 ± 1,668 0.082 <0.001 0.215 0.003 
SOX2 438 ± 1,589 959 ± 39.67 224 ± 22.59 36,029 ± 6,061 0.074 0.046 0.152 <0.001 
NANOG 548 ± 1,815 1,182 ± 26.50 291 ± 22.69 20,028 ± 3,452 0.011 0.053 0.203 <0.001 
ESRRB 6,488 ± 8,828 2.73 ± 1.73 305 ± 48.01 1,070 ± 95.01 <0.001 <0.001 0.063 0.251 
GDF3 492 ± 8.23 - 1.37 ± 0.94 24,171 ± 1,041 <0.001 - 0.001 <0.001 
KLF4 6.88 ± 19.56 3.96 ± 0.42 24.52 ± 3.58 0.72 ± 0.06 0.152 0.480 0.040 0.041 
REX1 10.20 ± 895 5.44 ± 1.08 17.71 ± 4.01 23.23 ± 7.42 0.401 0.330 0.176 0.149 
CD49f 83.00 ± 94.12 0.85 ± 0.19 72.85 ± 9.23 25.34 ± 3.13 <0.001 <0.001 0.348 0.316 
PAX6 51.04 ± 74.25 1.13 ± 0.10 0.01 ± 0.01 1.18 ± 0.18 0.062 0.071 <0.001 0.075 
NESTIN 2.80 ± 2.04 0.11 ± 0.01 0.01 ± 0.00 13.16 ± 2.21 0.095 <0.001 <0.001 0.002 
NOGGIN 1.49 ± 5.02 0.02 ± 0.00 0.35 ± 0.01 0.11 ± 0.00 0.206 0.087 0.425 0.312 
CK5 2,761 ± 4,424 - 40,834 ± 10,363 1.29 ± 0.11 <0.001 - 0.022 <0.001 
PTEN 1.38 ± 1.07 0.23 ± 0.03 1.13 ± 0.26 0.65 ± 0.15 0.496 0.052 0.448 0.316 
CK14 66,305 ± 206,174 0.30 ± 0.23 4,671,694 ± 155,982 - <0.001 <0.001 <0.001 - 
α-LA* 1,379,623 ± 2,390,070 9,347 ± 4,892 6,807 ± 2,155 - <0.001 0.003 0.002 - 
EPCAM 6,135 ± 5,068 - 1,201 - <0.001 - 0.171 - 
CK18 352 ± 241 7.73 ± 0.36 80.29 ± 8.47 - <0.001 <0.001 0.030 - 
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expressed significantly higher in all breastmilk cell samples compared to both 

fibroblasts and resting human mammary epithelial cells (HUMECs) (p<0.001 and 

p=0.001, respectively) (Tables 2, 3); however, all breastmilk cell samples had 

significantly lower GDF3 expression compared to hESCs (p<0.001). For all cell lines 

tested, KLF4 and REX1 expression was within the range seen in breastmilk cells 

(Tables 2, 3). 

Approximately 35% of breastmilk cell samples expressed CD49f at levels up to 3 

times higher than HUMECs, 70% of the samples at levels up to 12-fold higher than 

hESCs, and all samples were significantly higher than fibroblasts (p=0.001) (Table 3). 

PAX6 was expressed in 90% of breastmilk samples up to 350 times more highly than 

both fibroblasts and hESCs (Figure 1a). All breastmilk samples were also significantly 

higher than HUMECs for PAX6 and NESTIN (p<0.001). NESTIN was significantly 

lower (up to 4 times) in breastmilk cells compared to hESCs (p=0.002), and higher than 

fibroblasts for 90% of the samples. Gene expression for NOGGIN and PTEN for all the 

cell lines tested was within the range of breastmilk cells (Tables 2, 3). 

Mammary stem cell gene CK5 was variably expressed amongst the breastmilk 

cell samples, with HUMECs showing similar expression (Figure 1a). On the other hand, 

myoepithelial marker CK14 was significantly lower in breastmilk cells, on average 70 

times lower compared to HUMECs (p=0.001). Expression of lactocyte markers α-LA, 

EPCAM and CK18 in breastmilk cells was up to 1000, 16 and 100 times higher, 

respectively than in HUMECs for the majority of samples tested (Table 3).  

4.4.2 Breastmilk gene expression correlates with genes of similar function 

Using principal component analysis (PCA), interactions for most genes tested were 

found to be within the first four components explaining 85.1% of the total variance 

within our gene expression profiles (Figure 2). The first principal component (PC1)  

explained 52.6% of the variation in gene expression. Largely weighted α-LA and 

EPCAM clustered together and were in opposition to similarly weighted genes PTEN 

and NOGGIN. Within the second principal component (PC2) (Figure 2), which 

explained a further 20.1% of the variation, the variance for ESRRB was opposite to the 

genes KLF4 and REX1. In the third principal component (PC3) (Figure 2), which 

explained 6.5% of variation, OCT4, SOX2 and NANOG clustered together with similar 

weighting. In the forth and final principal component (PC4), which explained 5.9% of 

the variation, CK14 and CK5 clustered together with strong loadings with CK18, which 

had a weaker loading by comparison (Figure 2).  
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Figure 2. Graphical representation of gene associations found amongst breastmilk samples 

using sparse principle components. 

 

4.4.3 Breastmilk cell gene expression is associated with mother/infant demographic 

characteristics 

Higher maternal BMI was associated with lower expression of CK18 (p=0.029). Higher 

gestational age at delivery (closer to term birth) was associated with higher α-LA 

(p=0.040), higher NESTIN (p=0.020) and lower SOX2 (p=0.031) expression (Fig 3). 

Early in lactation, ESRRB was more highly expressed (p=0.005), whereas GDF3 was 

lower (p<0.001). Larger changes in bra cup size between pre- and post-pregnancy were 

associated with lower SOX2 expression (p=0.036) and higher REX1 (p=0.047), α-LA 

(p=0.022) and EPCAM (p=0.047) expression (Figure 3). 
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Figure 3. Scatterplots and boxplots for significantly associated linear and dichotomous 

characteristics and specific genes. 

 

Cell content was positively associated with expression of α-LA (p=0.027) and 

GDF3 (p=0.046) Moreover, α-LA (p=0.025) and EPCAM (p=0.046) were higher in 

breastmilk samples of male infants (Figure 3). A difference in gene expression of KLF4 

(p=0.010) and NANOG (p=0.005) was found between Australian and USA samples 

(Figure 3). No associations with demographic variables were identified for parity, 

maternal age or mode of delivery. When testing gene clusters and demographics, we 

found cell content to be significantly associated with the gene cluster PC1 (α-LA, 

EPCAM, PTEN and NOGGIN) (p<0.001). 

 

4.5 DISCUSSION 

Breastmilk cells are emerging as a valuable non-invasive tool to examine the normal 

function, development and pathologies of the mammary gland. In this study, we 

examined breastmilk cellular heterogeneity at the molecular level, how it varies 
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amongst lactating women, and how mother and infant characteristics may influence this 

variability. Importantly, we identified genes such as estrogen-related receptor-β 

(ESRRB), cytokeratin 5 (CK5), cytokeratin 14 (CK14) and α-lactalbumin (α-LA), 

which was universally expressed at high levels amongst the breastmilk cell samples 

examined. Moreover, genes regulating similar functions were found to have similar 

expression profiles, including pluripotency-regulating genes and lactation-associated 

genes. Mother-infant dyad characteristics showed significant correlations with specific 

genes, illustrating for the first time the high variability in gene expression amongst and 

within mothers and providing the basis for standardisation of studies that investigate the 

cellular content of breastmilk. 

Expression profiles for most tested genes varied widely amongst breastmilk 

samples. These differences provide further evidence that breastmilk cell composition is 

highly variable amongst women and support the notion that breastmilk cells change in 

response to maternal and infant characteristics and are highly dependent on the specific 

mother-infant dyad (Hassiotou, Geddes & Hartmann 2013). The high expression 

recorded for the genes CK5, CK14 and CK18 is not surprising as these genes are 

representative of mammary stem/progenitor cells, myoepithelial cells and lactocytes 

respectively, all of which have been previously found in breastmilk (Hassiotou & 

Geddes 2013; Hassiotou, Geddes & Hartmann 2013; Hassiotou et al. 2012; Cregan et al. 

2007; Ahmad et al. 2012; Böcker et al. 2002). In addition, these genes clustered closely 

together suggesting tight molecular regulation and/or involvement in similar cellular 

pathways in the lactating mammary gland. As expected, the milk protein α-LA and the 

pan-epithelial marker EPCAM showed higher expression in breastmilk cells compared 

to resting mammary gland cells (HUMECs), and the protein for both genes was 

prevalent in stained lactating breast tissues (Table 3). Our data therefore illustrate a 

strong epithelial signature and the presence of an epithelial hierarchy in breastmilk 

samples obtained from healthy mother-infant dyads, which is in agreement with 

previous literature (Hassiotou, Geddes & Hartmann 2013; Hassiotou et al. 2012; 

Hassiotou et al. 2013b). 

Interestingly, high expression of the gene estrogen-related receptor β (ESRRB) 

was observed in the majority of the breastmilk samples analysed and tended to be 

higher in breastmilk cells (range in breastmilk cells of 115 - 42,655 times higher than 

fibroblasts, whereas HUMECs had 2.73 times higher expression than fibroblasts) 

compared with HUMECs. ESRRB is an orphan nuclear receptor that displays disparate 

functions (Pardo et al. 2014). In Drosophila it functions as a metabolic switch during 
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development (Tennessen et al. 2011), however in murine embryonic stem cells it binds 

to NANOG to sustain pluripotency and cell self-renewal (Festuccia et al. 2012). Its 

presence and significance has not yet been confirmed in hESCs, though it has been 

suggested to play a role in trophoblast stem cell differentiation (Festuccia et al. 2012; 

Zhang et al. 2008; Percharde et al. 2012). ESRRB may be integral to mammary stem 

cell regulation and could potentially be regulated by fluctuating oestrogen that occurs 

naturally throughout pregnancy and lactation in the breast (Neville, McFadden & 

Forsyth 2002). In the mammary gland, ESRRB has been shown to be co-expressed and 

correlated with estrogen receptor β (ER-β) in breast cancer biopsies; however, the 

significance of these observations is not well understood (Ariazi, Clark & Mertz 2002). 

To our knowledge, this is the first report of ESRRB expression in breastmilk cells. The 

relatively high expression of this gene in breastmilk in comparison to resting mammary 

cells or human embryonic stem cells suggests that this receptor and its associated 

ligand(s) may play an important role in the human lactating mammary gland, potentially 

facilitating milk synthesis and mammary gland function. ESRRB functions may relate 

to stem/progenitor cell maturation and maintenance during lactation to support milk 

synthesis, a hypothesis that is supported by its close interaction with the genes KLF4 

and REX1, both of which are known to participate in the control of multi-lineage 

differentiation and pluripotency in human embryonic stem cells (Festuccia et al. 2012; 

Zhang et al. 2008; Feng et al. 2009). 

Other genes that were examined in this study that have not been previously 

considered in breastmilk cells are NOGGIN and PTEN. NOGGIN has been confirmed 

to be an important gene controlling embryonic development in the human (Pera et al. 

2004), and is also known as a bone morphogenic protein (BMP) antagonist, functioning 

to prevent differentiation of mammary epithelial cells (Pera et al. 2004; Guo, Huang & 

Gong 2012). In breastmilk cells, NOGGIN was not highly expressed (Figure 1a), and is 

consistent with the high prevalence of differentiated lactocytes both in the lactating 

mammary gland and in breastmilk (Hassiotou, Geddes & Hartmann 2013; Stingl et al. 

2006; Visvader 2009). On the other hand, PTEN is a tumour suppressor influencing 

diverse functions such as cell cycle, apoptosis and metastasis (Tamura et al. 1998; Lu et 

al. 1999; Waite & Eng 2002; Weng, Brown & Eng 2001), known to be expressed in 

normal mammary tissue, with mutations and/or downregulation being characteristic of 

breast and other ectodermal cancers (Zhang et al. 2013; Li 1997). PTEN was minimally 

expressed in all breastmilk samples tested. Expression levels reported here, represent 

the normal expression in the lactating mammary gland and breastmilk of healthy 
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women who do not have a history of breast cancer, and potentially reflect the rapid 

cycling of cells in the lactating epithelium. These results suggest that it would be of 

value to investigate expression of PTEN as a potential diagnostic biomarker in 

breastmilk of women that had previous had breast cancer or a family history for this 

disease. Both PTEN and NOGGIN were found to cluster together, but were inversely 

associated with the genes α-LA and EPCAM, suggesting potential opposing regulation 

and/or function of these gene pairs. 

The pluripotency genes OCT4, SOX2 and NANOG were strongly correlated 

(Figure 2). These genes have been shown to be the core transcription factors controlling 

multi-lineage differentiation and pluripotency of ESCs as well as induced pluripotent 

stem cells (iPSCs) (Takahashi et al. 2007). Whilst not all breastmilk samples expressed 

high levels of these genes, some samples had similar levels of expression to hESCs, 

which is in accordance with previous literature (Hassiotou et al. 2012). The presence of 

these genes in the lactating mammary gland and in breastmilk at levels higher than the 

resting gland confirms previous reports from our and other laboratories (Hassiotou, 

Geddes & Hartmann 2013; Hassiotou et al. 2012; Roy et al. 2013) and is also depicted 

in stained lactating breast tissue sections (Figure 1b). The demonstration of a tight 

association of these genes further supports an important function in lactation and in the 

multi-lineage differentiation capability of breastmilk cells (Hassiotou et al. 2012). Other 

genes found to be expressed in breastmilk cells that may also regulate their 

differentiation capability are CD49f and PAX6, which are representative of mammary 

stem cells and the neuroectodermal lineage respectively (Visvader & Lindeman 2006; 

Kioussi et al. 1999). Both genes had similar expression profiles in the breastmilk 

samples examined; however, PAX6 expression in breastmilk cells was much higher 

compared to resting breast cells, showing a significant upregulation during lactation. 

This signifies a function of PAX6 in the mammary gland during its remodelling 

associated with pregnancy and/or lactation. In addition, it may explain the known 

propensity of breastmilk stem cells to differentiate towards the neural lineage 

(Hassiotou et al. 2012; Twigger et al. 2013). NESTIN is another known multi-lineage 

stem cell marker, which has been previously detected in breastmilk cells (Cregan et al. 

2007). NESTIN expression was higher in breastmilk cells compared with HUMECs, 

which is indicative of an upregulation of the mammary stem/progenitor cell 

characteristics during lactation. NESTIN protein was also confirmed to be present in 

abundance in lactating breast tissues (Figure 1b). 

Importantly, large variation was found in gene expression amongst breastmilk 
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samples, some of which can be explained by maternal and infant characteristics. 

Gestational age at delivery was associated with gene expression, in particular higher α-

LA and NESTIN were found for infants with greater gestational age at delivery. This 

suggests that the mammary gland is more mature in mothers of term infants, containing 

more milk-secretory cells, but also more cells with progenitor properties thus being able 

to maintain some level of plasticity. For mothers of preterm infants, the levels of the 

stem cell marker SOX2 were much higher, accompanying the lower expression of α-LA 

and NESTIN compared to mothers of term infants. These findings suggest that the 

breast has not yet fully matured in women giving birth prematurely, providing a 

biological explanation for the observation that mothers of preterm infants often have a 

compromised initiation of lactation (Cregan et al. 2002). In this connection, a role in 

mammary development early in lactation may be exerted by ESRRB, which was more 

highly expressed earlier in lactation. The observed depletion of ESRRB+ cell 

populations, which occurs the longer a woman breastfeeds, may provide a mechanistic 

explanation for the known protection of breastfeeding against breast cancer 

(Kotsopoulos et al. 2012). On the other hand, GDF3 had a positive association with the 

stage of lactation, suggesting that this gene may be representative of a progenitor-like 

cell that is enriched towards later stages of lactation. This is in agreement with previous 

studies showing that during involution certain types of progenitor cells remain in the 

mammary gland and are thought to fuel the remodeling of the gland during the next 

pregnancy (Wagner et al. 2002). Both ESRRB and GDF3 may play fundamental roles 

in mammary development during pregnancy and lactation and are important to consider 

in further investigations. 

A negative association was found between BMI and expression of CK18, a 

marker for luminal epithelial cells including lactocytes (Böcker et al. 2002). This 

suggests that women with a larger body mass index have less epithelial tissue capable of 

synthesizing milk. Previous studies have observed that maternal obesity before 

conception leads to a number of complications in postnatal breastfeeding including 

delayed onset of lactogenesis, impairment of lactogenesis II, and thus lower rates of 

breastfeeding initiation and shorter breastfeeding duration (Rasmussen 2007; 

Rasmussen, Hilson & Kjolhede 2001; Nommsen-Rivers et al. 2010; Amir & Donath 

2007). Our finding linking high maternal BMI with lower CK18 expression in 

breastmilk cells may provide a mechanistic explanation for the observed difficulties 

among breastfeeding mothers who are obese; this finding also provides a potential 

target for future clinical intervention. 
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Significant differences in the change of bra size between the pre-pregnancy and 

the postpartum mammary gland were found and were linked to higher levels of α-LA 

and EPCAM. This suggests that whilst prior studies have found that larger bra size does 

not necessarily translate to presence of more lactocytes, greater change in bra size, i.e. 

in breast volume (Cox 1996), is reflective of more epithelial cells, potentially resulting 

in higher milk production. This finding is interesting in light of Powe et al., who 

reported that larger changes in bra size were linked with greater milk energy content; 

however, this association became non-significant after considering other factors (Powe, 

Knott & Conklin-Brittain 2010). The lower levels of SOX2 and the greater levels of 

REX1 expression observed with a greater change in maternal bra cup size may facilitate 

this process (Figure 3). 

In addition to demographic characteristics of the mother-infant dyad, breastmilk 

characteristics such as the cell content were found to be associated with gene 

expression. Higher breastmilk cell content was related to higher levels of α-LA and 

GDF3, suggesting the presence of more lactocytes and GDF3+ cells in cell-rich 

breastmilk, which typically reflects recent emptying of the breasts (Hassiotou et al. 

2013c). Breastmilk cell content was also significantly positively related to the gene 

cluster α-LA, EPCAM, PTEN and NOGGIN, which mainly represents epithelial cells. 

Moreover, infant sex was found to relate to epithelial/lactocyte genes such as α-LA and 

EPCAM, which were higher in the breastmilk from mothers of female infants. This 

suggests that these mothers had more lactocytes in their gland, which could potentially 

be associated with greater milk yield. Although this was not measured in the present 

study, it has been previously reported in captive rhesus macaques and in the dairy cow 

that mothers of female infants have greater milk yield compared to mothers of male 

infants (Hinde 2009; Hinde et al. 2014). This is in agreement with our findings, which 

may provide a mechanistic explanation of the fetus-driven differential remodeling of the 

mammary gland resulting in greater milk synthesis in mothers of female offspring. 

Differences in breastmilk cell gene expression were observed between samples 

collected in Australia and the USA, although we are cautious in interpreting these 

results as other factors associated with different laboratory conditions or maternal milk 

supply may contribute to these observations. A further limitation of this study was the 

analysis of a pre-selected set of genes in all the cellular content of breastmilk. 

Therefore, some of the variation seen in gene expression may reflect the activity of a 

subgroup of cells, such as lactocytes or myoepithelial cells, whereas other variation may 

reflect the proportion of each cell type. Future studies will further delineate these 
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questions by isolating and examining specific subpopulations of breastmilk cells as well 

as utilizing more comprehensive gene expression analyses, such as next generation 

sequencing. Finally, given that this study examined gene expression and effects of 

demographic traits in a cross-sectional dataset, it will be important to confirm and 

further examine these associations longitudinally. 

 

4.6 CONCLUSIONS 

This study highlights the heterogeneity of breastmilk cell content and associations with 

characteristics of the breastfeeding mother-infant dyad. Interestingly, the lack of certain 

correlations, such as between breastmilk cell gene expression and maternal age, parity 

or mode of delivery, suggests that these characteristics may not important factors 

influencing total breastmilk cell gene expression in our cohorts. We identified core 

genes such as CK5, CK14, ESRRB and α-LA that are prevalent in breastmilk cells 

across mothers. Many of them show important interactions and may be involved in 

mammary gland function, lactation performance, and/or infant development in light of 

the recently reported integration of breastmilk cells into the infant (Hassiotou et al. 

2014). Interestingly, some of the interactions found here between dyad demographic 

characteristics and genes such as α-LA and GDF3 may potentially explain abnormalities 

associated with low breastmilk supply and preterm birth, and warrant further 

investigation. In the future, breastmilk cellular analyses both at the protein and mRNA 

levels, considered together with dyad demographic characteristics, may be a useful 

routine practice in hospitals particularly in neonatal intensive care units, in the 

management of low milk supply, and during treatment of maternal and/or infant 

infections. 
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5.1 ABSTRACT 

Rapid mammary growth accompanied by functional changes is evident during normal 

lactation. This process is tightly regulated in contrast to breast malignancy, where the 

molecular controls of mammary cell growth are deregulated. To map transcriptomic 

similarities between the physiological development and the pathological dysfunction of 

the mammary gland as a basis for the identification of regulatory gene networks 

controlling mammary function, we performed RNA sequencing of cells from prepartum 

mammary secretions of late pregnancy and subsequent human milk samples collected 

longitudinally in the first year postpartum. Data were compared with the resting 

mammary transcriptome. Luminal progenitor gene signatures were prominent in the 

lactating transcriptome, potentially facilitating uninterrupted milk secretion. In contrast, 

mammary secretion cell samples obtained in late pregnancy displayed gene expression 

patterns associated with all normal mammary subpopulations, reflective of the 

developing gland. Genes previously used to distinguish the intrinsic subtypes of breast 

cancer were differentially expressed in the normal mammary gland during pregnancy 

and lactation, with some claudin-low stem cell-like signatures evident in lactation. A 

distinct panel of genes related to epithelial-to-mesenchymal transition (EMT) was 

differentially expressed in pregnancy and lactation, potentially suggesting similar roles 

for the genes in remodelling of the mammary gland in a controlled way towards a milk-

secretory organ. Other gene signatures previously identified to play a role in breast 

cancer were also found to be expressed, and some to be prominent, in either the normal 

developing or functioning mammary gland. These findings support the notion that genes 

previously associated with breast cancer are differentially regulated in the normal 

mammary gland during pregnancy and lactation, potentially mediating normal 

functional development.  
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5.2 INTRODUCTION 

Natural and rapid remodelling of the female adult mammary gland is evident through 

normal cyclic changes occurring subtly during the menstrual cycle, and more 

dramatically throughout the lactation cycle spanning from pregnancy to lactation and 

subsequent involution (Hassiotou & Geddes 2013).  On the other hand, deregulation of 

normal processes in the mammary gland may result in breast malignancy that has no 

clear origin or cure. Studies examining demographic associations for patients with 

breast cancer have found a lower prevalence of the disease in parous pre- and post-

menopausal women, particularly those who have breastfed, with longer breastfeeding 

duration conferring more protection (Newcomb et al. 1994; Lipworth, Bailey & 

Trichopouloulos 2000; Stuebe et al. 2009; Lee et al. 2003; Katsouyanni et al. 1996; 

Newcomb et al. 1999; Kwan et al. 2015). In contrast, pregnancy-associated breast 

cancer is often more aggressive with poorer prognosis (Schedin 2006). Whilst there 

appears to be commonalities between mammary gland growth during 

pregnancy/lactation and breast cancer, alignment of the findings of independent studies 

on the physiological development and pathological processes of the mammary gland for 

identification of gene networks and associated cellular mechanisms that underlie normal 

and aberrant function are scarce.  

Normal growth during pregnancy transforms the mammary gland from a stromal-

dominated organ into glandular-rich organ, primed for milk production (Hassiotou & 

Geddes 2013). This hormone-driven process results in ductal branching and growth of 

terminal ductal lobular-like units (TDLUs) in pregnancy, when secretory differentiation 

occurs (Gusterson & Stein 2012; Neville, McFadden & Forsyth 2002). After birth, 

withdrawal of progesterone and subsequent secretory activation results in secretion of 

mature human milk (HM) (Pang & Hartmann 2007). At the cellular level, mammary 

gland changes during this period are mediated by stem cells, which give rise into 

progenitor cells and differentiated mammary cells (Hassiotou, Geddes & Hartmann 

2013). The cessation of breastfeeding initiates involution of the gland characterised by 

clearing of residual milk and milk-producing cells (Hassiotou & Geddes 2013; Sargeant 

et al. 2014). It has been suggested that the conferred lower breast cancer risk is related 

to the process of mammary gland involution (Monks & Henson 2009; Zaragoza et al. 

2015). However, demographic factors such as maternal age at first pregnancy, parity 

and the duration of breastfeeding each child have all been associated with reduced 

breast cancer risk (Millikan et al. 2008), suggesting that the processes of lactation and 

priming the gland for milk synthesis play an important role in influencing breast cancer 
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susceptibility later in life. Indeed, further evidence has suggested depletion of certain 

stem cell populations, which can be targets of malignant transformation, in the 

mammary gland as lactation progresses, a process that may be related to the reduced 

breast cancer risk conferred by long breastfeeding durations (Hassiotou et al. 2013a; 

Twigger et al. 2015). 

Examining breast cancer through the use of molecular and cellular markers rather 

than exclusively through clinical grading is becoming increasingly prevalent (Anderson 

et al. 2014). Breast tumours are heterogeneous and thought to be derived and 

maintained by cancer stem cells, however the lack of evidence supporting a single cell 

of origin suggests that they may arise from different stem/progenitor cell subtypes (Prat 

& Perou 2009; Skibinski & Kuperwasser 2015). The “intrinsic subtypes” of breast 

cancer have been based on molecular markers that group breast cancers into basal-like 

tumours “Basal-like” and “HER2 negative”, luminal-like tumours “Luminal-A”, 

“Luminal-B”, and stem-like tumours termed “Claudin-Low” (Perou et al. 2000; Prat & 

Perou 2009; Prat & Perou 2011; Herschkowitz et al. 2007; Hennessy et al. 2009). These 

subtypes correlate well with clinical outcomes (Sorlie et al. 2001) and the markers used 

to identify them have been further refined to create the PAM50 markers for all 

classifications, except for claudin-low (Parker et al. 2009). Interestingly, claudin-low 

tumours have been suggested to be rich in stem cell signatures and to have epithelial-to-

mesenchymal transition (EMT) characteristics (Taube et al. 2010; Hennessy et al. 

2009). EMT is an embryonic program thought to be responsible for tumour cells 

reverting to a stem-like migratory state that allows invasion into distant tissues resulting 

in breast cancer metastases (May et al. 2011; Taube et al. 2010; Kalluri & Weinberg 

2009). Whilst this process is not completely understood, animal and in vitro functional 

studies have revealed activation of certain signalling genes and pathways that may elicit 

these changes (Yang et al. 2004; Frixen et al. 1991; Sabbah et al. 2008; Mani et al. 

2008; Morel et al. 2008). Interestingly, studies in mice and more recently in humans 

have suggested that EMT-like processes may be involved not only in certain breast 

malignancies, but also in the normal development of the mammary gland manifested 

during pregnancy and lactation (Chakrabarti et al. 2012; May et al. 2011; Hassiotou, 

Geddes & Hartmann 2013). 

Comparing cell regulation between normal and aberrant mammary gland states 

will further inform our understanding of mammary development, the biology of 

lactation and associated dysfunctions, as well as the potential origin of breast cancer. 

Here, the transcriptomic similarities between the physiological mammary development 
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during pregnancy and lactation and breast cancer were mapped by examining specific 

genes from RNA sequencing data of HM cells and cells from prepartum mammary 

secretions (PS) as a basis for the identification of regulatory gene networks controlling 

normal mammary function. 

 

5.3 MATERIALS AND METHODS 

Genes associated with subtypes of breast cancer (Parker et al. 2009; Herschkowitz et al. 

2007; Ciriello et al. 2015; Wong et al. 2010), the normal resting mammary gland cell 

subpopulations (Lim et al. 2009), and EMT (Chakrabarti et al. 2012; Mani et al. 2008; 

Taube et al. 2010), were surveyed in an RNA-sequencing dataset that examined the 

mammary transcriptome of resting mammary tissue (RMT) and cells from prepartum 

secretions (PS) and human milk (HM).  

Previously, 1.1×105-19.3×105 cells/mL PS cells were isolated from women  (n=4) 

at 38-40 weeks of pregnancy and participants provided further 0.4×106-43.5×106 

cells/mL HM cell samples at months 1, 3, 6 and 12 of lactation (Twigger et al. 2016). 

mRNA was extracted, quantities standardised and processed for library preparation as 

previously described (Hassiotou et al. 2012; Twigger et al. 2015; Twigger et al. 2016). 

Additionally, mRNA from pooled RMT taken from five donors aged 40-55 years was 

also similarly processed for library preparation (Catalogue number: 540045, Lot 

number: 0006135096, Agilent Technologies, Santa Clara, CA, USA). Samples were 

sequenced as described by Twigger et al. (2016) using Illumina HiSeq2500 with version 

3 chemistry to produce a minimum of 20 million 50 base paired single end reads. A 

total of 865,913,217 clean reads were aligned to the human genome assembly using 

SOAP aligner 2 (Li et al. 2009) with no more than 2 mismatches allowed, yielding 

414,203,980 clean transcripts. Gene expression levels were estimated and expressed as 

RPKM (Reads Per Kilobase per Million mapped reads) (Mortazavi et al. 2008) and 

annotated with BLAST (-p blastx -e 1e-5 -m 7/8) sequences. Gene expression was 

previously validated by quantitative real time PCR (qRT-PCR) (Twigger et al. 2016) 

and data was retrieved from the NCBI’s Gene Expression Omnibus through the 

accession number GSE85494. 

5.3.1 Examination of genes associated with breast cancer  

Genes characterising the breast cancer intrinsic subtypes of basal-like, normal, Luminal-

A, Luminal-B and HER2-high using the curated genes (n=50) termed PAM50 (Table 

S1) (Parker et al. 2009) along with genes associated with claudin-low samples identified 
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by Herschkowitz et al. (2007) (n=29) and the top 10% most highly expressed claudin-

low predictor genes from Prat et al. (2010) (n=43, Table S2) were examined in RMT, 

PS and HM cells. In addition, genes associated with malignancy risk (n=118, Table S3) 

(Chen et al. 2010), genes commonly mutated in invasive lobular breast cancer (n=68, 

Table S4) (Ciriello et al. 2015) and gene methylation (n=6) (Wong et al. 2010) were 

examined. Previous microarrays of normal resting mammary cells sorted with markers 

CD49f and EpCAM were analysed to create gene lists specifically associated with 

different cell subpopulations, including basal/mammary stem cells (MaSCs, 

CD49f+/EpCAM-), luminal progenitor cells (LPCs, CD49f+/EpCAM+), mature luminal 

cells (MLCs, CD49f-/EpCAM+) and stromal cells (SCs, CD49f-/EpCAM-) (Lim et al. 

2009). The top 10% of these previously identified highly expressed genes for each of 

the subpopulations (Lim et al. 2009) were examined, where repeated genes, unannotated 

gene symbols and discontinued genes were removed from the analysis. Overall, 98 

genes representative of the MaSC subpopulation (1186 highly expressed genes, top 119 

genes considered), 39 genes characteristic of LPCs (437 highly expressed genes, top 44 

genes considered), 55 genes associated with MLCs (707 highly expressed genes, top 71 

genes considered) and 93 genes related to SCs (1070 highly expressed genes, top 107 

genes considered) were surveyed in RMT, PS and HM cells (Table S5). Epithelial 

marker CDH1, mesenchymal markers CDH2, FN1 and VIM as well as EMT-related 

transcription factors TWIST1, TWIST2, SNAIL, EMT inhibitor ELF5, and other 

previously known EMT-associated genes (n=18, Table S6) (Chakrabarti et al. 2012; 

Mani et al. 2008; Taube et al. 2010) were examined in RMT, PS and HM cells. Genes 

displaying no expression (RPKM<1) were removed from further analysis (Table S1-

S7).  

5.3.2 Data visualisation 

Visualisation of gene expression was done by graphing heat maps in R 3.2.3 for Mac 

OSX using the package ComplexHeatmaps (Gu, Eils & Schlesner 2016). Visual 

inspection of unsupervised hierarchical clustering on gene rows was used to determine 

the number of clustering means (k-means, km) used to split the data. Within each 

cluster, hierarchical clustering was performed to identify patterns in gene expression 

data (Gu, Eils & Schlesner 2016) and associations between samples for specific 

datasets. 
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5.4 RESULTS 

5.4.1 Certain claudin-low genes are found in normal pregnancy and lactation  

Genes found in RMT, PS and HM cells (n=71) associated with the claudin-low intrinsic 

breast cancer subtype (Herschkowitz et al. 2007; Prat et al. 2010) had the highest and 

most variable expression of all the markers of the intrinsic subtypes of breast cancer in 

PS and HM cells (Figure 1). Very high expression of keratins 18 and 8 (KRT18, 

KRT8), serine peptidase inhibitor (SPINT2) and protease serine 8 (PRSS8) was found 

across HM cells and RMT, with lower expression in PS cells (Figure 1A, cluster I). In 

particular, PRSS8 had higher expression in HM cells compared to RMT and PS cells. 

Additionally, a large subset of genes in cluster 5 were more highly expressed in HM 

cells, followed by RMT and PS cells (Figure 1A, cluster V). Epithelial membrane 

protein 3 (EMP3) was extremely highly expressed in PS cells (Figure 1A, cluster II), 

and serum/glucocorticoid regulated kinase 1 (SGK1) and membrane palmitoylated 

protein 1 (MPP1) were also highly expressed in three PS cell samples (Figure 1A, 

cluster V). Similarly, ecotropic viral integration site 2A (EVI2A), adapter related 

protein complex 1 sigma 1 subunit (AP1S1), deafness-associated tumour suppressor 

(DFNA5) and RAS oncogene family member 32 (RAB32) (Figure 1A, cluster III) were 

more highly expressed in PS cells compared to RMT or HM cells. Vimentin (VIM) in 

cluster 4 was highly expressed in RMT and PS cells, with moderate expression in HM 

of month 1 postpartum, and reducing to lower levels later in lactation (Figure 1A, 

cluster IV). The majority of claudin-low genes were expressed in either PS or HM cells, 

except brain-derived neurotrophic factor (BDNF), which showed no expression in any 

of the RMT, PS or HM cells examined here (Table S1, Appendix 3). 
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Figure 1. Expression of genes for the intrinsic subtypes of breast cancer in resting mammary tissue (RMT), prepartum secretion (PS) cells, and human milk (HM) 

cells of months 1, 3, 6 and 12 (M1, M3, M6, M12). (A) Claudin-low subtype genes as defined by Herschkowitz et al. (2007) and Prat et al. (2010). (B) PAM50 genes 

for basal-like, HER2-positive, normal-like, Luminal-B and Luminal-A subtypes Parker et al. (2009).  
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Of the remaining intrinsic breast cancer subtypes classified by PAM50 (n=45 

found), RMT and PS cells conformed to the gene expression pattern categorising 

normal-like cells, however HM cells were not concordant with any intrinsic breast 

cancer subtype patterns (Figure 1B and Table S1, Appendix 3). Within the basal-like 

subclass of genes, consistent expression of forkhead box C1 (FOXC1) was observed 

across RMT, PS and HM cells, however so was estrogen receptor 1 (ESR1), which is 

downregulated in basal-like classified cells (Figure 1B) (Parker et al. 2009). Consistent 

expression of erb-b2 receptor tyrosine kinase 2 (ERBB2), growth factor receptor bound 

protein 7 (GRB7), and biliverdin reductase A (BLVRA) was observed across RMT, PS 

and HM cells, however ARP3 actin related protein 3 homologue B (ACTR3B), v-myc 

avian myelocytomatosis viral oncogene homolog (MYC) and secreted frizzled related 

protein 1 (SFRP1) were also highly expressed across all stages, with these genes known 

to be downregulated in the HER2 positive subset cells (Figure 1B) (Parker et al. 2009). 

In the subset of genes associated with normal mammary gland tissue, only melanophilin 

(MLPH) was expressed across all samples, whereas keratins 14, 17 and 5 (KRT14, 

KRT17, KRT5) were highly expressed across RMT and PS cells, and other genes had 

low scattered expression across samples (Figure 1B), suggesting that RMT and PS cells 

have gene expression signatures concordant to the PAM50 normal subset. Luminal B 

genes CXX finger protein 5 (CXXC5), MDM proto-oncogene (MDM2), and 

phosphoglycerate dehydrogenase (PHGDH) had high expression in all of RMT, PS cells 

and HM cells, whereas marker of proliferation Ki-67 (MK167) was not detected (Figure 

1B). It is of note that high expression of PHGDH is uncharacteristic of Luminal B 

samples (Parker et al. 2009). Solute carrier family 39 member 6 (SLC39A6) 

characteristic of the Luminal A subset of genes was expressed across all samples, with 

the greatest expression in RMT, whilst no expression of exonuclease 1 (EXO1), 

centromere protein F (CENPF), and LIM domain only 1 (LMO1) was seen in any of 

RMT, PS cells or HM cells. The lack of expression in many of the PS and HM cells of 

N-acetyltransferase 1 (NAT1) suggests that most of these samples do not conform to 

Luminal A genes expression patterns (Figure 1B). These data demonstrate that 

mammary cells during normal pregnancy and lactation have properties resembling the 

claudin-low intrinsic breast cancer subtype, which is dominated by stem cell signatures 

that likely play important roles in normal mammary development.  
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5.4.2 Variation in signatures of mammary cell subpopulations in pregnancy and 

lactation 

Genes associated with luminal progenitor, mature luminal, basal/stem-like and stromal 

cell subpopulations (Lim et al. 2009) were investigated in RMT, PS and HM cells. Of 

the four mammary subpopulations identified by Lim et al. (2009), expression of 

markers associated with luminal progenitor cells were prominent in HM cells. Further, 

some expression of markers of mature luminal cells and basal/mammary stem cells and 

minimal expression of stromal cell markers (Figure 2) was apparent. PS cells had high 

expression of clusters of genes associated with all four cell subsets (Figure 2). The RMT 

expressed most of the markers of all subpopulations, without any dominant 

subpopulation (Figure 2). 
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Figure 2. Expression in resting mammary tissue (RMT), prepartum secretion (PS) cells, and human milk (HM) cells of months 1, 3, 6 and 12 (M1, M3, M6, M12) of 

genes identified by (Lim et al. 2009) to be associated with normal mammary cell subpopulations, including (A) luminal progenitor cells, (B) mature luminal cells, 

(C) basal cells/mammary stem cells, and (D) stromal cells. 
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Luminal progenitor markers (n=35) were visually mapped to three clusters, where 

many genes were highly expressed in HM cells, and differential expression in RMT and 

PS cells (Figure 2A). Genes including polymeric immunoglobulin receptor (PIGR), 

E74-like ETS transcription factor 5 (ELF5), PDZK1 interacting protein (PDZK1IP1), 

C-C motif chemokine ligand 28 (CCL28), claudin 8 (CLDN8), and solute carrier family 

34 member 2 (SLC34A2) were highly expressed across all HM cell samples (Figure 2A, 

cluster I).  KIT proto-oncogene receptor tyrosine kinase (KIT) was expressed in RMT, 

and cytochrome P450 family 24 subfamily A member 1 (CYP24A1) was scarcely 

expressed in some HM and PS cells (Figure 2A, cluster I). On the other hand, secretory 

leukocyte peptidase inhibitor (SLPI) had higher expression in RMT and PS cells 

compared to HM cells (Figure 2A, cluster I). Milk protein genes k-casein, casein a-s1 

and a-lactalbumin genes (CSN3, CSN1S1 and LALBA) were extremely highly 

expressed in PS and HM cells (Figure 2A, clusters II and III). In contrast, genes 

encoding serum amyloid A4 (SAA4), serpin family B member 7 (SERPINB7), deleted 

in malignant brain tumours 1 gene (DMBT1), and ovostatin homologue 2 (LOC728715) 

were not found to be expressed (RPKM<1) in any of the samples (Table S5, Appendix 

3). 

Many of the genes associated with mature luminal cells (n=53) had overall high 

expression in RMT, but for some genes PS or HM cells showed even greater expression 

(Figure 2B). Prominent expression of mucin 1 (MUC1) in HM cells and RMT as well as 

high expression in PS cells set this gene apart as it had a unique high signature varying 

across developmental stages (Figure 2B, cluster I). Fructose-bisphosphatase 1 (FBP1) 

and DnaJ heat shock protein family member C12 (DNAJC12) had high expression in 

HM cells, and FBP1 had the highest expression in PS cells (Figure 2B, cluster III). 

Similar high expression of uncoupling protein (UCP2) and transglutaminase 2 (TGM2) 

was found in RMT, PS and early HM cells (months 1 and 3) (Figure 2B, cluster VI). 

Many other genes such as forkhead box A1 (FOXA1), immunoglobulin superfamily 

member 1 (IGSF1) and trefoil factor 1 and 3 (TFF1 and TTF3) had the highest and for 

some genes only expression in RMT, except for basic leucine zipper ATF-like 

transcription factor (BATF), FYVE RhoGEF and PH domain containing 3 gene 

(FGD3), serine peptidase inhibitor kazal type 1 (SPINK1), and arachidonate 5-

lipoxygenase (ALOX5), all of which had higher expression in PS cells (Figure 2B, 

cluster II). Serine hydrolase-like (SERHL) and transmembrane protein 161B 

pseudogene 1 (TMTM161BP) both known to be highly expressed in mature luminal 
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cells (Lim et al. 2009), were not expressed in any of the RMT, PS cells or HM cells 

examined here (Table S5, Appendix 3). 

Markers of basal/mammary stem cells (n=92) were predominantly expressed in 

RMT, with some expression in PS and HM cells (Figure 2C). Apolipoprotein E (APOE) 

had a striking pattern of expression, being highly expressed in RMT, PS cells and HM 

cells of months 1 and 3 (Figure 2C, cluster I). Insulin-like growth factor binding protein 

2 (IGFBP2), ADP ribosylation factor like GTPase 4A (ARL4A), and integral membrane 

protein 2A (ITM2A) were all highly expressed across HM cells and RMT (Figure 2C, 

cluster III). Cell cycle and apoptosis regulator 2 (CCAR2) had a similar pattern of 

expression across all samples, whereas gylcophorin C (GYPC), Rho GTPase activating 

protein 25 (ARHGAP25), alpha-2-macroglobulin (A2M), keratins 14 and 5 (KRT14, 

KRT5), secreted protein acidic and cysteine rich (SPARC), and transgelin (TAGLN) 

were all expressed in both RMT and PS cells (Figure 2C, clusters II, III and VI). Genes 

immunoglobulin kappa variable 3D-20 (IGKV3D-20), keratin 17 pseudogene 3 

(KRT17P3), ryanodine receptor 3 (RYR3), phospholipase D family member 5 (PLD5), 

dorsal inhibitory axon guidance protein (DRAXIN), and adherens junctions associated 

protein 1 (AJAP1) did not have expression levels RPKM >1 in any of the samples 

examined (Table S5, Appendix 3). 

Overall, genes associated with stromal cells (n=89) were minimally detected, if at 

all, in PS and HM cells (Figure 2D). The exceptions were the high expression of 

Cathepsin L (CTSL), S100 calcium binding protein A4 (S100A4), and C-C motif 

chemokine ligand 3 (CCL3) in PS cells, HM cells of month 1, and RMT (Figure 2D 

IV). Furthermore, some expression of complement factor D (CFD), cathepsin K 

(CTSK), zinc finger E-box binding homeobox 2 (ZEB2), matrix metallopeptidase 12 

(MMP12), and TNF receptor superfamily member 4 (TNFRSF4) was observed in some 

PS cell samples (Figure 2D, clusters I and III). Cholesterol 25-hydroxylase (CH25H) 

and integral membrane protein 2A (ITM2A) were both expressed in many HM cell 

samples (Figure 2D, cluster III). Genes with no expression in any samples were 

bradykinin receptor B1 (BDKRB1), pappalysin 1 (PAPPA), hyaluronan synthase 

(HAS1), and collagen a-1(II) chain-like (LOC101928841) (Table S5, Appendix 3). 

These findings emphasise the dominance of luminal epithelial cells in HM, particularly 

luminal progenitor cells, and suggest a more heterogeneous mix of normal epithelial 

subpopulations in the developing mammary gland during pregnancy. 
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5.4.3 Epithelial-to-mesenchymal transition in normal mammary gland development 

Many of the previously described EMT genes (n=24) (Taube et al. 2010; Mani et al. 

2008; Chakrabarti et al. 2012) were differentially expressed in RMT, PS and HM cells 

(Figure 3). E74-like factor 5 (ELF5) and vimentin (VIM) had opposing patterns of gene 

expression, where VIM was highly expressed in RMT and PS cells, whilst ELF5 was 

highly expressed in HM cells (Figure 3, clusters I and II). EMT transcription factors 

snail family transcriptional repressor 2 (SNAI1) and ZEB2 were expressed in PS cells 

and RMT, whilst goosecoid homeobox (GSC), snail family transcriptional repressor 2 

(SNAI2), and twist family bHLH transcription factor 2 (TWIST2) were exclusively 

expressed in RMT (Figure 3, cluster III). Expression of serpin family B member 1 

(SERPINB1) and cadherin 1 (CDH1) was found across all samples and forkhead box 

C1 (FOXC1) was expressed in all samples except one (Figure 3, cluster III). High 

expression of claudins 3 and 4 (CLDN3 and CLDN4) and insulin-like growth factor 

binding protein 2 (IGFBP2) was found predominantly in HM cells, then RMT, followed 

by PS cells (Figure 3, cluster IV). Carbonic anhydrase 9 (CA9), cadherin 2 (CDH2), and 

forkhead box C2 (FOXC2) were not expressed in any of RMT, PS cells or HM cells 

samples examined here (Table S6, Appendix 3). 

 

 
Figure 3. Expression in resting mammary tissue (RMT), prepartum secretion (PS) cells, and 

human milk (HM) cells of months 1, 3, 6 and 12 (M1, M3, M6, M12) of epithelial-to-

mesenchymal transition (EMT)-related genes as identified by Mani et al. (2008), Taube et al. 

(2010) and Chakrabarti et al. (2012). Genes and samples were clustered by hierarchical 

clustering to determine gene expression patterns across samples.  
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5.4.4 Differential expression of malignancy and commonly mutated genes in different 

stages of mammary development  

The transcriptomic profile of genes previously associated with malignancy (n=110) 

(Chen et al. 2010) and those that are commonly mutated in lobular breast cancer (n=54) 

(Ciriello et al. 2015) revealed differential expression between RMT, PS and HM cells, 

with RMT and PS cells mostly clustering together and separately to HM cells (Figure 

4). Gene clusters demonstrated high expression of certain malignancy genes either in 

RMT/PS cells or in lactation (Figure 4A). More specifically, cluster I showed no clear 

patterns or differences between samples, whereas cluster II metallothionein 1M 

(MT1M) and cluster III (secreted phosphoprotein 1, SPP1) were both more highly 

expressed in lactation. Cluster IV of genes showed slightly higher expression in 

RMT/PS cells compared to lactation; cluster V including ADP ribosylation factor 1 

(ARF1) was consistently high across all three stages; and cluster VI was differentially 

expressed, with ADP ribosylation factor 4 (ARF4) being more prominent in lactation, 

whereas H2 histone family member Z (H2AFZ) in RMT/PS cells. Genes that had low 

expression in malignancy cells (Table S3, Appendix 3) were moderately expressed in 

RMT, PS cells and HM cells, including cyclin-dependent kinase inhibitor 1C 

(CDKN1C) and chromobox protein homolog 7 (CBX7) (Figure 4A). 
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Figure 4. Expression in resting mammary tissue (RMT), prepartum secretion (PS) cells, and human milk (HM) cells of months 1, 3, 6 and 12 (M1, M3, M6, M12) of 

malignancy genes Chen et al. (2010) and commonly mutated breast cancer genes Ciriello et al. (2015). Genes and samples were clustered by hierarchical clustering 

to determine gene expression patterns across samples, with RMT and PS cells clustering together and separately to HM cells. 
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Similar differences were observed for the commonly mutated genes examined 

between different stages of mammary development, although the RMT and PS cells 

clustered together and separately to HM cells, as was seen for the malignancy genes 

(Figure 4B). Cluster I including actin gamma 1 (ACTG1) was more highly expressed in 

RMT/PS cells, but it reduced in lactation, with lower expression as lactation progressed. 

Cluster II of genes included cyclin I (CCNI) and AKT serine/threonine kinase 1 

(AKT1), which both gradually increased from the RMT to the developing mammary 

gland (pregnancy), with further increase progressively in lactation. Cluster III was 

generally higher in RMT/PS cells compared to HM cells; cluster IV had overall low 

expression with no clear patterns or differences during development; and cluster V was 

more highly expressed in RMT/PS cells, whereas cluster VI was more prominent in 

RMT, showing similar expression in pregnancy and lactation. More specifically for 

clusters IV and V, higher expression of the genes RAS oncogene family (RAB42), 

galectin 1 (LGALS1) and major histocompatibility complex class II DR beta-1 (HLA-

DRB1) was seen in RMT/PS cells compared to lactation, with some expression of 

LGALS1 and HLA-DRB1 in HM cells of month 1 and PS cells (Figure 4B). 

Some malignancy-related (n=8) or commonly mutated (n=14) genes were not 

found to be expressed in RMT, PS cells or HM cells (Tables S3 and S4, Appendix 3). 

Genes methylated in breast cancer (n=6) (Wong et al. 2010) had moderate expression, 

which was variable across individuals (Figure 5). In particular, glutathione S-transferase 

pi 1 (GSTP1) and secreted frizzled related protein 1 (SFRP1) were downregulated in PS 

cells and progressively in HM cells across the 12 months of lactation. Ras association 

domain family member 1 (RASSF1) on the other hand was more stably expressed 

across different stages of mammary development. Together, these results suggest 

targeted regulation of genes previously associated with malignancy and commonly 

mutated or methylated in breast cancer in normal mammary gland development and 

mature function. 
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Figure 5. Variation of cadherin 1 (CDH1), glutathione S-transferase pi 1 (GSTP1), PYD and 

CARD domain containing gene (PYCARD), ras association domain family member 1 (RASSF1), 

ribosome biosynthesis protein RRB1 (RRB1), and secreted frizzled related protein 1 (SFRP1) 

methylated in breast cancer Wong et al. (2010) in resting mammary tissue (RMT) (red line) and 

across participants (P) in prepartum secretions (PS) cells and human milk (HM) cells of months 

1, 3, 6 and 12 (M1, M3, M6, M12). Average expression for each time point (PS, M1, M3, M6 

and M12) is represented by  D. 

 

5.5 DISCUSSION 

Transcriptomic comparisons between different breast malignancies and the normal 

resting mammary gland have revealed important genes characteristic of breast cancer 

subtypes (Alizadeh et al. 2001; Perou et al. 1999; Perou et al. 2000; Sorlie et al. 2001; 

Jones et al. 2004). Other studies have identified prognostic markers (Van't Veer et al. 

2002; Weigelt, Peterse & van 't Veer 2005) and predictive factors (Martin & Weber 

2000; Castro et al. 2016) used to determine the progression and risk of breast cancer. 

Whilst these studies have contributed to our understanding of breast cancer initiation 

and metastasis, the origin and events that trigger aberrant cell growth in the mammary 

gland are still not well established (Lindeman & Visvader 2010). At the same time, the 

participation of similar molecular events in the normal development of the gland during 

pregnancy and lactation is largely unknown. This is the period where the most dramatic 

changes occur in the mammary gland to facilitate milk synthesis, secretion and delivery 

(Hassiotou & Geddes 2013). Whilst some parallels have been drawn between breast 

cancer and the normal remodelling of the mammary gland in preparation for milk 

production (Lanigan et al. 2007; Visvader 2009; Tiede & Kang 2011; Hassiotou et al. 

2013a), very few genes implicated in breast cancer have been studied during the normal 

course of development of the mammary gland from pregnancy to lactation. In this 
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study, we utilised the non-invasive access of cells from prepartum mammary secretions, 

which are known to resemble colostrum (Kulski et al. 1981), and longitudinal HM 

samples to examine mRNA changes in previously identified breast cancer-related 

markers in the mammary gland during pregnancy and lactation. Claudin-low genes, 

indicative of a stem cell-rich signature, were the highest and most variably expressed 

intrinsic breast cancer subtype associated genes in PS and HM cells (Figure 1). Many 

genes associated with luminal progenitor cells were highly expressed in HM cells, 

suggesting their importance in the maintenance of uninterrupted milk synthesis, whilst 

all normal mammary cell subpopulations were associated with PS cells, reflective of the 

developing gland (Figure 2). Interestingly, variable expression of EMT markers was 

observed in PS and HM cells, suggesting potential role for some of these genes in 

normal mammary gland development (Figure 3). Many genes associated with 

malignancy and commonly mutated in lobular breast cancer were highly expressed, but 

differentially regulated in RMT and PS cells compared with HM cells (Figure 4). These 

findings support the functional involvement of genes previously studied in breast cancer 

in the normal development of the mammary gland during pregnancy and lactation. 

Among markers characteristic of the five intrinsic breast cancer subtypes (Parker 

et al. 2009; Prat et al. 2010; Herschkowitz et al. 2007), some genes associated with the 

claudin-low subtype were distinct and highly expressed in PS and HM cells, showing 

differential regulation across different mammary development stages (Figure 1). Each 

of the intrinsic breast cancer subtypes is thought to originate from either basal or 

luminal cells, except for claudin-low cancer cells, which have been found to be positive 

for mesenchymal markers with slow cycling properties and stem cell characteristics 

(Prat & Perou 2009; Prat et al. 2010; Hennessy et al. 2009). The presence of stem cells 

in the mammary gland during pregnancy and lactation has been suggested and may 

facilitate the remodelling of the gland, with some mammary cells showing unique 

properties reminiscent of a pluripotent stem cell type (Rios et al. 2014; Hassiotou et al. 

2012). Thus, the high expression of some claudin-low genes may be associated with 

potential stem cell populations that carry these features in normal mammary 

development. Haakensen et al. (2011) found natural variation of claudin-low markers in 

the normal resting condition of the mammary gland that may be a result of childbearing 

history, however the study could not conclusively associate claudin-low genes with 

parity (Haakensen et al. 2011), suggesting that other factors may influence the normal 

variation in expression of these markers in women, such as for example the menstrual 

cycle. Comparisons of the expression patterns of the PAM50 markers for the remaining 
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intrinsic breast cancer subtypes showed that whilst the resting gland and PS cells 

conformed to expression patterns of the “normal” intrinsic subtype of breast cancer, 

lactation samples did not share similar patterns of expression for any of the basal-like, 

normal, HER2 positive, luminal A or luminal B subtypes, showing unique signatures 

(Figure 1B). High and differential expression of claudin-low genes in PS and HM cells 

suggests regulation of stem-like properties during development of the mammary gland, 

whereas consistent expression of PAM50 genes in RMT, PS and HM cells suggests a 

homeostatic role.  

Examining markers associated with the four subpopulations of normal mammary 

cells revealed that HM cells are dominated by luminal progenitor cell signatures. Taking 

this together with the high expression of luminal epithelial makers KRT18 and KRT8 

(Gudjonsson et al. 2002) in RMT and HM cells (Figure 1A, cluster I) supports previous 

discussions of the dominance of luminal cells in HM (Hassiotou, Geddes & Hartmann 

2013; Boutinaud, Herve & Lollivier 2015; Hassiotou et al. 2013b). High levels of 

luminal progenitor cells have been found in BRAC1 mutation carriers (Lim et al. 2009), 

who had a decreased breast cancer risk (by 32%) if they breastfed for longer than a year 

(Kotsopoulos et al. 2012). It is therefore possible that certain luminal progenitor cell 

markers as classified by Lim et al. (2009) play an important role in mammary gland 

function during lactation, but also potentially influence breast cancer risk, where the 

process of lactation alters the luminal progenitor cell characteristics to avoid mutation 

later in life. On the other hand, PS cells whilst expressing many of the markers 

associated with the four mammary subpopulations (Lim et al. 2009), did not show a 

similar high affinity to one particular mammary cell subpopulation (Figure 2). 

Surprisingly, high expression in PS cells of the markers CTSL, S100A and CCL3, 

which are associated with the stromal subpopulation (Lim et al. 2009), is likely 

reflective of the increase in secretory epithelial cells (Green & Lund 2005), ductal 

development (Andersen et al. 2011), and cell growth (Xu & Mao 2011) respectively, as 

has been found in previous human mammary gland studies (Green & Lund 2005; 

Andersen et al. 2011; Xu & Mao 2011). This is potentially suggestive of the 

reorganisation and transformation occurring in the mammary gland in late pregnancy, in 

preparation for the synthesis of copious amounts of milk. It is known that early 

milk/colostrum samples are dominated by immune cells (Hassiotou & Geddes 2015; 

Hassiotou et al. 2013b; Holmquist & Papanicolaou 1956) which may influence the 

observed gene signatures for the total cell isolate of prepartum mammary secretions. 

Evidently, this analysis raises many questions as to the subpopulations of cells that exist 
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in HM and their ability to inform us about the function of the mammary gland. 

Unfortunately, a limited subset of signatures cannot overwrite the need for cell sorting 

experiments to better understand the populations of mammary cells in HM. Future 

studies should compare gene expression of normal resting mammary gland with sorted 

PS and HM cells to discern changes in proportion and cell gene expression and function 

during pregnancy and lactation.  

Certain EMT associated genes have distinct expression patterns between 

pregnancy and lactation and may play a role in normal mammary gland development or 

indicate different cell populations with epithelial and mesenchymal characteristics. 

Interestingly the epithelial marker ELF5 appeared to be downregulated in pregnancy 

and upregulated in lactation (Figure 3 cluster I). Whereas, presence of mesenchymal 

marker vimentin (VIM) identified in RMT and PS cells in this study (Figure 3 cluster 

II) and previously in HM cells along with additional mesenchymal markers such as 

CD105, CD29 and Stro-1 suggests there may be some mammary cells carrying 

mesenchymal-like properties in pregnancy and lactation (Fan et al. 2010; Indumathi et 

al. 2012; Patki et al. 2010; Kaingade et al. 2016). Expression of the EMT related 

transcription factor SNAI1 in RMT and PS cells (Figure 3 cluster III) suggests potential 

transition of cells allowing migration within the mammary gland during pregnancy, as 

has been previously found for differentiated myoepithelial cells migrating from adjacent 

ductal regions to surround the alveolus during alveolar expansion in murine puberty and 

pregnancy (Visvader & Stingl 2014; Rios et al. 2014). On the other hand, it is not clear 

if the mammary cells are transitioning during pregnancy and lactation as has been 

previously suggested (Kakulas, Geddes & Hartmann 2016) or if there are varying 

populations of the different cell types hosting different epithelial or mesenchymal 

signatures. Most of the EMT transcription factors are not expressed in PS cells and none 

in HM cells, therefore it is possible that instead the presence of these migration related 

genes are indicative of a natural shedding process occurring in the mammary gland 

during development and function.  

Recently, without prior establishment of the normal variation in gene expression 

of HM cells, it was suggested that molecular analyses of HM cells may be used to 

predict future breast cancer risk in women (Arcaro & Anderton 2008). However, here 

we demonstrate that variation in genes previously studied in breast cancer naturally 

exists in women at different stages of normal mammary development. Methylation of 

promoter sites in key genes leading to deregulation of tumorigenic cells has been 

proposed as a mechanism of breast cancer initiation (Conway et al. 2000; Evron et al. 
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2001; Jeronimo et al. 2003; Yan et al. 2003; Lee 2007; Fackler et al. 2009). Recently, 

examination of methylation sites of certain genes associated with breast cancer in HM 

cells found indirect correlations between the methylation score of these genes and breast 

cancer risk (indicated by previous biopsy) (Wong et al. 2010). In this study, the natural 

variation in the HM cell transcriptome between women (Twigger et al. 2015), which is 

associated with different stages of mammary development (Chapter 3) and is mediated 

by epigenetic controls, such as miRNAs (Alsaweed et al. 2016b) and likely targeted 

methylation, was not considered. Indeed, we document variation in these genes (Figure 

5) including the claudin-low, EMT, malignancy and commonly mutated genes (Figures 

1, 3 and 5) between RMT, PS and HM cell samples, suggesting normal regulation of 

these genes according to developmental stage and potentially other maternal and infant 

characteristics (Twigger et al. 2015). It is likely that fluctuations in HM cell gene 

methylation is due to normal regulation in mammary gland function, and thus future 

studies should aim to determine methylation patterns across pregnancy and lactation 

before considering HM cells as a source of robust biomarkers for breast cancer risk. 

Complex and dynamic processes occur in the mammary gland during normal 

pregnancy and lactation as well as breast pathologies such as cancer. Here, we 

examined genes associated with the five intrinsic subtypes of breast cancer and normal 

mammary subpopulations with cells from the pregnancy and lactating mammary 

epithelium. In particular, HM cells from healthy mother-infant dyads, which have been 

shown to be representative of the lactating epithelium (Hassiotou, Geddes & Hartmann 

2013; Hassiotou & Geddes 2013), are rich in some signatures associated with luminal 

progenitor cells and contain some signatures associated with ‘claudin-low’-like stem 

cell-enriched cells. It is important to note that in this study only a selection of markers 

have been examined which are not wholly representative of the entire cell signatures. 

Future investigations should directly compare the transcriptome of normal mammary 

subpopulations and breast cancer subtypes with HM and PS cells to better understand 

plasticity of the gland under healthy and aberrant conditions. Despite this, the findings 

presented in this study demonstrate that comparisons between gene expression of 

normal, pregnancy, lactating and cancer affected mammary gland are an important 

consideration and should be more thoroughly examined. From this study it seems 

evident that both the normal developing/developed mammary gland and the cancer-

affected gland, are mediated by differential expression of a palette of genes, which 

appear to be under tight regulation during normal mammary development, but are 

deregulated in cancer. 
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6.1 ABSTRACT  

Neurotrophin receptors (NTRs) are primarily known for their role during the 

development of the nervous system, where they are essential to neuronal survival and 

differentiation. NTR expression has also been described in breast cancer, but their 

involvement in the development of the mammary gland is unclear. In the present study, 

we examined the expression of NTRs (TrkA, TrkB, TrkB-T1, TrkC, p75NTR and 

sortilin) in the human mammary gland during pregnancy and lactation versus the resting 

state. RNA sequencing was done in resting (non-pregnant, non-lactating) mammary 

tissues as well as in cells isolated from breast secretions during pregnancy and human 

milk during lactation. TrkA and TrkC were expressed at very low levels in all samples 

examined. TrkB and sortilin were highly expressed, however only TrkB was 

differentially regulated, being lower in late pregnancy compared to both the resting and 

lactating mammary gland. p75NTR was also downregulated in pregnancy and lactation 

compared to the resting gland. These findings were further confirmed using qRT-PCR 

analysis of mammary epithelial cells from 19 lactating women. In addition, sortilin 

mRNA expression was positively associated with the stage of lactation. This study 

demonstrates the regulated expression of TrkB, p75NTR and sortilin during different 

stages of normal mammary gland development and suggests a potential role in lactation.  
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6.2 INTRODUCTION 

The receptors for neurotrophin growth factors (NTR) have been typically associated 

with the growth and maintenance of neurons in the nervous system (Chao 2003). NTRs 

consist of two main classes of transmembrane receptors, including the tyrosine receptor 

kinases (Trks) TrkA, TrkB, TrkC and the neurotrophin receptor p75NTR, a member of 

the tumor necrosis factor-receptor family (Kaplan & Miller 2000). TrkA specifically 

binds nerve growth factor (NGF) and the neurotrophin-3 (NT-3). TrkB binds brain-

derived neurotrophic factor (BDNF) and neurotrophin-4 (NT-4), whilst TrkC is specific 

for neurotrophin-3 (NT-3). Neurotrophins (NTs) are also functional in their precursor 

format (pro-NTs) in which they can bind to sortilin, often in conjunction with p75NTR 

(Lewin & Nykjaer 2014; Howard et al. 2013). These signalling interactions between 

NTs and NTRs activate numerous molecular pathways that result in the survival and 

differentiation of neurons, axonal and dendritic growth, as well as membrane trafficking 

and synapse formation (Poo 2001; McAllister 1991; Huang & Reichardt 2001).  

Further studies have revealed that NTRs are also present outside the nervous 

system, including the gastrointestinal, lymphatic, endocrine, urinary, musculocutaneous 

and reproductive systems (Shibayama & Koizumi 1996; Yamamoto et al. 1996), where 

they are thought to participate in pleiotropic cell functions (Tessarollo 1998). Within the 

reproductive system, NTRs have been found in the testes, ovaries, and the mammary 

gland (Li & Zhou 2013; Streiter et al. 2015; Hondermarck 2012). NTRs are expressed 

in almost all testicular cell types and have been implicated in spermatogenesis 

signalling (Li & Zhou 2013), with androgens affecting their expression and activities 

(Persson et al. 1990). In the human female reproductive system, all NTRs have been 

found in prepubertal ovaries, promoting cell function and survival (Streiter et al. 2015). 

During puberty, preovulatory gonadotropin surges induce expression of full length 

TrkB in the oocytes, triggering reproductive cyclicity and further suggesting a potential 

interaction between gonadotropins and NTRs (Dorfman et al. 2014). Further to the 

ovaries and testes, the mammary gland is a major reproductive organ functioning in the 

female during the postpartum period and playing the important role of synthesising and 

delivering milk to the newborn offspring for nourishment, protection and developmental 

programming (Hassiotou & Geddes 2013). Investigation of NTRs in the mammary 

gland is limited to its aberrant state in breast cancer, which is characterised by 

deregulation of these receptors, contributing to malignant transformation (Popnikolov et 

al. 2005; Reis-Filho et al. 2006; Vanhecke et al. 2011; Zhang et al. 2014; Descamps et 

al. 2001; Dolle et al. 2003; Hondermarck 2012). 
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TrkA, TrkB-T1, TrkC, sortilin and p75NTR are known to be aberrantly expressed 

in breast cancer and have been shown to increase tumour survival by halting apoptosis, 

to promote metastasis and maintain rapid cell proliferation (Hondermarck 2012). 

Autocrine loop activation of TrkA, p75NTR and sortilin by NGF and pro-NGF promotes 

breast cancer proliferation and survival (Dolle et al. 2003; Demont et al. 2012). TrkA 

overexpression in breast cancer cells is oncogenic (Lagadec et al. 2009). BDNF and 

NT-4 can promote breast cancer survival and exert anti-apoptotic effects by signalling 

through p75NTR and the TrkB variant TrkB-T1 (Vanhecke et al. 2011). TrkC is elevated 

in tumours compared to normal tissue and is involved in rapid cell proliferation in 

breast cancer (Blasco-Gutierrez et al. 2007; Zhang et al. 2014). More recently, it has 

been shown that NGF/pro-NGF signalling to p75NTR promotes self-renewal in breast 

cancer stem cells by regulating pluripotency transcription factors (Tomellini et al. 

2015), and that sortilin expression is associated with poor prognosis (Rosselli et al. 

2015). Although the effects and implications of NTRs in breast cancer signalling are 

profound, their role in the normal mammary gland has not been investigated. 

Baseline levels of NTR expression have been reported in the normal resting 

mammary gland (non-pregnant, non-lactating females) used as control in breast cancer 

studies (Demont et al. 2012; Dolle et al. 2003; Popnikolov et al. 2005; Reis-Filho et al. 

2006; Zhang et al. 2014). In addition, TrkA and TrkB have been reported to be localised 

in different regions of ovine mammary tissue during puberty, pregnancy and lactation, 

suggesting a potential paracrine/autocrine signalling function (Colitti 2015). Further, the 

NTR signalling network was identified as a key system differentially expressed in the 

human milk (HM) fat globule representing the lactocyte from colostrum to transitional 

and mature milk (Lemay et al. 2013a). Although these studies have provided some 

evidence that NTRs are involved in the normal function of the mammary gland, no 

direct comparisons have been done across different stages of normal mammary gland 

development.  

In contrast to other organs that are mature and functioning throughout life, the 

mammary gland only matures during pregnancy and lactation, a period that stimulates 

extensive remodelling of the mammary epithelium and surrounding stroma (Hassiotou 

& Geddes 2013). This remodelling involves expansion of the epithelium during 

pregnancy and differentiation of the luminal cells into mature lactocytes that synthesise 

and secrete milk during lactation (Hassiotou & Geddes 2013). Due to the difficulty of 

accessing lactating mammary tissue for studies of molecular pathways facilitating this 

remodelling, more recently HM has been used as an alternative non-invasive source of 
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the epithelial cellular hierarchy of the lactating gland. Indeed, it has been shown that 

when both the mother and infant are healthy, mature HM is dominated by cells 

representing the lactating epithelium (Hassiotou, Geddes & Hartmann 2013; Hassiotou 

& Hartmann 2014). Here, we took advantage of this tool to examine the variation of 

NTRs in the normal mammary gland during lactation and compare it with the resting 

gland as well as with the gland during pregnancy. The aim of the study was to provide 

insight into the involvement of NTRs in the regulation of normal mammary gland 

function across different stages of mammary development.  

	

6.3 MATERIALS AND METHODS 

6.3.1 Study participants and sampling 

This study was approved by the Human Research Ethics Committee of The University 

of Western Australia. All study participants provided informed written consent. Healthy 

mother/infant dyads breastfeeding at least once daily (not necessarily exclusively) 

(n=33) were recruited and attended a single session at our milk expression rooms at The 

University of Western Australia. Four of these mothers provided longitudinal samples 

during late pregnancy and months 1, 3, 6 and 12 of lactation. Mothers expressed a HM 

sample and prepartum secretion (0.2-157 mL) under near aseptic conditions using a 

Medela Symphony breast pump (Medela AG, Baar, Switzerland). The demographic 

characteristics of the participating mother/infant dyads are shown in Table S1 

(Appendix 4) Mothers were on average 33±5 years of age (range: 21-44), with a BMI of 

24.4±4.3 (range 18.3-35.2) and typically delivered their infant vaginally (n=26, 

caesarian section n=7, 15 female infants; 17 male infants; 1 set of male/female twins) at 

term (gestational age at delivery: 38.2±3.2 weeks; range: 28.3-41.4 weeks). At the time 

of collection of the prepartum breast secretions during pregnancy (n=4), mothers were 

32-37 weeks gestation. During lactation infants had an average age of 28±23 weeks 

(range: 1 to 71 weeks) at sample collection. The infants were a mix of birth order; first 

(n=9), second (n=12), third (n=8) or fourth born (n=4). 

Samples were immediately transported to the laboratory shielded from light and 

were centrifuged for cell isolation and counting as previously described (Twigger et al. 

2015; Hassiotou et al. 2012). Fresh HM was diluted with equal volume of sterile 

phosphate buffered saline (PBS; pH 7.4, Gibco, Grand Island, NY) and centrifuged at 

800 g for 20 min at 20°C. The lipid layer and skim milk were removed, the cell pellet 

was washed twice, and was resuspended in PBS. The total cell content and viability 
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were determined with a Neubauer haemocytometer by Trypan Blue exclusion. The cell 

pellet was either immediately stained for flow cytometry or stored at -80°C for RNA 

extraction and subsequent qRT-PCR or RNA sequencing. Prepartum breast secretions 

(n=4) had an average volume of 5±5 mL (range: 0.2-12 mL) and contained a total 

number of 9.6 ×105 ± 9.1×105 cells (range: 1.1×105 - 1.9×106 cells), with a mean cell 

viability of 73.8±22.9% (range: 57.1-100%) (Table S1, Appendix 4). HM samples 

(n=50) had an average volume of 64±36 mL (range: 10-157 mL) and contained a total 

number of 3.0×107 ± 3.3×107 cells (range: 4.0×105-20.1×108 cells), with the majority of 

cells being viable (mean cell viability 97.3 ± 2.2%; range: 92.0-100%) (Table S1, 

Appendix 4), which is consistent with their isolation from freshly expressed HM 

(Hassiotou, Geddes & Hartmann 2013). 

 

6.3.2 Cell culture 

A human mammary epithelial cell line derived from resting mammary tissue 

mammoplasties (HUMECs) was cultured in Cell Star T75 flasks (Greiner Bio-one, 

Frickenhausen, Germany) in a Sanyo CO2 incubator MCO-17AIC (Quantum Scientific, 

QLD, Australia) held at a constant temperature of 37°C at 5% CO2 as previously 

described (Hassiotou et al. 2012). Cells were cultured in HUMEC Complete Medium 

(Invitrogen, VIC, Australia) supplemented with 1% antibiotic/antimycotic (Invitrogen, 

VIC, Australia).  

 

6.3.3 RNA extraction 

Total RNA was extracted from prepartum breast secretions and HM cell samples (n=54) 

(Table S1, Appendix 4) and pellets of the cultured cell line using the mini RNeasy 

extraction kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions and 

as previously described (Hassiotou et al. 2012). After the RNA was eluted, RNA 

quantitation and purity was measured using NanoDrop 2000 (Thermo Fisher Scientific, 

Wilmington, DE, USA). All RNA extracted was of good quality with a 260/280 ratio 

ranging 1.8-2.2. In addition, RNA from resting mammary tissues from a pool of five 

donors aged 40-55 years was purchased as a control (Catalogue number: 540045, Lot 

number: 0006135096, Agilent Technologies, Santa Clara, CA). 

6.3.4 cDNA generation and quantitative Real-Time Polymerase Chain Reaction 

(qRT-PCR) 

Total RNA was reverse-transcribed using the high-capacity cDNA archive kit (Life 



CHAPTER 6: NEUROTROPHIN EXPRESSION IN LACTATION 

	 105	

Technologies, Carlsbad, USA) following the manufacturer’s instructions and as was 

previously described (Hassiotou et al. 2012). A 50 µL reaction was created by adding 

prescribed volumes of each component contained within the kit to make up the cDNA 

master mix to 25 µL of the RNA diluted in Ultrapure RNase-free water (Gibco, Life 

Technologies). Samples were incubated in a Bio-Rad C1000 96-well gradient block 

thermal cycler and held at 25°C for 10 min, 37°C for 120 min, 85°C for 5 min, and 

finally at 4°C until collected. cDNA was stored at -20°C before quantitative real-time 

polymerase chain reaction (qRT-PCR).  

Gene transcription was quantified by qRT-PCR using hydrolytic probes (Taqman, 

Life Technologies, CA, USA) (Table S2, Appendix 4) with the 7500 Fast qRT-PCR 

system (Life Technologies) as previously described (Hassiotou et al. 2012). Each 

sample was measured in triplicate or in few cases in duplicate when the extracted RNA 

was not sufficient. Genes were standardized to HUMECs, and each sample was 

controlled with in-house regulator GAPDH. Fold change in gene expression for each 

sample and experimental condition was calculated as 2Ct(control) - Ct(sample) ± SD and 

relative quantitation was determined for each replicate. Repeated measures of the 

samples were averaged and the standard errors of the mean (SEM) were calculated. 

SEM was used for quality control of the data and means were used for statistical 

analyses.  

 

6.3.5 Library preparation and RNA Sequencing 

HM cell RNA from n=4 mothers who donated longitudinal milk samples (n=20) and 

pooled resting mammary tissue RNA were standardized to contain the same amount of 

RNA for RNA sequencing. Library preparation was done by first treating the samples 

with DNase I to degrade DNA contaminants, then mRNA was enriched with oligo(dT) 

magnetic beads before fragmentation (~200bp, base pairs) with specialized buffer. 

cDNA was synthesized from the purified RNA and further purified with magnetic 

beads. End reparation was done and a single addition of the nucleotide adenine (A) was 

done to the 3’ end of the cDNA before ligating sequence adapters to the fragments. 

After PCR amplification and sample quality testing, samples were sequenced using 

Illumina HiSeq2000 with a minimum of 20 M 50 base paired single end reads per 

sample. Base calling accuracy, measured by the Phred Quality score (Q score) 

calculated by Perl, was controlled to Q20 ensuring an accuracy of >85% confidence in 

base assignment of the reads. Raw reads were cleaned by removing adapter sequences 



CHAPTER 6: NEUROTROPHIN EXPRESSION IN LACTATION 

	 106	

and reads from analysis if they contained either greater than 10% unknown nucleotides 

or low base quality scores (if 50% of the read had base quality scores ≤5). Reads were 

aligned to the human genome assembly hg38 using SOAP aligner 2 software (Li et al. 

2009) with no more than 2 mismatches allowed. Gene expression levels were estimated 

and expressed as RPKM (Reads Per Kilobase per Million mapped reads) (Mortazavi et 

al. 2008) and annotated with the National Centre for Biotechnology Information’s 

(NCBI) reference sequence annotations. RPKM values for sequences matching NTR 

genes (NCBI Gene accession numbers: 4914 for TrkA, 4915 for TrkB, 4916 for TrkC, 

4804 for p75NTR, and 6272 for sortilin) in each sample were extracted and used for 

further analysis. 

  

6.3.6 Immunohistochemical staining of mammary tissues  

Lactating and resting mammary tissue sections of 5-µm thickness were prepared from 

normal human biopsied formalin-fixed and paraffin-embedded tissues provided by the 

tissue archive of the School of Anatomy, Physiology and Human Biology, The 

University of Western Australia (Hassiotou et al. 2012). After deparaffinization and 

rehydration of the slides following standard procedures, heat induced epitope retrieval 

was carried out in a low pH, citrate-based antigen unmasking solution (Vector 

Laboratories, California, USA, catalogue number H-3300) using a decloaking chamber 

(Biocare, West Midlands, United Kingdom) at 95°C for 20 min. After inactivation of 

endogenous peroxidases with 0.3% H2O2, and blocking with 2.5% horse serum, anti-

NTR antibodies (Table S3, Appendix 4) were applied to the sections and revealed with 

DAB Peroxidase (HRP) Substrate Kit (Vector Laboratories, California, USA, catalogue 

number SK-4100). Slides were also counterstained with hematoxylin (Gill’s 

formulation, Vector Laboratories, California, USA), dehydrated and cleared in xylene 

before mounting in Ultramount #4 mounting media (Thermo Fisher Scientific, Victoria, 

Australia). Imaging was performed on an Axioplan-2 microscope (Carl Zeiss AG, 

Oberkochen, Germany).  

 

 

6.3.7 Flow cytometry  

Flow cytometry was conducted in cells isolated from freshly expressed HM obtained 

from n=10 mothers at lactation stages from 5 weeks to 1.2 years postpartum, following 

the protocol previously described for extracellular markers (Hassiotou et al. 2012). In 
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short, primary antibodies diluted in 2% fetal bovine serum (FBS) (Bovagen, Essendon, 

Australia) in PBS were added to purified cells (Table S3, Appendix 4). After incubation 

for 30 minutes in the dark at 4°C, cells were washed twice in 2% FBS in PBS and 

incubated with secondary antibodies diluted at 1:200 in PBS with 2% FBS (Table S3, 

Appendix 4) for 30 minutes in the dark at 4°C. After an additional two washes, cells 

were fixed in 1.5% paraformaldehyde (BDH Chemicals, Poole, England) /1% sucrose 

(Fluka, Seelze, Switzerland) in PBS before flow cytometric analysis. Appropriate 

negative internal controls were used. Data acquisition was done with a FACS Calibur 

Flow Cytometer (Becton Dickinson, Franklin Lakes) and data analysis with FlowJo. 

 

6.3.8 Statistical analysis 

Statistical analyses were carried out using R 3.2.3 for Mac OSX with the additional 

packages Lattice (Sarkar 2008), MASS (Venables & Ripley 2002) and nlme (Pinheiro et 

al. 2016) for linear regression, robust linear regression, or linear mixed effects models, 

respectively. To examine differences in NTR gene expression as determined by RNA 

sequencing, linear modeling and linear mixed effects models (where individual mothers 

were considered random) were compared per gene. After no differences between 

models were found, linear modeling was used to compare gene expression between 

resting mammary tissue, pregnancy and lactation samples (months 1-12). qRT-PCR 

gene expression was determined by relative quantitation (RQ) compared to the control 

HUMECs and is shown as a factor difference to 1, however values less than this were 

retained for analysis. RQ data were generally logged due to the order of magnitude 

changes between samples and tested for normality using the Shapiro-Wilk normality 

test. To determine whether cell line values fitted within the distribution of HM cells, z-

scores and associated p-values were calculated based on whether cell line values sat 

outside of 99% of the distribution to ensure minimal false positives. As such, any z-

scores for cell lines that were outside of |2.56| were reported to be significantly different 

to HM cell values (p<0.01). Demographic associations between single genes and 

maternal characteristics (Body Mass Index; BMI; change in maternal brazier size from 

pre- to post-partum) or infant characteristics (gestational age at delivery; age) were 

tested on logged continuous data by linear regression and robust linear regression with 

Huber correction or Tukey Bisquare correction as previously described (Twigger et al. 

2015). Further, assessment of each model’s residual plots lead to the selection of the 

most appropriate correction for each test. Differences in NTR gene expression of 

univariate characteristics (sex of the infant; uniparous or multiparous women; mode of 



CHAPTER 6: NEUROTROPHIN EXPRESSION IN LACTATION 

	 108	

delivery) were tested using Students t-test or Wilcoxon Rank test depending on whether 

the gene expression data were normally distributed, as previously described (Twigger et 

al. 2015). The same statistical tests for multivariate and univariate mother and infant 

characteristics were done to examine potential correlations using the flow cytometry 

data for the percentages of cell populations positive for each NTR. p-values were 

considered significant if p<0.05.  

 

6.4 RESULTS 

6.4.1 NTR gene expression in the mammary gland during different stages of 

development 

RNA sequencing of samples collected longitudinally from four women during 

pregnancy and lactation were compared with a pool of resting mammary tissues and 

revealed differential expression of NTRs that varied depending on the developmental 

stage of the gland (Figure 1). TrkB was the most highly expressed NTR, showing a non-

significant trend to be lower in the sample collected at the third trimester of pregnancy 

compared to the resting breast (p=0.061, average change of 37.3 RPKM). TrkB was 

significantly higher by 3.9-76.1 fold in the HM samples (mean increase of 42.4 RPKM) 

(p<0.001) compared to the pregnancy sample, whereas levels during lactation were 

similar to the resting gland (p=0.930) (Figure 1, Table 1). In contrast, p75NTR showed a 

major decrease in expression by 100-132 fold (on average 35.8 RPKM) in late 

pregnancy compared to the resting breast (p<0.001), and was maintained throughout 

lactation (p<0.001) where only one participant’s HM cells showed expression at month 

3 and no expression was found at subsequent time points (Figure 1, Table 1). Sortilin, 

the second most highly expressed NTR (after TrkB) during lactation in these four 

mothers, did not change between the resting gland and late pregnancy, but increased in 

lactation (p=0.034) (Figure 1, Table 1). Whist there were statistical differences in the 

expression of TrkA and TrkC between different mammary development stages, these 

receptors were expressed at extremely low values across all time points (Figure 1, Table 

1). 
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Figure 1. Individual longitudinal changes of NTRs in reads per kilobase per million of 

transcript (RPKM) in prepartum mammary cell secretions (P) and HM cells (months 1, 

3, 6, and 12) compared to pooled resting mammary gland tissue (red line). The mean of 

each time point between individuals (Δ) is denoted to show the average change of gene 

expression between different stages of mammary development (resting gland, pregnancy 

and lactation). 

 

 

Table 1. Statistical comparisons of NTR gene expression using RNA sequencing 

between cells obtained from prepartum (late pregnancy) secretions (n=4), longitudinal 

HM samples (n=16), and a pool of resting breast tissues reflecting different normal 

mammary developmental stages. Linear modeling was used to compare gene expression 

data in reads per kilobase per million mapped reads (RPKM) between the three 

development stages of the resting gland cells, prepartum secretion cells and HM cells 

(including month 1, 3, 6 and 12 of lactation). Downregulation of genes is shown with 

negative mean RPKM change values and upregulation with positive mean RPKM 

change values. p<0.05 was considered significant (*) and p<0.001 was considered 

highly significant (**).  

 

 Resting vs Pregnancy Resting vs Lactation Pregnancy vs Lactation 

Gene Mean RPKM 
change p-value Mean RPKM 

change p-value Mean RPKM 
change p-value 

TrkA -0.84 <0.001**

* 

-0.91 <0.001** -0.08 0.003* 
TrkB -37.3 0.061 5.06 0.930 42.4 <0.001** 

TrkC -2.20 0.016* 0.62 0.606 2.82 <0.001** 
p75NTR -35.8 <0.001** -35.9 <0.001** -0.17 0.097 
sortilin -12.0 0.270 -1.67 0.968 10.3 0.034* 
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To further examine and validate mRNA expression of NTRs in the normal 

mammary gland and changes from resting conditions to lactation, qRT-PCR analysis 

was conducted in HM samples collected from n=19 lactating women. Comparisons 

were done with resting mammary gland tissue and a resting primary human mammary 

epithelial cell line (HUMECs). p75NTR was expressed at significantly lower levels in all 

HM cell samples compared to resting mammary gland tissue (p<0.001) (Figure 2A). No 

statistically significant difference in expression was seen between the lactating gland, as 

represented by HM cells, and resting mammary gland tissue for sortilin (p=0.378) and 

TrkB (p=0.078) as well as TrkB variant TrkB1 (p=0.363) (Figure 2A). The HUMEC cell 

line showed somewhat different patterns of expression to resting mammary gland tissue 

for some of these NTRs, and these differences may be associated with molecular 

changes occurring during cell culture and passaging, as has been reported previously 

(Ross & Perou 2011). In particular, no difference was found in TrkA or sortilin 

expression between HUMEC and HM cells (p=0.136 and p=0.104 respectively) (Figure 

2A). However, TrkB and TrkB1 were significantly upregulated in HM cells compared to 

HUMECs (p<0.001). Similar to the resting mammary gland and in accordance with the 

RNA sequencing data, p75NTR was downregulated in lactation compared to HUMECs 

(p<0.001) (Figure 2A). Whist significant differences in TrkA and TrkC expression 

levels were found between the milk cells and the resting mammary gland, it is likely 

that these differences are negligible given the very low expression of these receptors 

found by RNA sequencing. 
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Figure 2. Variation of mRNA expression of NTRs in HM and association with the stage 

of lactation. (A) Box and whisker plots of gene relative quantitation (RQ) for NTRs in 

HM cells (n=19) (•), resting mammary gland (n) and HUMECs (¨), as determined by 

qRT-PCR. qRT-PCR gene expression was compared using z-score analysis and 

resulting t-values were converted to p-values which were considered significant if 

p<0.01. Significant p-values were indicated on the graph for HM compared to Resting 

Breast tissue (�) and HM compared to HUMECs (*). (B) Scatter plot of the significant 

positive correlation found between sortilin gene expression and the stage of lactation. 
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Variation existed amongst lactating women (n=19) in expression of all the NTRs 

tested and linear or robust linear regression analysis was used to examine the influence 

of maternal and infant characteristics, including infant sex, gestational age at delivery, 

mode of delivery, stage of lactation, maternal body mass index (BMI), and change in 

brazier size over pregnancy (Table S4, Appendix 4). Of these characteristics, the stage 

of lactation was positively associated with sortilin expression (p=0.033, robust linear 

regression with Huber correction) (Figure 2B, Table S4, Appendix 4). The remaining 

mother/infant characteristics examined showed no effects on NTR expression during the 

first year of lactation in this cross-sectional dataset. 

Taken together, these findings demonstrate differential expression of NTRs in the 

normal mammary gland during different stages of development, with potential 

functional significance in mammary biology (Figure 3). The downregulation of p75NTR 

during pregnancy indicates involvement of the targeted silencing of these genes in 

mammary expansion. TrkB and sortilin may also participate in lactation-initiating 

events due to their upregulation during lactation and both were maintained at similar 

levels from resting conditions through to pregnancy, whereas p75NTR was maintained 

from pregnancy through to lactation. Our data further implicate the stage of lactation as 

a potentially important factor influencing expression levels of sortilin.  
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Figure 3. Summary of NTR gene expression changes during different developmental 

stages of the mammary gland. Qualitative plots consolidate gene expression data from 

RNA sequencing and qRT-PCR to demonstrate the general trend of gene expression 

changes during different stages of mammary gland development. 

 

6.4.2 Analysis and distribution of NTR proteins in the mammary gland 

NTRs were analysed at the protein level in both human resting and lactating mammary 

tissue and HM cells using flow cytometry and immunohistochemical staining, 

respectively (Figure 4 and 5). Flow cytometry confirmed the presence of NTRs in HM 

cell samples (n=10) collected in months 2-16 of lactation and representing the lactating 

mammary epithelium. Statistical analysis revealed a negative correlation between cells 

positive for TrkC and the gestational age of the infant at birth (p=0.018) (Table S5, 

Appendix 4). The proportion of positive cells for each NTR is shown in Table 2 and 

Figure 4. The NTR more universally present in the majority of HM cells was TrkB, 

whilst TrkA was restricted to less prominent HM cell populations (Figure 4, Table 2). 
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Figure 4. Variation in % cells positive for NTRs in HM (n=10) as determined by flow 

cytometry. Flow cytometry histograms show a representative example of % positive 

cells for each NTR in n=1. Box plots show the variation in n=10 lactating mothers. 

TrkB and p75NTR were present in the majority of HM cells. 

()

pe
rc
en
ta
ge

0

20

40

60

80

100

Tr
kA

Tr
kB

Tr
kC p7
5

S
or
til
in

100

80

60

40

20

0

po
si

tiv
e 

ce
lls

 (
%

)

()Tr
kA

-

Tr
kB

-

Tr
kC

-

p7
5N

TR
-

so
rti

lin
 -

p75NTR: APCTrkA: APC TrkB: APC sortilin: APCTrkC: APC

Ce
ll 

co
un

t

600

400

200

0



 

	 115	

 

Figure 5. Immunohistochemical staining of resting and lactating mammary tissues depicting NTR protein expression and tissue distribution. The first 

two panels for each condition represent the negative controls. The most prominent NTRs were TrkB, p75NTR and sortilin, which were differentially 

regulated between the resting and the lactating tissues. These NTRs were found both in the myoepithelial and luminal cell layers, however TrkB and 

sortilin appeared to be more evenly distributed between these two cell layers in the lactating compared to the resting gland, whereas p75NTR was more 

highly expressed in the myoepithelial cells in the resting gland.  
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Table 2. Range of percentage NTR positive HM cells. The proportion of cells positive for each NTR in human milk cells from n=10 lactating women as determined 

by flow cytometry. The mean, standard deviation (STDEV) and range are reported. 

Protein Mean (%) STDEV (%) Range (%) 

TrkA 16.5 5.6 8.4-22.4 
TrkB 38.4 11.2 21.1-58.2 

TrkC 36.6 12.1 25.1-64.4 

p75NTR 36.3 12.0 18.3-53.8 
sortilin 21.2 7.9 12.8-30.8 
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Immunohistochemical staining of mammary tissues revealed differential presence and 

tissue distribution of some NTRs between the resting and the lactating gland (Figure 5). 

TrkB was clearly labelled, particularly in the resting mammary gland, where it was 

localised in luminal cells, however it was also present in the lactating epithelium, where 

it had a broader distribution across the epithelial cells (Figure 5). Sortilin was seen in 

ductal luminal cells in resting mammary tissue, and it was localised in luminal epithelial 

cells of both the ducts and alveoli in the lactating gland (Figure 5). p75NTR was found in 

both myoepithelial and luminal epithelial cells in the resting gland, with its expression 

being more prominent in the myoepithelial layer, and to a lesser extent in the lactating 

mammary gland (Figure 5). TrkA and TrkC were the least labelled proteins and had 

similar localisation patterns between the resting and lactating glands, found mainly in 

myoepithelial cells (Figure 5). 

 

6.5 DISCUSSION 

NTRs are known to exist outside the nervous system, however their role in non-

neuronal cells is poorly understood. In the mammary gland, they have been mostly 

studied in breast cancer due to the oncogenic potential of their aberrant expression 

and/or activation (Hondermarck 2012). Little is known about their presence and 

function in the normal mammary gland, particularly in its maturing and mature states, 

during pregnancy and lactation respectively. Here, we took advantage of mammary 

epithelial cells isolated non-invasively via early prepartum mammary gland secretions 

and HM from the glands of pregnant and lactating women respectively, to investigate 

NTR expression at both the mRNA and protein levels. Sortilin, TrkB and p75NTR were 

found in the human mammary gland with a differential presence between resting 

condition, pregnancy and lactation.  

TrkB and sortilin were the two most prominently expressed NTRs in the normal 

mammary gland, particularly during lactation. TrkB showed a tendency to decrease in 

the third trimester of pregnancy compared to the resting gland, but increased 

significantly in lactation, indicating differential involvement of this gene in epithelial 

expansion and milk synthesis during these two stages of mammary development, 

respectively. Indeed, TrkB protein was highly expressed across most epithelial cells in 

human lactating mammary tissues (Figure 5). The increase in TrkB expression from the 

third trimester pregnancy to early lactation that we observed is in accordance with a 
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report in the ovine mammary gland (Colitti 2015). mRNA expression of sortilin was 

relatively consistent between the resting gland and late pregnancy, with a potential 

increase observed from pregnancy to lactation, which was also reflected in the universal 

epithelial sortilin staining observed in human lactating mammary tissues (Figure 5). 

This requires further investigation, as it may be associated with milk synthesis and/or 

secretion via different signaling pathways. Both TrkB and sortilin have been previously 

identified to play a role in cell proliferation and control of apoptosis in the mammary 

gland and other tissues, such as the nervous system, where in some cases their 

deregulation has been shown to lead to aberrant growth (Vanhecke et al. 2011; 

Bradshaw et al. 2015; Nykjaer et al. 2004). In the normal mammary gland, TrkB and 

sortilin may maintain a healthy balance between cell proliferation and apoptosis, 

interacting with each other and with other receptors. Indeed, paired signalling of TrkB 

and sortilin has been reported in combination with the epidermal growth factor receptor 

(EGFR) to form the TES complex (TrkB-EGFR-sortilin), which facilitates exosomal 

transfer between different tissue types (Wilson et al. 2014), a process that may also 

occur in the mammary gland to regulate cell signalling via exosomal transport. 

Similar to TrkB, p75NTR decreased during late pregnancy, however its expression 

remained low in lactation suggesting a function of the targeted silencing of this gene 

during mammary expansion occurring in pregnancy that may also be necessary for milk 

production during lactation (Hassiotou & Geddes 2013). Autocrine stimulation of 

p75NTR by NTs has been previously described in breast cancer cells resulting in a NF-

kB-mediated resistance to apoptosis (Hondermarck 2012; Vanhecke et al. 2011). It is 

conceivable that downregulation of p75NTR during pregnancy and lactation may 

facilitate tighter regulation of apoptosis in the expanding normal gland where constant 

cell proliferation regularly occurs (Hassiotou & Geddes 2013). Interestingly, flow 

cytometric analysis of HM cells showed that a proportion of mammary epithelial cells 

during lactation were positive for p75NTR, however immunohistochemical staining of 

human lactating mammary tissue demonstrated weak expression in these cell 

populations, consistent with the low mRNA expression. 

TrkA and TrkC were found to be expressed at very low mRNA and protein levels 

in the mammary gland across different development stages, despite both receptors being 

previously reported at the protein level in resting human and ovine mammary tissue 

(Shibayama & Koizumi 1996; Colitti 2015). Whilst qRT-PCR data suggested 

differential expression between resting and lactating conditions, expression levels 

obtained with RNA sequencing in four mothers at different stages of lactation revealed 
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low to nil expression. Flow cytometry suggested that some milk cells may be positive 

for TrkA and TrkC, however the sparse immunohistochemistry staining was indicative 

of low expression in accordance with the mRNA data. Although these conclusions are 

based on samples sequenced from four lactating women and should be confirmed in 

more individuals, our findings suggest that it is unlikely that TrkA and TrkC play a role 

in the normal mammary gland and in particular during lactation. It should be noted that 

some mammary cells are present in HM in small numbers, such as certain myoepithelial 

cells, which appear to stain positive for TrkA and TrkC (Figure 5). Therefore, it cannot 

be excluded that rarer subsets of mammary cells may be responsive to neurotrophins 

through the TrkA and TrkC receptors, but were not detected in this study due to their 

scarcity in HM. Further studies are required to investigate this in depth. 

There was variation in NTRs mRNA expression between mothers, in particular of 

TrkB1, p75NTR and sortilin, which was also reflected in protein expression of mammary 

epithelial cells of the lactating gland accessed via HM. Similar biological variation in 

mRNA and protein expression of other genes in HM cells has been previously reported, 

and is thought to be at least partly associated with maternal and infant characteristics 

(Twigger et al. 2015; Hassiotou et al. 2012). To provide further insight into factors that 

may be associated with NTR variation in the mammary gland amongst lactating women, 

we examined the effects of maternal (BMI, change in brazier size during pregnancy, 

parity, and stage of lactation) and infant characteristics (gestational age at delivery, sex 

and mode of delivery) on NTR mRNA expression in the cross-sectional dataset of n=19 

lactating mothers as well as on the percentage of NTR positive cells obtained using flow 

cytometry in the cross-sectional dataset of n=10 lactating mothers. The most noteworthy 

correlation was the increase in sortilin expression with the stage of lactation, which as 

discussed earlier, may be involved in the remodelling and maturation of the mammary 

gland as lactation progresses. 

 

6.6 CONCLUSIONS 

In conclusion, the presence of TrkB, sortilin and p75NTR and their differential regulation 

during different stages of mammary development suggest a regulatory role in lactation. 

Moreover, HM has been found to contain NGF and BDNF, as well as various 

neurotrophin-associated factors (Dangat et al. 2013; Dangat et al. 2014; Li et al. 2011; 

Fichter et al. 2011; Grueters et al. 1985) that could interact with NTRs. Further 

functional investigations are warranted to clarify the involvement of NTRs in specific 

functions during lactation, such as milk synthesis and/or milk secretion/removal. 
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Central to the field of human mammary gland biology is the understanding of the 

immense changes that occur during the natural maturation of the gland in pregnancy and 

lactation. Whilst studies have investigated these changes in animal models, the invasive 

nature of obtaining mammary gland tissue biopsies during pregnancy and lactation has 

largely prevented extensive studies in humans. Here, cells non-invasively isolated from 

human milk (HM) across different stages of lactation, as well as from prepartum 

mammary secretions (PS) in late pregnancy provided a rich source of mammary 

epithelial mRNA to study the regulation and normal variation in the mammary gland 

during development and function. Additionally, experiments in this thesis aimed to 

determine the normal expression of genes associated with breast cancer as well as 

neurotrophin receptors in the mammary gland over the pregnancy-to-lactation cycle. 

Evidence generated from this thesis suggests that the hypotheses set out in Chapter 1 are 

not supported and that gene expression of cells obtained from resting condition, 

pregnancy and lactating mammary glands is different (Chapter 3) and that variation 

exists between women (Chapter 4). Furthermore, differences in expression of a 

selection of genes previously associated with breast cancer (Chapter 5) and 

neurotrophin receptors (Chapter 6) are differentially regulated over different mammary 

gland development states suggesting a normal role in the mammary gland over the 

pregnancy to lactation cycle. Findings from these studies provide novel insight into the 

biology of the mammary gland through the use of human milk cells and set the basis for 

future comparative and functional studies. 

To determine whether differences exist in the mammary gland transcriptome 

during maturation of the gland, gene expression was examined longitudinally in women 

(n=4) using RNA sequencing from PS collected during late pregnancy (32-37 weeks) 

and HM obtained sequentially at months 1, 3, 6 and 12 postpartum (Chapter 3). These 

data were compared with the resting mammary tissue (RMT) transcriptome to 

determine changes in gene expression across these stages of mammary gland 

developmental. Highly expressed genes and global gene profiles remained consistent 

across the first 12 months of lactation and were distinct to the PS cells and RMT 

transcriptomes. Differences in cell adhesion pathways found between the resting gland 

and pregnancy reflective of cellular reorganisation occurring in pregnancy, initiated by 

changes in surface tension of the surrounding stroma (Kass et al. 2007). Immune cell 

signalling pathways differed between pregnancy and lactation, emphasising the 

importance of the early delivery of protective immune factors to the vulnerable new 

born (Hanson et al. 1985). Morphogenesis pathways found to be differentially expressed 
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between the resting and the lactating gland reflect the anatomical and physiological 

differences between these two states (Hassiotou & Geddes 2013). Whilst it is imperative 

that new pathways be built in future to more accurately describe the functional changes 

occurring in the gland over different stages of development, the pathways described in 

Chapter 3 give us an introduction into the changes occurring in the human mammary 

gland through HM cell signalling. Genes associated with lactation originally identified 

in animal models (Lemay et al. 2007; Rudolph et al. 2007; Naylor et al. 2005b) and 

confirmed in the HM fat globule (Maningat et al. 2009) were found in PS and HM cells 

(Chapter 3). Together this data provides strong evidence against the first hypothesis of 

this thesis (Chapter 1) demonstrating that variation exists in the mammary 

transcriptome in the resting, pregnancy and lactating condition. Importantly it provides 

a gene expression basis of the total HM cell mRNA and paves the way for further HM 

cell analysis to answer the question of “What are the HM cell subpopulations?” and 

“Are there significant numbers of non-lactocyte mammary cells in the milk?” 

Comparisons between pure lactocyte mRNA found in the milk fat globule and the HM 

cells from the same women would provide useful data to attempt to answer these 

questions. 

Variation in the HM cell transcriptome was also found between different women 

and in some cases correlated with different mother/infant demographics. To examine 

variation in mammary cell gene expression between women, I tested a key set of genes 

representative of stem, progenitor and mammary differentiated cells in HM samples 

from 66 women (Chapter 4) (Twigger et al. 2015). As expected, larger variation in 

expression of most genes was observed in this cross-sectional dataset compared to 

longitudinal data generated by RNA sequencing (Chapter 3). Correlations between 

lactation stage and both estrogen-related receptor beta (ESRRB) and growth 

differentiation factor 3 (GDF3) suggesting a dynamic cellular signature that may change 

with the stage of lactation. Other relationships with demographic factors, such the 

negative association between lactocyte marker cytokeratin 18 (CK18) and body mass 

index (BMI), may provide a molecular mechanism behind low milk production that is 

common in obese women during early lactation (Rasmussen 2007; Nommsen-Rivers et 

al. 2010). Clearly variation found in HM cells between women supports rejection of 

hypothesis two (Chapter 1) and highlights the importance of collecting demographic 

data when establishing the normal variation in the population. 

Examination of genes previously studied in the context of breast cancer in the 

normal mature mammary gland during development (pregnancy) and function 
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(lactation) was done by accessing cells from each state of the gland via PS and HM 

(Chapter 5).  Presence and variation of claudin-low, malignancy, commonly mutated 

and epithelial-to-mesenchymal-transition (EMT)-related genes (Prat et al. 2010; 

Herschkowitz et al. 2007; Chen et al. 2010; Ciriello et al. 2015; Taube et al. 2010) was 

found between the resting mammary gland, pregnancy and lactation. These findings 

must be considered before further exploring the use of HM cells as a tool to determine 

breast cancer risk, as has been previously suggested (Arcaro & Anderton 2008; Wong et 

al. 2010). An important consideration for this study and future studies is whether the 

cells in HM are completely normal or representative of a natural shedding process to 

enable continued renewal of the milk production machinery. Direct comparisons 

between normal resting and breast cancer tissue with HM cells and greater attention to 

the cell adhesion molecules in these cell may provide further valuable insights into how 

these cells enter the milk. The findings in this study provide evidence to reject 

hypothesis three (Chapter 1) and suggest normal regulation of genes originally 

associated with cancer in mammary gland cells during different stages of development.  

Exploration of the regulation of neurotrophin (NT) receptors in the mammary 

gland was examined at the mRNA and protein level in HM and PS cells compared to 

RMT (Chapter 6). TrkB and p75 were both differentially regulated in pregnancy and 

lactation where p75 was downregulated in both conditions and TrkB selectively in 

pregnancy. Absence of brain derived neurotrophic factor (BDNF) and nerve growth 

factor (NGF) expression in HM cells in Chapter 3 (Table S1, Appendix 1) suggests that 

signalling through TrkB and sortilin occurs with either other ligands synthesised in the 

mammary gland or with BDNF transported from the blood to signal to the mammary 

cells. Differential presence of these receptors in different mammary gland stages rejects 

the fourth hypothesis (Chapter 1) and it is likely that development and function is 

signalled to the breast, at least in part, through NTs. 

Together these findings provide a solid basis for future studies aiming to further 

understand mammary gland development. PS and HM cells provide a heterogeneous 

population of cells (Hassiotou, Geddes & Hartmann 2013) which is useful for 

understanding overall changes in cell populations of the mammary gland over different 

stages of development and for comparison with other studies examining heterogeneous 

mammary samples. Gene signatures generated in this thesis can also be used to 

speculate the presence of certain cell subpopulations in HM, such as luminal progenitor 

cells, where high expression of genes associated with them were found in HM cells 

(Chapter 5). Future studies can take advantage of the known presence of EPCAM and 
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CD49f (Chapter 4) in HM cells to sort them into four mammary cell subpopulations 

including luminal progenitor cells, according to the original study (Lim et al. 2009). 

Comparative analysis between established cell types in the resting mammary gland 

(Lim et al. 2009) and sorted HM cells, may further inform our understanding of the 

characteristics of parity-induced progenitor cells (Wagner et al. 2002). An important 

question that remains in mammary gland biology is which cell types expand the 

glandular tissue during secretory differentiation in pregnancy? Is it possible to use PS 

and HM cells to help unravel the mystery behind mammary stem cells? Functional 

studies examining the proliferative ability of separated HM cells, as has been 

demonstrated by Linnemann et al. (2015) in RMT, would help define and characterise 

the cells driving development and function in the mammary gland answering questions 

behind the presence of human mammary stem cells. Further, comparing characteristics 

and regulation of the different subpopulations in the resting and lactating mammary 

gland may inform about potential mechanisms resulting in lower incidence of breast 

cancer risk in parous women who have lactated (Kotsopoulos et al. 2012; Kwan et al. 

2015). These functional studies would also offer an opportunity to examine the 

contribution of neurotrophin signalling in mammary gland development through 

knockout of the receptors and controlled addition of NTs to the culture medium. 

As well as gaining further insight into mammary gland development, HM mRNA 

expression examined in this thesis may be compared to proteins previously found in the 

milk (Molinari et al. 2012) which will allow us to further understand the regulation of 

milk synthesis in the mammary gland during lactation. Findings of mRNA expression 

of fatty acid synthase in HM cells (FASN, Chapter 3, Table S1, Appendix 1) and 

protein expression in HM (Molinari et al. 2012) demonstrate the expected translation of 

mRNA to protein. However in the case of Acetyl-CoA Carboxylase Alpha which is 

expressed in HM cells at the mRNA level (ACACA, Chapter 3, Table S1, Appendix 1), 

but the protein is not found in HM (Molinari et al. 2012) or the insulin protein which is 

found in HM (Whitmore et al. 2012) but the gene is not (INS not found in Chapter 3, 

Table S1, Appendix 1) the relationship is likely to be more complicated. Where gene 

expression is found and protein is not, it is likely that post-translation epigenetic 

regulation is occurring, mediated by factors such as miRNA, which are abundant in the 

mammary gland and HM (Alsaweed et al. 2016b). Where protein is found in the HM 

but the gene encoding that protein is not expressed in HM cells, it is possible that the 

protein is transported into the mammary gland via the circulatory system from external 

synthesis sites, as has been suggested for insulin (Whitmore et al. 2012). Subsequent 
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studies may then utilise mRNA data generated in this thesis from healthy successfully 

lactating women to compare with HM cell gene expression in women with low milk 

supply to understand the mechanisms behind their impaired ability to secrete milk. 

Taken together, the findings of this thesis provide a novel basis for the use of HM 

cells as a tool in mammary gland biology, demonstrating their potential to non-

invasively study the regulatory mechanisms associated with behind the development 

and function of this organ. New insight is given into the normal variation in the HM cell 

transcriptome both within and between women and normal regulation of genes 

previously identified in breast cancer and associated with neuronal tissues suggests that 

much can be gained from future comparative studies with PS and HM cells. 
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Figure S1. Real time polymerase chain reaction (RT-PCR) validation of RNA-Sequencing 

results by comparison of D-cycle threshold (CT) with logged normalised Reads Per Kilobase 

per Million mapped (RPKM) reads. 
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Figure S2. Top 10 Gene Ontology (GO) cellular component, molecular function and 

biological process pathways differentially expressed between A) resting mammary tissue 

(RMT) and prepartum secretion (PS) cells, B) RMT and human milk (HM) cells and C) PS and 

HM cells. 
  

0

200

400

600

800

1000

1200C

GO cell component

GO molecular function

GO biological process

0

500

1000

1500

2000

2500B

0

100

200

300

400

500

600

700

800A



APPENDIX 1- CHAPTER 3 
	

	 158	

SUPPLEMENTARY TABLES 
 
Table S1- Gene expression (RPKM) for all samples resting mammary tissue (RMT), prepartum 
secretion (PS) cells (participants 1-4; P1-4) and human milk (HM) cells (months 1,3,6 and 12; 
M1,3,6,12, participants 1-4; P1-4) with associated Kyoto Encyclopaedia of Genes and 
Genomes (KEGG) and Gene Ontology (GO) pathways 
 
Table S2- Quantitative real time polymerase chain reaction (qRT-PCR) taqman probes (Life 
Technologies) 
 
Table S3- Genes associated with the six clusters that vary across samples 
 
Table S4- Significant differentially expressed genes (DEGs) between resting mammary tissue 
(RMT) and prepartum secretion (PS) cells 
 
Table S5- Significant differentially expressed genes (DEGs) between resting mammary tissue 
(RMT) and human milk (HM) cells 
 
Table S6- Significant differentially expressed genes (DEGs) between prepartum secretion (PS) 
cells and human milk (HM) cells 
 
Table S7A- Geno Ontology (GO) pathway annotations of significant differentially expressed 
genes (DEGs) between resting mammary tissue (RMT) and prepartum secretion (PS) cells 
 
Table S7B- Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway annotations of 
significant differentially expressed genes (DEGs) between resting mammary tissue (RMT) and 
prepartum secretion (PS) cells 
 
Table S8A- Gene Ontology (GO) pathway annotations of significant differentially expressed 
genes (DEGs) between resting mammary tissue (RMT) and human milk (HM) cells 
 
Table S8B- Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway annotations of 
significant differentially expressed genes (DEGs) between resting mammary tissue (RMT) and 
human milk (HM) cells 
 
Table S9A- Gene Ontology (GO) pathway annotations of significant differentially expressed 
genes (DEGs) between prepartum secretions (PS) and human milk (HM) cells 
 
Table S9B- Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway annotations of 
significant differentially expressed genes (DEGs) between prepartum secretion (PS) cells and 
human milk (HM) cells 
 
Table S10- Differentially expressed genes (DEGs) between two defined groups 
 
Table S11- Lactation genes defined by Lemay et al 2007 in resting mammary tissue (RMT), 
prepartum secretion (PS) cells and human milk (HM) cells 
 
Table S12 - Metabolic genes defined by Rudolph et al 2007 in resting mammary tissue (RMT), 
prepartum secretion (PS) cells and human milk (HM) cells 
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Figure S1. Flow cytometric analysis of 2 breastmilk cell samples collected from 2 breastfeeding 

women showing expression of ESRRB, KLF4 and REX1. 

  

C
el

l C
ou

nt
 

ESRRB: APC KLF4: APC REX1: APC 

ESRRB: APC KLF4: APC REX1: APC 

C
el

l C
ou

nt
 

Breastmilk sample 1 

Breastmilk sample 2 



APPENDIX 2-CHAPTER 4 
	

	 160	

Table S1. Taqman probes used for RT-PCR. 

 

Gene Applied Biosystems Reference 
Number 

HuGAPDH Hs03929097_g1 
OCT4 (POU5F1) Hs03005111_g1 
SOX2 Hs01053049_s1 
NANOG Hs02387400_g1 
ESRRB Hs01584024_m1 
GDF3 Hs00220998_m1 
KLF4 Hs00358836_m1 
REX1 Hs00810654_m1 
CD49f Hs01041011_m1 
PAX6 Hs00240871_m1 
NESTIN Hs04187831_g1 
NOGGIN Hs00271352_s1 
CK5 Hs00361185_m1 
PTEN Hs02621230_s1 
CK14 Hs00265033_m1 
a-LA Hs00182028_m1 
EPCAM Hs00901885_m1 
CK18 Hs02827483_g1 
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Table S2. Antibodies used for immunostaining. 

 

Antibody Company Catalogue 
number 

Dilution for 
Immunostaining 

Dilution for Flow 
Cytometry 

OCT4 
(POU5F1) Miltenyi (Stemgent) 130-095-635 1:100 - 

SOX2 Miltenyi (Stemgent) 130-095-636 1:50 - 
NANOG Abcam ab80892 1:100 - 
NANOG Cell signalling 48935 - - 
CD49f Peprotech/Serotec SEMCA699BT 1:100 - 
NESTIN Miltenyi (Stemgent) 130-095-648 1:100 - 
CK5 Leica (Novocastra) CK5-CE-S 1:50 - 
a-LA Dako A057901 1:500 - 
EPCAM Exbio 11-581-C100 1:300 - 
ESRRB Thermo Fisher PA5-26070 1:50 1:50 
KLF4 Abcam ab72543 1:50 1:50 
REX1 Abcam ab72543 1:50 1:50 
SSEA4 Stemgent 09-0006 - - 

AlexaFluor 488 Life Technologies A21202 1:100 1:200 

AlexaFluor 546 Life Technologies A10036 - 1:200 

DAPI Roche 10236276001 1:100 - 
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SUPPLEMENTARY TABLES 

 

Table S1. The PAM50 genes that classify breast cancer into the intrinsic subtypes defined by 

Parker et al. (2009) were examined in resting mammary tissue (RMT), prepartum secretion 

(PS) cells and human milk (HM) cells. Status of the gene refers as EXPRESSED or NOT 

EXPRESSED, if the gene was found to be expressed in RMT, PS or HM cells or not, 

respectively. NA represents not applicable information. 

 

Table S2. Claudin-low genes classified by Herchkowitz et al. (2007) and the top 10% of the 

highly expressed claudin-low predictor genes identified by Prat et al. (2010) were examined in 

resting mammary tissue (RMT), prepartum secretion (PS) cells and human milk (HM) cells. 

Status of the gene refers to EXPRESSED or NOT EXPRESSED if the gene was found to be 

expressed in RMT, PS or HM cells or not, respectively, REPEATED if the gene was repeated in 

the initial dataset, and NOT ANNOTATED or DISCONTINUED if the gene could not be 

searched in the dataset because it was not annotated or was discontinued in the NCBI database. 

NA represents not applicable information. 

 

Table S3. Malignancy genes identified by Chen et al. 2010 were assessed in resting mammary 

tissue (RMT), prepartum secretion (PS) cells and human milk (HM) cells. Status of the gene 

refers to EXPRESSED or NOT EXPRESSED if the gene was found to be expressed in RMT, PS 

or HM cells or not, respectively, and DISCONTINUED if the gene that could not be searched in 

the dataset because it was not annotated or was discontinued in the NCBI database. NA 

represents not applicable information. 

 

Table S4. Commonly mutated genes associated with lobular breast cancer described by Cirello 

et al. 2015 were examined in resting mammary tissue (RMT), prepartum secretion (PS) cells 

and human milk (HM) cells. Status of the gene refers EXPRESSED or NOT EXPRESSED if the 

gene was found to be expressed in RMT, PS or HM cells or not, respectively. NA represents not 

applicable information. 

 

Table S5. Genes expressed by the subsets of normal cells described by Lim et al. (2009), 

including luminal progenitor cells (LPCs), mature luminal cells (MLCs), basal cells/mammary 

stem cells (BCs/MaSCs) and stromal cells (SCs). Status of the gene refers to EXPRESSED or 

NOT EXPRESSED if the gene was found to be expressed in RMT, PS or HM cells or not, 

respectively, and DISCONTINUED if the gene that could not be searched in the dataset 

because it was not annotated or was discontinued in the NCBI database. NA represents not 

applicable information. 
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Table S6. Genes associated with epithelial to mesenchymal transition (EMT) (Taube et al. 

2010, Chakrabarti et al. 2012 and Mani et al. 2008) were examined in resting mammary tissue 

(RMT), prepartum secretion (PS) cells and human milk (HM) cells. Status of the gene refers 

EXPRESSED or NOT EXPRESSED if the gene was found to be expressed in RMT, PS or HM 

cells or not, respectively. NA represents not applicable information. 
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Table S1. Summary of maternal and infant characteristics (n=33) and of cells isolated from the 
prepartum breast secretions (PBS) (n=4) and human milk (HM) samples (n=50). 
 

 Mean± SD Range 

Maternal characteristics (n=33)   
Age (years) 33±5 21-44 
Parity 2±1 1-4 
Infant characteristics   
Age (weeks) 28±23 1-71 
Gestational age at birth (weeks) 38.2±3.2 28.3-41.4 
PBS samples    
Volume provided (mL) (n=4) 5±5 0.2-12 
Cell viability % (n=3) 73.8±22.9 57.1-100 
Total cell count (×105 cells) (n=3) 9.6±9.1 1.1-19.3 
HM samples   
Volume provided (mL) (n=50) 64±36 10-157 
Cell viability % (n=44) 97.3±2.2 92.0-100 
Total cell count (×107 cells) (n=44) 3.0±3.3 0.04– 20.1 
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Table S2. Taqman probes used for qRT-PCR (Life Technologies). 
 
 

Gene  Reference Number 

Human GAPDH Hs03929097_g1 
TrkB1 AICSWEL 
TrkA Hs01021008_g1 
TrkB Hs00178811_m1 
TrkC Hs0017697_m1 
NTF3 Hs00267375_s1 
p75NTR Hs00609977_m1 
Sortilin Hs00361760_m1 
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Table S3. Antibodies used for flow cytometry (FC) and immunohistochemistry (IHC). 
 
 

Antibody Company Catalogue 
number Applications Dilutions 

TrkA Alomone Labs ANT-018 FC 1:50 

TrkB Alomone Labs ANT-019 FC 1:50 
TrkC Alomone Labs ANT-020 FC 1:50 

Sortilin Alomone Labs ANT-009 FC 1:25 
p75NTR Alomone Labs ANT-007 FC 1:50 

AlexaFluor 647 α-
Rabbit secondary Invitrogen A31573 FC 1:200 

DAPI Roche 10236276001 IHC 1:100 

TrkA (14G6) Cell Signaling #2508 IHC 1:200 

TrkB Alomone Labs ANT-019 IHC 0.8 µg/mL 
TrkC (WW6) Santa Cruz  sc-80403 IHC 1:250 

Sortilin Alomone Labs ANT-009 IHC 0.8 µg/mL 
p75NTR (D8A8) Cell Signaling #4201 IHC 1:400 
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Table S4. p-values for correlations between gene expression and participant characteristics 
(n=20). Multivariate associations between gene expression and maternal/infant characteristics 
(lactation stage, gestational age of the infant at birth, maternal BMI and change in brazier size) 
were examined by linear regression (1) and robust linear modeling with either Huber (2) or 
Tukey (3) corrections for multiple correlations. The model best befitting the data was selected 
based on examination of the regression plots and the resulting p-values are reported. Gene 
expression correlations with univariate characteristics (parity, mode of delivery, infant sex) 
were examined using the Wilcoxon signed-rank test due to the non-parametric nature of the 
data. Significant values are shown in bold.  
 
 

Maternal/Infant 
characteristics 

Gene 
TrkA TrkB TrkB1 TrkC p75NTR Sortilin 

Lactation Stage 0.6172 0.6912 0.6212 0.0212 0.1382 0.0332 

Gestational age 0.2812 0.3402 0.1642 0.8741 0.0722 0.4402 

Maternal BMI 0.3642 0.4092 0.4512 0.3132 0.9512 0.5442 

Change in brazier size 0.9722 0.6302 0.6092 0.8192 0.3312 0.4312 

Parity 0.298 0.499 0.627 0.500 0.444 0.107 

Mode of delivery 0.152 0.857 0.467 0.686 0.286 0.857 

Infant sex 0.851 0.427 0.851 0.427 0.910 0.851 
 
  



APPENDIX 4-CHAPTER 6 
	

	 168	

Table S5. p-values for correlations between participant characteristics and percentage 
positive cells for the neurotrophin receptor proteins measured by flow cytometry (n=10). 
Multivariate associations between percentage positive cells and maternal/infant characteristics 
(lactation stage, gestational age, maternal BMI and change in brazier size) were examined by 
linear regression (1) and robust linear modeling with either Huber (2) or Tukey (3) corrections 
for multiple correlations. The model best befitting the data was selected based on examination 
of the regression plots and the resulting p-values are reported. Correlations with univariate 
characteristics (parity, mode of delivery, infant sex) were examined using the Student’s t-test as 
all samples were normally distributed. Significant values are shown in bold.  
 

Maternal/Infant 
characteristics 

Protein 
TrkA TrkB TrkC p75NTR Sortilin 

Lactation Stage 0.0572 0.5942 0.9421 0.9612 0.2412 

Gestational age 0.8812 0.5872 0.0182 0.5522 0.1612 

Maternal BMI 0.4262 0.2912 0.8902 0.8712 0.4852 

Change in brazier size 0.1342 0.5882 0.8162 0.5332 0.4092 

Parity 0.813 0.110 0.247 0.586 0.300 

Mode of delivery 0.879 0.774 0.134 0.942 0.661 

Infant sex 0.322 0.831 0.823 0.574 0.896 
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