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ABSTRACT 

An Investigation into the Role of the MARRS Receptor in Murine Mammary Gland 
Growth and Development 

 

Allison Wilkin       Advisor: Dr. Kelly A. Meckling 

University of Guelph, 2019 

 

Vitamin D has been implicated in mammary gland development, however nothing is 

known about the role of the second 1,25-dihydroxyvitamin D3 (1,25D3) receptor MARRS and 

its effects on post-natal mammary gland development or interaction with 1,25D3 in this tissue. 

Therefore, the objectives of this thesis were to investigate these unknowns in a tissue-specific 

knockout mouse model. In study 1, MARRS was knocked out in murine mammary gland 

epithelial cells of 4-week old mice (n=30). Several markers of mammary gland (MG) growth 

were measured, including number of terminal end buds (TEB), ductal coverage of the fat pad, 

and ductal extension. It was found that the knockout animals had decreased numbers of TEBs 

(p=0.019), and decreased ductal extension (p=0.018). Study 2 aimed to expand the investigation 

to MARRS’s actions with varying vitamin D3 dietary dose. Abdominal MGs were collected 

from 6-week old MARRS knockout female mice (n=94) on diets of 10,000 IU/kg (replete), 1,000 

IU/kg (sufficient) or 0 IU/kg (deficient) of D3. There was a significant interaction between 

genotype and diet regarding TEBs (p=0.001) and ductal coverage (p=0.03). Knockout mice on 

the sufficient diet had significantly fewer TEBs (p=0.001) compared to wildtypes on the same 

diet, but the opposite effect was seen in mice on the replete diet. The increased growth in 

knockout mice on replete diets was unexpected; therefore in Study 3, a novel double knockout 

mouse lacking both MARRS and VDR was created to study the actions of both pathways 



	
	

simultaneously. There was a significant overall interaction between genotype groups (p=0.004) 

regarding mean ductal coverage, yet number of TEBs remained similar across all genotypes. 

Overall, this thesis demonstrates that MARRS does indeed play a role in mammary gland 

development providing a growth-positive effect, and that effect can be altered depending on the 

amount of vitamin D3 available in the diet. Although neither MARRS nor VDR are essential for 

mammary gland growth, their signalling pathways and gene-diet interactions provide valuable 

information regarding dietary intakes during puberty and influences on tissue growth. These 

results now merit further studies in human populations to investigate dietary trends and long-

term consequences in human adolescents.
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Chapter 1: Literature Review 

1.1 Introduction 

The mammary gland is a unique organ in that it does not develop into a fully 

differentiated tissue in utero. At birth, only a rudimentary tissue and ductal network is 

established, with full development occurring post-natally during puberty and pregnancy. At the 

onset of puberty, the mammary gland is susceptible to a plethora of hormones, growth factors, 

and other regulatory signals that maintain controlled and organized development. At this time, 

proper signalling is crucial to avoid long-term consequences, including tumorigenesis. This 

chapter will review the process by which the mammary gland develops during puberty, the main 

hormones that contribute to regulated growth, and the role of vitamin D in pubertal morphology 

through both the nuclear and membrane vitamin D receptors. 

 

1.2 Murine Mammary Gland Development 

1.2.1 Prenatal Development 

In mice, mammary glands begin to form from the ectoderm and mesoderm at embryonic 

day 10, driven by signalling contained within the tissue [1,2]. The ectoderm forms two 

multilayered structures that run down the length of the embryo termed the milk lines, which 

eventually recede into five pairs of placodes on the ventral side [1]. Placodes are thickened 

clusters formed by the migration of ectodermal cells driven by signalling factors from the 

surrounding mesenchyme [3]. Later, these placodes form mammary buds along with some of the 

mesenchyme [4]. In male embryos, these buds are abolished when exposure to testosterone 

around day 14 causes the mesenchyme surrounding the gland to condense, resulting in necrosis 
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[5]. Meanwhile in females, the mammary bud undergoes cellular proliferation into the 

mesenchyme under the influence of estrogen, forming a rudimentary ductal tree [6]. By the end 

of gestation, the mammary gland consists of the fat pad with minimal ductal branching 

consisting of single-layered epithelial cells forming the lumen. The resulting organ remains 

essentially unchanged from birth until puberty [7].  

1.2.2 Terminal End Bud Structure 

 The main goal of puberty, with regards to the mammary gland, is to establish a fully 

completed ductal network of alveolar branches within the fat pad with room for lobuloalveolar 

units when needed during pregnancy (See Figure 1.1). This is accomplished through systemic 

and paracrine signalling of several ovarian and pituitary hormones triggered for release at the 

onset of puberty. 

The driving force of pubertal morphology is the terminal end bud (TEB). TEBs are club-

like structures comprised of rapidly dividing epithelial cells; through bifurcation, TEBs work to 

lay the foundation of the mammary tree [8]. The TEB contains two main types of cells: cap cells 

at the edge of the TEB, and multiple layers of unorganized body cells within the club-structure. 

Cap cells generally give rise to the basal layer of the ducts – the myoepithelial cells, while body 

cells differentiate into the luminal cells [9]. However, the cap cell compartment also contains 

mammary stem cells that can give rise to each cell type in the mammary tree [9]. In fact, 

mammary stem cells have been identified as those cells lacking CD31 and CD45 (endothelial 

and haematopoietic respectively) antigens, as well as containing high levels of CD29 and CD24, 

and can re-populate a cleared mammary fat pad into a fully-functioning organ from just a single 

cell [10]. The mechanism by which the TEB achieves forward movement through the fat pad is  
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Figure 1.1 Overview of mammary gland development with schematic of the terminal end bud 
showing organization of epithelial cells. From Paine & Lewis (2017) published in the Journal of 
Mammary Gland Biology and Neoplasia [8] with open access at Springerlink.com. Used with 
permission under the terms of the Creative Commons Attribution 4.0 International License.  

(http://creativecommons.org/licenses/by/4.0/)  
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still under investigation, but there are a few theories in the literature. Firstly, unlike other 

migratory cells in other mammals, TEBs do not extend any protrusions to pull the cells forward 

[11]. Instead, one theory, termed collective migration, states that all cells move together, but 

remain adherent with tight junctions [11]. One study found that while luminal and basal-laminal 

cells remained polarized and adherent, the interior cells of the TEB remain adherent only through 

desmosomes, and do exhibit some migratory protrusions [12].  Another theory states that duct 

cells seem to undergo an epithelial to mesenchymal transition (EMT) as they express 

transcription factors common in EMT including Slug (member of Snail transcription factors) 

[13,14], which aid in their motility. Another theory is the actions of matrix metalloproteinases 

(MMP) in front of the TEB breakdown the extracellular matrix to allow easy passage forward. 

MMP2-/- mice lack proper invasion of the ductal branching into the fat pad [15]. However, it has 

been shown that MMP14-/- and MMP15-/- mice develop normal mammary glands [16]. 

Therefore it is likely a combination of mechanisms that allow TEBs to move through the fat pad. 

Ductal elongation via TEBs usually concludes around 8 weeks of age [7].  

1.2.3 Hormonal Regulation of Pubertal Mammary Gland Development 

Estrogen is a critical signal in TEB formation. Early studies investigating the role of 

estrogen on mammary morphology using ovariectomized pre-pubertal mice found that TEBs 

failed to form, the diameter of the ductal tree was decreased [17] and ductal elongation was 

stunted [18]. Additional studies adding estradiol implants showed the results of an ovariectomy 

could be reversed, with histologically normal TEBs reappearing after only 3 days of treatment 

[19]. Further studies explored the relationship between epithelial and stromal estradiol signalling 

with tissue recombination experiments.  Injecting epithelial mammary cells from neo-natal 

estrogen-receptor knockout (ERKO) mice into fat-pads of wild-type mice with the epithelial 



	

	
	

5	

structures removed, still resulted in properly growing mammary trees. ERKO mice who received 

epithelial mammary cells from wildtype mice showed no ductal growth [20]. Thus it was 

concluded that stromal estrogen signalling was more critical to mammary development than 

epithelial signalling. However, later studies found that the timing of these recombination studies 

was critical, and that neo-natal mice do express Estrogen Receptor alpha (ERα) in the mammary 

gland, but it is not responsive until puberty [21]. Subsequent studies performing tissue 

recombination surgery on mice at least 3 weeks of age, found that although both compartments 

of estrogen signalling are important, the epithelial estrogen receptors play a more significant role 

in TEB formation and ductal elongation [18]. The mechanism by which estrogen acts upon 

epithelial cells is in a paracrine fashion, as only ~40% of epithelial cells express the ERα [22]. 

17-β-estradiol upregulates the epidermal growth factor-like ligand amphiregulin (Areg). Areg -/- 

mice do not develop TEBs, and the ductal tree does not extend past its rudimentary pre-pubertal 

state [23]. Areg is secreted by ERα+ cells, and binds the epidermal growth factor receptor 

(EGFR) in the stroma and thus drives cellular proliferation [24]. This theory is strengthened by 

the fact that TEBs do not proliferate if the stroma is EGFR-/- [25].  

Another important mediator in TEB formation is growth hormone (GH). GH is a pituitary 

hormone, but can also be secreted by the ovary, and mRNA expression of GH and GH receptor 

have been found in the mammary gland during puberty [26,27]. GH is essential, as GH-/- mice 

do not grow proper mammary glands [28]. The effects of GH are carried out by insulin-like 

growth factor (IGF-1), which when secreted by the liver travels to the mammary gland and binds 

IGF receptors in the stroma [29]. It is known that the effects of GH act upon the mammary gland 

entirely through IGF-1, as IGF-1-/- mice do not develop proper mammary glands, and growth is 

not restored with estrogen treatment [30]. Early studies on animals found that GH and estradiol 
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work together to provide optimal growth: mammary glands from oophorectomized animals were 

stimulated with IGF-1 implants with, or without, added estrogen implants. Mammary glands 

with IGF-1 only experienced some development, but those animals with the added estrogen 

experienced the most enhanced growth [31,32]. 

TEB formation and ductal elongation is not the only process occurring during mammary 

development. After most of the ductal elongation has been completed, the ductal tree continues 

to grow laterally with the production of side branches during the mouse’s newly established 

estrous cycles [33], mainly under the influence of progesterone. Early studies using intact 

mammary glands with in situ progesterone implants found significant increases in ductal side-

branching, more-so than estrogen implants alone [34]. Mammary glands of progesterone receptor 

(PR) -/- mice completely lack interductal lobular structures, even when given high doses of 

estrogen and progesterone, but otherwise develop normal TEBs and complete ductal elongation 

[35]. Tissue recombination studies were also conducted between PR +/+ and PR-/- mice to gain 

insight into stromal vs epithelial signalling. Mammary glands lacking PR in the epithelium 

developed similarly to PR knockout mice, while stromal PR-/- developed normally [36]. This 

information coincides with the fact that ~80% of all PR in the mammary gland are expressed on 

epithelial cells [37], making a strong argument that the target for PR is found in the epithelium, 

and stromal PR is not require for side branching.  

The mechanism by which progesterone elicits its proliferation effects also depends on 

paracrine signalling, as like ERα, not all epithelial cells express PR [38]. Interestingly, 

progesterone can produce an effect in the absence of estrogen, demonstrated by tissue 

recombination studies [21] and ovariectomized mouse studies [38]. Firstly, PR+ cells utilize a 

Cyclin D1-dependent mechanism to drive initial proliferation [38]. Estrogen alone can induce 
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Cyclin D1 expression, but the addition of progesterone significantly increases the response, 

which is not seen in PR knockout mice [39]. Later, PR- cells depend on receptor activator of 

nuclear factor kappa-B ligand (RANKL) signalling [38]. RANKL expression is observed in 

luminal epithelial cells regardless of PR status, and exposing pubescent mice to RANKL results 

in early side-branching [40]. RANKL has been shown to be driven by progesterone signalling in 

mouse studies where RANKL-/- mice treated with progesterone showed very little epithelial 

proliferation [38]. 

Overall progesterone seems to have a much more distinct role in the production of alveoli 

during pregnancy, which this review will not discuss. 

While puberty is a time for upregulated cellular proliferation, there are a number of 

signals in place to ensure growth does not continue un-checked. Transforming growth factor-beta 

(TGFβ) is the most well documented signal of growth control in the mouse mammary gland, and 

has recognized roles in apoptosis and proliferation [41]. First reported using in vivo studies, 

TGFβ implants were inserted into mouse mammary glands and left for 4 days in a pubescent 

mouse [42]. In this time, number of TEBs was reduced by 75% and there was no elongation of 

the ducts. The TGFβ implants were then removed, and after 11 days it was found that the number 

of TEBs had increased to the same number as control mice, and ductal elongation had resumed – 

although they had only travelled a third of the distance of the control mice [42]. Studies using 

tissue recombination, TGFβ-/- mice [43], and overexpression of TGFβ in vivo [44] confirm a 

role in ductal elongation. TGFβ signalling is essential enough that TGFβ +/- animals also 

experience reduced proliferation in mammary epithelium [45]. TGFβ may be regulated by 

ovarian hormones, as the number of epithelial cells expressing TGFβ are reduced during the 

proliferative stages of the estrous cycle [45]. TGFβ initiates cell signalling by activating serine-
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threonine kinase receptors and the signalling proteins Smad2 and 3, ultimately affecting gene 

transcription [41,46]. In the pubertal mammary gland, Smad3 is essential for TGFβ-mediated 

apoptosis [47], but Smad 2 is not [46]. Unlike the other growth factors and hormones responsible 

for pubertal growth, TGFβ seems to work in an autocrine fashion, as TGFβ+ cells also express 

activated Smad proteins [48]. TGFβ also inhibits proliferation by arresting the cell cycle in the 

G1 phase by suppressing c-Myc [49] and altering the binding capabilities of cyclin-dependent 

kinases 4 and 6 [50]. There is also evidence of TGFβ-induced apoptosis during involution after 

pregnancy [51], but this process will not be reviewed here.  

  

1.3 Role of Vitamin D in Mammary Gland Development 

1.3.1 Vitamin D Metabolism 

Contrary to many other vitamins and nutrients, vitamin D is not readily available in the 

human diet. Foods with some vitamin D include fatty fish, egg yolks and mushrooms [52]. Due 

to Canada’s limited and varying UV exposure during the year, the government of Canada has 

fortified many foods with extra vitamin D to help Canadians achieve the daily-reference intake 

(DRI). Foods such as orange juice, milk and other dairy products contain approximately 100 

international units (IU) of vitamin D per cup [53].  

When uncovered skin is exposed to UVB light, 7-dehydrocholesterol is converted to 

cholecalciferol (vitamin D3) [54]. Food sources of vitamin D are either in the D2 (ergocalciferol) 

or D3 form, and absorbed into the lymphatic system by chylomicrons [52]. Vitamin D3 travels 

through the bloodstream bound to a vitamin D-binding protein (DBP) to the liver, where 25-α-

hydroxylase (CYP2R1) will convert it to 25-hydroxyvitamin D (25(OH)D, or calcidiol). [54]. 
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25(OH)D is a stable, yet largely inactive compound, and able to travel around the body bound to 

DBP to be delivered to a target tissue – usually the kidney. 25(OH)D is the most abundant form 

of vitamin D in circulation, and is therefore used as a biomarker of vitamin D status [55]. At the 

kidney, CYP27B1, or 1-α-hydroxylase will hydroxylate the molecule for a second time creating 

the active 1,25-dihydroxyvitamin D3 (1,25D3, or calcitriol) [56]. Although 1-α-hydroxylase has 

been extensively documented in the kidney, there is evidence for its expression in other tissues 

with 1,25D3 actions, including the mammary gland [57]. Both 25(OH)D and 1,25D3 can be 

converted to the inactive 24,25-dihydroxyvitamin D (24,25(OH)D) at the kidney by CYP24A1 

when 1,25D3 levels are too high [55].  

1.3.2 Classic Role of 1,25D3 

The classic role of 1,25D3 involves binding to the nuclear vitamin D receptor (VDR) at 

target cells. After binding, it forms a heterodimer with the retinoid X receptor, then binds to 

Vitamin D Response Elements (VDREs) found within the genome, which are responsible for the 

up- or down-regulation of gene transcription [55]. The most well understood actions of 1,25D3 

are calcium and phosphate regulation at the intestine, kidney, and bone.  

The main action of 1,25D3 is calcium uptake at the intestine [55]. When plasma calcium 

is low, activation of 1,25D3 by parathyroid hormone is increased to ensure adequate expression 

of the calcium membrane channel transient receptor potential vanilloid member 6 (TRPV6), as 

well as binding protein calbindin-D9k for facilitated diffusion of calcium across the intestinal 

membranes [58,59]. However, both calbindin-D9k and TRPV6 knockout mice do not suffer from 

any reduction in intestinal calcium absorption, and treatment with 1,25D3 resulted in the same 

calcium absorption as wildtypes [60,61], therefore providing evidence for the existence of 
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another absorption mechanism. Similar proteins, TRPV5 and calbindin-D28k, work to increase 

calcium reabsorption at the kidney [55].  

At the bone, 1,25D3 also has direct actions in response to low plasma calcium. Activation 

of 1,25D3 in bone leads to direct transcriptional regulation of RANKL expression on osteoblasts 

[62] , and the direct cell-cell contact of RANKL to RANK receptors on osteoclasts triggers their 

activation, leading to bone demineralization [63].  1,25D3 is also critical for healthy bone, 

evidenced by the high incidence of rickets in populations with vitamin D deficiencies [52], and 

VDR knockout mice developing rickets, among other abnormalities [64]. VDR signalling is 

crucial for osteoblasts to transition into healthy osteocytes [65], and a deficiency in vitamin D 

will result in up to a 90% reduction in dietary calcium absorption [52], therefore resulting in low 

plasma calcium and the subsequent calcium-saving actions of demineralizing bone. 

Currently, it is these actions of calcium uptake and bone health that are the only effects 

Health Canada recognizes when setting vitamin D DRIs for Canadians [53]. 

1.3.3 Regulation of Mammary Gland Development by VDR  

Exploring the role of 1,25D3 and VDR in mouse models is usually completed by using 

VDR ablation. The VDR is commonly knocked out by removing the second zinc finger of the 

DNA-binding site. First used by Li et al. [64], they found that the percentage of VDR null pups 

was high enough to rule out embryonic death due to loss of the receptor. Overall, these mice 

develop a phenotype similar to human patients with rickets: instances of slow growth, truncated 

leg bones, hypocalcemia, hypophosphatemia, and alopecia [64]. Therefore these mice need to be 

fed special diets containing extra calcium, phosphorous, lactose and vitamin D3 to maintain 

proper health and reach age of maturity. Mammary glands of VDR null mice have been studied 
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at 4, 5, 6, 7, 8, and 10 weeks of age, and growth has been assessed by whole mounting 

abdominal glands and examining the length of ductal branching and the number of TEBs. VDR 

null mice showed enhanced gland development during puberty. There was increased ductal 

branching, increased numbers of TEBs, and mammary fat pads were significantly larger 

compared to whole body size [66]. Thus the VDR plays a role in inhibiting over-growth of the 

mammary gland during puberty.  

A subsequent study explored the role of VDR signalling in the epithelium versus 

adipocytes of the mammary gland using conditional knockout mice [67]. Results of this study 

were not as obvious as whole-body VDR ablation, as TEBs remained relatively the same 

between knockouts and wildtypes, yet ductal extension was still increased in VDR knockouts 

regardless of which compartment was targeted. Epithelial VDR knockouts experienced increased 

alveolar budding – which normally occurs during pregnancy and lactation, not pubertal 

development. This was explained by a heightened sensitivity to ovarian hormones compared to 

wildtypes. However, loss of VDR in either compartment did not change estrogen or progesterone 

receptor expression within the tissue [67].  

  

1.4 Non-Genomic Actions of 1,25D3 

1.4.1 Evidence of a Second Receptor 

There has been controversy in the literature as to whether the MARRS (Membrane 

Associated Rapid Response Steroid) receptor is indeed a separate molecule from the VDR, or if 

the VDR is simply translocating to the plasma membrane and causing rapid effects through 

intercellular signalling pathways. 
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Suggesting a plasma membrane receptor was capable of binding 1,25D3 was first 

proposed by Nemere and Szego in 1981 [68]. Rat intestinal cells were exposed to 1,25D3, and 

calcium release was measured in vitro in as little as 5 minutes. They suggested that the result was 

due to a receptor in the plasma membrane, however, they believed it was not due to the classical 

receptor working from the membrane [69]. Since then, a number of researchers have found 

evidence for a second receptor, and studying its signalling effects in various tissues. For 

example, Nemere et al. [70] studied duodenal mucosa of chicks and demonstrated specific 

binding to a basal-lateral membrane receptor. This receptor seemed to be mostly responsible for 

rapid intestinal calcium transport and signalling, and preferred to bind cis-analogs of 1,25D3. 

The closed configuration of this analog is incapable of binding the classical VDR which requires 

1,25D3 to be in the trans conformation [71]. 

Furthermore, when studying calcium uptake in intestinal cells, it was noted that this 

second receptor bound to antibody 099, while the classical VDR bound antibody 9A7, and in 

using both antibodies different results were seen [72]. Eventually, this new receptor was found to 

be the 57 kDa protein ERp57, also named GRp58, or PDIA3 [71], and when mentioned with 

respect to vitamin D signalling, is referred to in the literature as MARRS (or 1,25D3-MARRS). 

The presence and function of MARRS has since been studied in multiple cell types, 

including the intestinal epithelium, chondrocytes, hematopoietic cells and human breast cancer 

cell lines. Although MARRS has not yet been studied in an animal model in relation to breast 

cancer, important functions have been described for it in other tissues concerning classical VDR 

targets. 
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1.4.2 Calcium and Phosphate Uptake 

 The role that MARRS plays in calcium and phosphate homeostasis in the intestine has 

mostly been studied using chicks. Early studies looked at calcium and phosphate uptake in vitro 

from cells taken from vitamin-deficient chicks. A vitamin deficiency in the animal resulted in an 

increase in 1,25D3 binding to MARRS in vitro, as well as increased calcium ion uptake [73]. 

These results suggest that MARRS may have a more important role when an individual is 

vitamin D deficient, and attempts to extract as much calcium from the diet as possible [73]. 

 When MARRS was studied in vivo, conditional intestinal cell knockouts were created 

using the flx/Cre system and were then treated with 1,25D3 [74]. Results indicated that by 

knocking out MARRS, rapid calcium uptake was diminished, suggesting that it is indeed 

MARRS that facilitates rapid calcium uptake in the intestines of mice rather than the classic 

VDR [74]. Treatment with 300 pM 1,25D3 quickly resulted in phosphate uptake in the 

enterocytes of controls, but no phosphate uptake was reported in the knockouts [75]. Regarding 

the signalling pathway, there were differences seen between sexes. Female mice exhibit calcium 

uptake through both the protein kinase A (PKA) and protein kinase C (PKC) signalling cascades, 

whereas males activate PKA only [74]. Similar to calcium, MARRS seems to activate the PKA 

pathway for phosphate uptake. However, adult male mice lost the ability to uptake phosphate 

with age whereas females did not. Therefore, estrogen may also be involved in this signalling 

pathway [75]. 

 Similar studies of phosphate and calcium uptake have also been conducted on chick 

kidney cells with remarkably similar results. Initial phosphate uptake occurs within seconds of 

exposure to small concentrations of 1,25D3, and is completely eliminated when cells are 
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incubated with Antibody 099 against MARRS [76]. Overall, although PKC signalling has 

generally been deemed responsible for calcium channel control, studies involving MARRS 

suggest that PKA signalling supersedes when this receptor is activated [77]. 

1.4.3 Chondrocytes and Osteoblasts  

Study of the MARRS receptor in bone health has been done on both human prenatal 

craniofacial samples and mouse models. Human fetal craniums were found to possess the 

MARRS protein when tested against the chicken duodenal Ab 099 antibody [78]. During the 4th 

week in utero, MARRS was detected in abundant concentrations within chondrocytes, 

osteoclasts and osteoblasts. Regarding tooth formation, MARRS could also be found in the 

dental epithelium as early as week 7 of development, and was found in high concentrations in the 

areas of future tooth mineralization [78], suggesting an important role for MARRS in bone 

formation and health. Indeed, MARRS is thought to control the movement of bone-mineralizing 

vesicles in the growth plate, as MARRS is missing from areas without vesicles [78,79]. 

 Cell culture studies in animal chondrocytes have shown that 1,25D3 mediates its rapid 

effects through the phospholipase C signalling cascade that ultimately activates PKC and the 

extracellular signal-regulated kinase (ERK) pathway to facilitate cartilage growth [80]. MARRS 

has also been shown to activate calcium ion channels in rat osteoblasts [81]. To provide evidence 

for this MARRS signalling pathway, Boyan et al. [80] used the VDR knockout mouse to show 

that PKC activation increased in response to 1,25D3 in both the transgenic mouse and the 

control. Furthermore, the Ab 099 antibody against MARRS reduced the PKC activity when 

chondrocytes were treated with 1,25D3. Therefore, chondrocytes were able to respond to 1,25D3 

without the classic nuclear receptor, and were most likely working through MARRS. The full 
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pathway, as described by Boyan et al. [82] involves 1,25D3 binding MARRS, activating 

phospholipase A, releasing arachidonic acid and activating PKC. 

1.4.4 Haematopoeisis and Leukemia 

 Myeloid cells require the activation of phosphatidylinositol-3-kinase (PI3K) signalling 

cascades to activate protein kinase B (Akt) and nuclear factor kappa B (NF-kB). Ultimately, the 

enzyme sulphatase is activated, which is required to transform inactive estrogen and androgens 

into their active form, as well as mediate myeloid cell differentiation [83,84]. When studying 

NB4 myeloid cells in vitro, Hughes et al. [84] noticed that NF-kB translocation to the nucleus 

was required for sulphatase activation. 1,25D3 is known to activate this signalling pathway, but 

it was always assumed that the actions were mediated entirely through the nuclear VDR. Even 

though the pathway is activated too rapidly for genomic responses to be responsible, researchers 

believed that the VDR was initiating the signalling events in the cytosol. It was not until 2010 

when Wu et al. [71] demonstrated that the MARRS protein was expressed in NB4 cells. When 

these cells were treated with 1,25D3, both MARRS and NF-kB translocated to the nucleus. Since 

the time frame for movement was comparable for both molecules, it may actually be MARRS 

that is responsible for activating this signalling cascade, as opposed to the nuclear VDR [71]. 

 Further studies involving MARRS knockout and knockdown cells in the myeloid line 

have been carried out in mice. C57Bl mice had MARRS knocked out using the flx/Cre system 

with Cre being expressed in the Lyz2 gene, affecting myeloid cell lineage. Mice lacking the 

MARRS receptor had fewer differentiated white blood cells than wildtypes. Knockdowns also 

had increased occurrences of splenomegaly and lymphomas, which in humans is indicative of 
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myeloid leukemia. Although further research is needed in this area, it seems MARRS plays a 

critical role in myeloid cell differentiation (unpublished results, Meckling lab, 2013). 

1.4.5 Lifespan 

Caloric restriction and low body mass index (BMI) has been linked to increased lifespan 

[85]. It has also been noted that MARRS knockout mice are smaller in size compared to wildtype 

littermates, leading researchers to wonder if MARRS played a role in caloric restriction or 

increased lifespan. Mice with floxed MARRS gene were bred to mice with the cre-recombinase 

under the villin promoter. It was found the female knockouts had less fat mass than littermate 

females, and the interesting discovery that estradiol competes with 1,25D3 for binding to the 

MARRS receptor [86]. Furthermore, MARRS knockout animals have a 30% increased lifespan 

compared to littermates [86].  

 

I.5 Vitamin D and Breast Cancer 

1.5.1 Epidemiological Studies 

In Canada, it is estimated that 1 in every 2 people will develop cancer in their lifetime, 

and 1 in 4 will die from cancer. Breast cancer accounts for 13% of all cancers diagnosed in 

Canada, and 25% of all cancers diagnosed in women, making it the most common type of cancer 

in women [87].  

Meta-analyses of 25(OH)D status and breast cancer, although sometimes contradictory, 

often show an inverse relationship between 25(OH)D status, breast cancer risk and survival post-

diagnosis [88]. Breast cancer patients with higher concentrations of vitamin D receptors in the 



	

	
	

17	

breast tissue [89], and higher concentrations of 25(OH)D [90] experience higher survival rates. 

Increasing vitamin D intake through the diet, has also been shown to decrease breast cancer risk 

in pre-menopausal women [91]. A more recent study investigating 25(OH)D status and breast 

cancer risk, depending on receptor type, found there was no risk to having adequate 25(OH)D 

levels [92]. In contrast, The Women’s Health Initiative trial found no association between 400IU 

daily of vitamin D3 and breast cancer incidence in postmenopausal women [93]. However, some 

researchers believe that the optimal 25(OH)D serum level is between 75 and 80nmol/L which 

requires an intake of 800 to 1000 IU/day [94] yet even higher intakes are believed to be required 

to produce anti-cancer effects [95].  

Historically, observational studies looking at rates of breast cancer in relation to 

geographic location indicated that increased exposure to ultra-violet (UV) rays resulted in a 

decrease in breast cancer mortality, leading to the hypothesis that 25(OH)D is related to cancer 

protection [96]. However newer observational studies such as Zamoiski et al. (2016) are finding 

less of an association between UV exposure/time spent outdoors and reduced cancer risk [97]. 

However, this latter study did not account for actual time spent in direct sunlight (as opposed to 

in the shade), or sunscreen use – which has been consciously integrated more into everyday 

cosmetic products. Other reasons for the reduction in correlation between the 1950s and now 

could be the increased contribution of other risk-factors [98] including obesity and physical 

activity, which also affect 25(OH)D status [88].  

1.5.2 1,25D3 and Cell Growth Inhibition in Cell Culture  

1,25D3 has potent growth inhibition effects on many tissues, including breast cancer 

cells, as demonstrated in many in vitro studies. When MCF-7 human breast tumour cells were 
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exposed to differing concentrations of 1,25D3, they experienced a dose-dependent growth 

inhibition, seen even at picomolar concentrations [99]. 1,25D3 is known to cause these effects in 

breast cancer cells by inhibiting insulin-like growth factor, which is often upregulated in cancer 

cell lines [100]. 1,25D3 can induce apoptosis through DNA fragmentation, nuclear matrix 

reduction and upregulating genes associated with programmed cell death such as clusterin and 

cathepsin B [101], as well as stop the cell cycle from progressing past the G1 phase by activating 

several cyclin-dependent kinase inhibitors [102]. Although using 1,25D3 as a treatment for 

cancer in humans would require concentrations that may induce hypercalcemia [101], the same 

apoptotic results are seen with vitamin D analogs such as EB1089 [100]. In some studies, use of 

an analog has induced stronger results than 1,25D3 alone [101] and are being studied in relation 

to their effects on blood calcium and phosphate homeostasis.  

Although it was originally thought that 25(OH)D could only be converted to the active 

1,25D3 form in the kidney,  more tissues have been found to possess their own locally-acting 

vitamin D hydroxylases [103]. Non-cancerous human mammary cells, when exposed to 

100nmol/L of 1,25D3 in vitro, significantly upregulated the vitamin D hydroxylase CYP27B1 

gene and protein expression, demonstrating these cells’ ability to locally activate 1,25D3 and its 

receptor, and therefore auto-regulating the tissue’s cell proliferation cycle [103]. Furthermore, 

when human mammary cells have their vitamin D pathway disrupted, CYP27B1 expression, 

VDR expression and growth inhibition via 1,25D3 is reduced [104].  

Dimethylbenzanthracene (DMBA)-induced mammary tumours have been tested for their 

sensitivity to 1,25D3 ex-vivo. Cell lines from both wildtype mice and VDR knockouts were 

treated with 100 nM 1,25D3 for 96 hours [105]. Control cells experienced significant growth 

suppression when exposed to 1,25D3 while knockouts had no change in their growth curve. 
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Furthermore, wildtype cells experienced an increased level of apoptosis, while knockouts did not 

experience any changes in cell cycle development or programmed cell death [106]. Similar 

results were also found when mammary tumour cells were exposed to Vitamin D analogs such as 

EB1089, CB1093, MC1288 and KH1230 [107]. However, at some higher µM concentrations of 

1,25D3, knockout cells were found to experience some growth inhibition, suggesting that there 

are VDR-independent pathways operating in this tumour type [107].   Overall, these results show 

that tumorigenesis in mammary epithelium can be slowed with the presence of the VDR [105]. 

1.5.3 VDR Knockouts and Tumorigenesis 

 The effects of carcinogen-induced tumorigenesis have been studied in VDR knockout 

mice as well. VDR whole-body knockouts on a C57Bl6 background were exposed to DMBA in 

vivo to examine its carcinogenic effects. In vivo administration was done at a dose of 1mg/10g 

body weight at both 5.5 and 7 weeks of age, and mice were euthanized at 7 months of age [108].  

DMBA was found to be a reliable method of inducing mammary tumours, despite the 

VDR status. Tumours were found to be of epithelium origin due to the expression of cytokeratins 

[105]. Mice with no expression of VDR had increased instances of lobular and alveolar 

hyperplasia, however, the percentage of mice that developed tumours (74%) was identical to the 

percentage of control mice with tumours (75%). Yet, the type of tumour differed between 

groups. VDR null mice were more prone to squamous cell carcinomas than controls [108]. These 

results suggest that VDR knockouts transformed mammary epithelium into a squamous cell type 

[108]. Unexpectedly, knockout mice were also prone to developing tumours in other cell types: 

VDR knockouts had high incidence of skin tumours, thymic lymphomas, lymphoblastic 

lymphomas and lung adenomas [108]. 
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 VDR ablation has also been executed in MMTV-neu mice, a model of human breast 

cancer. These mice again expressed pubertal mammary glands with changes to their growing 

structure, with increased budding and thickened ducts. Mammary fat pads of knockout mice at 

10 months old showed signs of increased hyperplasia compared to wildtypes; tumours were 

detected in the majority of knockout animals in the study, and were detected earlier than in 

wildtypes. Finally, VDR-/- mice also exhibited decreased survival rates and minimal abdominal 

fat stores. [109].  

1.5.4 MARRS and Breast Cancer 

The MARRS receptor has recently been studied in relation to 1,25D3 and breast 

epithelium in vitro. In a study by Richards et al. [110], MCF-7, MDA-MB 231, and MCF-10A 

cells were grown in vitro. MCF-7 and MDA-MB 231 cells are both human breast cancer cells, 

while MCF-10A are non-cancerous human breast epithelial cells used as a control. All cell lines 

were shown to express the MARRS receptor in all parts of the cell, but less so in the nucleus 

[110]. Furthermore, there was more MARRS protein present in the cancer cell lines compared to 

control. Using plasmids with an anti-MARRS ribozyme, MCF-7 cells had their MARRS protein 

effectively knocked-down by 50%. It was found that VDR expression did not change in relation 

to MARRS expression. All cells were then exposed to treatments of 1,25D3. The MCF-7 cells 

with knocked down MARRS expression experienced a greater sensitivity to 1,25D3 treatments: 

they exhibited greater inhibited growth, and more cells paused in G0 growth phase than MCF-7 

cells with normal expression of MARRS. Similar findings were also noted with vitamin D 

analogs KH1060 and MC903. These results show that breast cancer cells experience growth 

inhibition in reaction to a subtle change in MARRS protein, and may provide a novel approach 

to treating breast cancer in humans. 
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MARRS may also play a role in the epidermal growth factor (EGF) signalling pathway, 

which ultimately also joins with the PLC-PKC pathway [111]. MARRS was knocked down in 

MDA-MB-468 human breast cancer cells using RNA interference, and this resulted in a decrease 

in EGF phosphorylation and deactivation. Since EGF has been known to increase in human 

breast cancer cases, an increase in MARRS activity may also be beneficial in the prevention and 

treatment of breast cancer [111]. 

1.5.5 Connection between TEBs and Breast Cancer 

 TEBs possess many qualities similar to developing tumours including rapid cellular 

proliferation, and EMT capabilities. Due to their vulnerability to hormones and growth signals, 

as well as their low degree of differentiation, they have become a site of interest when studying 

breast cancer, as aggressive tumours often develop from less differentiated structures [112]. 

Early animal experiments studying the relationship between TEBs and cancer exposed pubescent 

rats to DMBA and monitored them for breast tumorigenesis for 8 weeks thereafter. Treated rats 

had increased TEB density within the developing mammary gland, larger TEBs, increased 

mitotic activity within TEBs, and fewer differentiated alveolar structures post-puberty [113]. 

Importantly, they also found that incidence of tumorigenesis correlated with the number of TEBs 

at the time of DMBA treatment [113].  Because TEBs are highly susceptible to carcinogenesis 

and mutagenesis due to the increased mitotic activity, and are highly undifferentiated structures, 

the higher number of TEBs correlated with increased mammary tumorigenesis [114]. And 

similarly, as observed in rat studies, fewer TEBs during puberty and more fully differentiated 

alveolar structures were seen in adult rats with lower incidences of tumours [114]. Similar 

animal studies have been repeated over the years, testing dietary components and chemicals 

often associated with breast cancer risk in humans. Each study compares the influence of the 
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treatment on TEB numbers or density and results repeatedly show that a decrease in TEBs results 

in the animals experiencing reduced tumorigenesis [115–118]. Proving a connection between 

TEBs and breast cancer in humans is much more difficult due to the tissue sampling required. 

Finding a connection between adolescent behaviour and adult risk of cancer is also a 

lengthy process few studies have explored. Some studies have found a link between adolescent 

soy intake and decreased breast cancer risk [119,120], and some have proposed a mechanism 

linking soy to estrogen and altered mammary gland development [121], but the shift to 

investigating adolescent intakes for vitamin D is more recent and therefore not substantially 

explored. Past observational studies usually assess vitamin D intake and status at time of breast 

cancer diagnosis, or in post-menopausal women, although there are a few recent studies looking 

at vitamin D exposure in adolescents. Data within the Nurse’s Health Study II found that women 

with the highest vitamin D intake during adolescence (>500 IU/day) had a 21% lower risk of 

benign breast disease (a marker of breast cancer risk) [122], and similar results were found in the 

Growing Up Today Study of NHS participants’ children [123].  Anderson et al. (2011) 

conducted a case-control study of Ontario breast cancer patients and age-matched controls. They 

found that time spent outdoors during teenage years was associated with reduced breast cancer 

[124], although associations were stronger in older age groups. Conversely, Knight et al (2007) 

found consistent inverse associations between both sun exposure and increased vitamin D dietary 

intake during adolescence and breast cancer [125]. One difference between these studies is 

Knight’s questionnaire was focused on evaluating vitamin D exposure as opposed to total time in 

sun, as spending 30 minutes outdoors during summer would likely allow for maximum 25(OH)D 

production in their Caucasian population [125].  
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Further evidence towards mammary gland development having a great impact on adult 

breast cancer risk are the studies linking lower age of first menarche to increased risk. Modeled 

by Pike [126] and Colditz [127], they hypothesized that the time between menarche and first full-

term pregnancy has significant impact on breast cancer risk due to the susceptibility to DNA 

damage, and that damage being carried out through the development period until the mammary 

gland is fully differentiated after pregnancy [128]. Epidemiological studies have confirmed this 

hypothesis by finding associations between age of first menarche and breast cancer risk 

continuously over the years [129,130].  Data from the Nurses’ Health Study II have also noted 

links between alcohol consumption before first pregnancy and increased breast cancer risk, with 

the associations being stronger in women with 10+ years between the start of menstruation and 

first pregnancy [131] demonstrating the susceptibility to carcinogenic events at this time. 

 

1.6 Conclusion 

 Although MARRS has been studied in a variety of tissues, its role has yet to be studied in 

breast tissue and mammary glands in an animal model. Since 1,25D3 and VDR have been shown 

to play an influential role in mammary gland development and breast cancer inhibition, and 

MARRS has been shown to have important roles in the same tissues as 1,25D3, it is therefore 

possible that MARRS also plays a part in mammary gland development. Based on previous in 

vitro experiments regarding MARRS signalling in breast cancer cells, MARRS seems to have 

independent actions from the nuclear VDR, and warrants study in an in vivo model. 
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Chapter 2: Rationale and Objectives 

 Although there is a growing amount of data supporting a new receptor for 1,25D3, this 

remains a controversial topic within vitamin D research, and many researchers believe it is the 

nuclear vitamin D receptor translocating to the surface membrane and triggering non-genomic 

cell signalling from there. Further, MARRS has so far been studied in tissues with known VDR 

actions (intestine, bone), yet nothing is known about the actions of MARRS in the pubertal 

mammary gland. There is some data on the actions of MARRS in breast cancer cells, but no in 

vivo data. Therefore, the objectives of this thesis were to determine: 1) if MARRS plays a 

significant role in mammary gland development during the pubertal phase, 2) if changes in 

25(OH)D status would affect the actions of MARRS (as it does in cell culture [110]), and 3) if 

either the MARRS or VDR pathway supersedes the other within the mammary gland in regards 

to epithelial growth. All these objectives were studied in a tissue-specific knockout mouse 

model. 

 We hypothesize that knocking out MARRS will have the opposite effect on epithelial 

growth than VDR knockouts; specifically, a reduction in MARRS epithelial expression will 

result in hindered or slowed growth. We also anticipate that the loss of MARRS receptors in 

epithelial cells will enhance the anti-growth effect of 1,25D3 (based on a previous in vitro study 

[110]), and if the MARRS pathway has a more dominant role in epithelial growth, this will 

manifest in double knockouts displaying the phenotype of the MARRS knockout. 
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Chapter 3: Role of the MARRS receptor in murine mammary gland growth and 
development 

3.1 Abstract 

The protein disulfide isomerase MARRS (GRp58/PDIA3/ERp57) has been implicated in 

a multitude of signaling pathways throughout the entire body. Most thoroughly studied for its 

protein-folding role, MARRS has also been found to have multiple binding partners, and have 

significant effects on cellular growth. MARRS has been studied in the context of several 

neurodegenerative disorders, metabolic conditions, and can be used as a prognosis marker in 

certain cancers. One role, as an alternate vitamin D binding receptor (VDR), has prompted 

research in tissues with known vitamin D activity, such as the intestine and bone. Vitamin D has 

been studied in relation to mammary gland growth and development, but it is not yet known if 

MARRS plays an independent role in this tissue. In this study, MARRS was knocked out in 

murine mammary gland epithelial cells of 30, 4-week old mice. Several markers of mammary 

gland growth were measured, including number of terminal end buds (TEB), ductal coverage of 

the fat pad, and ductal extension. It was found the knockout animals had decreased numbers of 

TEBs (p=0.019), and decreased ductal extension (p=0.018) compared to wildtype animals, with 

no differences in gross body weight. Immunohistochemistry analysis of mammary glands 

showed MARRS localized to the apical side of alveolar branches, and on leading edges of TEBs. 

These results provide further evidence for MARRS functioning separately from VDR, and 

insights into the roles of MARRS. 
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3.2 Introduction 

The disulfide isomerase ERp57 (also known as GRp58/PDIA3/1,25-D3 membrane-

associated rapid response steroid binding receptor - MARRS) was first discovered as an 

endoplasmic reticulum protein aiding in the folding of glycoproteins [76]. While most of a cell’s 

ERp57 protein is located within the endoplasmic reticulum, it can also be found within the 

nucleus [71] or on the plasma membrane [132]. ERp57 is found in all tissues of the body [133], 

and is embryonic lethal in total-body knockouts [134].  

One of the earliest roles attributed to ERp57 was as a chaperone protein, aiding in 

protein-folding through thiol-oxidoreductase reactions in proteins bound to calreticulin or 

calnexin [76,135]. A major responsibility of ERp57 includes participating in the folding, 

stabilization and loading of MHC class I heavy chains [136,137] and therefore plays a pivotal 

role in the immune system.  

But Erp57 has been implicated in roles extending beyond its abilities at the endoplasmic 

reticulum. In vitro studies in NB4 acute promyelocytic leukemia cells revealed ERp57 

complexes with nuclear factor kappa-B (NFκB) and translocates to the nucleus [71], a step that 

may be imperative for fate determination of these cells. Additionally, ERP57 is essential for the 

nuclear localization of Retinoic acid receptor-α (RARA) and aids in binding all-trans retinoic 

acid with RARA in Sertoli cells [138]. Changes in ERp57 activity are associated with cancer 

progression via several signaling pathways such as EGFR [111], and STAT3 [139], and can be 

used as a biomarker for certain cancer prognoses [139,140].  

A novel role for ERp57 is by acting as a plasma membrane receptor for calcitriol 

resulting in rapid cell signaling effects differing from actions of the classic vitamin D receptor 
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(VDR), and from hereon referred to as MARRS [110,132]. Evidence for a receptor independent 

of the VDR includes studies performed in the basolateral membrane of intestinal epithelium in 

chicks showing the rapid uptake of calcium and phosphate was eradicated after tissue-specific 

knockout of the MARRS receptor [132]. Studies in chondrocytes demonstrate ligand binding to 

MARRS elicits signal transduction that results in the activation of protein kinase C (PKC), 

protein kinase A (PKA) [141].	Therefore, a new avenue of research regarding MARRS is 

studying its activity in tissues with known calcitriol effects to elucidate any roles it may be 

playing.	

One such tissue with reported calcitriol effects attributed to the VDR is the mammary 

gland. Mammary glands of both humans and mice begin development in utero, but complete the 

majority of development post-natally. Initial epithelial structures arise from the ectoderm, 

surrounded by mesenchymal cells which will ultimately become the fat pad [142]. In puberty, a 

rush of ovarian hormones and other growth factors stimulate epithelial cell proliferation, 

producing a framework of branched epithelial ducts [142]. These ducts are laid by a cluster of 

rapidly dividing cells in the formation of a Terminal End Bud (TEB). TEBs are highly influenced 

by extra-cellular signals, hormones, growth factors, and carcinogens [114], and are therefore an 

origin for tumorigenesis [115,143]. Studies using VDR knockout mice have confirmed an anti-

proliferative role for the VDR within the mammary gland. In the absence of a functional VDR, 

mammary gland growth is explosive, resulting in high numbers of TEBs, elongated ducts, and 

widespread secondary branching [66]. 

This study’s purpose was to determine if MARRS played a role in murine mammary 

gland development. In the present study, we generated a tissue-specific knockout mouse model 
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with reduced expression of MARRS in the epithelial cells and monitored several variables in 

development to determine any changes in morphology.   

3.3 Methods 

3.3.1 Animals  

C57Bl/6-Pdia mice with the MARRS gene floxed were obtained from Utah State 

University and Tg(MMTV-cre)4Mam/J mice were purchased from Jackson Laboratories. 

MARRS-floxed mice were crossed with MMTV Cre+ mice, and resulting progeny were 

backcrossed to the Tg(MMTV-cre)4Mam/J 4 times to reduce C57Bl/6 background. Resulting 

heterozygotes were bred to produce MARRS +/+ (n=9), +/- (n=9) and -/- (n=12) genotypes. 

Mice were fed a standard Teklad S-2335 rodent chow, which contains 3000 IU/kg of vitamin D3. 

Pups were toe-clipped at 6 days of age to obtain DNA, and were weaned at 28 days. Mice were 

housed in rooms exposed to a 12 h light cycles. All procedures were approved by the Animal 

Care Committee of the University of Guelph, under Animal Utilization Protocol 3147. 

3.3.2 Genotyping 

Toe samples were digested in an alkaline lysis buffer for 30 mins at 95°C, then cooled on 

ice, and neutralized in an acidic buffer. DNA was genotyped using the following primers for 

PCR: CGC CAG CCT CTC CAT TTA G (ERp57 forward); CAG AGA TCC TGC CTC TG 

(ERp57 reverse); CTG ATC TGA GCT CTG AGT G (Cre forward); and CAT CAC TCG TTG 

CAT CGA CC (Cre reverse). Electrophoresis was run using 1.5% w/v agarose gels at 100V for 1 

hr, and stained with a carcinogen-free DNA stain (Abcam). A positive Cre result would show a 

single band at ~250bp, a MARRS +/+ mouse would show a single band ~222bp, MARRS-/- 
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would show a single band at ~410bp, and a MARRS +/- mouse would have two bands, one each 

at 222bp and 410bp. 

 3.3.3 Necropsy and Tissue Collection 

At 4 wks of age, the estrous stage of the female was determined by performing a vaginal 

lavage with sterile phosphate buffered saline (PBS), and vaginal epithelial cells were used to 

stage the estrous cycle, described previously [144]. Mice were sacrificed if they were in any 

stage of their estrous cycle other than diestrus. At time of death, whole body weight was 

measured. Left abdominal mammary glands were collected for whole mounting, right abdominal 

glands were prepped for immunohistochemistry, and inguinal glands were prepped for Western 

blot. 

3.3.4 Whole mounting Mammary Glands  

Whole mounting was performed as described previously [145]. Left abdominal glands 

were collected and fixed in formalin overnight. They were then submerged in acetone for 48 hrs, 

then rehydrated in decreasing concentrations of ethanol, and stained in carmine alum overnight. 

The next day glands were dehydrated, cleared in xylenes, and stored in methyl salicylate within a 

sealed plastic pouch. Glands were then analyzed using a light microscope for number of TEBs, 

ductal extension past the lymph node, and total ductal coverage of the fat pad. Ductal extension 

was measured using a 1mm square grid placed underneath the gland and manually counting the 

length of the ducts beyond the lymph node. 
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3.3.5 Western Blotting 

At time of death, inguinal mammary glands were collected and digested in DMEM-F12 

media with 2µg/mL of collagenase (Sigma Aldrich) at 37 °C for 2hrs, shaking every 20-30 mins. 

The cell suspension was then washed with DMEM-F12 until media was clear and free of 

adipocytes to leave the epithelial cell isolate. Epithelial cells were frozen at -80°C until Western 

blot analysis, when they would be thawed, and placed in RIPA buffer with 0.2% w/v SDS for 30 

mins. Cell lysates were then vortexed, sonicated, and centrifuged at 16,000 xg for 20 mins at 

4°C. The supernatant was analyzed for protein concentration via a DC protein assay (Bio-Rad).  

20µg of protein from each cell lysate sample were run on Mini-PROTEAN TGX 4-15% 

pre-cast gels (Bio-Rad) for 1.5 hrs at 100V, then transferred onto nitrocellulose membrane 

(Thermo Scientific) using a wet transfer apparatus at 100V for 1 hr. Membranes were left 

overnight to dry, then blocked in a 1% milk solution in Tris buffered saline with 0.05% v/v 

Tween 20 (TBS-T) for 1 hr at room temperature. Blots were then incubated with 1:2000 MARRS 

(Thermo Scientific) and 1:10,000 beta-Actin (GeneTex) antibodies. Incubation periods for 

MARRS and beta-Actin were both 1 hr at room temperature. The secondary for the 1,25D3-

MARRS antibody was goat anti-rabbit conjugated to horseradish peroxidase (New England 

Biolabs) in a 1:50,000 dilution in 1% w/v milk/TBS-T solution. The secondary for actin was goat 

anti-mouse conjugated to horseradish peroxidase (Santa Cruz) in a 1:10,000 dilution in 1% w/v 

milk/TBS-T solution. Both secondaries were also used for 1 hr at room temperature. After 

several rinses in TBS-T, protein bands were visualized with the Clarity chemiluminesence kit 

(Bio-Rad). 
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Densitometry analysis was performed using Alpha-View FluorChem software to compare 

density of bands (n=4 minimum per group). One internal control sample was loaded onto every 

gel to allow comparison between blots. Band density was background-corrected, and normalized 

to the control antibody. 

3.3.6 Immunohistochemistry 

Right abdominal mammary glands were fixed overnight in formalin, embedded in wax, 

and sliced into 5µm sections. After deparaffinizing slides in xylenes, sections were quenched in 

3% hydrogen peroxide for 20 mins to prevent endogenous peroxidase activity, and then treated 

with sodium citrate (pH 6.0) for 20 mins at 95°C for antigen retrieval. After cooling, and several 

washes in PBS, sections were blocked in 3% normal goat serum for 1hr, then incubated in the 

same MARRS antibody used in western blots at a dilution of 1:4000 overnight at 4°C. Sections 

were rinsed with PBS, then incubated in Biotin-SP-affiniPure goat anti-rabbit IgG and 

Peroxidase-Streptavidin (Cedarlane) for 1 hr each at 1:200 dilutions. Protein expression was 

visualized using a 3,3’-Diaminobenzidine (DAB) kit (Vector) for 90s, and then observed under a 

light microscope. 

3.3.7 Statistical Analysis 

Data was tested for normal distribution. Differences between means of normally 

distributed data were analyzed by one-way Analysis of Variance (ANOVA). If there was a 

significant main effect, the Tukey’s post-hoc multiple comparison test was used to determine 

differences between means. Differences between non-normally distributed data medians were 

analyzed using a Kruskal-Wallis Test with pairwise comparisons to indicate differences between 
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groups. Differences were considered significant at p < 0.05. All tests were conducted using SPSS 

Statistics (version 24, IBM, Armonk, N.Y., USA). 

 

3.4 Results 

3.4.1 Phenotype Characteristics 

By visual inspection of offspring, it was not possible to discriminate between wildtype 

and homozygous or heterozygous MARRS knockout animals. Gross body weight did not 

significantly differ between genotypes at 4wks of age. MARRS -/- females were found to be 

fertile and able to nurse litters, with no significant differences amongst litter sizes or pup survival 

between groups (data not shown, gathered from 51 litters, through 4 generations). 

3.4.2 Mammary gland characteristics 

The number of TEBs differed significantly between MARRS +/+ and mice with altered 

MARRS expression. Wildtype mice had significantly more TEBs than both MARRS +/- mice 

(p=0.026) and MARRS -/- (p=0.019). (Figure 3.1A). There were also significant differences 

regarding ductal extension in MARRS modified mice compared to wildtype controls (Figure 

3.1B). Both MARRS +/- and MARRS -/- had reduced branch lengthening (p=0.04 and p=0.018 

respectively). There were no significant differences between groups regarding ductal coverage of 

the fat pad. Representative wholemount images of all genotypes show the differences in duct 

growth between groups (Figure 3.2). 
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3.4.3 Western immunoblots 

Western blot analysis showed successful reduction in MARRS protein expression in 

mammary gland epithelial cells (Figure 3.3A). Densitometry results reveal wildtype mice to have 

the most MARRS expression within epithelial cells, and there is a reduction in heterozygous and 

homozygous cells. However, epithelial cells heterozygous for MARRS had varying degrees of 

MARRS protein expression, and MARRS was not completely knocked out in all homozygous 

mice (Figure 3.3B). 

3.4.4 Immunohistochemistry 

Tissue analysis confirmed reduced MARRS expression between +/+ and +/- animals 

(Figure 3.4A and 3.4B). Qualitative observations between staining intensity showed +/- and -/- 

animals had less protein expression within epithelial cells. Immunohistochemistry also shows 

unchanged MARRS expression in adipocytes, confirming the specificity of the Cre/lox system 

reducing MARRS in the epithelial cells only. Immunohistochemical analysis showed 

concentrated MARRS expression within the apical cells of ducts (Figure 3.4A), as well as within 

the TEBs, often on the leading edge facing the direction of growth (Figure 3.4C). 
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Figure 3.1. Mean number of TEBs (A), and median ductal extension (B) of mammary glands in 
MARRS +/+ (n=9), +/- (n=9) and -/- (n=12) mice. Significance was set to p=0.05 and noted with 
a *. There was a significant difference between number of TEBs between +/+ and both +/- and -
/- mice (p=0.026 and 0.019 respectively, SD=2.88). There was also a significant difference 
between ductal extension in MARRS +/+ and both +/- and -/- animals (p=0.04 and 0.018 
respectively). Maximum/minimum values for ductal extension: +/+ (8/4,) +/- (6/3), -/- (6/4).  
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Figure 3.2. Representative whole mounts of mammary glands showing terminal end buds, ductal 
extension and coverage for MARRS +/+ (A), +/- (B) and -/- (C) animals at 4 weeks of age. The 
entire purple area is the mammary fat pad. Lymph nodes are noted with a * and examples of 
TEBs noted with an arrow. Figures (B) and (C) show the reduced length and area coverage of the 
ducts compared to wildtype in (A). There are more TEBs in +/+ animals than in +/- or -/- 
animals. 
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Figure 3.3. Western blot (A) and densitometry analysis results (B) in MARRS and β-Actin 
expression in mammary epithelial cells in MARRS wildtype (+/+), heterozygote (+/-) and 
knockout (-/-) mice. Western blot results show one animal per lane, while densitometry results 
show average expression of 4 animals per genotype. Western blot shows that MARRS was not 
completely knocked out in -/- epithelial cells, but was reduced approximately 50% in +/- 
animals, and a further 50% in -/- animals.  

0 

0.5 

1 

1.5 

2 

2.5 

(+/+) (+/-) (-/-) 

R
el

at
iv

e 
M

A
R

R
S 

ex
pr

es
si

on
 

Genotype 

a 

ab 

b 

A 

B 



	

	
	

37	

 

Figure 3.4. Immunohistochemistry of mammary glands for a +/+ animal (A) and a +/- animal 
(B). MARRS is depicted with brown staining and epithelial cells in blue. Figures (A) and (B) 
show MARRS localized to the apical side of ductal epithelial cells. Figure (C) highlights a TEB 
with MARRS localized to the leading edge, in the same direction as duct growth through the fat 
pad. Cross sections of ductal branching are noted with arrows, and TEBs noted with a *. Figure 
(D) depicts an MARRS +/+ animal stained without primary MARRS antibody to show the 
minimal non-specific binding of this antibody.  
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3.5 Discussion 

In the current study we have confirmed the presence of MARRS expression in mammary 

gland epithelial cells by both western blot and immunohistochemistry, and successfully reduced 

the level of expressed protein using the Cre/loxp system. However, there were variances in 

MARRS expression between mice with the same genotype. Some MARRS +/- mice had similar 

levels of MARRS protein expression as wildtype mice. This suggests that the remaining allele 

may be able to compensate for a reduction in allele dosage. MARRS -/- mice had visible and 

quantifiably reduced levels of MARRS, but to varying degrees. Therefore, knocking out 

MARRS in epithelial cells using the Cre/loxp system does not produce the same reduction in 

protein expression between individual mice. However, it is also possible that additional MARRS 

signal is coming from adjacent cells, or the isolation of epithelial from other cell types when 

preparing western blot samples was not 100% pure and contained non-epithelial cells.  

Overall, a decrease in MARRS expression altered the growth trajectory of mammary 

gland development, manifesting in fewer TEBs and stunted ductal extension through the fat pad. 

This suggests that MARRS may play a role in stimulating cellular proliferation of the TEB and is 

a necessary part of normal mammary gland development. 

Interestingly, although TEB development and ductal extension altered significantly 

between wildtype and MARRS +/- mice, there were no significant differences between MARRS 

+/- and MARRS -/-. This suggests that removal of only one MARRS allele is sufficient to alter 

development trajectory, and inhibiting both alleles does not further alter the tissue. 

As depicted in the IHC figures, MARRS is present throughout the mammary gland in 

both adipocyte and epithelial cell fractions. However, expression throughout epithelial cells is 
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not uniform, as shown in Figures 3.4A and 3.4B. MARRS is localized to the apical side of 

epithelial duct cells and within TEBs, which would correspond to MARRS being highly 

expressed within the body cells of the TEB [8]. Since the role of these cells is to rapidly divide 

and provide the framework of the functional part of the tissue, MARRS may be participating in 

controlling the rate of cellular division. 

However, MARRS is also expressed in the cap cells of the TEB on the leading edge 

corresponding to the direction of growth (Figure 3.4C). The cap cells of a TEB are known to 

interact with the surrounding stroma, but ultimately become the basal lamina of the fully formed 

duct [142]. However, since MARRS is not expressed in the basal lamina of ducts, this may 

suggest that MARRS is only required in the relatively undifferentiated cap cell. This, together 

with the TEB results, further suggests MARRS has a role in cell signaling during mammary 

gland development. Due to its placement within the TEB, MARRS may play a part in deciding 

the speed or direction of terminal end bud growth. Since MARRS +/- and -/- mice had decreased 

ductal expansion and TEB formation compared to controls, this suggests a role for MARRS in 

TEB cell proliferation.  

Possible signaling pathways involved include phospholipase C, IP3 and DAG, PKC and 

ERK/MAPK as suggested earlier [141,146]. It has been previously shown in chondrocytes that 

MARRS can induce release of arachidonic acid and activation of PKC, PKA [141] and MAPK 

[147] resulting in upregulation of cell cycle genes. 

There has been other compelling evidence showing MARRS’s ability to interact with 

several other cell signaling molecules and transcription factors that alter cell growth. Cell culture 

studies in human melanoma and lymphoma cell lines showed MARRS binds Ref-1 to form a 
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stable complex [148] with the ability to activate downstream transcription factors. Ref-1 has a 

long list of recognized abilities including activating NFκB [149], which could explain a lack of 

cell growth in our MARRS knockouts. MARRS can also directly bind STAT3 [150], which has 

already been implicated in mammary gland transformation processes [151] as an important 

signaling molecule in cell growth. Future studies will need to determine whether MARRS is 

manipulating any of these signaling pathways during mammary gland development. 

The present study showed that MARRS plays a role in mammary gland development, and 

inhibiting MARRS protein expression results in fewer TEBs and overall slower development at 

the 4wk time point. However, functionality of the fully developed mammary gland does not 

seem to be inhibited, as MARRS -/- mice did not show any signs of inability to nurse a healthy 

litter. Therefore, it can be speculated that MARRS -/- mice may benefit from fewer TEBs, while 

still maintaining full functionality of the tissue.  

A receptor with the ability to alter or slow down TEB proliferation could provide new 

insights into breast cancer treatments and prevention strategies. Although TEBs are a normal and 

necessary part of mammary gland development, their vulnerability to carcinogens and growth 

factors has implicated them as possible targets for tumorigenic events [152]. The human 

equivalent of a TEB, the terminal ductal lobular unit, is the structure from which many breast 

tumors originate [112], and more TEBs than normal could increase cancer risk when exposed to 

a carcinogen [152]. This theory has been tested in multiple animal studies, and correlations 

between fewer TEBs and a decreased risk of breast cancer were found [115,117,143]. Inhibiting 

the MARRS receptor in these cells may provide a novel avenue for prevention in individuals at 

high risk of breast cancer. 
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Previous studies examining murine mammary gland morphology have found that the 

classic VDR has a role in controlling mammary growth and attenuating tumorigenesis [66,108]. 

Other studies acknowledging the presence of a non-genomic 1,25D3 receptor have argued for the 

ability of the nuclear VDR to translocate to the plasma membrane and perform rapid non-

genomic actions. However, the results of the present study provide further evidence for the rapid 

actions of 1,25D3 being carried out by a completely separate receptor from the nuclear VDR, 

and that MARRS is capable of providing a different function from the VDR. MARRS +/- and -/- 

mice in the present study showed a delay, or decrease in development compared to wildtype 

mice, which is the opposite from effects seen in VDR knockout mice [66]. Had the MARRS 

receptor been the same, or provide the same function as VDR, then we would expect the number 

of TEBs to be much higher in MARRS knockout mice compared to wildtype. 

Limitations of this study include the vitamin D content of the chow. 3000 IU/kg is three 

times the recommended amount for mice [153] and may impact the growth trajectory of the 

mammary gland. From what is known from VDR knockout studies, increased vitamin D intake 

as well as reduced MARRS receptors could enhance the anti-proliferative effects of 1,25D3, and 

may overestimate the effect MARRS has on growth. Furthermore, this particular cross-strain of 

mouse has not been tested in regard to mammary growth before, and is therefore difficult to 

compare these results to other mouse models. 

3.6 Conclusion 

 The results of this study provide evidence that MARRS has a role in mammary gland 

development, possibly in determining speed or direction of TEB growth. The result of knocking 

out the MARRS receptor in mammary epithelial cells is opposite to that of knocking out VDR, 
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thus providing evidence that MARRS is a separate molecule from VDR, and provides a different 

role. However, this study did not directly investigate MARRS as a 1,25D3 receptor, therefore 

future studies should focus on the relationship between MARRS and 1,25D3 within the 

mammary gland and how these signals affect growth. 
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Chapter 4: Differential Effects of the 1,25D3-MARRS Receptor (ERp57/PDIA3) on Murine 
Mammary Gland Development Depend on Vitamin D3 Dose 

4.1 Abstract  

1,25 dihydroxyvitamin D3 (1,25D3) is the most potent biologically active form of 

vitamin D3 and its actions on the mammary gland include cell growth inhibition and anti-cancer 

effects. Most of the actions of 1,25D3 continue to be attributed to the classic nuclear vitamin D 

receptor despite the identification of the membrane-associated rapid response steroid-binding 

receptor (MARRS). The purpose of this study was to explore the role of MARRS in the 

mammary gland using a tissue-specific knockout mouse model and a vitamin D3 dietary 

intervention. Three genotype groups were created using the Cre/loxp system to knock-down and 

knockout the MARRS receptor in epithelial cells of mouse mammary glands (MG). Abdominal 

MGs were collected from 6-week old female mice (n=94) on diets of 10,000 IU/kg (replete), 

1,000 IU/kg (sufficient) or 0 IU/kg (deficient) of D3.  The growth of MGs was measured by 

counting the number of terminal end buds (TEBs) of alveolar branches, the length of the longest 

ductal extension, and total MG area covered by ducts. Differences between means of normally 

distributed data were analyzed using two-way Analysis of Variance (ANOVA) tests. Differences 

were considered significant at p < 0.05. There was a significant interaction between genotype 

and diet regarding TEBs (p=0.001) and ductal coverage (p=0.03). Knockout mice on the 

sufficient diet had significantly fewer TEBs (p=0.001) compared to wildtypes on the same diet, 

but the opposite effect was seen in mice on the replete diet. There were no effects of genotype on 

TEBs when animals were vitamin D3 deficient. Visual differences were also observed in mice on 

deficient diets: epithelial ductal structures were thinner and had less secondary branching 

compared to other diet groups. These results suggest that there is an effect of MARRS on 

mammary gland development that is dependent on 25(OH)D status, specifically, altering the 
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number of highly proliferative TEBs. Increased numbers of TEBs have been correlated with 

increased breast cancer risk later in life. Therefore the results of this study may warrant further 

examination of 25(OH)D status and recommendations in adolescent humans to reduce dietary 

effects on future breast cancer risk. 

4.2 Introduction 

Vitamin D3 (cholecalciferol) can be obtained either through limited options in the diet, or 

converted from 7-dehydrocholesterol in the skin by UVB rays. Once absorbed into the 

circulation, vitamin D3 is bound to vitamin D binding protein (DBP) and carried to the liver for 

hydroxylation by 25-hydroxylase to form calcidiol (25(OH)D) [52]. The 25(OH)D form is 

inactive, and is measured to estimate vitamin D status due to its long half-life [52]. 25(OH)D is 

finally converted to its active form calcitriol (1,25D3) by the 1-α-hydroxylase (CYP27B1) 

commonly described in the kidney, but has been found in other tissues around the body such as 

the skin [154], bone [155], and the mammary gland [156]. 

1,25D3 is essential in maintaining the body’s calcium and phosphate homeostasis. 

However, it has become commonly accepted that 1,25D3 exhibits a multitude of extra-bone 

effects including manipulation of the cell growth cycle and initiation of cell differentiation, 

subject to the target tissue [157,158]. These effects of 1,25D3 are often credited to action through 

the classic nuclear vitamin D receptor (VDR), which, upon activation, will dimerize with the 

retinoid X receptor and bind to vitamin D response elements on DNA to alter transcription of 

target genes [159]. 

Although actions of 1,25D3 continue to be ascribed to the VDR, there is evidence for a 

separate, membrane-bound receptor with distinct non-genomic effects [70,160]. This receptor 
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has been named the membrane associated rapid response steroid-binding receptor (MARRS). 

Other names include ERP57, Grp58, and Pdia3 [161], and current research has focused on 

examining the role of MARRS in tissues with known VDR effects. Evidence for an independent 

receptor includes studies performed in the basolateral membrane of intestinal epithelium in 

chicks showing the rapid uptake of calcium and phosphate was eradicated after tissue-specific 

knockout of the MARRS receptor [132]. MARRS has been shown to have a role in cell 

differentiation of bone marrow cell lines [71]. MARRS has also been studied in relation to cell 

proliferation in MCF-7 cells. In these cell culture studies, MCF-7 cells with reduced MARRS 

expression exhibited increased sensitivity to 1,25D3 and the anti-growth actions of the 

metabolite were enhanced, resulting in reduced cell growth [110].  

These previous studies suggest that in the absence of MARRS, actions of 1,25D3 are 

mediated solely through the VDR. Further evidence for this statement has been presented 

through researching the development of post-natal mammary glands. Studies using VDR 

knockout mice have confirmed an anti-proliferative role for 1,25D3 and the VDR within the 

mammary gland. In the absence of a functional VDR, mammary gland growth is explosive, 

resulting in high numbers of terminal end buds (TEBs), elongated ducts, and widespread 

secondary branching [66]. The VDR knockout was also bred into a mouse model for breast 

cancer to study effects of morphology on tumorigenesis. MMTV-neu mice with a whole-body 

VDR knockout produced histologically atypical ducts, earlier detection of tumorigenesis and 

reduced survival [109].  

Conversely, a tissue-specific knockout study in animals has shown opposite effects when 

knocking out MARRS, resulting in decreased numbers of TEBs and reduced branching 

compared to wildtype animals [162]. Therefore, the aim of this study was to expand on the 
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results from the tissue-specific MARRS knockout studies and test the effects of 25(OH)D status 

on mammary gland development and MARRS. In the present study, we generated a tissue-

specific knockout mouse model with reduced expression of MARRS in the epithelial cells and 

monitored several variables of development under diets of differing vitamin D3 doses. It is 

important to note that whole-body MARRS knockout is not possible as this is embryonic lethal 

and animals do not survive to birth. 

4.3 Methods 

4.3.1 Animals  

C57Bl/6-Pdia mice with the 1,25D3-MARRS gene floxed were obtained from Utah State 

University (Dr. Ilka Nemere, with permission from Dr. Gunter Hammerling) and B6129F1- 

Tg(MMTV-cre)4Mam/J mice were purchased from Jackson Laboratories. MARRS- floxed mice 

were crossed with MMTV Cre+ mice, and pups were backcrossed to MMTV Cre+ mice 7 times 

to reduce C57Bl/6 background. Mice were housed in rooms exposed to a 12 h dark/light cycles.  

4.3.2 Diets 

At a minimum of 3 mo of age, MARRS heterozygote animals were weaned onto AIN-

93G semi-purified diets with modified vitamin D3 doses: replete (DR - 10,000 IU/kg), sufficient 

(DS - 1,000 IU/kg), and deficient (DD - 0 IU/kg). Diets were formulated by Research Diets, Inc. 

(NJ, USA). Table 1 contains information regarding the nutrient composition of the diets. Dams 

were fed the vitamin D3 diet for a minimum of 1 mo to alter baseline plasma 25(OH)D levels 

before being set up to breed. Heterozygotes were bred to produce MARRS +/+ (WT), +/- 

(knockdown) and -/- (knockout) genotypes. Pups were weaned at 3 wk. and placed on the same 

diet as their dam.  
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Table 4.1 Nutrient composition of modified animal diets 

Component AIN-93G 
semi 
purified diet 

 kcal% 

Protein 20 

Carbohydrate 64 

Fat 16 

  

 g/kg diet 

Casein 200 

L-Cystine 3 

Corn Starch 397.486 

Sucrose 100 

Cellulose 50 

Soybean Oil 70 

t-
Butylhydroquinone 

0.014 

Mineral Mix 
S10022G 

35 

 

Dietary composition of AIN-93G semi-purified diets from Research Diets Inc. (New 
Brunswick, USA). All 3 diets (replete, sufficient, deficient) are identical in nutrients listed in the 
table. The only difference between diets is the content of Vitamin D3. Macronutrients are listed 
as kcal%, whereas remaining components are listed as # of grams of component per kg of diet. 
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4.3.3 Genotyping 

Pups were toe-clipped at 6 days of age to obtain DNA. Toe samples were digested in an 

alkaline lysis buffer for 30 min at 95°C, then cooled on ice, and neutralized in an acidic buffer. 

DNA was genotyped using the following primers for PCR: CGC CAG CCT CTC CAT TTA G 

(MARRS forward); CAG AGA TCC TGC CTC TG (MARRS reverse); CTG ATC TGA GCT 

CTG AGT G (Cre forward); and CAT CAC TCG TTG CAT CGA CC (Cre reverse). Cre 

Primers are the suggested sequences from Jackson Laboratories, and MARRS primers were 

made using PubMed Gene databases. Electrophoresis was run using 1.5% w/v agarose gels at 

100 V for 1h, and stained with a carcinogen-free DNA stain (SafeView Classic, ABM). A 

positive Cre result would show a single band at ~250bp, a MARRS WT mouse would show a 

single band ~222bp, MARRS knockout would show a single band at ~410bp, and a MARRS 

knockdown mouse would have two bands, one each at 222bp and 410bp.  

4.3.4 Necropsy and Tissue Collection 

At 6 wk of age, the estrous stage of the female was determined by performing a vaginal 

lavage with sterile phosphate buffered saline (PBS), and vaginal epithelial cells were used to 

stage the estrous cycle, described previously [144]. Mice were sacrificed by CO2 if they were in 

any stage of their estrous cycle other than diestrus (n= 7 minimum per group). At time of death, 

whole body weight was measured. Left abdominal mammary glands were collected for whole 

mounting, right abdominal glands were prepped for immunohistochemistry, and inguinal glands 

were prepped for Western blot. Blood was collected at time of sacrifice, spun at 1500g for 10 

min and heparinized plasma was stored at -80°C until analysis. Plasma samples were sent to 
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Heartland Assays (IO, USA) for 25(OHD) analysis via radioimmunno assay, and total calcium 

detection. 

4.3.5 Whole mounting Mammary Glands 

Whole mounting was performed as described previously [163]. Briefly, left abdominal 

glands were collected and fixed in formalin overnight. They were then submerged in acetone for 

48 hr, then rehydrated in decreasing concentrations of ethanol, and stained in carmine alum 

overnight. The next day glands were dehydrated, cleared in xylenes, and stored in methyl 

salicylate within a sealed plastic pouch. Glands were then analyzed using a light microscope for 

number of TEBs, ductal extension past the lymph node, and branching ductal area of the fat pad 

as a percent of total fat pad area. Ductal extension was measured using a 1mm square grid placed 

underneath the gland and manually counting the length of the ducts beyond the lymph node. 

4.3.6 Western Blotting 

At time of termination, inguinal mammary glands were collected and digested in DMEM-

F12 media with 2µg/mL of collagenase (Sigma Aldrich) at 37 °C for 2 h, shaking every 20-30 

min. The cell suspension was then washed with DMEM-F12 until media was clear and free of 

adipocytes to leave the epithelial cell isolate. Epithelial cells were frozen at -80°C until Western 

blot analysis, when they were thawed, and placed in RIPA buffer with 0.2% w/v SDS for 30 min. 

Cell lysates were then vortexed, sonicated, and centrifuged at 16,000g for 20 min at 4°C. The 

supernatant was analyzed for protein concentration via a DC protein assay (Bio-Rad).  

20µg of protein from each cell lysate sample were run on Mini-PROTEAN TGX 4-15% 

pre-cast gels (Bio-Rad) for 1.5 h at 100 V, then transferred onto nitrocellulose membrane 

(Thermo Scientific) using a wet transfer apparatus at 100 V for 1 hr. Membranes were left 
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overnight to dry, then blocked in a 1% w/v milk solution in Tris buffered saline with 0.05% v/v 

Tween 20 (TBS-T) for 1 h at room temperature. Blots were then incubated with 1:2000 Anti-

ERP57 (MARRS, from Pierce, ThermoFisher Scientific) and 1:10,000 β-Actin (GeneTex, CA, 

USA) antibodies. Incubation periods for ERP57 and β-Actin were both 1 h at room temperature. 

The secondary for the MARRS antibody was goat anti-rabbit conjugated to horseradish 

peroxidase (New England Biolabs) in a 1:50,000 dilution in 1% milk/TBS-T solution. The 

secondary for actin was goat anti-mouse conjugated to horseradish peroxidase (Santa Cruz) in a 

1:10,000 dilution in 1% milk/TBS-T solution. Both secondaries were also used for 1 h at room 

temperature. After several rinses in TBS-T, protein bands were visualized with the Clarity 

chemiluminesence kit (Bio-Rad). 

Blots were then analyzed via densitometry to compare brightness of bands (n=3-7 per 

group). One internal control sample was loaded onto every gel to allow comparison between 

blots. 

4.3.7 Immunohistochemistry  

Right abdominal mammary glands were fixed overnight in formalin, embedded in wax, 

and sliced into 5µm sections. After deparaffinizing slides in xylenes, sections were quenched in 

3% hydrogen peroxide for 20 min to prevent endogenous peroxidase activity, and then treated 

with sodium citrate (pH 6.0) for 20 min at 95°C for antigen retrieval. After cooling, and several 

washes in PBS, sections were blocked in 3% normal goat serum for 1h, then incubated in the 

same MARRS antibody used in Western blots at a dilution of 1:8000 overnight at 4°C. Sections 

were rinsed with PBS, then incubated in Biotin-SP-affiniPure goat anti-rabbit IgG and 

Peroxidase-Streptavidin (Cedarlane) for 1 h each at 1:400 dilutions. Protein expression was 
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visualized using a 3,3’-Diaminobenzidine (DAB) kit (Vector, Cedarlane) for 60 s, and then 

observed under a light microscope. 

4.3.8 Statistical Analysis 

Data were tested for normal distribution. Any non-normally distributed data were 

transformed until normality was achieved. Differences between means of normally distributed 

data were analyzed using two-way Analysis of Variance (ANOVA) tests. For a significant test, 

differences between means were found pairwise by the Least Significant Difference post-hoc 

test. Differences were considered significant at p < 0.05. All tests were conducted using SPSS 

Statistics (version 25, IBM, Armonk, N.Y., USA). 

4.4 Results 

4.4.1 Phenotype characteristics 

There were no significant differences amongst 6 wk females’ whole body weight at time 

of sacrifice. However, deficient mice did exhibit signs of vitamin D deficiency from 4-6 weeks 

of age as hind legs were slightly contorted (Figure 4.1) compared to replete or sufficient mice of 

any genotype. This alteration in foot position was not seen in adult mice, and no other physical 

manifestations of rickets (such as alopecia) were observed. 

4.4.2 Blood tests 

Genotype did not have any significant effect on 25(OH)D or calcium plasma levels. A 

vitamin D3 intervention of 10,000 IU/kg in the diet was enough to significantly raise plasma 

25(OH)D levels of all mice, regardless of genotype, above those on a sufficient diet (p=0.001) 
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(Figure 4.2). 25(OH)D levels for deficient diet mice were undetectable by the assay 

(<2.5ng/mL). 

Total plasma calcium levels were not significantly different between any groups, 

regardless of genotype (results not shown). There was no difference between plasma calcium of 

mice on sufficient vs. replete diets. The average plasma calcium level across all groups was 

10.83 mg/dL. 

4.4.3 Mammary gland growth variables 

There was a significant overall interaction between diet and genotype concerning TEBs 

(p=0.001) (Figure 4.3A & 4.4). There were no observable differences between genotypes when 

mice were on a deficient diet, but there were significant differences between genotypes in both 

the sufficient and replete diets. Within the sufficient diet group, knockdowns had significantly 

more TEBs than knockouts (p=0.001). And within the replete diet group, knockout animals had 

significantly more TEBs than both wildtypes (p=0.041) and knockdowns (p=0.005) (Figure 

4.3A).  

There was also a significant overall interaction between diet and genotype when 

comparing branching ductal area coverage (p=0.03) (Figure 4.3B). Overall, knockout mice on 

deficient diets had on average the greatest coverage of fat pad by ductal growth (significantly 

different from knockouts on the sufficient diet, p=0.004). There were no significant differences 

between groups concerning length of ductal extension.  

Finally, there were visual, qualitative differences noticed between groups. Although mice 

on the deficient diet were quantitatively similar to other diet groups concerning the length and 
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area coverage of ductal branching, the epithelial structures were thinner and had less secondary 

branching compared to animals on sufficient or replete diets (Figure 4.4E). 

4.4.4 Western immunoblots 

Western blot (Figures 4.5A, 4.5B, 4.5C) and densitometry (Figure 4.5D) analysis of mice 

on deficient diet showed successful reduction of MARRS expression in epithelial cells regardless 

of diet. Knockdowns showed an approximately 50% average reduction compared to WT, and 

knockouts showed a further reduction compared to knockdowns, although there was some 

individual variation between mice within the same genotype. Knockout animals did not always 

show a complete elimination of MARRS expression. WT mice on deficient diets seemed to 

express 50% more MARRS protein than WT mice on other diets. However, due to the variation 

in expression across all mice, this increase was not significant. 

4.4.5 Immunohistochemistry 

Immunohistochemistry results also showed successful reduction in MARRS expression 

in knockdown and knockout animals (Figure 4.6). MARRS is depicted with brown staining. All 

WT animals across all vitamin D diets had similar levels of MARRS expression, depicted by the 

dark brown staining around epithelial cells.  

Knockdown animals on sufficient and replete diets had similar MARRS expression, and 

both groups showed reduced expression compared to WT. Knockdowns on the deficient diet had 

the least MARRS expression compared to other knockdown animals.  
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Knockouts on sufficient and deficient diets also had similar staining patterns with 

minimal MARRS expression throughout mammary epithelial cells. However, knockouts on the 

replete diet still showed MARRS expression in some, but not all, epithelial cells.  

  Overall, MARRS expression seems to be most highly expressed in the luminal side of 

epithelial-lined branches, and on the inner-most cells within a TEB (Figure 4.6). 

 

Figure 4.1. Hind foot abnormalities between deficient (A) and replete (B) mice at 6wks of age. 
Hind feet of deficient mice were bent outwards regardless of genotype. Deficient mice did not 
show any other clear signs of rickets such as alopecia. Hind foot abnormalities were not seen in 
adult mice of any diet. 
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Figure 4.2.  Mean plasma 25(OH)D levels of mice at 6 wks of age.  Legend describes mice on 
deficient (DD), sufficient (DS) and replete (DR) diets. MARRS genotype (x-axis) did not have a 
significant effect on 25(OH)D levels. Mice on replete diets had significantly higher 25(OH)D 
levels than mice on sufficient diets, regardless of genotype (p=0.001). Levels for deficient mice 
were undetectable by the assay (<2.5 ng/mL), labeled NA. 
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Figure 4.3. Mammary gland growth variables. Average number of TEBs (A) and area of ductal 
branching coverage (% of total fat pad) (B) of whole mounts of mammary glands at 6 wks of 
age. There was a significant interaction between genotype and diet regarding both TEBs 
(p=0.001) and branching coverage (p=0.03) noted by an asterisk. The data suggest in regards to 
TEBs that there must be sufficient vitamin D3 in the diet to see an effect from MARRS, as 
shown by the similar TEB numbers for DD animals. The reduced number of TEBs in knockouts 
on the sufficient diet is restored with a diet replete in vitamin D3.  
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Figure 4.4. Whole mount representations of left abdominal mammary glands of mice at 6 wks of 
age.  Legends on figures describe the diet and genotype of each mouse: sufficient (DS), replete 
(DR), deficient (DD), knockdown (+/-) and knockout (-/-). Knockouts on sufficient diets (B) had 
significantly fewer TEBs, and reduced overall growth compared to knockdowns (A). When mice 
were on a replete diet, the phenotype was reversed, and TEB numbers and overall growth were 
restored in the knockout animal (D). (E) is a representative mammary gland of a mouse on the 
deficient diet. Although all animals on DD were quantitatively similar in measurements, there 
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were qualitative visual differences compared to animals on sufficient or replete diets including 
thinner branching structures, and fewer secondary branches. 

 

 

 

 

 

 

 

 

 

 

 

 

 



	

	
	

59	

 

Figure 4.5. MARRS protein expression in inguinal mammary gland epithelial cells. 
Representative western blots (A, B, C) and mean densitometry analysis (D) of MARRS protein 
expression in mammary gland epithelial cells. n=2-7 per group. Overall, western blots show 
successful reduction of MARRS protein in epithelial cells regardless of diet. Variations between 
animals within the same genotype exist. 
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Figure 4.6. Immunohistochemistry results for right abdominal mammary glands stained with 
Anti-MARRS and counter-stained in hematoxylin. MARRS expression is depicted by brown 
colouring. (A) represents a DR +/- animal; (B) represents a DR -/- animal. Alveolar branches are 
noted with an arrow while TEBs are noted with an asterisk. Reduced MARRS expression is 
shown in epithelial cells, with similar expression in surrounding adipocytes. Slides also show 
that MARRS is not eliminated in all epithelial cells, which would account for some variation 
between animals and shows the imperfect deletion of the protein expression in knockouts. 
MARRS is localized to the apical side of epithelial cells within the ductal branch. (C) represents 
tissue with no primary antibody. 
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4.5 Discussion 

Although mice were only on the vitamin D3 intervention diet for 3 wk post-weaning, this 

was sufficient time to alter their 25(OH)D status (Figure 4.2). 1,000 IU/kg is the standard 

vitamin D3 dose for mice [153] and 10,000 IU/kg was well-tolerated by all mice. 1,000 IU/kg 

resulted in all mice on the sufficient diet achieving an average plasma 25(OH)D level of 27.62 

ng/ml, which is considered vitamin D sufficient for humans according to the Institute of 

Medicine [164]. Mice on the replete diet achieved an average plasma 25(OH)D level of 

58.11ng/mL, which is well below the threshold of 150ng/mL, at which clinical toxicity 

symptoms usually begin to arise in humans [165]. 

Total plasma calcium levels were not significantly altered between groups, and the 

average plasma calcium level was similar to previous studies [108,166]. Importantly, there was 

no difference between plasma calcium in mice on sufficient vs. replete diets, thus showing the 

high intake of vitamin D3 did not cause hypercalcemia.  

Currently, studies examining vitamin D3 interventions do not use standardized doses. 

What is considered a high dose in some studies (4000-5000 IU/kg range [167]) would merely be 

an intermediate dose in others (where 10,000-20,000 IU/kg is labeled as a high dose [168]). The 

recommended dose of 1000 IU/kg of diet as set by the National Research Council [153] was not 

formally studied, and only set by personal communication and observations that this amount did 

not result in deficiencies or rickets [169]. However, in some strains of mice this dose results in 

25(OH)D plasma levels that exceed optimal concentrations for humans [166]. Furthermore, 

commercially available non-purified diets often contain upwards of 3000IU/kg of vitamin D3. 

Although there are a few studies that study the dose-response for vitamin D3 in mice for several 
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outcomes (plasma calcium, plasma 25(OH)D, bone health) [166], mice of differing genetic 

backgrounds could respond differently, thus changing the outcomes of studies. It is clear there is 

a gap in the literature concerning optimal vitamin D3 doses for mice, and researchers should 

carefully consider doses used in feeding trials. 

One limitation of this study is that 1,25D3 concentrations were not directly measured at 

the tissue level, so we do not know for certain that there was increased 1,25D3 available for 

MARRS within the mammary gland. However, the 25(OH)D-1α-hydroxylase enzyme that 

converts circulating 25(OH)D into the active 1,25D3 is present in mouse mammary glands [170] 

as well as normal human mammary tissue [57]. Further, CYP27B1 RNA expression has been 

shown to increase in mouse mammary organ cultures after treatment with 25(OH)D [171], so it 

is reasonable to expect that active 1,25D3 would be available at the mammary gland with 

increased circulating 25(OH)D.  

Previous reports studying the effects of VDR on mammary gland growth and 

development demonstrate a growth-controlling effect. VDR null mice showed significant bursts 

of growth at 6 wk of age, including increased numbers of TEBs [66] and increased ductal 

extension [172] compared to wildtype controls. VDR knockout mice also have increased 

circulating estrogen levels, as well as an increased sensitivity to hormone-related growth [66]. In 

vitro organ studies have also showed direct incubation with either 25(OH)D or 1,25D3 inhibited 

mammary growth [11, 20]. In contrast, a previous study with MARRS knockouts [162] showed 

that a lack of MARRS protein expressed in mammary epithelial cells resulted in decreased 

number of terminal end buds and overall reduced growth of the gland during puberty. These 

studies provide further evidence that MARRS is a separate receptor from VDR, whose actions in 

mammary gland growth result in different, and opposing effects. 
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TEBs are one of the most-studied structures within the developing mammary gland as 

they are a key component to the laying of the ductal framework [173]. It is clear that there is an 

interaction between MARRS expression and 25(OH)D status concerning TEB growth, and this 

has manifested in two ways in our study. First, there were no differences in TEB numbers in 

mice on the deficient diet, regardless of genotype. This would imply that any role MARRS may 

play in mammary gland development is dependent on vitamin D3 being adequately available in 

the diet, thus suggesting that MARRS is activated by 1,25D3 in this tissue. 

Second, the differential effects that were seen when comparing knockdown and knockout 

animals on sufficient and replete diets show both MARRS expression and 25(OH)D status are 

important. The mice on sufficient diets show similar results to a previous study [162] in that 

knockouts have fewer TEBs and overall less growth development than wildtypes. However, 

when mice are supplemented with an abundant supply of vitamin D3 in their diet, the reverse 

effect is seen, now with knockout animals having a high number of TEBs, and the same ductal 

coverage and extension as controls. Thus, the reduction in growth caused by a loss of MARRS 

expression was rescued with a high vitamin D3 dose. 

However, the significantly higher (p <0.05) number of TEBs in knockout mice on the 

replete diet was unexpected, and implies an interaction between MARRS and other signaling 

pathways. As stated, previous research concerning vitamin D and mammary gland growth would 

suggest that having both a MARRS knockout and excess 25(OH)D or 1,25D3 would result in 

very little gland growth. Presumably, without MARRS, VDR would be the only activated 

receptor, and the anti-growth properties of 1,25D3 and VDR would manifest in limited 

branching and ductal extension. However, our results suggest there may be a possible interaction 

between MARRS and VDR, and the loss of one receptor does not simply result in a complete 
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shunt to the remaining pathway. Previous studies have shown that different 1,25D3 analogs are 

able to selectively activate either MARRS or VDR [70]. The use of either of these analogs may 

help to determine the pathways responsible for these unexpected growth results by being certain 

that only MARRS or VDR is being activated. Further, real-time PCR analysis of changes in 

RNA expression and sensitivity analysis would also be helpful to understand the signaling 

changes at the cellular level. Some important signaling modulators with possible roles here 

would include estradiol, TGFβ, and EGFR which have been previously implicated in MARRS 

signaling pathways ([111,174], unpublished Meckling). 

The results of this study may also have implications for humans regarding 25(OH)D 

status during puberty. Although mouse research does not directly translate into the same 

conclusions for humans, mammary gland development is comparable between these species [6]. 

The TEB equivalent in a human, the terminal ductal lobular unit, is an epithelial structure from 

which ductal carcinomas arise [112]. It has also been shown that more invasive carcinomas tend 

to originate from less specialized structures within the mammary gland, [112] and an increased 

number of TEBs is correlated with an increased risk of breast cancer in animal models 

[115,117,143]. With an increase in the number of vitamin D deficient adolescents [175], and a 

diet-gene interaction manifesting in changes to organ development, it is worth pursuing further 

research into optimal doses for adolescents. 

4.6 Conclusions 

Overall, the results of this study build upon previous studies’ conclusions that there is a 

role for MARRS in the development of the mammary gland by altering the number of TEBs and 

overall growth rate of the tissue during puberty. However, these morphological changes seem to 
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be dependent on the availability of 25(OH)D in the body, with differential effects depending on 

if the subject is deficient or replete in 25(OH)D. These results may have consequences for 

adolescents with 25(OH)D deficiencies, and the results of this study warrant further investigation 

into 25(OH)D status at puberty and correlations with breast cancer incidence. This study also 

provides further evidence of MARRS’ interaction with vitamin D, and shows changes to 

mammary gland development regardless of VDR status. Vitamin D’s actions are more 

complicated than previously thought, and the impact of vitamin D can no longer be viewed 

solely through the VDR as there are likely other signaling pathways being activated. 
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Chapter 5: Effects of knocking out both the 1,25D3-MARRS Receptor and Vitamin D 
Receptor in Murine Pubertal Mammary Gland Development 

5.1 Abstract 

1,25 dihydroxyvitamin D3 (1,25D3) has been extensively studied for its anti-proliferative 

and anti-cancer effects in a multitude of tissues. The role of the vitamin D receptor (VDR) has 

been elucidated in the murine pubertal mammary gland as a factor in regulating growth. 

However, another receptor for 1,25D3 – the membrane associated rapid response steroid receptor 

(MARRS) – has seemingly the opposite role, in being required for optimal growth. This study 

produced a novel double knockout, altering the expression of both the MARRS and VDR 

receptors to study the individual efforts and possible signaling interactions between both 

receptors. VDR knockout (-/-) mice were crossed with MARRS -/- mice, and resulting 

heterozygotes were crossed to produce double knockouts. Mammary glands were collected from 

6 week old mice (n=38) for mammary gland growth variables, MARRS and VDR protein 

expression, and RNA analysis of MARRS, VDR, estrogen receptor alpha, and transforming 

growth factor beta. There was a significant overall interaction between groups (p=0.004) for 

mean mammary gland area covered by branching. The MARRS+/VDR- animals had the least 

ductal coverage and were significantly different from all other groups (p=0.035). Reducing 

MARRS expression also had an effect on ductal coverage and MARRS-/VDR+ animals had 

reduced ductal coverage compared to MARRS+/VDR+ animals. Overall these results do not 

concur with those of previous studies and suggest that 1,25D3 signaling is more complicated 

than previously thought.  
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5.2 Introduction 

Vitamin D (or 1,25D3 when in the active metabolite form) has roles in many tissues 

throughout the body. In the classic capacity, activation of the vitamin D nuclear receptor (VDR) 

results in transcriptional activation of many genes leading to, most notably, upregulation of 

calcium and phosphate absorption at the intestine [176]. VDR has been found in a great number 

of human tissues and has implications in a multitude of cellular actions, including arresting the 

cell cycle [177], regulating apoptosis [178], and boosting immune function [179]. 

Recent research into the actions of 1,25D3 has found its ability to bind to a second 

receptor, noted ERP57, or the membrane-associated rapid response steroid-binding receptor 

(MARRS). Originally discovered as a chaperone protein [135], MARRS can also be activated by 

1,25D3 resulting in rapid cellular signaling [157]. VDR-independent, non-genomic actions of 

1,25D3 have been observed in chick intestinal cells [132], mouse osteoblasts [180], and mouse 

chondrocytes [80].  

The mammary gland is a unique tissue in that the majority of its development happens 

post-natally. A rudimentary epithelial structure is formed within the fat pad in utero, and remains 

relatively unchanged until the onset of puberty when ovarian and pituitary hormones trigger 

epithelial cells to rapidly divide and form a structure termed the Terminal End Bud (TEB) [6]. 

TEBs are club-shaped epithelial configurations that bifurcate and push through the fat pad to lay 

the alveolar ductwork required for milk production and secretion during pregnancy [8]. Due to 

their proliferative and undifferentiated nature, TEBs are highly sensitive to the effects of growth 

hormones and carcinogens [114], making them both a common measurement of tissue growth, 

and a risk factor for mutagenic events [115]. 



	

	
	

68	

In relation to the murine mammary gland, vitamin D has been studied for both its role in 

mammary gland growth and breast cancer protection and treatment. Previous studies have 

observed that VDR knockout mice experience enhanced growth during puberty [66,67] noted by 

higher numbers of TEBs and increased ductal growth. VDR knockout mice also exhibit 

increased sensitivity to carcinogen-induced tumorigenesis [108]. These studies highlight VDR’s 

growth-controlling abilities. However, MARRS knockout mice have exhibited delayed or 

hindered growth compared to wildtypes [162].  

A recent development in our lab has found that the actions MARRS differ depending on 

the 25(OH)D status of the animal during puberty (unpublished Meckling). These differential 

results have led our lab to study the relationship between MARRS and VDR. The purpose of this 

study was to develop a novel double knockout to further explore the individual efforts and 

possible signaling interactions between 1,25D3 receptors. 

5.3 Methods 

5.3.1 Animals and Diets 

B6.129S4-Vdr<tm1Mbd>/J VDR knockout (-/-) mice were obtained from Jackson 

Laboratories and placed on a recovery diet with 2200 IU vitamin D3, 2% Ca2+, 1.25% 

phosphorus and 20% lactose (Teklad.94112, Envigo) as in previous studies using this mouse 

model [181,182]. The same MARRS -/- mice from Chapters 3 and 4 were crossed to VDR -/- 

mice. 
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MARRS -/- and VDR -/- mice were bred and first generation heterozygous progeny were 

crossed again to MARRS -/- mice. Pups resulting from this cross were subsequently bred to 

VDR -/- mice to produce double knockouts. Mice used in this study were either MARRS 

wildtype (WT) or MARRS -/-, and VDR wildtype or -/-. Thus, the four groups in this study are 

noted as MARRS+/VDR+, MARRS-/VDR+, MARRS+/VDR-, or MARRS-/VDR-. 

Mice were housed in rooms exposed to a 12 h light/dark cycles. All procedures were 

approved by the Animal Care Committee of the University of Guelph, under Animal Utilization 

Protocol 3147.  

5.3.2 Genotyping 

Pups were toe-clipped at 6 days of age to obtain DNA. Toe samples were digested in an 

alkaline lysis buffer for 30 min at 95°C, then cooled on ice, and neutralized in an acidic buffer. 

Primers used are in Table 5.1; VDR primers are the suggested sequence from Jackson 

Laboratories. Electrophoresis was run using 1.5% w/v agarose gels at 100 V for 1h, and stained 

with a carcinogen-free DNA stain (Safeview Classic, Abcam). A MARRS WT mouse would 

show a single band ~222bp, and a MARRS knockout would show a single band at ~410bp. 

5.3.3 Necropsy and Tissue Collection 

At 6 wks of age, vaginal epithelial cells were collected to determine the estrous stage of 

the mouse, described previously [144]. To control for cycling hormones, tissue was not collected 

when mice were in diestrus. At time of death, whole body weight was measured. Left abdominal 

mammary glands were collected for whole mounting, right abdominal glands were collected for 

immunohistochemistry, and inguinal glands were collected for Western blot and RNA analysis 

(n= 7-12 per group). 



	

	
	

70	

5.3.3 Whole mounting Mammary Glands 

At time of termination, left abdominal glands were removed and fixed in formalin 

overnight. They were then immersed in acetone for 48 h, then rehydrated in 100%, 90%, and 

75% ethanol over a period of 3h, immersed in water for 1 h, and finally stained in carmine alum 

overnight. The next day glands were dehydrated using the same dilutions of ethanol as above, 

cleared in xylenes, and stored in methyl salicylate. Glands were then manually analyzed using a 

light microscope for number of TEBs, ductal extension past the lymph node (in mm), and total 

ductal coverage of the fat pad (in %).  

5.3.4 Western immunoblotting 

At time of death, inguinal mammary glands were collected and prepared for Western blot 

exactly as previously described [162]. 

Blots were incubated with 1:2000 Anti-ERP57 (Pierce), 1:1500 Anti-VDR 9A7 

(ThermoFisher) and 1:10,000 beta-Actin (GeneTex) antibodies. Incubation periods for ERP57 

and beta-Actin were both 1 h at room temperature in a 1% w/v milk/TBS-T solution. Anti-VDR 

9A7 was incubated with the blots overnight at 4°C in a 1% w/v BSA/TBS-T solution. The 

secondary for both the ERP57/MARRS and VDR antibodies was goat anti-rabbit conjugated to 

horseradish peroxidase (New England Biolabs) in a 1:50,000 dilution in 1% milk/TBS-T 

solution. The secondary for actin was goat anti-mouse conjugated to horseradish peroxidase 

(Pierce) in a 1:10,000 dilution in the buffer recommended by the manufacturer. All secondaries 

were also used for 1 h at room temperature. Protein bands were visualized with the Clarity 

chemiluminesence kit (Bio-Rad). 
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Blots were then analyzed via densitometry to compare brightness of bands (n=4 

minimum per group). One internal control sample was loaded onto every gel to allow 

comparison between blots. 

5.3.5 Immunohistochemistry 

At time of death, right abdominal mammary glands were fixed overnight in formalin, 

embedded in paraffin, and sliced into 5µm sections onto charged slides. Slides were dried at 

37°C overnight. To prepare for staining, slides were deparaffinized in xylenes, quenched in 3% 

hydrogen peroxide for 20 min, and then treated with sodium citrate (pH 6.0) for 20 min at 95°C. 

After cooling, slides were blocked in 3% normal goat serum for 1h, then incubated in the same 

ERP57 antibody used in western blots at a dilution of 1:8000 overnight at 4°C. Anti-VDR 9A7 

(ThermoFisher) was used at a dilution of 1:1000, and also incubated overnight at 4°C. Sections 

were rinsed with PBS, then incubated in Biotin-SP-affiniPure goat anti-rabbit IgG and 

Peroxidase-Streptavidin (Cedarlane) for 1 h each diluted at 1:1000. Protein expression was 

visualized using a 3,3’-Diaminobenzidine (DAB) kit (Vector) for 60s, and then observed under a 

light microscope. 

5.3.6 RNA analysis 

Mammary tissue was digested in collagenase as described for Western blotting. RNA 

extraction was performed on the resulting cell pellet using the Quiagen RNeasy Lipid Kit 

(Germany). RNA was tested for purity and quality using a Nanodrop (ThermoFisher), and cDNA 

was transcribed using TaqMan Reverse Transcription Reagents (Applied Biosystems). Primers 

are listed in Table 5.2. cDNA products were run on a 1.5% w/v agarose gel at 80 V for 1.5 h and 

viewed under UV light using the Safeview Classic DNA stain (Abcam).  
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5.3.7 Statistics 

Data was tested for normal distribution. Differences between means of normally 

distributed data were analyzed using factorial two-way Analysis of Variance (ANOVA) tests. If 

the overall model was significant, differences between groups were found pairwise using the 

Least Significant Difference post-hoc test. Differences were considered significant at p < 0.05. 

All tests were conducted using SPSS Statistics (Version 25, IBM, Armonk, N.Y., USA). 
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Table 5.1. List of primers used in genotyping. 

Gene Primer 

MARRS forward CGC CAG CCT CTC CAT TTA G 

MARRS reverse CAG AGA TCC TGC CTC TG 

VDR wildtype CTC CAT CCC CAT GTG TCT TT 

VDR common TTC TTC AGT GGC CAG CTC TT 

VDR mutant CAC GAG ACT AGT GAG ACG TG 

 

Table 5.2. List of primers used in RNA analysis. 

Gene Forward Primer Reverse Primer Product Size (Base 
Pairs) 

VDR CCT GTG AAG GCT 
GCA AGG GTT T 

TGT TGC TCC TCA 
GAC AGC TTG G 

243 

MARRS CTG AGC TAG CCG 
CAA AAC C 

GTC TCG GAA GGG 
TAG TGC 

403 

TGFβ TGA CGT CAC TGG 
AGT TGT ACG G 

GCA CCA TCC ATG 
ACA TGA ACC 

170 

ERα GTT GGA TGC TGA 
ACC GCC AT 

TTG TGC CCC TCT ATG 
ACC TGC TC 

664 

GAPDH TGC ACC ACC AAC 
TGC TTA GCC 

GAT GAC CTT GCC 
CAC AGC CTT 

209 

 

GAPDH primers were adapted from Hugel et al. [183] 

ERα primers from Carley et al. [184] 

TGFβ primers adapted from Yiakouvaki et al. [185] 

MARRS primers from Richard et al. [110] 
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5.4 Results 

5.4.1 Physical Characteristics and Breeding 

B6.129S4-Vdr<tm1Mbd>/J VDR knockout animals began to develop alopecia by week 

5. These mice lost almost all fur by 8 wks, and females were not healthy enough to carry a 

healthy litter to full term. Therefore, to obtain double knockout animals, male VDR-/MARRS- 

were bred to VDR heterozygote/MARRS- females.  

Mice tolerated the Teklad.94112 diet well. There was no overall significant interaction 

between genotypes and body weight; however, there were significant differences amongst VDR 

animals (Figure 5.1). The effect of VDR was significant (p=0.021), notably; VDR- animals had a 

6-7% decrease in body weight compared to the MARRS+/VDR+ animals. MARRS status does 

not appear to affect body weight during puberty (Figure 5.1). 

5.4.2 Mammary gland growth variables 

There was a significant interaction between genotypes (p=0.004) for mean % mammary 

gland area covered by branching (Figures 5.2, 5.4). The MARRS+/VDR- animals had the least 

ductal coverage and were significantly different from all other groups (p=0.035). Reducing 

MARRS expression also had an effect on ductal coverage and MARRS-/VDR+ animals had 

significantly (p=0.035) reduced ductal coverage compared to MARRS+/VDR+ animals. 

There were quantitative (although non-significant) differences in ductal elongation past 

the lymph node (Figures 5.3, 5.4). MARRS+/VDR+ animals had the longest ductal extension, 

while any animal with either gene knockout showed shorter branches. Although the overall effect 
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of both MARRS and VDR genotypes were not significant, the effect of VDR alone was 

significant (p=0.002); VDR- animals (regardless of MARRS status) had the shortest ductal 

extension. 

There were no significant interactions between groups regarding TEB numbers; however 

there is a tendency for MARRS+/VDR+ animals to have fewer TEBs, and double knockout 

animals to have the most (Figure 5.5). 

5.4.3 Western immunoblots 

Western blots and densitometry analysis (Figure 5.6) confirmed genotyping by 

demonstrating a successful reduction in both MARRS and VDR protein expression in the 

epithelial cells of the mammary gland (Figure 5.6). MARRS expression was reduced in knockout 

animals by greater than 50% compared to their wildtype counterparts (a reduction that 

approached significance, p=0.052), although MARRS expression was still detected in some 

knockout animals. VDR expression was also reduced by about 50% between wildtypes and VDR 

knockout animals, although due to much variation in expression between individual animals, this 

reduction was not significant. 

5.4.4 Immunohistochemistry 

Immunohistochemistry slides showed no gross differences in mammary gland structure at 

the cellular level between genotype groups. MARRS proteins seem to stain uniformly across 

adipocytes regardless of MARRS genotype (Figure 5.7). MARRS knockouts also clearly show a 

reduction in MARRS protein expression within epithelial cells. Within epithelial structures, 

MARRS seems to be expressed on the apical side of ductal tubes. 
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We were unable to show a difference in VDR protein expression using VDR-9A7, with 

both wildtype and knockout animals showing similar staining patterns.  

5.4.5 RNA expression 

RNA expression of various genes showed some differences in gene expression other than 

the targets MARRS and VDR. MARRS-/VDR+ mice showed reductions in TGFβ gene 

expression compared to all other groups (Figure 5.8). ERα was also tested, and RNA expression 

was similar in all genotypes. 
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Figure 5.1. Mean body weight (g) of 6wk old mice. No significant overall interaction between 
genotypes, but the effect of VDR was significant (p=0.021). VDR-ablated mice weighed less 
than VDR wildtype mice. 
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Figure 5.2. Mean % area of branching coverage throughout the mammary gland. There was a 
significant overall interaction (p=0.004), with significant differences between the 
MARRS+/VDR- group and all other groups (p=0.035), as well as between MARRS+/VDR+ and 
both MARRS-/VDR+ and MARRS+/VDR- (p=0.035). 
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Figure 5.3. Mean ductal extension of alveolar branching through mammary glands. There was 
no significant overall interaction, but the effect of VDR was significant (p=0.002). VDR 
knockout mice had decreased ductal extension compared to other groups. 
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Figure 5.4. Whole mounts of female mammary glands at 6wks of age stained in carmine alum. 
Figures represent mammary glands from MARRS+/VDR+ (A), MARRS+/VDR- (B), MARRS-
/VDR+ (C) and MARRS-/VDR- (D). Lymph nodes are noted with a star; TEBs are pointed out 
with an arrow. There were significant differences in area of ductal coverage with 
MARRS+/VDR+ branching covering significantly more area than MARRS+/VDR- or MARRS-
/VDR+ animals (p=0.035). There were no significant differences between groups concerning 
number of TEBs. 
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Figure 5.5. Mean number of TEBs per genotype at 6 weeks of age. No significant differences 
between groups.  
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Figure 5.6. Western blot (A and C) and densitometry analysis (B and D) of MARRS (top row) 
and VDR (bottom row) in mammary gland epithelial cells. Westerns show successful reduction 
of both MARRS and VDR between wildtype (+/+) animals and knockouts respective of protein. 
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Figure 5.7. Immunohistochemistry results. Top row shows differences in MARRS staining 
(1:1000 dilution) between a MARRS+/VDR- (A) and a MARRS-/VDR+ animal (B). MARRS 
staining is concentrated within epithelial cells on the apical side of the alveolar tube. Middle row 
shows Anti-VDR staining between a MARRS-/VDR+ (C) and a MARRS-/VDR- animal (D). 
VDR staining is similar between animals, regardless of VDR genotype status. Bottom row is a 
sample with no primary antibody staining (E).  
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Figure 5.8. A) Reverse-transcribed RNA analysis of TGFβ and MARRS for a MARRS+/VDR- 
and MARRS-/VDR+ animal. The TGFβ band is 170bp and expression is reduced in MARRS-
/VDR+ animals. Gel also shows a successful reduction of MARRS RNA in a MARRS- animal. 
B) Reverse-transcribed RNA analysis of ERα and GAPDH. The ERα is at 664bp and expression 
is similar between all genotypes White arrows indicate bands of interest. GAPDH included as 
housekeeping gene. 
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5.5 Discussion 

MARRS is only now being more widely accepted as an alternate receptor for 1,25D3 and 

has only recently begun to be included in studies exploring 1,25D3 at the molecular level. 

Furthermore, very few studies have investigated the relationship between MARRS and VDR and 

studies exploring any possible crosstalk between the two pathways are limited.  

Previous studies exploring the roles of both VDR and MARRS suggest a potential 

interaction in the downstream signaling of both pathways [186]. In a recent study re-examining 

pathways involved in photoprotection, it was discovered using co-immunoprecipitation assays 

that VDR and MARRS physically interact with one another in nonnuclear extracts of human 

fibroblasts [186]. MARRS has also been found to interact with NFκB [71] as well as chaperone 

proteins MHC class I [187] and calnexin [135]. Therefore the purpose of this study was to 

attempt to elucidate any signaling pathway intersections between MARRS and VDR that 

manifest in differences at the tissue level using a double knockout mouse model. 

Previous studies investigating the roles of either MARRS or VDR separately on murine 

mammary gland development have found opposing effects. While VDR knockout mice have 

increased numbers of TEBs, longer ductal extension, and increased number of alveolar branch 

points [66,188], MARRS knockout animals experience the opposite effect of fewer TEBs and 

minimal ductal extension through the fat pad [162]. In this study we attempted to determine if 

one vitamin D receptor’s signaling pathway supersedes the other in murine morphogenesis. We 

found that number of TEBs is consistent with the VDR knockout literature, with VDR knockout 

mice developing more TEBs than MARRS knockout or wildtype animals. However, these 
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differences were marginal, and did not reach statistical significance. These results suggest that 

neither MARRS nor VDR is essential for TEB development.  

Interestingly, both ductal extension and area of branch coverage were lowest in 

MARRS+/VDR- and MARRS-/VDR- groups, and highest in MARRS+/VDR+ animals. These 

results are the opposite from most other studies [66,188] where VDR ablation causes much more 

growth at this age. One possible explanation for the difference in apparent growth is that these 

mice are a combination of two different background strains previously not studied. Background 

strain has been found to elicit differential effects in mammary gland development when mice are 

exposed to both industrial toxins [189], n-3 polyunsaturated fatty acids [190], and high fat diets 

[191], therefore genetic background may have a significant role in growth at this time that was 

not explored in this study. Also, the mean body weights of mice at 6 weeks also followed the 

same trend as ductal extension and branching coverage, in that VDR knockouts were also the 

smallest animals. This may have contributed to their mammary growth, and mammary 

development was consistent relative to their gross size.  

The Western blots do not demonstrate a true knockout for either MARRS or VDR protein 

expression in mammary gland epithelial cells. However, the amount of protein reduction is 

consistent with previous studies in our lab [9, unpublished Meckling]. VDR expression is very 

low in epithelial cells, even in wildtype mice, which is in accordance with previous studies [172]. 

Also, there were no discernable differences in MARRS protein quantity between mice with 

differing VDR statuses (or vice versa, data not shown), thus suggesting there is no obvious 

connection or cross-talk regarding protein expression between these two receptors i.e. The 

reduction of one receptor did not result in the upregulation of the other. 
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The RNA reverse transcription results offer some insight into possible hormonal and 

growth factor changes in the mammary gland when either MARRS or VDR is knocked out. 

There was a decrease in TGFβ gene expression in only the MARRS-/VDR+ group while all 

other groups had similar TGFβ expression. TGFβ is an important growth factor in mammary 

gland development being one of the few inhibitory influences on proliferation to control 

disorderly growth during puberty [8,45]. It has been previously shown in rat intestinal epithelial 

cells that TGFβ acts as a transcriptional regulator for MARRS [174], Rat IEC-6 cells were 

exposed to TGFβ-1, and MARRS transcript and protein expression increased compared to 

vehicle controls. Furthermore, in IEC-6 cells with a deleted smad 3 response element within the 

MARRS receptor promoter, TGFβ-1 response was eliminated. This smad 3 element is also 

present in mice and humans and is clearly an important proponent of TGFβ -MARRS signaling 

[174]. Although this interaction has not been extensively studied, there is also evidence that 

when MARRS is inhibited in platelet cells, the effects of TGFβ -1 are inhibited [192].  

There were overall no differences in ERα expression in any of the genotype groups. 

Estrogen is one of the most important regulators of mammary gland development, acting on the 

Estrogen receptor α to cause an upregulation of amphiregulin, which in turn upregulates growth 

factors within the mammary epithelium to stimulate TEB formation and ductal growth [8].  ERα 

knockout mice experience impaired ductal proliferation and differentiation [18]. Although all 

animals in this study had similar ERα RNA expression, it is possible the sensitivity of the cells to 

estradiol has changed. A study in MARRS knockdown MCF-7 cells indicated an increased 

sensitivity to the growth effects of estradiol with no change in ERα protein expression 

(unpublished Meckling). An increased sensitivity to estradiol in the epithelial cells of the 
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mammary gland in the mice in this study would ensure TEB development even amongst any 

growth-inhibition effects caused by a MARRS knockout. 

Ultimately there were few significant differences in mammary gland growth between the 

double knockout animals and wildtypes, suggesting that in the absence of both VDR and 

MARRS there is a more powerful growth regulator that ensures proper development. This 

regulator is likely hormonal, as estrogen and growth hormone have been shown to be essential in 

mammary gland growth. Estrogen is required for the formation of TEBs and outward ductal 

growth during puberty [8,18] and mice lacking mammary estrogen receptors do not form ductal 

structures [21,193].  Growth hormone, through insulin-like growth factor 1, is also essential for 

TEB formation [194], and can rescue ductal growth in oophorectomized rats [31]. 

5.6 Conclusions 

Overall the results of this study do not fully coincide with those of previous vitamin D-

related mammary gland development studies. The roles of both MARRS and VDR are still not 

clear, and it is possible that background strain in animal studies may alter results. Moving 

forward, studies using multiple background strains will give a fuller picture of the effects of a 

treatment that will not be confounded by background genetics. 

Future studies will need to further explore double knockouts at the cellular level, and 

determine more information about the availability of estrogen, growth hormone, and IGF-1. 

Perhaps using a tissue-specific VDR knockout mouse instead of a whole-body knockout will 

focus the results on the mammary gland and account for any whole-body changes interfering 

with growth.  
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Chapter 6: Integrated Discussion 

6.1 General Summary 

 The purpose of this thesis was to elucidate a role for MARRS in a tissue with known 

VDR/1,25D3 actions to both provide further evidence for a separate 1,25D3 receptor, as well as 

to help define its actions in the developing pubertal mammary gland, as this is currently 

unknown.  By using tissue-specific knockout animals, we were able to contain the deletion of 

MARRS to the epithelial cells of the mammary gland, leaving expression unchanged in 

adipocytes.  By utilizing a localized gene disruption that would potentially contain disrupted 

signalling to the mammary gland, this would minimize disruption to whole-body signaling that 

would confound results. By knocking out MARRS in these cells and comparing the results to 

wildtype littermates, we were able to study how a lack of MARRS protein alters mammary gland 

morphology, and therefore hypothesize on its actions. 

6.1.1 Study 1 

 The results of the first study provide evidence that MARRS does indeed play a role in 

mammary gland morphology, in that its absence results in slower, possibly hindered growth at 

the 6-week time point. Therefore, MARRS exerts a growth-positive signal on mammary glands. 

This is important information as the reduction in number of TEBs and shorter ducts at this time 

point is the exact opposite phenomenon from VDR knockouts; VDR is known to control and 

slow down growth. Hence, we hypothesized that any 1,25D3 in circulation would bind to VDR 

in the absence of MARRS and exert anti-growth effects. However, the reduction in TEBs and 

overall slower ductal lengthening did not seem to hinder the function of the gland, as knockout 

pregnant females were able to nurse healthy litters. Therefore, it is not necessarily that absence 
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of MARRS has a negative impact on mammary gland growth; it may, in fact, have a benefit, in 

that the same functional tissue can be achieved by adulthood without increasing the number of 

TEBs and subsequent risks associated with them. 

 Once we had ensured that MARRS played a significant role in mammary gland 

development, we sought to evaluate the impact of MARRS abolition in different vitamin D 

environments. 

6.1.2 Study 2 

 The rationale behind Study 2 was based on previous cell experiments showing reduction 

of MARRS protein in breast cancer cells enhanced their sensitivity to the anti-growth effects of 

1,25D3. Therefore, we wanted to translate this hypothesis into an in vivo model, as well as 

provide evidence that MARRS is capable of interacting with, or responding to 1,25D3. Since we 

had established that in the absence of MARRS, mammary glands experience slower growth, we 

hypothesized that by introducing an abundance of vitamin D3 and presumably, 1,25D3, the anti-

growth effects of the VDR would be enhanced. However, the results were not so straightforward. 

It is important to note that while plasma 25(OH)D levels correlated with vitamin D3 doses in the 

diets, this study design did not directly measure active 1,25D3 at the tissue level, nor the direct 

interaction between 1,25D3 and MARRS. We assumed active 1,25D3 would be 

increased/decreased at the tissue relative to D3 dose due to previous studies finding CYP27B1 

RNA expression in mouse mammary glands [57]. However, it would have been beneficial to 

know if the amount of active metabolite was affected by either the changes in MARRS 

expression or the availability of circulating 25(OH)D.  
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 An important conclusion from this study is that MARRS indeed responds to changes in 

25(OH)D status in mice, thus providing further indirect evidence of MARRS as a 1,25D3 

receptor, which is highly controversial in the literature. The fact that there were limited changes 

in TEBs and mammary morphology when mice were on a deficient diet shows MARRS requires 

an adequate 25(OH)D status for at least part of its actions in this tissue, and all 1,25D3 actions 

cannot be assigned to VDR alone. 

 Some of the results from this study were unexpected compared to the known actions of 

1,25D3 and MARRS in this tissue. We expected growth to be limited in groups with both 

reduced MARRS expression and increased 25(OH)D. This was true for MARRS knockdowns on 

replete diets, but not true for the knockouts, where growth was suddenly increased despite the 

abundance of 25(OH)D in circulation. It is unknown why, with both reduced MARRS expression 

and excess 25(OH)D – both growth-slowing treatments – would suddenly cause a burst of TEB 

growth. These results led us to believe that when considering 1,25D3 signaling through MARRS 

or VDR pathways, taking away one pathway does not simply result in a shunt to the other. There 

may be potential cross-talk between the pathways, or interactions with other signaling molecules 

such as IGF-1, retinol, estrogen, progesterone, etc.  

6.1.3 Study 3 

In light of the results of study 2, we believed the downstream signaling pathways of 

MARRS and VDR were possibly interacting, and we decided to study both knockouts 

simultaneously. By developing a combination of mouse models differing in MARRS and VDR 

receptor status, we hoped to determine if the actions of one pathway supersedes the other when 
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determining the mammary physiology. This is the first study, to our knowledge, that uses a 

double knockout of both MARRS and VDR in mice. 

We hypothesized that the number of TEBs would continue to follow the patterns as seen 

previously i.e. MARRS knockouts would have fewer TEBs, and VDR knockouts would have 

more. However, this was not the case, and all groups had similar numbers of TEBs. This would 

suggest a much more important factor in TEB formation is at play to ensure proper development. 

In regard to other growth variables, while MARRS knockouts had shortened ducts and slightly 

less branching coverage as usual, the VDR knockouts had even further reductions compared to 

double wildtypes, which is uncharacteristic of this genotype. However, it is possible that overall 

body size is playing the most important role here, as the MARRS+/VDR- group had the shortest 

ducts and least amount of coverage and was also significantly smaller in total body size than 

other groups. It may have been beneficial to use a tissue-specific knockout model for the VDR 

knockouts instead of a whole-body knockout. The whole-body knockout seemed to have an 

effect on overall growth of the animals, which in turn affected the growth of the tissue. 

The results of studies 2 and 3 do not provide a clear-cut interaction between MARRS, 

VDR and 1,25D3, and suggest that the signaling within the gland, at this time point, is much 

more complicated than 1 ligand and 2 receptors providing opposing actions. These studies would 

have benefited from further molecular analysis of signaling molecules within the gland including 

estrogen and other hormones/growth factors involved in development. Further details can be 

found in the Future Directions section below. 

One limitation across all study methodologies pertains to the method of separating 

epithelial cell from adipocytes. As MARRS signaling was localized to epithelial cells, while 
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adipocytes remained untouched, it was important when collecting cells for Western blotting and 

RNA analysis that adipocytes be discarded from the sample. The method we used for separating 

cells reduced the fraction of adipocytes significantly, however, it is possible that the remaining 

sample was still contaminated by adipocytes and possibly other matrix cells (fibroblasts etc.), 

which may explain the unclear RNA results in study 3, and the imperfect knockout results in all 

Western blots. Especially due to the complicated stromal-epithelial signaling within this tissue, 

FACS separation of epithelial cells from adipocytes would have been a valuable next step to 

provide a pure sample for further analysis.  

6.2 Future Directions 

 Now that we know MARRS plays a role in mammary gland development, and it has a 

relationship with 1,25D3 in this tissue, the next step is to approach the MARRS knockouts from 

a more molecular angle to elucidate the pathways and signaling molecules at play. Firstly, 

estrogen signaling would be an obvious molecule to investigate. Its role in mammary 

development is essential, but there are reports of 1,25D3 affecting estrogen production [195] as 

well as VDR knockout mice having increased sensitivity to hormones [66]. If one of the ways 

VDR controls growth is by inhibiting estrogen, it is possible MARRS contributes the opposite 

effect. 

Also, it is known that MARRS can interact directly with TGFβ signaling [174] and TGFβ 

is a primary anti-growth signal during puberty. It is also possible MARRS is interfering in TGFβ 

signaling to produce a growth response. Study 3 aimed to investigate both changes in ERα 

receptor and TGFβ expression, but the results were not conclusive. Perhaps a more direct and 

dependable way of measuring expression of these molecules would be to dissect mammary 
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organoids from pubertal mice and treat them ex vivo to examine the direct effects of 1,25D3 in 

the knockout model. 

Another avenue to explore would be the differences between stromal and epithelial 

signaling regarding MARRS and 1,25D3. Although known for decades that stromal signaling 

affects the expressed receptors and subsequent growth of alveolar ducts, it was important to first 

ensure a role for MARRS in mammary glands before investigating inter-compartment signaling. 

Now that it is known MARRS can affect epithelial growth, we can also study its effects on 

adipocytes, and how they interact with epithelial cells. By knocking out MARRS in the 

adipocyte fraction we will be able to see if MARRS is essential in either compartment.  

Currently there is not a lot of research defining a causal relationship between number of 

TEBs and future risk of breast cancer. Now that we have established a role for MARRS in 

mammary gland development as well as its differing sensitivity to available 1,25D3 in 

circulation, the next step would be to translate this MARRS knockout into a mouse model of 

breast cancer. By using either MMTV-neu mice, or DMBA-induced tumorigenesis, it would be 

very interesting to see if knocking out MARRS in vivo will alter the sensitivity of TEBs to 

carcinogen-induced tumorigenesis during puberty and how that affects breast cancer rates later in 

life. Also it would be interesting to know if the MARRS knockout will enhance breast tumor 

sensitivities to 1,25D3 treatment, as it has in previous cell culture studies [110]. Considering 

previous studies using 1,25D3 to treat breast cancer requires doses that result in hypercalcemia 

[196], finding ways to reduce the 1,25D3 dose while maintaining the effectiveness of anti-tumor 

properties would be extremely beneficial. These experiments will enhance our understanding of 

1,25D3 and its anti-cancer properties; it is possible that 1,25D3 treatment of breast cancer could 

be more effective in conjunction with locally acting MARRS-blocking antibodies. 



	

	
	

95	

6.3 Conclusions 

 This thesis provides the first evidence of MARRS’s role in mammary gland development 

and provides a new avenue to further understand mammary gland morphology and the origins of 

breast cancer risk. These results also provide further evidence that MARRS’s actions are affected 

by changes in 25(OH)D status, and can have consequences in mammary gland morphology and 

possibly breast cancer development and treatment. It is now important, moving forward, that 

studies investigating any roles of 1,25D3 or VDR also take into account the presence and actions 

of MARRS, and not to assume all actions of 1,25D3 act through the VDR. Further appreciation 

of the actions of both receptors and their possible intertwining signaling pathways will enhance 

our ability to understand and treat disease. 
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