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ABSTRACT 

Hanne Cojoc: Basement membrane protein laminin alpha-5 in mammary gland development 
Master of Science Thesis 
Tampere University 
Master’s Degree Programme in Bioengineering 
February 2020 

 

The mammary gland is a special structure that differentiates mammals from other animals. It 
also differs from other organs by the fact that much of mammary gland development occurs post-
natally during puberty and pregnancy. The dynamic structure of the mammary gland changes 
with age, menstrual cycle, and reproductive status in the female, with the main function being 
lactation, or secretion of milk for the nourishment of the offspring.  

The aim of this Master’s thesis was to investigate the role of basement membrane protein 
laminin alpha-5 (LMα5) in mammary gland development. Basement membranes can be found in 
almost all metazoan tissue types. In the mammary gland the basement membrane lies beneath 
the mammary epithelium, providing support and physiological cues for the epithelial tree. Lam-
inins are a major constituent of the basement membrane, where they play a key role in several 
biological functions, including organ development. Laminins are deposited into the basement 
membrane by cells attached to it. The mammary epithelium consists of 2 types of cells; luminal 
epithelial cells and basal epithelial cells. Luminal epithelial cells are not adjacent to the basement 
membrane, but are still mostly in charge of LMα5 deposition. Due to this intriguing fact, a mice 
model with a conditional knockout of the LMα5 gene in luminal cells was crossed to research the 
protein’s role in the development of the mammary gland.  

Mammary gland development in mice lacking LMα5 was studied with in vitro and in vivo meth-
ods. In vitro, the consequences of LMα5 deletion were investigated in organoid cultures of primary 
murine mammary epithelial cells. The effects of LMα5 knockout were quantitated in growth rates 
and appearances of unbranching and branching organoids. In vivo, the growth of mammary tree 
in LMα5 knockout mice was evaluated during puberty, as this is the time of significant growth and 
remodeling in the gland. Analysis was performed by wholemount and immunohistochemistry 
methods and by quantitating epithelial length, number of terminal end buds, and epithelial struc-
tures. 

Based on the results, LMα5 plays a role in mammary gland development, as evaluated by in 
vivo methods and the in vitro branching assay. Organoids grown from LMα5 deficient murine 
mammary epithelial cells display less branching than organoids grown from wild type cells. In 
LMα5 knockout mammary glands epithelial length and number of terminal end buds are signifi-
cantly reduced, and changes in the structure of the epithelium are observed. The results of this 
Master’s thesis show that LMα5 has an important role in mammary gland development and 
branching morphogenesis. 
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TIIVISTELMÄ 

Hanne Cojoc: Tyvikalvoproteiini laminiini alfa-5 rintarauhasen kehityksessä 
Diplomityö 
Tampereen yliopisto 
Biotekniikan diplomi-insinöörin tutkinto-ohjelma 
Helmikuu 2020 
 

Nisäkkäät erottaa muista eläimistä niiden erityislaatuinen rintarauhanen. Rintarauhanen eroaa 
muista elimistä siten, että iso osa sen kehityksestä tapahtuu syntymän jälkeen puberteetin ja 
tiineyden aikana. Rintarauhasen dynaaminen rakenne vaihtelee iän, kuukautiskierron ja 
lisääntymisvaiheen mukaan, ja sen päätarkoitus on tuottaa maitoa jälkeläisen ravinnoksi. 

Tämän diplomityön tarkoitus oli tutkia tyvikalvoproteiini laminiini alfa-5:n (LMα5) vaikutusta 
rintarauhasen kehitykseen. Tyvikalvo löytyy lähes kaikista monisoluisten eliöiden kudoksista. 
Rintarauhasessa se sijaitsee epiteelikudoksen alapuolella, antaen sille tukea ja tarpeellisia 
fysiologisia signaaleja. Laminiinit ovat tärkeä rakenneosa tyvikalvossa, jossa ne osallistuvat 
useisiin biologisiin toimintoihin, mukaan lukien elimien kehitykseen. Tyvikalvoon kiinnittyvät solut 
tuottavat laminiineja. Rintarauhasen epiteelikudos koostuu kahdenlaisista soluista; luminaalisista 
ja basaalisista epiteelisoluista. Luminaaliset epiteelisolut eivät ole lähimpänä tyvikalvoa, mutta 
tuottavat kuitenkin suurimman osan LMα5:stä. Tämän mielenkiintoisen löydöksen innoittamana 
risteytettiin hiirimalli, jossa on mahdollista spesifisesti poistaa LAMA5-geeni luminaalisista 
epiteelisoluista, ja jolla on mahdollista tutkia LMα5:n roolia rintarauhasen kehityksessä. 

Rintarauhasen kehitystä tutkittiin in vitro- ja in vivo -menetelmin. In vitro -menetelmillä tutkittiin 
LMα5:n poiston vaikutuksia hiiren rintarauhasen primääriepiteelisoluista kasvatetuissa 
organotyyppisissä 3D-soluviljelmissä. LAMA5-geenin poiston vaikutuksia tarkasteltiin 
havainnoimalla haarautumattomien ja haarautuvien organoidien kasvua ja ilmiasua. In vivo-
menetelmillä analysoitiin rintarauhasen puberteetinaikaista kehitystä LAMA5-poistogeenisissä 
hiirissä, sillä puberteetti on rintarauhaselle merkittävää kasvun ja muovautumisen aikaa. Analyysit 
toteutettiin kudos- ja immunohistokemiallisten värjäysten avulla, tarkastellen epiteelikudoksen 
rakennetta ja pituutta, sekä päätenuppujen lukumäärää. 

Tässä diplomityössä saatujen in vivo -tulosten sekä in vitro -osion haarautuvien organoidien 
tulosten valossa LMα5:llä on rooli rintarauhasen kehityksessä. LAMA5-poistogeenisistä 
epiteelisoluista kasvatetut organoidit haarautuvat vähemmän kuin villityypin soluista kasvatetut 
organoidit. LAMA5-poistogeenisissä rintarauhasissa epiteelin pituus on lyhyempi ja 
päätenuppujen lukumäärä merkittävästi vähentynyt, ja myös epiteelin rakenteessa voidaan 
havaita muutoksia. Tämä diplomityö osoittaa, että LAMA5-geenillä on tärkeä merkitys 
rintarauhasen kehityksessä ja haarautumisessa. 

 
 
 
Avainsanat: Kehitysbiologia, laminiini, laminiini alfa-5, rintarauhanen, tyvikalvo 
 
Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck –ohjelmalla.
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1. INTRODUCTION 

The mammary gland (MG) is a unique structure found only in mammals. Its evolution 

began more than 300 million years ago to create a structure capable of producing milk 

for the nourishment of infants. (Macias & Hinck 2012, p.1) 

MG goes through the majority of its development postnatally. MG organogenesis lasts 

several weeks in rodents, culminating in functional differentiation during pregnancy and 

lactation in the adult female. In addition, MG goes through cyclic structural changes 

during estrous cycles throughout most of the lifetime of a mammal. This, in addition to 

abundance of available MG tissue in rodents, makes it an exceptional model system for 

studying cell-matrix interactions. These interactions play a role in several biological 

events, ranging from cell adhesion and polarity to differentiation, proliferation, and 

apoptosis. (Maller, Martinson & Schedin 2010) 

Cellular behavior is significantly influenced by the surrounding extracellular matrix and 

basement mebrane. Laminins are glycoproteins with a central role in basement 

membrane structure and function, and they are key players in several biological events 

(Guldager Kring Rasmussen & Karsdal 2016). Several laminin isoforms have been 

discovered in the MG, but previous studies have focused on laminin-111 and laminin-

332.  

Laminin-111 was the first to be characterized in the laminin family of glycoproteins. My-

oepithelial cells have previously been demonstrated to be the primary sources of laminin-

111 in the MG. Laminin-111 is important for epithelial cell apicobasal polarization and 

lumen formation in mammary acini. Previous studies have shown that luminal mammary 

epithelial cells do not form organoids on their own in collagen I gels, but require basal 

epithelial cells and the laminin-111 they secrete. Laminin-111 is also important for the 

incorporation of laminin-332 into the basement membrane. Laminin-332 in epithelial cells 

aids in integrin mediated adhesive contacts, but is missing from the tips of elongating 

MG ducts in vitro. Laminin-332 is also considered essential for the MG remodeling taking 

place during pregnancy and involution. (Ewald et al. 2008; Maller, Martinson & Schedin 

2010) 

Laminin alpha-5 (LMα5) is also abundantly present in the adult MG, but its exact role in 

MG development has previously been overlooked. Studies by J. Englund and colleagues 



2 

 

revealed that in the MG the basement membrane protein LMα5 is mostly expressed by 

luminal epithelial cells not adjacent to the basement membrane, and that the glycoprotein 

is deposited via thin protrusions between basal epithelial cells (Englund et al. un-

published). In order to investigate functions of the protein, a double transgenic mouse 

line was bred to allow conditional LAMA5 gene deletion in the MG.  

This Master’s thesis studies LMα5 in MG development, as the role of this specific laminin 

isoform has not been investigated before. First, the literature review takes a look at MG 

structure and development, the mammary epithelium, and the basement membrane with 

its laminin constituents. The experiment setup for this thesis is presented in chapter 4, 

explaining the used in vitro and in vivo methods. Next, the results and discussion are 

similarly divided into in vitro and in vivo sections. Final conclusions from achieved results 

are covered in chapter 7.
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2. LITERATURE REVIEW 

2.1 Mammary gland 

The mammary glands (MGs) are a distinctive feature of mammals (Ross & Pawlina 2016, 

pp. 866-872). MGs are epidermal appendages that are considered to have evolved from 

apocrine sweat glands over 300 million years ago. The MG differentiates mammals from 

other animals with a unique anatomical structure that secretes milk for the nourishment 

of the offspring. (Macias & Hinck 2012, p.1). MGs have a dynamic structure that changes 

according to age, estrous cycle, and reproductive status in the female (Ross & Pawlina 

2016, pp. 866-872). 

In humans, breasts are hemispheric projections anterior to the pectoralis major muscle 

(Tortora & Derrickson 2007, pp. 1083-1084). In the subcutaneous tissue within the 

breasts are MGs, consisting of 15 to 25 lobes separated by fibrous adipose tissue. The 

lobes vary in size and consist of a compound tubule-acinar gland (Young, Woodford & 

O’Dowd 2014, p. 378). The lobes radiate from the nipple and are further subdivided by 

collagenous septa into several duct containing lobules, collectively called terminal ductal 

lobular units (TDLUs). TDLUs contain grapelike clusters of thousands of alveoli, or milk-

producing units, surrounded by connective tissue. Each alveoli has a monolayer of 

epithelial cells in a spheroidal structure. The outer surface of an alveoli is perfused by 

blood, from which the cells take up nutrients. Some nutrients are secreted into the 

alveolar lumen, while others are used for the production of milk. (Rillema 2014). When 

milk is produced, myoepithelial cells around the alveoli aid in moving the liquid out of the 

alveoli, through a series of secondary tubules and into converging mammary ducts. The 

myoepithelial cells contract under the influence of oxytocin from the posterior pituitary, 

which is triggered by suckling of the newborn (Rillema 2014). (Rillema 2014; Ross & 

Pawlina 2016, pp. 866-872; Tortora & Derrickson 2007, pp. 1083-1084) 

Each MG ends in a lactiferous duct leading to the nipple, although smaller lobes do not 

reach the nipple surface. The nipple has cords of smooth muscle running parallel to the 

ducts, along with circumferentially and radially arranged smooth muscle fibers in dense 

connective tissue. These help with the nipple becoming erect in response to stimuli. The 

nipple is encompassed by circular pigmented skin called areola, which has a rough 

texture due to modified sebaceous, sweat, and mammary glands. The modified 
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mammary glands, or glands of Montgomery, are believed to produce secretions that 

lubricate and protect the nipple by changing the pH and preventing microbial growth. The 

nipple has several sensory nerve endings, whereas the areola has fewer. (Ross & 

Pawlina 2016, pp. 866-872; Tortora & Derrickson 2007, pp. 1083-1084; Young, 

Woodford & O’Dowd 2014, p. 378) 

 

Figure 1. Sagittal section of the breast and mammary gland.  
(Young et al. 2014, p. 378) 

Beneath the areola, each duct contains a dilated lactiferous sinus where milk can be 

stored. At the nipple opening, the lactiferous ducts are lined with stratified squamous 

keratinized epithelium that gradually transitions first to stratified cuboidal in the sinus, 

and finally single cuboidal or columnar throughout the rest of the ductal system. (Ross & 

Pawlina 2016, pp. 866-872; Tortora & Derrickson 2007, pp. 1083-1084) 

MG has 3 main functions; synthesis, secretion, and ejection of milk, jointly called 

lactation. Production of milk is mainly stimulated by prolactin from the anterior pituitary, 

as well as progesterone and estrogen. (Tortora & Derrickson 2007, pp. 1083-1084). The 

general structure of the breast and MG is presented in figure 1. 
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2.2 Mammary gland development 

MG development comprises 3 major stages: embryonic, pubertal, and reproductive. 

Information on MG development has mainly been gained from studies in mice, because 

access to human tissue is difficult, and the murine MG is suitable for both in vivo and in 

vitro experiments. The experiments performed on mice provide insight also into human 

MG biology. 

2.2.1 Embryonic mammary gland development 

Embryonic MG development takes place between embryonic days (E) 10 and 18.5, 

although inductive events for MG formation can be observed even earlier. The embryonic 

MG contains 2 cellular compartments; the epithelial compartment and the stromal 

compartment surrounding it, derived from ectoderm and mesoderm, respectively 

(Macias & Hinck 2012, pp. 2-6). (Howard 2012; Inman et al. 2015) 

Murine MG development begins on E10-E10.5 with the development of the single 

layered ectoderm into multilayered ectoderm, thus forming bilateral milk lines extending 

in rostral-caudal orientation from the anterior limb bud to the posterior one on the lateral 

wall of the embryo’s ventral surface. Compared to the surrounding epidermis’ simple 

epithelium, the ectodermal cells in the mammary line are stratified and columnar (Cowin 

& Wysolmerski 2010). They are considered to migrate and aggregate along the milk line 

towards the location of future mammary buds, and settle into 5 pairs of placodes, or 

aggregates of epithelial cells, by E11.5. There are 3 pairs of thoracic placodes and 2 

inguinal ones, and the pairs develop symmetrically, but individual pairs do not develop 

simultaneously; placode pair 3 emerges first, followed by pair 4, then placode pairs 1 

and 5 concurrently, and lastly placode pair 2. Histologically, placodes consist of multiple 

cell layers gathered in a lens-shaped structure on the surface ectoderm. Since the 

placodes are formed by cell migration, the cell orientation is ununiform. (Cowin & 

Wysolmerski 2010). In humans, mammary lines are formed during the first trimester of 

pregnancy, and only produce 1 pair of placodes (Macias & Hinck 2012, pp. 2-6). (Cowin 

& Wysolmerski 2010; Howard 2012; Inman et al. 2015; Macias & Hinck 2012, pp. 2-6; 

Richert et al. 2000) 

Beginning at E11.5, placodes expand and further develop into spherical epithelial cell 

bulbs. They are separate from the epidermis surrounding them, but as they increase in 

size and begin invaginating into the underlying mesenchyme at around E13.5 to E14, a 

stalk connecting the mammary bud to epidermis is formed. Cells in the stalk are different 

from the actual bud, and push the bud deeper into the mesenchyme. Not much cellular 
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proliferation can be seen during early bud stages, as witnessed by proliferation marker 

Ki67 stainings by B.A. Howard and her team, but cell numbers are considered to increase 

by localized cell movements. (Howard 2012). Dramatic changes also occur in the 

mesenchyme at this time. Mesenchymal cells surrounding the epithelium orient 

longitudinally and radially around the developing epithelial cells, and condense into the 

mammary mesenchyme, a thin layer of fibroblastic cells. When the mammary bud has 

matured, it is comprised of a sphere of concentrically arranged epithelial cells and a neck 

of epidermal-like cells connecting the bud to skin surface. The whole bud is enclosed in 

3 to 5 layers of compressed primary mammary mesenchyme. (Cowin & Wysolmerski 

2010). Several tissue recombination experiments have shown a reciprocal relationship 

between the embryonic mammary mesenchyme and mammary epithelial cells. A series 

of epithelial-mesenchymal interactions produces specialized mammary epithelium 

restricted to the mammary lineage. Epithelium itself also affects mesenchymal 

maturation. (Cowin & Wysolmerski 2010; Howard 2012; Inman et al. 2015; Macias & 

Hinck 2012, pp. 2-6) 

In mouse male embryos, the testes start producing androgens at E13 leading to the 

degradation of mammary buds. The condensation of mesenchyme around the stalk of 

the mammary bud severs the connection to skin. Cells in the epithelial bud and 

mesenchyme also undergo apoptosis (Cowin & Wysolmerski 2010). In humans, sexual 

dimorphism is only achieved at puberty by hormonal regulation. This is why 

gynecomastia, benign enlargement of glandular breast tissue due to irregularities in 

androgen-estrogen balance, can be witnessed in men. In female mice, the mammary 

buds stay comparatively quiescent until ductal morphogenesis begins at around E16. 

(Cowin & Wysolmerski 2010; Howard 2012; Inman et al. 2015; Macias & Hinck 2012, pp. 

2-6; Richert et al. 2000) 

At E15.5 or E16 begins ductal branching morphogenesis, which can be first observed as 

a cleft forming at the base of the mammary bud. Epithelial cell proliferation and bud 

elongation form a solid mammary sprout that begins invading the fat pad precursor. The 

embryonic fat pad is filled with preadipocytes, originating from mesenchymal 

condensation and appearing at the location of the future fat bad between E13.5 and 

E14.5. At E16, fatty substances start to accumulate and their concentration grows until 

birth. Conversion into mature adipose tissue does not occur until a couple of days after 

birth. (Howard 2012). As the mammary sprout reaches the fat pad, it starts dichotomous 

branching through terminal end bud division and forms an initial ductal tree. An 

elementary ductal system with 10 to 15 branches forms between E16 and the perinatal 

period without hormonal ques, and stays mainly dormant until puberty. In humans, 
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multiple mammary sprouts create several mammary trees that connect at the nipple. 

(Cowin & Wysolmerski 2010; Howard 2012; Inman et al. 2015; Macias & Hinck 2012, pp. 

2-6) 

Before completion of embryonic development, 2 important morphological processes still 

take place; development of the ductal lumen and the nipple. At E16 intercellular spaces 

form inside the cords, growing in size and number until a lumen can be observed at E18. 

In vitro studies by A.J. Ewald and his team have witnessed 3 processes involved in lumen 

formation; apoptosis, autophagy and cellular remodeling, but the exact mechanisms are 

still unclear. (Ewald et al. 2008; Macias & Hinck 2012, pp. 2-6). Nipple formation in the 

area where the primary duct connects to skin surface is a result of epidermal thickening, 

suppression of hair follicle development, and formation of a nipple sheath, an umbrella 

shaped epithelial thickening, by keratinocytes at E16.5. The primary mesenchyme turns 

into dense connective tissue around the nipple, and the mammary ducts stay immersed 

in the loose connective tissue of the mammary fat pad. (Cowin & Wysolmerski 2010; 

Howard 2012; Inman et al. 2015; Macias & Hinck 2012, pp. 2-6) 

As embryonic development concludes, the MG is presented as a short primary duct 

opening into a rudimentary ductal tree surrounded by the mammary fat pad. This 

elementary ductal system acts as a scaffold for future development during puberty and 

pregnancy. (Cowin & Wysolmerski 2010) 

2.2.2 Pubertal mammary gland development 

At birth, the murine MG is merely a rudimentary system of ducts, but it is still capable of 

producing milk. Also in humans fetal exposure to maternal hormones can induce 

lactation, an incident known as witch’s milk. (Macias & Hinck 2012, pp. 6-11). Initially 

after birth, the mammary tree grows allometrically with the rest of the body for a few 

weeks until puberty (Watson & Khaled 2008). In human males, testosterone prevents 

further growth of the MG (Ross & Pawlina 2016, pp. 866-872). In females, rising serum 

estrogen levels cause the cessation of allometric growth, and extensive ductal epithelial 

proliferation fills the mammary fat pad in a process called branching morphogenesis. 

(Macias & Hinck 2012, pp. 6-11; Watson & Khaled 2008). 

MG’s pubertal growth primarily results from the growth of interlobular adipose tissue, into 

which the mammary ducts extend and branch (Ross & Pawlina 2016, pp. 866-872). 

Branching morphogenesis is an intricate process regulated by epithelial and stromal 

factors such as hormones, growth factors, extracellular matrix (ECM) molecules and 

matrix metalloproteinases as well as immune cells, providing positional and global cues 

(Watson & Khaled 2008). Interactions between the specialized intralobular hormone-
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sensitive loose connective tissue stroma and epithelium cause the proliferation of 

epithelial cells (Ross & Pawlina 2016, pp. 866-872). 

The ovarian hormone estrogen is the commander of MG growth surge during puberty 

(Macias & Hinck 2012, pp. 6-11). It is an important controller of branching, regulating 

local cell growth and ductal morphogenesis. MGs of ovariectomized mice fail in 

developing a ductal network, and the ductal network in estrogen receptor (ER) deficient 

adult mice is similar to that of newborns. (McNally & Martin 2011) 

Estrogen is a membrane soluble ligand that activates gene expression via intracellular 

receptors. Genes ESR1 and ESR2 code for intracellular estrogen receptors ERα and 

Erβ, respectively. ERα is the dominant receptor in ductal morphogenesis, although only 

a small portion of luminal epithelial cells express it. (Macias & Hinck 2012, pp. 6-11) 

The importance of estrogen for pubertal MG development has been indicated by studies 

involving ER knockout mice. ERα is important in the epithelium, not so much in the 

stroma, as witnessed in transplantation studies. ERα-/- epithelial cells fail to produce a 

mammary tree in ERα+/+ fat pad, but in ERα-/- fat pad ERα+/+ epithelial cells produce a 

normal ductal structure. (McNally & Martin 2011). ERα has been shown to be pivotal for 

ductal elongation, and it is proposed to facilitate epithelial proliferation and 

morphogenesis by paracrine mechanisms. Estrogens have been hypothesized to 

stimulate a set of ductal cells into secreting paracrine factors, thus encouraging 

proliferation in neighboring cells. Amphiregulin (AREG) is the main paracrine mediator 

of branching morphogenesis, as it is upregulated in MGs during ductal elongation. 

(LaMarca & Rosen 2007). AREG activates stromal epidermal growth factor receptor, and 

increasing AREG levels during puberty are linked to ductal morphogenesis. Both ERα-

null and AREG-/- mice fail in terminal end bud formation and show significantly decreased 

ductal outgrowth. (Elo et al. 2016; LaMarca & Rosen 2007; McNally & Martin 2011). 

In addition to estrogen, growth hormone (GH) and prolactin from the pituitary have been 

found to be important for regulation of mammogenesis and lactogenesis already in the 

1930s (Macias & Hinck 2012, pp. 6-11). During that time, it was shown that MG 

development is stunted in hypophysectomized mice (McNally & Martin, 2011).  Since 

then, it has been shown more specifically that lack of genes for GH or insulin-like growth 

factor 1 (IGF-1), as well as ERα, cause disruption of MG pubertal development in mice. 

GH and IGF-1 guide postnatal MG development globally. (Macias & Hinck 2012, pp. 6-

11). GH is secreted from the pituitary gland and stimulates local paracrine production of 

IGF-1 in MG stroma, which then promotes epithelial cell proliferation and survival. 

Circulating systemic IGF-1 has been discovered to be unnecessary for MG development, 
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but in case of loss of local IGF-1 production, it can rescue normal MG development 

(Macias & Hinck 2012, pp. 6-11). In GH receptor and IGF-1 null mice ductal elongation 

is severely limited. Also other signaling molecules have an effect on pubertal duct 

formation, but their contribution to hormone signaling is understudied. (Elo et al. 2016). 

A general model describing the intricate interplay of pubertal MG development is 

presented in figure 2. 

 

Figure 2. GH from the pituitary induces IGF-1 production in the liver.  
Together with local IGF-1 in the MG, they stimulate TEB formation and branching 

morphogenesis. Estrogen and IGF-1 work together to induce epithelial cell  
proliferation. ESR1 operation induces the release of AREG, contributing to genera-
tion of further growth factors, and thus leading to rapid MG growth during puberty. 

(Macias & Hinck 2012, pp. 6-11; Perry et al. 2008) 

At the end of puberty, the finished mammary ductal structure is a bilayer of apically 

oriented luminal epithelial cells enveloped by basal myoepithelial cells. In virgin mice, the 

epithelium proliferates and goes through apoptosis according to the estrous cycle. 

(Inman et al. 2015). After puberty, the whole ductal architecture of the MG will be 

developed (Ross & Pawlina 2016, pp. 866-872). 
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2.2.3 Reproductive mammary gland development 

Pregnancy has significant effects on physiology, and MG is one of the organs to go 

through the greatest changes in preparation for lactation (dos Santos et al. 2015). 

Abundant secondary and tertiary ductal branching occurs in preparation for alveolar 

development (Macias & Hinck 2012). Epithelial cells proliferate into alveolar buds, and 

during the second half of pregnancy the buds partition and differentiate into alveoli, which 

later develop into milk secreting lobules. Towards the end of pregnancy, the majority of 

the fat pad is taken up by alveoli. As the epithelium to adipose tissue ratio increases, 

also vascularity grows so that by mid-pregnancy each alveolus is enclosed in a capillary 

network. By E18, alveolar epithelial cells accumulate secretory vesicles, produce milk 

proteins and lipids, and are prepared for lactation. A clear enlargement of epithelial cells 

can be observed due to lipid accumulation. (Macias & Hinck 2012, pp. 11-16; Richert et 

al. 2000) 

Reproductive MG development peaks at E19-E21, producing a fully lactating structure 

at parturition. As alveoli fill with milk secretions, the shape of luminal epithelium 

transitions from cuboidal to squamous. Milk fat globules are easily detected in tissue 

sections. Basal myoepithelial cells surround alveoli as a discontinuous sheath, and their 

contraction propels the milk out of the alveoli. (Richert et al. 2000) 

Reproductive MG development during pregnancy is orchestrated mainly by 

progesterone (PGR) and prolactin (PRL). PGR is an ovarian hormone that promotes 

epithelial MG growth via intracellular receptors. It is required in both side-branching and 

alveologenesis, as witnessed by PGR receptor (PR) knockout mice. PR knockout MGs 

produce simple epithelial trees that do not go through ductal proliferation or 

lobuloalveolar differentiation during pregnancy. Similarly to estrogen, PGR uses 

paracrine signaling, as its expression pattern is not uniform in adult epithelial cells. 

Studies on PGR function in the MG have been hindered by the existence of 2 PR 

isoforms, PGRiA and PGRiB. Both are expressed in the MG, but only loss of PGRiB causes 

diminished growth during pregnancy. PGRiA is still considered to have a function in the 

MG, possibly compensated by PGRiB presence. (Macias & Hinck 2012 pp. 11-16) 

Prolactin, as the name suggests, is the driver of lactation. It functions both indirectly by 

regulating production of PGR, and via direct effects on mammary epithelial cells, where 

it activates several signaling pathways. PRL is produced by both the pituitary and 

mammary epithelium. Knockout mice have been created to investigate the role of PRL 

in MG development. In these mice, development occurs normally until puberty, when 

side-branching and alveolar budding are diminished, producing a simple epithelial tree 
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structure similarly to PGR null mice. However, these defects are due to lack of systemic 

PRL signaling, which can be restored with PGR. This finding suggests that PRL and 

PGR work in unison to induce the needed MG changes during pregnancy. (Macias & 

Hinck 2012 pp. 11-16) 

Lactation continues for up to 3 weeks after pregnancy when pups are weaned. After 

weaning, MG undergoes involution, where apoptosis and remodeling take place. 

Involution is initiated by milk stasis, when the milk is no longer drained from the gland 

and begins on stagnate. (Richert et al. 2000). Involution removes milk-producing 

epithelium, returning the MG tree to its pre-pregnancy architecture. Involution occurs in 

2 phases. (Macias & Hinck 2012 pp. 11-16). During the first phase, involution is still 

reversible and can be undone by suckling, and the gland histology still resembles that of 

pregnant mice (Richert et al. 2000). This first stage is defined by apoptosis and 

detachment of alveolar cells, which accumulate in the alveolar lumen within 12 hours. 

First stage of apoptosis has been studied with teat sealing method, where milk release 

is physically prevented. The method revealed that apoptosis is controlled locally, as 

unsealed teats functioned normally and maintained systemic levels of lactation 

hormones. In studies where apoptosis was triggered artificially, suckling by pups 

preserved MG functionality, indicating that systemic hormones can help preserve the 

lobuloalveolar structure. Intrinsic and extrinsic pathways have been found to contribute 

to apoptosis, but the actual trigger still remains unclear. (Macias & Hinck 2012 pp. 11-

16) 

Local cues have been shown to control the first phase of involution, but the second phase 

is initiated by the decrease of systemic hormones (Macias & Hinck 2012 pp. 11-16). After 

48 hours, MG begins an irreversible phase of cell death and remodeling. The collapse 

and apoptosis of alveolar epithelial cells peaks at day 4 of involution. (Richert et al. 2000). 

This second phase cannot be reversed even if suckling is recommenced. This stage is 

characterized by ECM breakdown and protease activation, the latter of which is already 

initiated at first phase of involution. Matrix metalloproteinases assist in breakdown of 

ECM. Balanced protease activity is essential for involution, as it also affects adipocyte 

differentiation which is needed for replacement of apoptosed epithelial tissue. By day 6, 

the majority of secretory epithelium is cleared and replaced by adipocytes. The MG 

morphology now resembles that of a virgin gland, although gene expression has been 

altered. (Macias & Hinck 2012 pp. 11-16). Studies have shown that multiple pregnancies 

enhance lobulo-alveolar development and milk supply. C. dos Santos and her team have 

investigated how earlier pregnancies alter MG receptiveness to hormonal stimulus, and 
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how an epigenetic memory left by previous pregnancies modifies the MG, making it more 

ready for further pregnancies. (dos Santos et al. 2015) 

MG development from birth to involution after pregnancy is presented in figure 3.  

 

Figure 3. At birth, the MG is merely a rudimentary system of ducts.  
During puberty, the epithelium invades the fat pad, orchestrated by highly  

proliferative terminal end buds. The adult virgin gland is permeated with branching 
ducts. Milk-secreting alveoli develop during pregnancy and fill up most of the MG. 
Cell death and remodeling during involution return the MG to a virgin-like state.  

(Macias & Hinck 2012 p.28) 
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2.3 Mammary epithelium and stem cells 

The adult MG is complex glandular tissue with different types of cells; epithelial, adipose, 

lymphatic, immune, and vascular cells as well as fibroblasts, that work in unison to 

uphold tissue functionality. (Inman et al. 2015; Watson & Khaled 2008). Figure 4 presents 

immunohistochemically stained MG epithelium and its surrounding structures.  

 

Figure 4. Mammary epithelium and surrounding structures. (1) Basal epithelial 
cells (2) Luminal epithelial cells (3) Stroma surrounding epithelium (4) Fatty tissue.  

The mammary epithelium contains 2 main subtypes of cells; basally aligned 

myoepithelial cells (basal cells, BCs) touching the basement membrane, and apically 

oriented luminal cells (LCs) forming ducts and secretory alveoli. LCs secrete water and 

nutrients, while BCs direct milk circulation via oxytocin induced contraction. Together 

these cell subtypes form a bilayered epithelial structure surrounded by fatty stroma. 

(Inman et al. 2015; Van Keymeulen et al. 2011; Watson & Khaled 2008) 

LCs can be subdivided into ductal cells that can be ER positive or negative, and milk 

producing alveolar cells that form during pregnancy due to rapid LC expansion. LCs 

express keratins 8 and 18 (K8 and K18, respectively). Keratins are proteins in 

intermediate filaments, and thus parts of the cytoskeleton of epithelial cells (Herrmann 

et al. 2007). BCs express keratins 5 and 14 (K5 and K14) and smooth muscle actin which 

is responsible for the contractile function during lactation. (Inman et al. 2015; Wuidart et 

al. 2018).  
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Due to the remarkable regenerative potential of the MG, it is believed that the MG 

epithelium contains stem cells (mammary stem cells, MaSCs). This belief has been 

fortified by several transplantation studies, in which a single epithelial cell transplanted 

into a mammary fat pad cleared of original epithelial cells has generated an entire 

functional MG. (Inman et al. 2015). Studies by G.H. Smith also revealed that some adult 

MG cells preserve their parental DNA strand, indicating rare asymmetric division, a 

property considered to exist in stem cells and progenitors (Smith 2005).  

A. Van Keymeulen and colleagues have used lineage tracing methods to investigate 

epithelial hierarchy in the MG. The team researched MaSC populations and lineage 

restriction from multipotency to unipotency. MG is considered to originate from 

embryonic multipotent progenitors, but unipotent basal and luminal stem cells are 

responsible for postnatal development and remodeling. Van Keymeulen’s team’s 

research findings suggest that all mammary epithelial cells express basal marker K14 at 

E17, meaning that both luminal and basal lineages originate from K14 positive cells. 

Around birth, myoepithelial cells expressed K5 and K14 and luminal cells K8 and K18. 

From puberty onwards, K14 was expressed in basal cells alone, and did not contribute 

to luminal lineage during pubertal development. These findings suggest the existence of 

embryonic multipotent progenitors. (Van Keymeulen et al. 2011) 

A. Wuidart and her team looked into this lineage segregation in more detail in 2018. They 

found that at E14, basal marker K14 and luminal marker K8 were expressed by all MG 

cells, but K8 expression was already lower on the basal side of embryonic MG. At E17, 

there was a clear difference between the outer and inner cell layers in K8 expression. 

The team also investigated gene expression in embryonic multipotent progenitors 

(EMPs) and found that at E14 progenitors express genes for both basal and luminal 

lineages, suggesting that the cells are not committed to either lineage, i.e. are 

multipotent. However, there is a greater resemblance between EMPs and BCs, which 

might explain the multipotency of BCs in fat pad transplantations. (Wuidart et al. 2018) 

In humans, the proliferation rates of epithelial cells during menstrual cycles and 

pregnancy have also raised interest in MaSC research. During a menstrual cycle, 

epithelial cells can increase up to 2 fold in number before retracting again (proliferation 

index PI 1.6-4.4). During pregnancy, this increase can be up to 10 fold, with the highest 

recorded PI being 17.6 at 15th week of pregnancy. This proliferation occurs mostly in 

LCs, as only 2% of BCs have been shown to proliferate. (Raouf et al. 2012) 

It has been noted in earlier human MG studies that large localized clones of X-

chromosome inactivation exist in both basal and luminal cells, suggesting clonal origin 
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of cells. Studies have been hindered, however, due to the fact that ECM requirements 

are very different in humans and mice. Lineage hierarchy has been proven in in vitro 

experiments, where adult breast cell cultures have enabled detection of 3 distinct cellular 

phenotypes; myoepithelial-restricted colony forming cell (CFC), luminal-restricted CFC, 

and uncommitted bipotential CFC generating colonies of both luminal and basal cells. 

The different phenotypes of these cells are considered to represent different progenitor 

populations relating to early stages of human breast development. (Raouf et al. 2012) 

2.3.1 Terminal end bud 

Allometric MG growth ceases at the beginning of puberty, when increasing levels of 

estrogen and growth hormone give rise to terminal end buds (TEBs), unique MG 

structures that propel pubertal ductal growth through bifurcation and branching. TEBs 

rise from the epithelium of the immature MG by apical vertical division. These bulb-

shaped structures appear at the tips of extending ducts, and TEB cell proliferation leads 

to ductal elongation and further invasion of the mammary fat pad. Growth rates of 0.5 

mm per day have been estimated (Hinck & Silberstein 2005). (Paine & Lewis 2017; 

Watson & Khaled 2008) 

TEB studies in rodents have labeled these structures a driving force of ductal elongation 

and branching during puberty, mostly due to their location, motility, and sensitivity to 

mammotropic hormones (Hinck & Silberstein 2005). Access to human pubertal MG 

tissue is scarce, but tissue samples have indicated similar TEB structures in teenage 

women (Paine & Lewis 2017).  

TEBs are highly proliferative and apoptotic, and contain many different types of cells. 

The leading bulbous structure contains the least differentiated cells that proliferate 

vigorously, while the cells in the thinner neck are less proliferative. Resistance from ECM 

is considered to be the root cause of the bulbous TEB structure. The basement 

membrane at the tip of TEBs is very thin, about 104 nm, consisting mainly of laminin and 

collagen type IV. The basement membrane reaches a more complex structure with a 

thickness of 1.4 µm at the neck of TEBs. (Paine & Lewis 2017) 

TEBs can be divided into 2 compartments; an outer monolayer of cap cells that later 

differentiate into basal myoepithelial cells, and an inner 4 to 10 layer mass of body cells 

that give rise to luminal cells. Adherens junctions containing 2 types of cadherins hold 

the TEB together. The cap cells express P-cadherin and the body cells E-cadherin. This 

enables the compartments to work independently, but also in coordination. (Paine & 

Lewis 2017). An illustration of TEB structure is presented in figure 5. 
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Figure 5. TEB structure showcasing different types of cells. (Paine & Lewis, 2017) 

Cap cells are considered a reservoir for MaSCs due to their capability of forming a com-

plete ductal structure when transplanted as a purified population. However, cap cells can 

also migrate to the body cell compartment, so they might contribute to the luminal lineage 

as well. Just like mature myoepithelial cells, cap cells express K14. (Paine & Lewis 2017) 

The inner multilayered TEB mass consists of body cells that give rise to luminal and 

alveolar cells. The body cells next to the basal layer are polarized, whereas the inner cell 

mass is incompletely polarized and more loosely tied together. Like luminal cells, body 

cells express K8. Most of them lack receptors for ovarian hormones and are thus 

incompetent to respond to hormonal stimulus. (Paine & Lewis 2017). High rates of 

apoptosis have been detected in the body cells, which is considered to be a mechanism 

for lumen formation (Watson & Khaled 2008). More recently, I.S. Paine and M.T. Lewis 

discovered that most apoptosis occurs in the cap cells (Paine & Lewis 2017). 

At points of branching, epithelial-mesenchymal transition (EMT) like events are required, 

as the invading epithelial cells express mesenchymal characteristics. EMT genes are 

highly regulated during branching morphogenesis. Ovol2, a negative regulator of EMT, 

regulates the expression of EMT genes during MG morphogenesis. (Inman et al. 2015; 

Watson & Khaled 2008) 

At around 10-12 weeks of murine life, TEBs reach the end of the fat pad and disappear, 

thus causing the cessation of MG growth (Watson & Khaled 2008). This is considered to 
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be regulated by local and mechanical glandular signals, as well as production of 

endogenous transforming growth factor β, but the exact mechanisms are yet to be 

discovered (Inman et al. 2015). TEBs regress into blunt-ended ductal termini that can at 

times be mistaken for TEBs, but upon closer inspection differ in histological structure and 

level of proliferation. Some estrous cycle driven secondary branching still takes place but 

is not driven by TEBs. (Paine & Lewis 2017). With these lateral branches, the ductal 

structure occupies around 60% of the fat pad, leaving room for further growth during 

pregnancy (Macias & Hinck 2012, pp. 6-11). 

2.4 Basement membrane 

Basement membrane (BM) is a thin and dense specialized self-assembled form of the 

ECM located at the basal side of every epithelium. BMs were already described 180 

years ago in skeletal muscle by Sir William Bowman as a “membranaceous sheath of 

the most exquisite delicacy”. Since then, BM has been discovered in almost all metazoan 

tissue types, and it is considered to have emerged at the same time with the first 

organized animal cell communities, making BM essential for tissue formation. BMs play 

several roles in tissue physiology beginning from embryonic differentiation, continuing to 

the maintenance of adult tissue function and homeostasis, as well as protecting tissues 

from disrupting physical forces. Many BMs also go through structural and compositional 

changes as the tissue ages. (Halfter et al. 2015; Jayadev & Sherwood 2017; Pozzi, 

Yurchenco & Iozzo 2017; Yurchenko 2011) 

Technologies such as protein binding studies and atomic force microscopy (AFM) have 

provided insight into the detailed BM structure in recent years (Yurchenko 2011). The 

current model describes BM as a structure made of 2 inter‐connected networks: a laminin 

polymer providing for cell binding, and a collagen IV network offering stability (Halfter et 

al. 2015). All BMs contain at least 1 type of laminin and variations of collagen IV. The 

collagen and laminin isoforms have different ways of assembly, receptor binding and 

cross-linking, which lead to differences in tissue structure, signaling and stability. 

(Yurchenko 2011). Other core components in BMs are nidogens and the heparan sulfate 

proteoglycans perlecan and agrin. These soluble glycoproteins and proteoglycans form 

into insoluble cell scaffoldings creating a complex protein meshwork. (Pozzi, Yurchenco 

& Iozzo 2017) Over 100 BM-associated proteins have been identified in proteomic 

analyses of isolated BMs. Many of these proteins are tissue specific, which emphasizes 

the diversity and complexity of BMs (Jayadev & Sherwood 2017). The proteins are also 

vital for vertebrate survival: mutations in BM structural proteins cause embryonic death 

before gastrulation (Halfter et al. 2015). 
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Research in e.g. Drosophila and mice indicate that laminins are the foundation for the 

initial formation of BMs by binding to cells, and other laminins and BM components. BMs 

self-assemble in a stepwise process that begins with the binding between laminins and 

competent cell membranes expressing laminin-binding molecules. After laminin 

assembly, a covalently crosslinked collagen IV network is added to the BM. This covalent 

linking is considered to give BM its tensile strength. (Jayadev & Sherwood 2017). 

Laminin binding and polymerization with collagen IV create a matrix scaffolding, and 

anchoring to cell surfaces mediates assembly on cells (Yurchenko 2011). Laminins and 

collagen are mostly produced and incorporated into BMs locally by surrounding cells. 

The laminin and collagen networks are joined together by nidogen and perlecan, as they 

have an affinity to both. (Jayadev & Sherwood 2017; Pozzi, Yurchenco & Iozzo 2017; 

Yurchenko 2011) 

BMs are an extension of the cell membrane, providing an interface between the cell and 

its surroundings (Yurchenko 2011). BMs are usually anchored to cell membranes 

through adhesion receptors and sulphated glycolipids (Jayadev & Sherwood 2017). 

Recent studies have also demonstrated that integrins play an important role in BM 

assembly (Halfter et al. 2015). Laminin interacts with intergrin and dystroglycan 

connecting the BM to the cytoskeleton. This connection is important for signaling 

cascade activation. Laminin also binds directly to sulphated glycolipids on the cellular 

membrane without cytoskeletal anchoring. This binding facilitates the build-up of 

nidogen, collagen IV, perlecan and agrin to the laminin scaffold. (Jayadev & Sherwood 

2017; Pozzi, Yurchenco & Iozzo 2017; Yurchenko 2011) 

According to transmission electron microscopy, BM has been considered to have a 

thickness of less than 100 nm. This has caused trouble in BM modeling and lead to 

further investigation. AFM-based measurements recently suggest a BM thickness of 

more than 2-fold than previously estimated. This enables a better modeling of the large 

protein polymers in BMs, as laminins, collagen IV, agrin and perlecan are large 

macromolecules up to 400 nm in length. (Halfter et al. 2015; Yurchenko 2011) 

2.5 The laminin family 

40 years ago, a large non-collagenous glycoprotein was isolated from BM producing 

cells and Engelbreth-Holm-Swarm sarcoma. After characterization, this 850 kilodalton 

(kDa) glycoprotein was named laminin. Related structures were later found in different 

cells and tissues, leading to the foundation of a new protein family. (Aumalley 2013) 
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Laminins comprise a family of glycoproteins that has many important roles in biological 

functions from embryonic development to organogenesis. Laminins are an important 

constituent for the function of the BM, where they perform a central role (Guldager Kring 

Rasmussen & Karsdal 2016). Many null mutations are embryonically lethal, which also 

has prevented research on laminin deficiencies at later stages of development. This, in 

addition to the complexity of laminins, has lead to the laminin family being understudied. 

(Aumalley 2013; Durbeej 2009; Guldager Kring Rasmussen & Karsdal 2016; Yao 2017) 

Laminins share mutual and specialized functions. The most important mutual function is 

interaction with receptors in cellular membranes, linking laminin matrices to intracellular 

signalling pathways and thus controlling cellular activities and signalling cascades. In 

humans, 11 genes have been found to encode 5 α, 4 β, and 3 γ chains on 7 different 

chromosomes (Aumalley 2013). Some of these genes might produce several peptide 

chains due to alternative splicing (Yao 2017). In theory, 60 different laminin isoforms 

should be possible, but not all chains interact with each other. Only 16 different laminins 

have been described in mammals, and 4 other combinations have been suggested on 

the basis of in vivo and in vitro studies. Throughout the years, laminins have had different 

nomenclature, which in recent years has been simplified to give information on the 

laminin chain composition. Laminin subunits differ at the amino acid level, and are now 

named according to their polypeptide composition; e.g. the heterotrimer composed of 

α5, β2, and γ1 chains is named laminin-521. (Aumalley 2013; Durbeej 2009; Yao 2017) 

Structurally, laminins can be regarded as intertwined, heterotrimeric glycoproteins 

composed of separate independently folded domains. The 3 laminin chains produce an 

asymmetric cross- or T-shaped structure, with 2 short arms 34 nm in length and a third 

arm of 48 nm, as well as 1 long arm of approximately 77 nm.  Laminin α, β, and γ subunits 

range in size from under 130 kDa for the smallest β3 chain to nearly 400 kDa for the 

largest laminin α5 chain. The posttranslational sizes of these subunits are larger, 

however, due to glycosylation and other modifications. (Aumalley 2013). This increases 

molecular mass and protects against degradation. Laminins have different sites for 

glycosylation, causing the subtypes to be glycosylated differently. (Yao 2017). The 

assembly of laminin heterotrimers occurs inside the cell, but laminins go through 

extracellular processing before reaching their final form (Durbeej 2009). The assembly 

begins by joining of β and γ chains, followed by the rate-limiting step of α chain 

attachment. After secretion out of the cell, laminins form the BM together with other ECM 

proteins such as collagen IV and nidogen. The detailed mechanism of BM formation is 

still being investigated, but laminin-nidogen interaction is seen to play a major role. The 
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overall molecular weight of laminins ranges from 400 kDa to 900 kDa. (Guldager Kring 

Rasmussen & Karsdal 2016; Yao 2017) 

The laminin chains are expressed differently between cells and tissues, and variations 

can be seen between developmental and pathological states (Aumalley 2013). During 

maturation, laminins present during early development may be replaced with other 

laminins, leading to tissue specific laminin characteristics, usually determined by the type 

of laminin α chain (Guldager Kring Rasmussen & Karsdal 2016). 

All of the laminin chains have a shared domain structure composed of several globular 

(LN, LF, and L4) and rod-like repetitions named epidermal growth factor like (LE) 

domains, and a coiled coil domain connecting all 3 laminin chains.  Each laminin chain 

arm terminates in a globular LN domain at the N-terminus. One or 2 additional globules 

can also be found between the center of the laminin cross and the end of the short arms 

(Aumalley 2013). All laminin α chains have a large C-terminal globular (G) domain with 

5 laminin G (LG) domains, which the β and γ domains lack. The G domain is comprised 

of domains LG1-LG3 in a clover-leaf type structure, a flexible linker, and a LG4-LG5 pair 

with LG4 in the distal position (Sasaki, Fässler & Hohenester 2004). Both the LN domain 

and C-terminal are considered important for laminin self assembly. (Aumalley 2013; 

Durbeej 2009; Guldager Kring Rasmussen & Karsdal 2016; Yao 2017). The general 

structure for laminin-111 is presented in figure 6, as it is the most described and 

researched laminin protein. 

 

Figure 6.  General structure of laminin-111. (Durbeej 2009) 
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Laminins interact with many proteins. The major cell surface laminin receptors are 

divided into integrins and nonintegrins. The LG domain at the end of the long arm serves 

as a binding site for cell surface receptors and some ECM molecules. The LG1-LG3 

domains interact with integrins in many cells. Laminin-binding integrins α3β1, α6β1, 

α6β4, and α7β1 mediate these interactions, but the specificity of the interaction is 

dictated by the laminin α chain, and requires an intact LG1-LG3 domain as well as a 

coiled-coil of the 3 laminin chains. (Aumalley 2013). Glutamic acid in the C-terminus is 

suspected to have a structural role in maintaining correct LG1-LG3 conformation 

(Hohenester & Yurchenco 2013).  Disturbances in these prevent the possibility of cell 

adhesion. Laminin-integrin interactions are vital for many cellular activities such as 

differentiation, adhesion, migration and overall cell survival. (Aumalley 2013; Durbeej 

2009; Guldager Kring Rasmussen & Karsdal 2016) 

LG4-LG5 pair binds dystroglycan, and heparin and heparan sulfate bind to numerous LG 

domains, especially LG4 in the laminin α1 chain (Sasaki, Fässler & Hohenester 2004). 

Some proteins bind to other locations on the laminin molecule; agrin has been found to 

bind to the central region in the coiled coil, and nidogens bind to an LE domain in the γ1 

and γ3 chains. Nidogen has been proposed as the link between laminin and collagen IV 

networks, as it binds to both and thus forms a stable 3D structure. Generally, laminin-

ECM connections are located in N and C terminal domains in the short arms of the 

laminin chains. (Durbeej 2009; Sasaki, Fässler & Hohenester 2004; Yao 2017) 

2.5.1 Laminin alpha-5 

Laminin alpha-5 (LMα5) is expressed in most embryonic BMs, but becomes more limited 

as the tissue matures (Yao 2017). Still, LMα5 is found in several adult tissues, including 

BMs of mature epithelia and endothelia, smooth muscle, lungs, and kidneys. (Guldager 

Kring Rasmussen & Karsdal 2016)  

The gene coding for LMα5 is located on chromosome 20q13.2–13.3 (Guldager Kring 

Rasmussen & Karsdal 2016). The mature murine LMα5 is composed of approximately  

3 630 amino acids, with a molecular weight of about 400 kDa. Similar to most laminins, 

LMα5 trimers have a cross-like structure. (Spenlé et al. 2013). The LG domain at the 

base of LMα5 cross consists of 5 homologous domains, LG1-LG5. LG1 binds integrin 

and non-integrin receptors for cell adhesion. Basal cell adhesion molecule (BCAM) has 

been shown to only bind to LMα5 chains, and BCAM has been reported to be substan-

tially degraded in LMα5 deficient mouse embryos (Spenlé et al. 2013). The LMα5 short 

arm contains 3 globular domains (LN, L4a, and L4b) and 3 LE-domains (LEa, LEb, and 

LEc). Some cell attachment occurs in the short arms as well, but due to the weakness of 
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this activity it is considered a secondary site for cell-matrix connections. (Kikkawa et al. 

2017). The short arms are mostly involved in polymerization through intertrimer 

connections (Spenlé et al. 2013). Figure 7 shows electron microscopy images of 

recombinant LM-511 molecules, as well as the general structure of LMα5 chain.  

 

Figure 7. The collage on top displays electron microscopy images of  
recombinant LM-511 molecules. The image on bottom shows the general  

structure of LMα5 chain. (top: Doi et al. (2002); bottom: Yao (2017)) 

Studies have indicated that the LMα5 chain combines with β1, β2, γ1, and γ3 chains to 

form isoforms LM-511, LM-521, and LM-523. Some reports have also stated the 

existence of LM-522 in bone marrow, but this remains unconfirmed. (Spenlé et al. 2013) 

To research the biological functions of LMα5, cell cultures on LM-511 and LM-521 

substrates, as well as several genetic ablation studies have been performed. At 

embryonic state, many developmental disturbances can be seen in embryos lacking 

LMα5, and they can result in gestational lethality. LMα5 null embryos have successful 

implantation, but show defects after E9 leading to embryonic death by E17. In these 

embryos, placenta, neural tube closure, and digit separation are deficient. Also 

embryonic kidney development is incomplete, and some embryos lack either or both 

kidneys. In lungs, BM of visceral pleura is absent in addition to incomplete lobar 

separation. LMα5 has also been proven important for dental and submandibular gland 

development. In both, LMα5 plays a role in epithelial cell polarity, proliferation and 

morphogenesis. (Doi et al. 2002; Guldager Kring Rasmussen & Karsdal 2016; Spenlé et 

al. 2013; Yao 2017) 
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Due to embryonic lethality, research on LMα5 has often been limited. Recent 

technologies however allow for tissue specific and time controlled investigations, such 

as in the case of this thesis.  

J. Englund and colleagues have researched the role of LMα5 in MG after discovering 

that the gene for the BM protein is mostly expressed by luminal epithelial cells. To see 

the specific role LMα5 plays in the MG, the team first cultured mammary epithelial cells 

(MECs) on laminin coated culture plates. Adhesion to LMα5 decreased formation of 

mammospheres, which are considered a sign of basal progenitor cell activity. Similar 

effects were seen in fat pad transplants, where LMα5 treated MECs resulted in 

significantly less outgrowth in vivo compared to e.g. MECs treated with LMα1. (Englund 

et al. unpublished) 

The team noticed that culturing MECs on LMα5 caused expression changes in 944 

genes as witnessed by RNA sequencing analysis; luminal cell associated genes were 

upregulated, whereas basal cell associated genes were downregulated. Also luminal 

marker K8 expression was enhanced in LCs, and although no K8 expression was 

observed in BCs, basal marker K14 expression was decreased. Altogether, LMα5 

attachment seemed to enforce luminal gene expression while lessening mammosphere 

formation and basal gene expression. (Englund et al. unpublished) 

LMα5 seems to have a role in mammary carcinomas as well. N. Pouliot and N. Kusuma 

have looked into LMα5 expression in tumors. Mammary carcinomas, in addition to 

several other malignancies, have a high expression of LMα5, but the exact expression 

pattern differs according to type of tumor. In addition, tumor severity seems to be linked 

to LMα5 expression, with high grade tumors expressing larger amounts of LMα5. In 

mammary carcinomas, increases in LMα5 levels have been found in atypical medullary 

carcinomas, ductal carcinoma in situ, fibroadenomas, and tubular carcinomas. Pouliot 

and Kusuma also found a direct correlation between tumor LMα5 expression and 

metastatic potential. LMα5 expression can thus be considered to have value in tumor 

prognosis. (Pouliot & Kusuma 2013) 

In addition to pathologies with high levels of LMα5 expression, diseases with LAMA5 

gene mutations have not yet emerged, but e.g. Crohn’s disease has been associated 

with alterations in LMα5 expression. (Spenlé et al. 2013) 

These wide ranging studies suggest that LMα5 has several significant biological 

functions. Its exact role is dependent on factors such as developmental stage, tissue 

type, and possible interactions and compensations by other laminin α chains. (Yao 2017) 
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2.6 Modeling mammary gland in organoid culture in vitro 

Organoids are simplified in vitro 3D tissue representations developed from animal or 

patient derived cells, embryonic stem cells, or induced pluripotent stem cells. They are 

cultured in conditions supporting the formation of multicellular structures that mimic key 

components and functions of the tissue they originate from (Eisenstein 2019). As in vitro 

representations, organoids allow continuous observation and analysis of desired cellular 

processes. (Dahl-Jensen & Grapin-Botton 2017; Eisenstein 2019) 

Similarly to organs in vivo, organoids are composed of different types of cells exhibiting 

some organ functions. The use of Matrigel®, a natural ECM-based hydrogel, or serum 

creates complexity, and the 3D environment gives more freedom for cell arrangement 

as opposed to 2D cultures where cells grow on flat surfaces. An ideal organoid culture 

represents several in vivo features; proliferation, polarization, cell to cell adherence, and 

the formation of branches, bulges and folds. (Dahl-Jensen & Grapin-Botton 2017; 

“Corning® Matrigel® Matrix” 2019) 

The MG field can be considered a pioneer in 3D cultures, and mammary organoid de-

velopment is still today a research field of keen interest. As early as the 1950s, E. Las-

fargues laid the foundation for MG organoids by discovering that “enzymatic digestion of 

minced mouse MGs with bacterial collagenase generated mammary duct fragments de-

void of fibroblasts and adipocytes” (Sampayo et al. 2018). In 2D cultures, MECs do not 

express certain tissue-specific genes, and also fail to produce milk due to the required 

receptors facing the culture dish and thus being unavailable to bind substrates. This lead 

to the conclusion that functional differentiation in the MG is driven by the microenviron-

ment, or in vivo systemic cues not available in culture conditions (Mroue & Bissell 2012). 

The connection between gene expression, cell shape, and ECM was discovered by M. 

Bissell and colleagues already decades ago. These early 3D structures also produced 

milk proteins. (Furuta & Bissell 2016). In 1980s, M. Bissell and S. Nandi cultured murine 

MECs (MMECs) in laminin-rich ECM and collagen I gels, and discovered their possibili-

ties in forming in vivo like structural organizations. In 1991, researchers used Engelbreth-

Holm-Swarm sarcoma-derived reconstituted BMs to culture organoids, and noticed they 

could form 3D ductal structures and produce milk proteins into the luminal compartment. 

(Furuta & Bissell 2016; Jamieson et al. 2017; Sampayo et al. 2018) 

Branching morphogenesis in nulliparous mice is a consequence of interactions between 

cells and their environment (Mroue & Bissell 2012). In 2001, R. Sampayo and his 

colleagues used 3D cultures to demonstrate that branching morphogenesis is dependent 

on a combination of growth factors (GFs), morphogens, and matrix metalloproteinases 
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(MMPs), with MMP activity being the minimum requirement. Fibroblast growth factor 2 

(FGF-2) has been proven crucial for enhancing budding, especially in organoids formed 

from luminal cells (Jamieson et al. 2017).  

Since then, 3D methods have been used to enable live cell imaging which would be 

significantly more cumbersome in in vivo settings. Several 3D studies have shown that 

branching morphogenesis is subject to tissue geometry, and the interaction of GF spatial 

localization and duration of activation. In vitro studies have shown that mammary epithe-

lium elongates through collective epithelial migration. Cells rearrange within the elongat-

ing duct, but maintain adherence via E-cadherin contacts. Cells at the tips of elongating 

ducts have the highest speed of migration. Elongation is not dependent on cellular pro-

liferation, but proliferation is necessary for initiation of branching. (Sampayo et al. 2018) 

A. Ewald and his team studied mammary branching morphogenesis in an in vitro setting 

similar to the one used in this thesis. The team noted that without branching cues, pieces 

of epithelium formed bilayered spherical structures with a clear lumen. Addition of FGF-

2 to medium induced ductal elongation. They noted that the organoids progressed from 

multilayered epithelia into bilayered structures with an intact basal layer and clear lumen. 

The lumens were then filled with luminal cells with reduced epithelial polarity. A new 

transition ensued, with luminal clearing and branch initiation at sites where basal layer 

had gaps. The tips of ducts had multiple cell layers, but thinned out to bilayered structure 

at the stem. The team noted a coordinated front and back movement along the branch 

in basal cells. Luminal cell movement was more chaotic yet the cells maintained adher-

ence. (Ewald et al. 2008) 

Despite all the advances in MG organoid technology, most methods still fail in creating 

culture conditions that would allow for ex vivo tissue survival for longer periods. For short 

term maintenance, biological elements such as epidermal GFs, FGFs and insulin are 

essential. They provide conditions for arrangement of a lumen surrounded by luminal 

epithelial cells and a discontinuous basal layer. Cellular proliferation and expression of 

steroid receptors are decreased after 2 or 3 weeks of organoid culture. (Jardé et al. 2016) 
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3.  AIMS OF THE STUDY 

The aim of this study was to explore the role of LMα5 in MG development. LMα5 is a BM 

protein that is mostly expressed by luminal cells in MG epithelium. This surprising 

discovery by J. Englund lead to a detailed investigation into the protein’s role in the MG 

by means of LAMA5 deletion. 

The experiments for this thesis were divided into 3 categories: 

I. In vitro studies investigated the effects of LAMA5 deletion on MMEC growth 

in 3D organotypic cell cultures with primary cells isolated from murine MGs 

II. In vivo studies on tissue level explored how LAMA5 deletion affects 

branching morphogenesis in pubertal mice. 

III. In vivo studies on cellular level examined LAMA5 deletion and its effects on 
cellular mechanisms underlying tissue morphogenesis. 
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4. MATERIALS AND METHODS 

4.1 Mouse strains used 

The mice used were C57BL/6 strain. In order to achieve conditional deletion of LAMA5, 

2 transgenic mouse lines were bred to produce suitable double transgenic offspring. One 

of the mouse lines expressed CreERT2 fusion gene under control of the mouse keratin 8 

(K8) promoter. The other mouse line carried the LAMA5 gene flanked by two loxP 

recognition sites between exons 14/15 and 20/21 to create a truncated LMα5 messenger 

RNA. After intercrossing, the offspring cells expressing Cre are able to delete LAMA5, 

whereas in other tissues the gene remains intact. (Kwan 2002; “STOCK Tg(Krt8-

cre/ERT2)17Blpn/J” 2019) 

Recombinase Cre (Cyclization recombination) is a 38 kDA protein derived from 

coliphage P1, with an optimal working temperature of 37°C, making it suitable for 

genome engineering in murine cells. In order to control the timing of Cre activitation, 

ligand-dependent chimeric CreERT2 recombinase was used. In this structure, Cre is 

attached to hormone-binding domains (HBD) in the estrogen receptor (ER). Temporal 

control of Cre activation can be attained with synthetic ER ligand tamoxifen which 

activates the CreERT2 recombinase. (Bouabe & Okkenhaug 2013; Feil, Valtcheva & Feil 

2009, pp. 343-346; Maizels 2013) 

Cre enables site-specific recombination between 2 locations in the genome named loxP 

(locus of crossing [X-ing]-over of bacteriophage P1). The target loxP sequence is 34 

base pairs (bp) long containing two 13 bp inverted repeats adjacent to an 8 bp 

nonpalindromic core determining the direction of the whole loxP site. For LAMA5 

excision, the 2 loxP sites are oriented in the same direction around the gene. After gene 

deletion, only 1 loxP site is left. A simplified representation of the Cre-loxP system is 

presented in figure 8. (Bouabe & Okkenhaug 2013; Feil, Valtcheva & Feil 2009, pp. 343-

346) 

Since LAMA5 deletion was not wanted in all cells, in the mouse line carrying 

recombinase CreERT2 the Cre is expressed under the control of K8 promoter. K8 is 

expressed in luminal epithelial cells of the MG, as well was simple epithelia in some other 

locations. 
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Figure 8.  Genomic editing with Cre-loxP. LAMA5 is flanked by 2 loxP sites (trian-
gles). Binding of tamoxifen (TAM) to the hormone-binding domain of ER gives Cre 

access to the nucleus, where recombination of LAMA5 occurs.  
(Figure modified from Feil, Valtcheva & Feil 2009) 

To induce LAMA5 excision, mice were given between 1.5 mg and 2.0 mg of tamoxifen 

intraperitoneally at 3 weeks of age. The amount of tamoxifen was evaluated according 

to the size of the mouse. 

4.2 Isolation of mammary glands 

Mice were sacrificed with CO2 followed by cervical dislocation. MGs were dissected 

carefully and collected to 1x phosphate-buffered saline (PBS) or 4% paraformaldehyde 

(PFA) depending on following experiments. MG pairs 3 and 4 were used in most 

experiments. 
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4.3 Isolation of mouse mammary epithelial cells  

The MGs were collected to 1xPBS and minced with scalpels on a 10 cm dish into 

approximately 1 mm x 1 mm pieces. The tissue homogenate was collected into 

prewarmed collagenase solution in a 50 ml falcon tube and incubated in an 

environmental shaker for 90 to 180 minutes at 120 rounds per minute (rpm) at +37°C, 

until the tissue pieces were broken down and the solution had turned milky orange. The 

collagenase solution was prepared by adding collagenase from Clostridium histolyticum 

(0.02 g for 1 g of collected tissue) and a 5% concentration of fetal calf serum (FCS) to 

DMEM/F12 isolation media presented in table 1. 

After incubation the solution was vortexed lightly and centrifuged at room temperature 

(RT) at 1500 rpm for 10 minutes to pellet the cells. The supernatant was removed, and 

the cells were resuspended into fresh isolation media. The suspension was pulse 

centrifuged at 1500 rpm to pellet the cells again, and the supernatant was removed. The 

cells were again resuspended into fresh isolation media. Pulse centrifugation and 

resuspension was performed 2-6 times to remove non-epithelial cells.  

The cells were trypsinized in approximately 500 µl of trypsin on 6-well plates for 5-10 

minutes at +37°C to separate them from larger clusters. 1500 µl of growth media (table 

2) was added to inactivate the trypsin, and the cells were carefully mechanically 

dissociated by pipetting and strained through a 70 µm cell strainer. 

DMEM/F12 + 10% FCS growth media was produced by adding to the DMEM/F12 isola-

tion media the following reagents: 

  

Table 1. DMEM/F12 isolation media. 

Volume for 500 ml  
of media 

Reagent 

500 µl 5 µg/ml Human insulin 

500 µl 50 µg/ml gentamycin 

5 ml 200 mM glutamine 

5 ml 1 x Penicillin streptomycin 
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4.4 Mouse mammary epithelial cell organoid culture 

For organoid culture, the isolated murine mammary epithelial cells (MMEC) were plated 

on Corning Costar® 24-well ultra-low attachment plates. MMECs from each mouse were 

divided into 2 wells, and 1 of the wells was infected with 7 µl of adeno associated virus 

serotype 2 or 9 (AAV2 and AAV9, respectively) carrying the Cre enzyme (AAV Cre) to 

delete the LAMA5 gene. Both used AAVs express Cre recombinase with a nuclear 

localization signal, and catalyze site-specific recombination of DNA between 2 loxP sites. 

AAV2 contains both the capsid and inverted terminal repeat (ITR) sequences from AAV2, 

whereas AAV9 has the capsid from AAV9 and ITR from AAV2. AAV9 also has a 

cytomegalovirus promoter (“AAV-Cre (AAV serotype 2) AAV” n.d.; “AAV-Cre (AAV 

serotype 9) AAV” n.d.). After infection the cells were left to incubate overnight. 

The following day, MMECs were collected into Eppendorf tubes and centrifuged at 300 

relative centrifugal force (rcf) for 3-5 minutes to pellet the cells. The supernatant was 

removed and replaced with 500 µl of trypsin to dissociate mammospheres. The MMECs 

were incubated in trypsin for 5-10 minutes, after which 500 µl of MMEC growth media 

was added to inactivate trypsin. The cells were centrifuged again at 300 rcf for 3-5 

minutes. The supernatant was removed, and the cells were suspended in an appropriate 

amount of Matrigel®. The cell-Matrigel® suspension was pipetted to 8-chamber slides, 

35 µl of suspension into each chamber. The slides were placed in an incubator at +37°C 

for 10 to 15 minutes to solidify the Matrigel®. 450 µl of media was pipetted on top on the 

cells. Half of the cells were administered normal MMEC growth media, and the other half 

was given branching media (table 3). 

Branching media (table 3) was produced by adding to the MMEC growth media (table 2) 

the following reagents: 

  

Table 2. MMEC growth media. 

Volume for 500 ml  
of media  

Reagent 

500 µl 1 µg/ml hydrocortisone 

50 µl 10 ng/ml mouse EGF 

50 ml FCS 
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The organoids were counted and fresh media was changed on day 4 of organoid culture. 

The organoids were originally recounted and fixed on day 8. However, by this time point 

many of the organoids had begun to fuse together making counting difficult and 

unreliable, so the fixing was advanced to day 6 or 7 of culture. Fixing was performed by 

removing the media, washing the cells twice with 1xPBS, and incubating the cells in 2% 

PFA at RT for 15 to 25 minutes. Afterwards 2% PFA was replaced with 1xPBS. 

4.5 DNA extraction 

A small portion of isolated MMECs was preserved for DNA extraction at different time 

points to verify successful excision of the LAMA5 gene by AAV Cre infection. DNA ex-

traction was performed with Macherey-Nagel NucleoSpin® Tissue Kit following the man-

ufacturer protocol. The cells were resuspended in a solution of buffers and proteinase K, 

and incubated at 70°C for 10 to 15 minutes. Ethanol was added to adjust DNA binding 

conditions, and the sample was vortexed. DNA binding to NucleoSpin® Tissue Column 

was performed as a series of buffer additions and centrifugations for 1 minute at 11 000 

x g. Finally pure DNA was eluted from the NucleoSpin® Tissue Column to an Eppendorf 

tube. (Macherey-Nagel 2017) 

Polymerase chain reaction (PCR) and gel electrophoresis were performed on the 

isolated DNA. For regular LAMA5 genotyping, Accu68 (primer melting temperature, 

Tm=68°C) program was used. For LAMA5 knockout genotyping, both Accu60 and 

Accu65 (Tm=60°C and Tm=65°C, respectively) were tested and found appropriate. The 

program cycles are presented in table 4. 

  

Table 3. Branching media. 

Concentration Reagent 

1% v/v Insulin, transferrin, selenium -reagent 

2.5 nM FGF-2 
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The primer sequences used for regular genotyping were Fwd: 5’-

GTGCCGCCCTAACACCCAAGG-3’ Rev: 5’-GTTGAAGCCAAAGCGTACAGCG-3’. For 

knockout genotyping either sequence Fwd1: 5’-AAAAGACAGCTACGTGGGTGA-3’ or 

Fwd2: 5’-GCCATGTTCTATCGGGTACTTC-3’ were used with Rev: 5’-

GTTGAAGCCAAAGCGTACAGCG-3’. 

For gel electrophoresis, 2% agarose gel was prepared, and samples were run at 90-110 

V for 50 to 70 minutes. 

4.6 Carmine staining and morphogenetic analysis of mammary 

gland 

In order to analyze the overall appearance of the MG epithelial tree, wholemount analy-

sis of carmine stained MGs was performed. The amount of TEBs and ductal ends (DEs), 

as well as branch length were calculated at 2 different timepoints during puberty. The 

timeline is presented in figure 9. 

 

Figure 9.  Timeline for wholemount analysis of MGs. Mice were given an intraperi-
toneal injection of tamoxifen at 3 weeks of age. Gland isolation (sac)  
was performed at 6 (timepoint 1) and 8 (timepoint 2) weeks of age.  

(Figure courtesy of J. Englund) 

Table 4. PCR protocols for LAMA5 genotyping. 

Accu60 Accu65 Accu68 

Step T (°C) t (s) Step T (°C) t (s) Step T (°C) t (s) 

1 94 60 1 94 60 1 94 60 

2 94 30 2 94 30 2 94 30 

3 60 30 3 65 30 3 68 30 

4 72 40 4 72 40 4 72 40 

5 
Repeat steps  

2-5 35x 
5 

Repeat steps  

2-5 35x 
5 

Repeat steps  

2-5 35x 

6 4 ∞ 6 4 ∞ 6 4 ∞ 



33 

 

Mammary gland pair 4 was used for wholemount analysis after carmine staining. After 

fixation overnight in 4% PFA, the isolated glands were quickly washed in 1xPBS and 

submerged in carmine aluminum stain (table 5) and incubated at +4°C over a period of 

1 or 2 nights. 

The solution was covered with foil, put to boil and stirred with a magnetic stirrer. After 

boiling the solution was filter sterilized and stored at +4°C. 

After staining the MGs were mounted, let dry and analyzed under Olympus SZX10 or 

Leica s9i microscope for TEB and DE analysis. TEBs and DEs were observed visually 

and calculated manually. 

MGs were photographed with Olympus SZX10 or Leica s9i microscope to enable the 

measurement of epithelial length with ImageJ 1.52a software. The lengths were 

measured by first setting up the appropriate scale according to magnification, and using 

the software’s region of interest manager to measure the length of the epithelial tree, as 

shown in figure 10. 

Table 5. Carmine aluminum staining solution. 

Mass for 500 ml of dH2O Reagent 

1 g Carmine, Sigma C1022 

2.5 g  
Aluminum potassium sulfate  

dodecahydrate, Sigma A7167 
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Figure 10.  Measuring the length of the epithelial tree with ImageJ 1.52a.  
The boxed area shows a section of epithelium that has been measured  

with region of interest manager. 

4.7 Tissue sectioning of mammary glands 

One gland from MG pair 3 was used for paraffin embedded tissue section analysis. After 

fixation in 4% PFA overnight the glands were processed in a tissue processor, embedded 

in paraffin and cut into 5 µm slices and fixed onto slides. The slides were used for 

hematoxylin and eosin staining, RNAscope in situ hybridization,  or immunofluorescence 

staining. 

4.8 Hematoxylin and eosin staining of tissue sections 

Hematoxylin and eosin staining was performed to analyze MG morphology. Tissue sec-

tions were deparaffinized in xylene and rehydrated in decreasing graded ethanol series. 

The staining was performed as a 30 second dip in Merck’s Papanicolaou's solution 1a 

Harris' hematoxylin solution and a 2 minute immersion in Sigma Aldrich’s Eosin Y solu-

tion (HT110132-1L). The solutions were filtered before use. The tissue sections were 

dehydrated in increasing graded ethanol series and xylene, mounted and left to dry over-

night before imaging with Leica MC190 microscope. 
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4.9 RNAscope® In Situ Hybridization  

In situ hybridization (ISH) was performed with Advanced Cell Diagnostic’s RNAscope® 

2.5 HD Detection Kit (Brown) according to manufacturer protocol. The analysis was 

performed to localize laminin alpha-1 (LMα1) and LMα5 expression in MG epithelium. 

Tissue slides were deparaffinized in xylene and 100% ethanol. After drying, tissue 

sections were covered in RNAscope® Hydrogen Peroxide for 10 minutes at RT, followed 

by a thorough wash with distilled water (dH2O). The slides were then submerged in pre-

prepared boiling RNAscope® 1X Target Retrieval Reagent for 15 minutes. After another 

wash with dH2O and 100% ethanol, a barrier was drawn around the tissue sections to 

contain reagents used in following steps. The tissue sections were left to dry properly. 

(Wang et al. 2012) 

After drying, probes for LMα1 or LMα5 were added on tissue sections, and the slides 

were incubated for 2 hours at 40°C in the preheated HybEZ™ Oven. The following steps 

consisted of a series of amplifications (AMPs 1-6) and incubations at either 40°C or RT. 

The signal was detected with 3,3'-Diaminobenzidine (DAB) staining. Equal amounts of 

DAB-A and DAB-B reagents were mixed and pipetted on tissue sections. Incubation 

period was visually estimated by stain intensity. Counterstaining was performed as a dip 

in Hematoxylin Solution, Gill No. 1. The slides were washed and dehydrated in increas-

ing graded ethanol series and xylene, mounted and left to dry overnight before imaging 

with Leica MC190 microscope. (Wang et al. 2012) 
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5. RESULTS 

Results from in vitro and in vivo assays are presented in figures and graphs to give a 

clear understanding of differences between compared groups. Tables are used to 

present numerical data. Graphs and most numerical data are obtained from GraphPad 

Prism 8 software. Some values are calculated with Matlab R2018b software or Microsoft 

Excel. 

5.1 Impact of laminin alpha-5 deletion on murine mammary 

epithelial cells in vitro 

The in vitro studies were performed to explore the role of LMα5 in 3D organotypic 

cultures with primary epithelial cells isolated from murine MGs. The effect of LMα5 on 

organoid growth was investigated as differences in growth rates and types of organoids 

between flox (flox/flox) and wild type (+/+) genotypes. The mice were not carrying the 

gene for the Cre enzyme, instead Cre was introduced to the MMECs with AAV Cre 

infection. The infection was done to all genotypes so that in addition to LAMA5 deletion, 

the effect of mere AAV Cre infection on wild type cells could be observed. Figure 11 

presents genotyping results displaying successful knockout of LAMA5 in flox cells, and 

figure 12 the results of regular genotyping on same cells. 
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Figure 11. LAMA5 deletion at 24 h, 48 h, and 72 h after AAV Cre infection in cells 
of different genotypes. PK5103 = flox/+, PK5104 = flox/flox, PK5105 = flox/flox, 

PK5106 = flox/+, PK5107 = flox/+, PK5108 = +/+. 

 

Figure 12. Regular genotyping results. PK5103 = flox/+, PK5104 = flox/flox, 
PK5105 = flox/flox, PK5106 = flox/+, PK5107 = flox/+, PK5108 = +/+. Wild type 

band = 235 bp, mutated band = 460 bp. 

The regular genotyping results show also the unrecombined LAMA5 due to the isolated 

cells containing a heterogenous mix of cells. 
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5.1.1 Impact of laminin alpha-5 deletion on organoid growth 

The successful deletion of LAMA5 from the isolated cells indicated by the LAMA5 knock-

out genotyping encouraged further analysis of Matrigel® grown MMEC organoids. The 

unbranching organoids were cultured in regular MMEC growth media (see table 2 on 

page 30). Upon closer inspection with Nikon Eclipse TS100 microscope, the organoids 

could be divided into 3 categories; organoids with a fully formed lumen, organoids with 

a partially formed lumen, and organoids without a lumen, as presented in figure 13.  

 

Figure 13.  Different types of unbranching organoids.  
1. Organoids with fully formed lumen 2. Organoid with partially formed lumen  

3. Organoids without lumen. 

The organoid categories were quantified at 2 different timepoints to investigate whether 

the deletion of LMα5 affects lumen formation in organoids, as LMα5 is mostly expressed 

in luminal cells. (Englund et al. unpublished) 

The amount of organoids in each 3 categories is presented in figure 14. 
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Figure 14. Amounts of organoids on day 4 and final day of culture in different  
genotypes. (-) signifies cells not infected with AAV Cre, and (AAV Cre) signifies in-

fected cells. Each dot represents the amount of organoids counted in a single 
chamber in an 8-chamber slide. Amount of chambers n=24 for wild type (+/+) and 

n=36 for flox (flox/flox) cells. 

Generally, the amount of organoids is largest in the +/+ genotype. However, as the 

amount of cells was not calculated prior to plating in Matrigel®, direct conclusions cannot 

be drawn merely from the amount of organoids. 

The proportions of organoids with lumen, partial lumen and no lumen on the final day of 

Matrigel® culture are presented in figure 15. 



40 

 

 

Figure 15.  The proportions of organoids with lumen, no lumen, and partial lumen  
in different genotypes on the final day of organoid culture. N is the amount  

of organoids in each group. 

Lumen formation is more common in both groups of uninfected organoids (n=190 for +/+ 

uninfected, n=90 for flox/flox uninfected). Uninfected wild type organoids have the 

smallest proportion of organoids that have failed to form a lumen (n=69), whereas in the 

infected flox organoids this proportion is almost two-fold (n=106). To analyse the 

differences in proportions between the groups of organoids, a Goodness of Fit test was 

performed with Matlab R2018b software, and the results are presented in table 6. 

The high h-values (h>5.99) signify a difference between the distribution of proportions. 

The AAV Cre infection seems to have an effect on organoid lumen formation in both wild 

type and flox MMECs. There is also a significant difference in proportions between the 

uninfected +/+ and flox/flox genotypes (h=69.01), although theoretically the phenotypes 

should be similar, as the LAMA5 flox allele is intact and has not been deleted. In these 

Table 6. Goodness of Fit test comparing the proportions of unbranching  
organoids. α=0.05 h=5.99 DF=2. 

Compared groups  

+/+ uninfected vs +/+ infected h=39.97 

+/+ uninfected vs flox/flox uninfected h=69.01 

+/+ uninfected vs flox/flox infected h=62.21 

flox/flox uninfected vs flox/flox infected h=39.30 

+/+ infected vs flox/flox infected h=11.30 
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groups, the proportion of organoids with lumen is similar, but there are more organoids 

without lumen in the flox/flox group. 

In addition to organoid proportions, the areas of organoids with lumen were calculated 

with ImageJ 1.52a software. Comparison of groups on day 4 and final day of culture 

are presented in figure 16, and numerical values in tables 7 and 8.

 

Figure 16.  Areas of organoids with lumen. N=24 for day 4 and n=29  
for final day of culture in each group. 

Wild type organoids seem to have larger areas than the flox ones, but this might be due 

to the larger number of isolated MMECs as discussed previously in this section. On day 

4 of culture, unpaired 2-tailed Student’s t-test performed with GraphPad Prism 8 software 

shows statistical significance (P=0.0330) between the means of the flox uninfected and 

infected groups, but this disappears towards the final day of culture (P=0.5806). 

Table 7.  Means and standard deviations of areas of organoids on day 4 of culture. 

MMEC genotype and infection Mean ± SD (µm2) 

+/+ (-) 67 450 ± 28 366 

+/+ (AAV Cre) 76 067 ± 32 763 

flox/flox (-) 50 797 ± 24 035 

flox/flox (AAV Cre) 38 274 ± 14 177 
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The size of the organoids from day 4 of culture to the final day reduces in all groups 

excluding the flox infected cells. However, when comparing groupwise day 4 and final 

day of culture together, only the infected wild type cells show statistical significance in 

the difference between means (P=0.0114), indicating that the reduction in size is not 

significant in uninfected wild type and both groups of flox cells. A presentation of 

organoids on final day of culture is presented in figure 17. 

 

Figure 17. Presentation of wild type (top row) and flox (bottom row) unbranching or-
ganoids without AAV Cre (left) and with AAV Cre (right) infection.  

Table 8. Means and standard deviations of areas of organoids  
on final day of culture. 

MMEC genotype and infection Mean ± SD (µm2) 

+/+ (-) 60 221 ± 25 707 

+/+ (AAV Cre) 57 264 ± 18 616 

flox/flox (-) 40 943 ± 19 866 

flox/flox (AAV Cre) 38 479 ± 13 248 
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5.1.2 Impact of laminin alpha-5 deletion on organoid branching 

MGs have a branching, tree-like structure in vivo, which encouraged the investigation of 

branch formation in vitro. The branching of organoids was induced with the addition of 

FGF-2 into the regular MMEC culture media. Also insulin, transferrin, and selenium 

reagent was added (see table 3 on page 31). 

The branching organoids were divided into categories according to the timepoint when 

quantification was carried out. On day 4 of Matrigel® culture the organoids were divided 

into branching and not branching categories. On the final day of culture the branching 

category was further divided into 2 subcategories; organoids with 1-4 branches and 

organoids with more than 4 branches. Figure 18 presents the amounts of branching 

organoids at these 2 different timepoints. 

 

Figure 18. Amounts of branching organoids on day 4 and final day of culture.  
Each dot represents the amount of organoids counted in a single chamber in an  

8-chamber slide. Amount of chambers n=16 for wild type (+/+) and  n=24 for  
flox (flox/flox) cells. 
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Again, there seems to be more of wild type organoids in general. Towards the end of the 

culture, the vast majority of organoids have formed several branches. 

The proportions of branching organoids with no branches, 1-4 branches, and more than 

4 branches on final day of Matrigel® culture are presented in figure 19. 

 

Figure 19. Proportions of organoids with no branches, 1-4 branches, and more than 
4 branches on final day of culture. N is the amount of organoids in each group. 

The majority of organoids have more than 4 branches, and the proportion is very similar 

in both wild type groups (n=588 for +/+ uninfected, n=645 for +/+ infected) as well as the 

uninfected flox cells (n=522). In the infected flox cells, the proportions differ from the 

other groups (417 organoids with more than 4 branches). To analyse the differences in 

proportions between the groups of organoids, a Goodness of Fit test was performed with 

Matlab R2018b software (table 9). 

The AAV Cre infection in wild type MMECs causes no statistically significant differences 

in proportions. Similarly, the uninfected wild type and flox groups share similarities in 

proportions, which is theoretically expected. In infected flox cells, the amount of 

organoids with more than 4 branches is smaller than in other groups, and the amount of 

organoids with no branches at all is largest. 

Table 9. Goodness of Fit test comparing the proportions of branching organoids. 
(α=0.05 h=5.99 DF=2) 

Compared groups  

+/+ uninfected vs +/+ infected h=5.14 

+/+ uninfected vs flox/flox uninfected h=4.82 

+/+ uninfected vs flox/flox infected h=34.66 

flox/flox uninfected vs flox/flox infected h=51.66 
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Branch lengths were measured with ImageJ 1.52a software, and the lengths are very 

similar in all groups as can be seen in figure 20. A small insignificant decrease in branch 

length can be observed in the flox infected group. Numerical data is presented in table 

10. 

 

Figure 20. Organoid branch lengths on final day of culture. N=21 for all groups. 

Ordinary one-way ANOVA shows no difference between the means of branch lengths 

(P=0.5617). A presentation of branching organoids on final day of culture is presented in 

figure 21. 

Table 10. Organoid branch lengths on final day of culture.  

MMEC genotype and infection Mean ± SD (µm) 

+/+ (-) 84.50 ± 12.81 

+/+ (AAV Cre) 86.80 ± 17.65 

flox/flox (-) 88.72 ± 22.75 

flox/flox (AAV Cre) 81.76 ± 15.47 
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Figure 21. Presentation of wild type (top row) and flox (bottom row) branching  
organoids without AAV Cre (left) and with AAV Cre (right) infection. 

5.2 Impact of laminin alpha-5 deletion on tissue level in vivo 

In addition to in vitro effects, the role of LMα5 in branching morphogenesis was 

investigated in vivo in terms of branch formation and elongation, as well as the structure 

and amount of terminal end buds (TEBs) and ductal ends (DEs). 

5.2.1 Wholemount staining of mammary glands 

Analysis of carmine alum stained MGs was performed at 2 time points during murine 

puberty; at 6 and 8 weeks of age, after being given an intraperitoneal tamoxifen injection 

at 3 weeks of age. For timepoint 1 (TP1) analysis the mice were sacrificed 3 weeks after 

intraperitoneal tamoxifen injection. A comparison of MGs from flox mice at TP1 is 

presented in figure 22. 



47 

 

 

Figure 22. TP1 glands. On the left is an MG from a flox mouse not carrying the Cre 
enzyme, and on the right an MG from a flox mouse with Cre. LN=lymph node. 

A clear difference can be seen between glands isolated from mice carrying Cre and those 

from mice without Cre in majority of cases. The average epithelium length in MGs without 

Cre is 55.08 mm, and in flox MGs with Cre (genotypes flox/+;+ and flox/flox;+) 41.20 mm. 

The amounts of TEBs and DEs were calculated, and are presented in figure 23. 

Numerical data for epithelium length, and amount of TEBs and DEs is presented in table 

11.  

 

Figure 23. Amount of TEBs and DEs at TP1. A dot represents the amount of TEBs 
and DEs in a single MG, n=30. 
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For timepoint 2 (TP2) analysis the mice were sacrificed 5 weeks after tamoxifen injection. 

A comparison of MGs from floxed mice at TP2 is presented in figure 24. 

Table 11. Epithelium length and amount of TEBs and DEs at TP1 

TP1 
Epithelium length 

(mm) 

Amount of 

TEBs 
Amount of DEs 

No Cre 

Average 55.08   4.778  57.13  

Median 54.26   

SD 37.65 4.790 47.21 

+/+;+ 

Average 29.7 5.200  45.00  

Median 28.3   

SD 4.39 4.764 12.02 

flox/+;+ 

Average 37.23 3.000  51.67  

Median 35.78   

SD 17.00 3.162 28.54 

flox/flox;+ 

Average 50.25 2.571  51.14  

Median 45.95   

SD 18.91 1.718 35.14 
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Figure 24. TP2 glands. TEBs are indicated with an arrow. On the left is an MG from 
a flox mouse not carrying the Cre enzyme, and on the right an MG from a flox 

mouse with Cre. LN=lymph node. 

Again, a difference can be seen between glands isolated from mice carrying Cre and 

those from mice without Cre in many MGs. The average epithelium length in MGs without 

Cre is 39.78 mm, and in flox MGs with Cre (genotypes flox/+;+ and flox/flox;+) 37.20 mm. 

The amounts of TEBs and DEs were calculated, and are presented in figure 25. 

Numerical data for epithelium length, and amount of TEBs and DEs is presented in table 

12. 

 

Figure 25. The amount of TEBs and DEs at TP2. A dot represents  
the amount of TEBs and DEs in a single MG, n=51. 
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The variation in all groups is very large, and often skews the results. This can also be 

seen in the differences between average and median epithelium lengths. 

For better analysis of the amount of TEBs, the amounts of TEBs were subcategorized in 

to appropriate proportion groups, and are presented in figure 26 for TP1 and figure 27 

for TP2. 

 

Figure 26. TEB proportions at TP1. N is the amount of analyzed glands  
in each group. 

Table 12. Epithelium length and amount of TEBs and DEs at TP2. 

TP2 Epithelium length 

(mm) 

Amount of TEBs Amount of DEs 

No Cre Average 39.78 5.500  55.00  

Median 45.32   

SD 14.80 3.716 24.50 

flox/+;+ Average 39.47 6.294  51.44 

Median 35.12   

SD 19.51 4.298 26.40 

flox/flox;+ Average 35.13 3.650  57.64  

Median 24.44   

SD 28.13 4.146 55.60 
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Figure 27. TEB proportions at TP2. N is the amount of analyzed glands  
in each group. 

At TP1, the proportions of MGs with more than 5 TEBs get noticeably smaller in the flox 

Cre positive groups. A similar effect cannot be seen at TP2, but at both timepoints an 

increase in the proportions for smallest number of TEBs can be observed.  

The correlation between amount of TEBs and epithelium length was also investigated 

with Microsoft Excel, as TEBs are a sign of elongating MG ducts (figure 28 for TP1 and 

figure 29 for TP2).  

 

Figure 28. Correlation between amount of TEBs and epithelium length at TP1. 
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At TP1, the correlation is highest and considered strong in the group without Cre enzyme 

(r=0.8211, n=6, P=0.023). In the groups with Cre, the correlation is only significant and 

considered considerable in the flox/+;+ group (r=0.7210, n=9, P=0.0142). For flox/flox;+ 

and +/+;+ the correlation is below 0.4. Even though correlations above 0.3 are 

considered moderate, with such small sample size (n<10 in all groups) it is not enough 

to show linear correlation. 

At TP2, considerable correlation can be seen in both flox/flox;+ and No Cre groups 

(r=0.7617 n=18 P=0.0001, and r=0.6600 n=13 P=0.007, respectively). In the flox/+;+ 

group the correlation is below 0.3.  

 

Figure 29. Correlation between amount of TEBs and epithelium length at TP2. 

5.2.2 Hematoxylin and eosin stain 

Hematoxylin and eosin stain was performed to investigate the structure of MGs and 

TEBs in different genotypes. MG pair 3 was used for tissue sectioning and staining. The 

amount of epithelium in MGs at TP1 and TP2 is scarce, rendering the location and 

staining of epithelial structures difficult. Figure 30 presents hematoxylin and eosin 

stained MGs from TP2. Some structural changes can be observed in the floxed MGs, as 

witnessed by a cluster of detached cells in the ductal lumen in image 4 in figure 30. 
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Figure 30. Hematoxylin and eosin stain of TP2 MGs.  
Images 1-3: flox/flox;-, images 4-6 flox/flox;+. 

For analysis of MGs during pregancy, mice were injected with tamoxifen 1-2 weeks prior 

to pregnancy at 8 weeks of age, and glands were isolated at E17.5. In pregnant mice, 

the amount of epithelium is significantly increased. Figure 31 presents a comparison of 

glands from flox Cre positive and flox Cre negative mice. A clear difference in the size of 

alveoli can be seen. The alveoli of Cre negative mice are expanded and starting to fill 

with milk. In Cre positive mice, the alveoli are smaller and more scarce. 

 

Figure 31. Hematoxylin and eosin stain of MGs from pregnant mice.  
Images 1-3: flox/flox;-, images 4-6 flox/flox;+ 
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5.3 Impact of laminin alpha-5 deletion on cellular level in vivo 

In addition to tissue level investigations, the effect of LMα5 deletion on cellular level was 

investigated with different staining methods to analyse mechanisms behind structural 

changes on the tissue level. 

5.3.1 RNAscope® In Situ Hybridization 

RNAscope® ISH was performed to detect the presence and location of LMα1 and LMα5 

in wild type MG epithelium. Figure 32 presents a comparison of the expression location 

of LMα1 and LMα5. LMα1 is clearly located on the basal side of epithelium, whereas 

LMα5 has a more scattered location, with larger clusters found on the luminal side of 

epithelium. 

 

Figure 32. Comparison of LMα1 and LMα5 expression locations  
in mammary epithelium. 

Figure 33 presents a comparison of LMα5 RNA expression in different genotypes of ta-

moxifen injected mice. Some expression can be observed in floxed epithelium as well.  

 

Figure 33. Image 1: +/+, image 2: flox/+;-, image 3: flox/flox;+ 

5.3.2 Immunofluorescence staining 

Immunofluorescence (IF) staining was performed on tissue sections to evaluate luminal 

marker keratin 8 (K8) and basal marker keratin 14 (K14) expression in MG epithelium of 
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different genotypes. In figure 34 can be seen a clear locational difference between K8 

and K14 expressions. In floxed MGs (bottom row), K14 expression remains unaltered, 

whereas the intensity of K8 staining is diminished. Also disorganized luminal structure 

can be observed in floxed epithelium, as was already seen in the hematoxylin and eosin 

stained tissue sections. 

 

Figure 34. IF staining of K8 and K14 in MG tissue sections. Top row presents wild 
type epithelium at TP1 and TP2. Bottom row presents floxed epithelium. 

 (Figure courtesy of J. Englund) 
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6. DISCUSSION 

This Master’s thesis aims to investigate the role of BM glycoprotein LMα5 in MG 

development, as the protein’s effects have previously not been looked into. Studies were 

performed by in vitro and in vivo methods. In vitro methods looked into LMα5’s effects 

on organoid formation in different genotypes of primary MMECs. In vivo methods studied 

the structures of MG wholemounts and tissue sections in LAMA5 knockout glands. 

6.1 Impact of laminin alpha-5 deletion on murine mammary 

epithelial cells in vitro 

Genotyping results from isolated MMECs showed successful recombination of LAMA5, 

but also the unrecombined gene. It is possible that the recombination in luminal epithelial 

cells has not been fully successful, and a fraction of the luminal cells are left expressing 

LAMA5 normally. This can affect further analysis of organoid growth. However, it must 

be kept in mind that the isolated cells contain a heterogenous mixture of cells, where 

other types of cells can express the unfloxed LAMA5 seen in the genotyping results. 

In the organoid growth assay, wild type cells can be seen producing the greatest amount 

of organoids. In most experiments, wild type mice came from different litters than mice 

with the flox gene, and the size of the mice was not controlled. This can lead to larger 

cells yields in some groups of isolated cells. Differences in amounts of initial cells can 

lead to erraticism in outcomes; a greater amount of cells can induce growth affecting 

organoid sizes and proportions. In order to standardize the assay, in future experiments 

it might be beneficial to count the amount of cells prior to plating in order to make it easier 

to compare the amounts of organoids between different groups.  

Comparing the proportions of organoids with lumen, no lumen, and partial lumen, the 

Goodness of Fit test shows dissimilarities between the distribution of proportions. Also 

the proportions between the uninfected wild type and flox genotypes show a significant 

difference, although theoretically flox genes without gene deletion with Cre should not 

have an effect on phenotype. In both groups, the proportions of organoids with lumen 

are very similar (45.8% for wild type, 44.3% for flox), but some variability can be seen in 

the proportions of organoids with partial lumen (36.6% for wild type, 30.3% for flox) or no 

lumen at all (17.6% for wild type, 25.4% for flox). A batch of wild type and flox cells was 



57 

 

always isolated on the same day and processed simultaneously in a similar manner with 

same reagents and medias, so the processing should not cause differences between the 

groups. It is likely that there is variation depending on mouse background and family 

tree. The majority of organoid assays was performed with unrelated wild type and flox 

mice, as few of the litters had both genotypes. Were there more related mice, it could be 

possible to compare siblings to see if genetic background has an effect on organoid 

growth and formation.  

In both wild type and flox infected groups, the amounts of organoids that have succeeded 

in forming a lumen is smaller than in the uninfected groups, and the proportion of 

organoids with lumen is very similar between the groups (36.6% for wild type, 36.0% for 

flox). As the AAV Cre infection seems to have an effect on wild type cells as well, it could 

be useful to test the effect of mere AAV infection as a control without the introduction of 

Cre. 

As can be seen in the knockout genotyping results (figure 11 on page 37), slight 

variability occurs in the timing of LAMA5 deletion from cells. Organoid cultures were 

initiated 24 hours after AAV Cre infection, when some samples can still be seen 

expressing the unrecombined gene. In these cases, the organoids are initiated and grow 

from cells still expressing LAMA5, hindering the inspection of organoids grown from a 

pure population of LAMA5 knockout cells.  

A key player in lumen formation in biological structures is cell polarity, which is also 

influenced by signals from the ECM. In murine MGs, lumen formation occurs by way of 

cavitation, in which cells of the inner mass go through apoptosis or anoikis, cell death 

mediated by lack of ECM contact. A number of factors and pathways affect 

lumenogenesis, and the relationship between epithelial cell polarity, lack of matrix 

attachment, and apoptosis in all this remains unclear. (Jewett & Prekeris 2018; Mailleux, 

Overholtzer & Brugge 2008). In the assay of this thesis, a clear role of LAMA5 deletion 

in organoid lumen formation cannot be established, as similar effects can be seen in both 

wild type and floxed organoids. 

When comparing organoid areas, organoids from wild type cells are larger (mean 60 221 

µm2 for uninfected, 57 264 µm2 for infected) than the ones from flox cells (mean 40 943 

µm2 for uninfected, 38 479 µm2 for infected). This can be a direct consequence of having 

more wild type cells in general, i.e. the wild type organoids had more material from which 

to grow. Interestingly, towards the end of culture the size of the organoids seems to 

shrink in all groups except for flox infected, although statistics only show significance in 

the shrinkage of wild type infected organoids. As discussed earlier, the amount of cells, 
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and thus organoids, is highest in the wild type group. A large amount of organoids need 

more nutrients and space, so possibly the organoids simply withered from lack of room 

and nutrition. When calculating organoid areas, the same microscope magnification and 

scale was used for all images in order to minimize user mistakes or program errors in 

measurement.  

The standard deviation in organoid area measurements is high in all groups, indicating 

large variation in organoid sizes. Again, maybe genetic background has an effect, and 

cells from a certain family of mice simply grow larger organoids, although large variation 

can also be seen within organoids calculated from a single mouse. When calculating and 

imaging organoids, a visual estimation was made about which organoids to include in 

calculations, and very small ones were omitted. 

A disadvantage in this kind of assay is the aforementioned high heterogeneity of primary 

cells. A. Mailleux, M. Overholtzer and J. Brugge suggest using immortalized cell lines for 

mechanistic loss of function studies to eliminate disturbances caused by the variability 

of primary cells. However, cell lines fail in imitation of the in vivo microenvironment, and 

several cell divisions can lead to altered gene patterns and cell characteristics, causing 

significantly different behavior when compared to primary cells (Carter & Shieh 2010; 

Mailleux, Overholtzer & Brugge 2008). 

On the final day of culture in the organoid branching assay, the majority of organoids 

have grown more than 4 branches, and the proportions are very similar in uninfected and 

infected wild type cells (86.4% and 86.6%, respectively), as well as uninfected flox cells 

(86.8%). In the infected flox group, the proportions differ from the other groups, and the 

proportion of organoids with more than 4 branches is smaller (79.9%) than in the other 

groups, indicating an impact of AAV Cre infection and LAMA5 deletion on branching. It 

is feasible that the branches in floxed organoids are initiated by cells where LAMA5 

deletion has been unsuccessful or has yet to occur, as the genotyping results indicate 

this is a possibility. The proportion of organoids with more than 4 branches could be even 

smaller if the knockout was 100% successful.  

A. Ewald and his team have studied ductal initiation in organoids formed from MECs. 

The team showed that branch initiation was preceded by filling of the organoid lumen 

with luminal epithelial cells, and that branching morphogenesis requires interplay 

between luminal and basal motility. Englund and colleagues have shown that LMα5 

exposure affects MEC motility, so perhaps branch initiation is stalled by LAMA5 

knockout. (Englund et al. unpublished; Ewald et al. 2008) 
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The age and timing of estrous cycle of the mouse also play a role in branching. Murine 

estrous cycle lasts 4 days, and can significantly affect MG reconstitution efficiency. In 

addition, very different cellular compositions can be seen in mice of different ages. 

(Inman et al. 2015). The ages of mice used for cell isolation were not controlled, which 

can possibly be seen in the results. 

The branch lengths in all genotypes are surprisingly similar, despite an insignificant 

decrease in the lengths of floxed branches. Ewald et al. showed that branch elongation 

was concluded with an epithelial transition from a multilayered structure to a single or 

bilayer (Ewald et al. 2008). As indicated by IF stained MG ducts, LAMA5 deficient glands 

show a less structured luminal organization, which might affect cellular motility and 

branch length. Similar branch lengths can also be explained by some limiting factor that 

prevents organoid branches from growing past a certain point. In unbranching organoids, 

most organoids shrink in size towards the end of the culture, which supports the theory 

that organoids can only reach a certain size. MEC growth arrest in Matrigel® has 

previously been observed by several research groups (Muthuswamy et al. 2001; 

Petersen et al. 1992). 

In general, the organoid growth assay seems rather insensitive for detecting the effects 

of LMα5 knockout, especially without controlling the amount of cells going into culture. 

The organoid branching assay seems like a more effective way to visualize the role of 

LAMA5, as the floxed organoids show a slightly smaller capacity for branching when 

compared to other groups. The exact mechanisms behind this effect, however, need 

further investigation. 

6.2 Impact of laminin alpha-5 deletion on tissue level in vivo 

Differences between MG development in Cre negative and floxed mice can be seen at 

both investigated timepoints during puberty. The amount of ductal ends seems 

unaffected, but epithelium length and amount of TEBs, points of ductal elongation, are 

reduced in floxed mice. Statistics do not indicate significance, but this can be due to 

small sample sizes as well as large SDs. To gain a better understanding of effects of 

LAMA5 loss, the amounts of TEBs were grouped. At TP1, the amount of MGs with more 

than 5 TEBs is considerably smaller in floxed glands (11.1% for flox/flox;+, 10.0% for 

flox/+;+) than in No Cre (36.4%) and wild type (33.3%) glands. The proportion of MGs 

with less than 3 TEBs is also slightly larger (55.6% for flox/flox;+, 50.0% for flox/+;+, 

33.3% for +/+;+ and 45.4% for No Cre). No Goodness of Fit test was performed for these 

results due to small sample sizes.  
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Similar effects can be seen at TP2. Average epithelium lengths are similar in all groups, 

but a difference can be seen in medians, as the lengths in flox/flox;+ glands range from 

10 to 100 mm, and in Cre negative glands from 14 to 55 mm. When comparing population 

proportions, the proportions of MGs with more than 10 TEBs are not significantly different 

between compared groups, but floxed MGs have a larger proportion of glands with less 

than 5 TEBs (68.2% for flox/flox;+, 55.6% for flox/+;+, and 43.75% for No Cre).  

MG development and advancement during puberty rely highly on cellular movement in 

TEBs. Englund et al. researched how exposure to LMα5 increases motility in MECs, 

indicating the possibility that deficiency of LMα5 lowers cellular motility in TEBs thus 

causing decreased ductal elongation. In addition, since luminal cells deposit LMα5 

distally to the BM, this connection might be disturbed in LAMA5 deficient cells. Luminal 

disconnection can also be inferred from clusters of detached cells found in the luminal 

spaces of floxed epithelium observed in tissue section stainings. Slade et al. have shown 

that the BM is integral for luminal epithelial cell polarity, which supports the notion 

proposed earlier that LMα5 knockout disturbs polarity in MG epithelium. The reseach 

team stated that approximately 20% of luminal cells are in contact with BM. (Englund et 

al. unpublished; Slade et al. 1999) 

The correlation between epithelium length and number of TEBs was analysed as TEBs 

are points of ductal elongation. Hence it can be assumed that epithelium grows more in 

MGs with a larger number of TEBs. At TP1, the correlation between amount of TEBs and 

epithelium length is at least moderate in all groups. In No Cre group the correlation is 

considered strong and in flox/+;+ considerable. At TP2, the correlations are less strong, 

but still considerable in No Cre and flox/flox;+ groups. In flox/+;+ group the correlation is 

insignificant. Linear correlation is dependent on sample size, which is small in all tested 

groups. Small sample size can result in inaccurate results (Goodwin & Leech, 2006), so 

the correlation results in this thesis should be taken with precaution. 

According to S.M. Ball, murine puberty occurs at around 5 to 7 weeks of age (Ball 1998). 

Considering this, TP2 (8-week-old mice) glands are already at late stages of puberty, 

when most significant changes and growth in MG have already occurred. This could 

explain why the correlation in general is stronger at TP1, as it is during prepubertal 

growth period when TEBs arise to lead ductal morphogenesis. As puberty nears its end, 

TEBs regress and are replaced by ductal termini. The group without Cre is the only one 

where correlation is considerable at both timepoints. The lower correlation in floxed Cre 

positive groups can possibly be explained by estrous cycle induced side branching, 

which increases epithelium length but is not driven by TEBs.  
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Also the observed large amounts of variation in number of TEBs in all analyzed groups 

need to be considered in correlation analysis, as large variation decreases correlation. 

S.M. Ball noticed in her studies a significant difference in the number of TEBs per gland 

between MGs from mice of the same age, meaning there is naturally great variety in the 

amount of TEBs (Ball 1998).  

LAMA5 deletion by Cre was induced by intraperitoneal tamoxifen injection. Tamoxifen is 

an antiestrogen, so in addition to LAMA5 deletion by Cre, tamoxifen itself has an effect 

on MG development, as estrogen is fundamental to pubertal mammary gland 

development. Paine and Lewis mention that not all cells in TEBs express estrogen 

receptors, thus disabling tamoxifen binding and effect (Paine & Lewis 2017). On top of 

tamoxifen effects, IP injections alone are invasive and cause stress to the animal. The 

location of the injection inexorably affects MG pair 4. To assess the effects of IP injection 

on MG development and growth alone, a control injection with mere corn oil without ta-

moxifen could be beneficial.   

As a technical note, MG isolation from mice was sometimes difficult to perform. MGs are 

rather fragile in structure and easily torn, or hair might be removed along with MG causing 

obstruction in visualizing the epithelial tree. This sometimes impaired the accuracy of 

calculations, although clearly unreliable results caused by tearing or obstruction have 

been omitted from the results in this thesis. 

Hematoxylin and eosin staining was performed for analysis of MG and TEB structure. 

Unfortunately, the amount of epithelium in MGs from TP1 and TP2 was too scarce to 

enable a thorough look into epithelial structures with this method. In pregnant mice, a 

difference between the sizes of alveoli between flox Cre negative and flox Cre positive 

mice is clear to see. The alveoli of Cre negative mice are expanded and starting to fill 

with milk. In floxed mice, the alveoli are noticeably smaller and more scarce. As in 

pubertal glands, this can be due to reduced cellular proliferation and disturbances in cell 

polarity, differentiation, and migration. Future studies can concentrate on a more detailed 

look behind these disturbances.  

6.3 Impact of laminin alpha-5 deletion on cellular level in vivo  

RNAscope® ISH shows how LMα5 is widely expressed in the MG epithelium, but a clear 

locational difference can be seen between LMα5 and LMα1 expression, with the latter 

being evidently located more on the basal side of epithelium. Even in floxed glands, 

LMα5 is still abundantly present. However, this mRNA can be a truncated version that is 

still detectable in ISH, as Cre deletes the LAMA5 gene between exons 14/15 and 20/21. 
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Eukaryotic mRNA survival is less than 24 hours, so the possibility of the detected RNA 

having been translated before LAMA5 knockout is minimal. To ensure that LAMA5 has 

been deleted from inspected MGs, a knockout genotyping from isolated glands will need 

to be performed.  

In IF stained tissue sections, no difference can be seen in K14 staining of basal cells 

between floxed and wild type Cre positive glands. Luminal marker K8 staining, however, 

shows reduced fluorescence in floxed glands indicating less luminal expression. The 

luminal compartment in general shows more disorganization in floxed MG epithelia 

compared to wild type ones. Additional or detached layers of luminal cells can be 

detected in the epithelium, indicating a failure of LMα5 deficient luminal cells to form a 

uniform structure.  

C. Ghajar and M. Bissell have reviewed the role of ECM in MG morphogenesis, and how 

it is important for MG development and function. BM structure, expression, and ligation 

to MECs is vital for proper MG structure and function. Luminal epithelial cells deposit 

LMα5 to the BM, and this function and connection is disturbed in LAMA5 knockout glands 

leading to diminished epithelial growth and disrupted organization of the luminal epithelial 

compartment. Integrin β1-mediated laminin signaling is important for functional 

differentiation of luminal epithelial cells during pregnancy, as well as for signaling 

between basal and luminal cells. (Ghajar & Bissell 2008; Spenlé et al. 2013). LAMA5 

knockout can be hypothesized to have an effect on β1-integrin functioning, thus disturb-

ing signaling between epithelial cells and functional differentiation. Similar effects can be 

extrapolated to occur in pubertal glands as well. β1-integrins have also been shown to 

be vital for epithelial apicobasal polarity, which supports the notion that epithelial polarity 

is disrupted in LAMA5 knockout glands (Akhtar & Streuli 2012). 
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7. CONCLUSIONS 

The aim of this Master’s thesis was to investigate the role of LMα5 in MG development, 

as it has not been researched before. MG development is an intricate process involving 

an interplay of several systemic and local factors. 

The investigations in this thesis were divided into in vitro and in vivo methods. The in 

vitro methods involved analysis of growth rates and structures of organoids grown from 

isolated MMECs, and the in vivo methods explored the development and structure of the 

mammary tree in isolated MGs. 

According to the findings of this thesis, LMα5 is a key player in MG development, as 

witnessed by the in vitro branching assay and in vivo experiments. Branching 

morphogenesis is stunted in LAMA5 knockout cells and mice. Organoids grown from 

LAMA5 deficient cells form fewer branches than their wild type counterparts. In MGs 

isolated from mice lacking LMα5, both epithelial length and number of TEB structures, 

key points for branching morphogenesis, are reduced. On closer inspection of epithelial 

structure, disorganized luminal assembly can be observed, with detached aggregates of 

cells in the ductal lumen. This can be a sign of loss of luminal epithelial cell contact with 

the BM, as luminal cells normally are in charge of LMα5 deposition into the BM. Loss of 

BM contact can also result in disturbed apico-basal polarity, an event witnessed in other 

LMα5 deficient tissues researched before. This deduction is fortified by related studies 

where loss of β1 integrin, a mediator of laminin signaling, has been shown to result in 

defective cellular polarity. Together, these findings indicate a disturbance in normal MG 

development and tissue remodeling in LMα5 deficient MGs. 

The experiments performed for this thesis lay a groundwork for further studies on the 

significance of LMα5, and other understudied laminins, on MG development. As LMα5 

has been shown to enforce luminal expression of epithelial cells, it would be interesting 

to explore its effects throughout MG development, beginning from MaSC lineage re-

striction in the embryo. Future studies can also concentrate on more detailed 

investigations on the mechanisms behind the phenomena displayed in pubertal and 

pregnant LMα5 knockout glands.  

In addition to significance in developmental biology, the presented findings can have a 

consideration in future MG tissue engineering applications. In the tissue engineering 
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triad, scaffolds are often described as the supportive framework on which tissues and 

organs can be built. They provide cues for cellular proliferation and differentiation. ECMs 

and BMs are nature’s own scaffolds, working in concert with cells to build functional units. 

In MG, this concert is in discord when LMα5 is removed. 
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