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The mammary gland is a conserved, defining feature among mammals; however, there is 

much variation between species in both healthy functions, such as lactation, and diseases, such as 

mammary cancer and mastitis. Mammary cancer is common in species such as humans, dogs and 

cats, but is rare in others such as horses, cows and pigs. Similarly, species such as the cow are 

expert lactators, while lactation insufficiency remains a problem for many women. The majority 

of this work focuses on mammary stem/progenitor (MaSC) cells as these are the cells thought to 

be at least partly responsible for both mammary cancer development and lactation. These cells 

have been successfully isolated and characterized from several species including mice, humans, 

and cows; however, these methods use species-specific antibodies and cannot be broadly applied 

across species. We first describe a novel method for isolating and characterizing MaSC from 

many different species in an antibody-independent manner. We then describe two projects that 

use this method for a comparative species approach to define possible underlying mechanisms 

behind mammary cancer resistance. In the second project we discovered that the secretome of 

equine MaSC kills a subset of human breast cancer cells, establishing the potential therapeutic 

effects of the MaSC secretome. With this in mind, we focused on the other primary disease of 

the mammary gland: mastitis. We found that the secretome of bovine MaSC repairs epithelial 

and endothelial cell damage and contains antimicrobial peptides, making it a good option for 

complementary mastitis therapy. In our final project, we once again demonstrate the advantages 

of using a comparative species approach to identify potential treatments for canine and feline 

mammary cancer as has previously been described for breast cancer in humans. Overall this 
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work denotes two mechanisms for cancer resistance in domestic species and highlights the 

potential therapeutic benefits of the MaSC secretome.  
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CHAPTER 1 

 

CONSERVED AND VARIABLE: UNDERSTANDING MAMMARY STEM CELLS ACROSS 

SPECIES1 

 

1.1 Summary 

Postnatal mammary gland development requires the presence of mammary stem and 

progenitor cells (MaSC), which give rise to functional milk-secreting cells and regenerate the 

mammary epithelium with each cycle of lactation. These long-lived, tissue-resident MaSC are 

also targets for malignant transformation and may be cancer cells-of-origin. Consequently, 

MaSC are extensively researched in relation to their role and function in development, tissue 

regeneration, lactation, and breast cancer. The basic structure and function of the mammary 

gland are conserved among all mammalian species, from the most primitive to the most evolved. 

However, species vary greatly in their lactation strategies and mammary cancer incidence, 

making MaSC an interesting focus for comparative research. MaSC have been characterized in 

mice, to a lesser degree in humans, and to an even lesser degree in few additional mammals. 

They remain uncharacterized in most mammalian species, including “ancient” monotremes, 

marsupials, wild and rare species, as well as in common and domestic species such as cats. 

Identification and comparison of MaSC across a large variety of species, particularly those with 

extreme lactational adaptations or low mammary cancer incidence, is expected to deepen our 

understanding of development and malignancy in the mammary gland. Here, we review the 

current status of MaSC characterization across species, and underline species variations in 

lactation and mammary cancer through which we may learn about the role of MaSC in these 

processes. 

1This chapter is adapted from Rauner G*, Ledet MM*, Van de Walle GR (2018) Conserved and 

variable: Understanding mammary stem cells across species. Cytom Part A 93(1):125–136. 

*These authors contributed equally to this manuscript.  
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1.2 Introduction 

 

  The mammary gland is a unique and defining feature of all mammals, a very diverse group 

that includes egg-laying monotremes, pouched marsupials, and marine and terrestrial eutherians 

(1). Similarities in the structure and function of the mammary gland between mammalian 

subclasses indicate that it was fully evolved before the appearance of mammals (2). Glandular 

integumental structures in basal tetrapods and basal amniotes provided terrestrially-laid eggs with 

anti-microbial secretions and prevented dehydration of the eggs (3). Synapsids, that evolved from 

basal amniotes and from which mammalian ancestors evolved, developed apocrine-like cutaneous 

glands. According to current theories, the richness and abundance of secretions from these 

apocrine-like glands became, over the course of about 150 million years, increasingly able to 

support offspring, leading to the early forms of a mammary gland (4) (Figure 1.1).  
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Figure 1.1: A simplified scheme depicting mammary gland evolution according to current 

theories.   

 

 The fundamental structural and functional properties of the mammary gland are conserved 

across mammalian species: branched, layered epithelia composed of luminal secretory cells and 
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myoepithelial cells, tubulo-alveolar structures that develop upon lactation, responsiveness to 

prolactin, and ability to synthesize and express copious volumes of milk (5). Importantly, common 

to all mammalian species including the “primitive” egg-laying monotremes, is an early 

development of a branched rudimentary mammary epithelium, which is quiescent until stimulation 

of epithelial growth by steroid hormones upon puberty and/or gestation (2, 6). This growth stage, 

as well as the multiple cycles of lactation, is accompanied by dramatic changes to the mammary 

epithelium and stroma, including robust cell proliferation and differentiation that result in 

morphogenesis of milk-secreting lobular structures. Upon cessation of lactation, the milk-secreting 

lobules undergo regression and involution, mostly through apoptosis, and the gland returns to a 

quiescent state.  

 Postnatal growth during puberty and cycles of mammary gland regeneration and involution are 

supported by resident mammary stem and progenitor cells (MaSC), the presence of which is a 

basic requirement for the proper development and function of the gland. Although their existence 

has only been demonstrated in a limited number of species, MaSC most likely exist in all mammals 

and support multiple lactation periods throughout life.  

 MaSC properties such as proliferation and differentiation capacities, response to local and 

systemic queues, metabolism, control of cell cycle and apoptosis, as well as their proportions and 

location within the tissue, ultimately determine the competency and timing of mammary gland 

development, regeneration, and milk production. In addition, several studies indicate that MaSC 

can be cancer cells-of-origin, as they are often targets of malignant transformation that ultimately 

leads to mammary cancer (7–9). Accordingly, the main motivations for studying MaSC center on 

development, lactation (both for agricultural production and for nursing the young), and breast 

cancer. Extensive knowledge on MaSC and their role in development, lactation and cancer has 
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been obtained in mice and to a lesser degree in humans, but comprehensive understanding of MaSC 

in other mammals is largely lacking.  

 This review aims to present the history and current status of MaSC characterization across 

mammalian species and to highlight the importance of a comparative MaSC approach in order to 

obtain a better understanding of lactation and mammary cancer. 

1.3 Characterization of Mammary Stem Cells 

 Several different techniques are used for the enrichment, isolation, and characterization of 

mammary stem cells, most notably florescence-activated cell sorting , the cleared fat pad 

transplantation assay, electron/immunofluorescence microscopy, and various functional in vitro 

assays (reviewed in (10)). Overall, the majority of MaSC research has been performed using mouse 

models, and to a lesser degree, human tissues, although the advantages of characterizing MaSC in 

additional species are becoming increasingly recognized. In this section, we will review the current 

status of MaSC characterization across species from the laboratory mouse to the water buffalo. A 

table of surface markers used for identification of MaSC in some species is provided (Table 1.1). 

Table 1.1: Overview of cell surface markers commonly used to identify mammary 

stem/progenitor cells (MaSC) in different species. 

 CD49f CD29 CD24 EpCAM Sca-1 CD44 

Mouse (15,16,76,114)  High High +  Med -  

Rat (29) High High +    

Human (32,115)  High  + -/low   

Marmoset and 

baboon (37) 
High      

Cow (46,47)  High  Low/med    

Horse (56) + +    + 
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Dog (67–70) +a +a -/low (CSC)  + (CSC) 
+a 

+ (CSC) 

Cat (71,72)    - (CSC)   + (CSC) 

a Unpublished own data; CSC: cancer stem cells 

1.3.1 Rodents  

 Most of what is known about MaSC has come from murine studies. The first evidence of 

murine MaSC came from DeOme et al. in 1959, which described how normal mammary 

epithelium from donor mice transplanted into the cleared mammary fat pad of recipient mice could 

regenerate the entire ductal epithelial tree (11). Additional studies demonstrated the ability of 

regeneration in the cleared fat pad of recipient mice when using different parts of the ductal 

epithelial tree, indicating the dispersion of MaSC throughout the mammary gland (12, 13). 

Specifically, the small light cells (SLC) visualized by electron microscopy were proposed to be 

the actual MaSC (14). Since then, multiple reports have contributed to narrow down and identify 

the molecular phenotype of the MaSC population. Most notably, cell sorting techniques identified 

that cells expressing a CD49fhiCD29hiCD24+Sca-1- phenotype could be singly transplanted into 

the cleared mammary fat pad and reconstitute the mammary epithelium (15, 16). Although the 

exact MaSC hierarchy in the mouse is not completely elucidated, it is the most advanced of all the 

species studied thus far (Figure 2). Murine MaSC are CD49fhiCD29hiCD24hiSca-1- and give rise 

to luminal progenitor/stem (CD49f+CD29loCD24+/hiCD61+CD14+CD117+CD49b+) and basal 

progenitor/stem (CD49fhiCD29hiCD24+) cells. Luminal progenitors give rise to luminal ductal 

(CD49floCD29loCD24+CD61-Sca-1+CD14-CD117-CD49b-) and luminal alveolar cells 

(CD49floCD29loCD24+CD61-Sca-1loCD14-). Basal progenitors give rise to myoepithelial cells 

with a similar phenotype (CD49fhiCD29hiCD24+) (15–19) (Figure 1.2). The mouse model also 

provides the unique opportunity for lineage tracing experiments, which track stem cells and their 
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progeny in vivo, allowing for potential key insights to their contributions to development and 

cancer (18, 20).  

 

Figure 1.2: The cell hierarchy in the mammary gland as delineated in the mouse using a 

combination of cell surface markers. 

 

 Less is known about the MaSC population in the mammary gland of rats, although these 

animals have been used intensively for studies on the hormonal regulation of mammogenesis and 

lactation (21–23). Moreover, rats develop mammary cancer spontaneously or when treated with 
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Dimethylbenz[a]anthracene (DMBA), and are therefore frequently used as animals models for 

breast cancer studies (24–26). A putative stem cell niche was identified in the rat mammary gland 

based on its unique ultrastructural features with residing SLC, suggesting a stem cell niche similar 

to those found in other mammalian mammary tissues (27). Expression of peanut agglutinin, which 

binds carbohydrates containing Gal-β(1-3)-GalNAc, was found to enrich for rat mammary cells 

with in vivo repopulation potential, manifested by the ability to form alveolar grafts when 

transplanted into the mammary fat pad of hyperprolactinemic rats (28). CD90 was identified in the 

same study as marking differentiated myoepithelial cells with little regenerative potential. More 

recently, flow cytometric analyses have identified basal (CD24+CD29hi) and luminal 

(CD24+CD29med) populations within rat mammary epithelial cells (29). The basal population was 

strongly enriched in actively dividing cells and expressed elevated CD49f levels. Importantly, 

unlike in the mouse and human, CD49f and CD61 expression did not mark defined cell populations 

in the rat mammary gland, highlighting species differences in surface marker expression. In vivo 

transplant experiments are needed to test the regenerative potential of the rat CD24+CD29hi cell 

population.  

1.3.2 Primates  

 The earliest records of human MaSC and isolation methods are thoroughly reviewed elsewhere 

(18). The presence of human MaSC was first inferred from analyses of X-chromosome inactivation 

patterns (30). Since then, three types of human mammary progenitor cells have been identified: 

luminal-restricted progenitor, bi-potent progenitor, and myoepithelial-restricted progenitor (31). 

The first two cell populations are distinguished by the expression of CD49f and EpCAM, with the 

luminal population expressing higher MUC1. Furthermore, it has been suggested that cells with 

bi-potent differentiation capacity are derived from the basal compartment and display an 
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CD49fhiEpCAMlo phenotype (32, 33). The value of aldehyde dehydrogenase 1 (ALDH1) activity 

for human MaSC identification is debated, since cell populations with high growth capacity in a 

xenotransplantation model had high ALDH activity in one report, but low ALDH activity in 

another (34, 35). It was suggested that bi-potent mammary cells elevate their ALDH activity at the 

point of commitment to the luminal lineage, and that high ALDH activity therefore marks luminal 

progenitors. The notion that MaSC can serve as the tumor-initiating cell population in breast 

cancers makes studies on human MaSC a high priority focus. However, defining a uniform cellular 

hierarchy in humans has proven challenging due to conflicting studies. These different outcomes 

could be explained by the different strategies used to dissociate breast tissues and highlight the 

need for uniformity when isolating and culturing human MaSC. 

 Marmosets are tiny non-human primates and are a valuable species for studying aging due to 

their phylogenetic closeness to humans and their relatively short life span compared to other non-

human primates, such as rhesus monkeys and baboons (36). A recent study examined the effect of 

aging on MaSC, and characterized MaSC in this species as well as in olive baboons (37). Marmoset 

and baboon mammary epithelial cells were sorted according to CD49f expression, as several 

different antibodies for CD24 and EpCAM failed to yield positive staining on either marmoset or 

baboon cells. CD49fhi cells were able to (i) form morphologically distinct epithelial cell colonies 

when cultured on irradiated fibroblasts, (ii) form mammospheres when cultured in suspension, and 

(iii) differentiate into 3D organoids in Matrigel cultures. Clonal analysis indicated the presence of 

four types of stem/progenitor cells: two luminal-restricted progenitor cell types (type I and II), one 

myoepithelial progenitor cell type (type III), and one bi-potent progenitor cell type (type I and III 

mix). Importantly, baboon and marmoset mammary epithelial cells formed the same colony types 

as human mammary epithelial cells (38). When transplanted under the renal capsule of hormone-
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supplemented NOD-SCID mice, marmoset cells from the 3D organoids in Matrigel formed 

epithelial structured that expressed keratins 5, 8 and 14, smooth muscle actin and β-casein, 

indicating the presence of self-renewing multipotent cells. Future studies should be directed at 

identifying the in vivo counterparts for the identified in vitro colonies, in order to construct the 

stem cell hierarchy of the marmoset and baboon mammary gland.  

1.3.3 Ruminants  

 Many ruminants are important dairy producers which makes it interesting to study their MaSC 

for two main reasons: 1) they undergo consecutive reproductive cycles for milk production and 

thus have rapid turnover of MaSC and 2) manipulation of MaSC in dairy animals may increase 

milk yield without reducing other select traits such as reproduction (39, 40). Additionally, 

mammary cancer is rarely observed in domestic ruminants, adding special interest in studying their 

MaSC population for understanding breast cancer resistance mechanisms.  

 Pale-staining cells proposed to function as stem cells have been observed in cattle (41), goats 

(42) and sheep (43). However, the degree to which these cells have been further characterized 

varies greatly between these species. Of all ruminants, bovine MaSC have been characterized most 

extensively both in vitro and in vivo. Capuco et al. first characterized putative bovine MaSC based 

on their ability to retain labeled DNA for extended periods (44). Martignani et al. was the first to 

demonstrate bovine MaSC based on functional in vitro assays previously developed for human 

MaSC, including CFC assays, as well as in vivo assays consisting of the transplantation of bovine 

mammary cells in collagen gels placed under the kidney capsule of immunodeficient mice (45). 

Furthermore, cells were separated based on their aldehyde dehydrogenase (ALDH) activity into 

ALDHhi and ALDHlo fractions, with the ALDHhi cells displaying luminal and the ALDHlo 

displaying myoepithelial features. In a report published shortly after, bovine mammary epithelial 
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cells were sorted into four distinct cell populations according to their expression of CD49f and 

CD24 (46). Based on the phenotype of mouse MaSC, cells with higher CD49f expression were 

hypothesized to represent a population of stem cells, whereas progenitors were hypothesized to 

express low CD49f and high CD24. In vitro characterization of these cell populations revealed that 

the putative stem cells had a high growth rate and were bi-potent, whereas putative progenitors 

had low growth rate and were uni-potent. Gene expression analysis showed that the putative stem 

cell population expressed basal lineage-associated genes, whereas the putative progenitor cell 

population expressed luminal lineage-associated genes. The repopulation potential of the 

CD49fhiCD24med population, termed mammary repopulation units (MRUs), was demonstrated in 

vivo by transplantation into cleared fat pads of NOD/SCID mice, confirming enrichment for a cell 

population with multipotency and self-renewal capabilities (47). Importantly, these in vivo 

experiments also provide a framework that may be used to transplant the murine cleared mammary 

fat pad with cells from additional species whose mammary gland structure and stroma is similar 

to that of bovines.  

 Thus far, there is only one report on the characterization of caprine MaSC. Prpar et al. 

demonstrated the presence of a stem/progenitor cell population in the goat mammary gland through 

in vitro functional assays as well as in vivo transplantation (48). Clonal density cultures of goat 

mammary cells resulted in distinct colonies that expressed cytokeratins that are typical for 

differentiated luminal (K18) and myoepithelial (K14) cells. The distribution pattern and the total 

frequencies of colonies were similar to what has been reported previously in human and rodents 

(15, 49). Interestingly, the colony-forming ability of the mammary cells varied depending on the 

medium used as well as the lactation status of the donor goat. For the in vivo experiments, collagen 

gels seeded with epithelial cells and fibroblasts were transplanted under the renal capsule of 
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NOD/SCID mice and formed bi-layered epithelial structures that expressed K14, K18 and milk 

proteins. Mammary progenitors were found in the regenerated structures, with myoepithelial cells 

being most abundant. This work provides a solid basis for future characterization of caprine MaSC. 

Antibodies for CD29 and EpCAM were used successfully, indicating that enrichment of caprine 

MaSC by sorting strategies should be possible.  

 While there have been several reports of identifying developmental and lactation markers in 

the ewe mammary gland, MaSC have not been characterized in sheep (50–53). These reports, 

however, do provide evidence that the expression of genes associated with stem cell function, 

namely ABCG2, MSI1, KIT and its ligand KITLG, changed in accordance to stages of development, 

as would be expected in a dynamic stem cell population (50, 51). Future work could be aimed at 

prospective isolation of sheep MaSC and examination of their number and function during the 

gland’s developmental and regenerative stages.  

 Water buffalos are domesticated farm animals and provide very significant portions of dairy 

production in several parts of Asia. There is one report in water buffalos describing identification 

of MaSC according to the expression of Hepatocyte Nuclear Factor 4 alpha (HNF4α) (54). HNF4α 

is a liver stem cell transcription factor which is highly upregulated in bovine basal label-retaining 

cells and therefore suggested as a potential mammary stem cells marker (55). HNF4α+ cells in the 

water buffalo mammary gland were infrequent (0.4–4.5%), basally located and co-expressed with 

MSI1. Although these properties could be consistent with a stem cell phenotype, functional assays 

are required to establish the self-renewal and multipotency of HNF4a+ cells. 

1.3.4 Other domestic species  

 There is one report on the characterization of MaSC in the horse, where equine mammary 

epithelial cells were characterized by flow cytometry, differentiation capacity, mammosphere 
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assays and colony forming unit (CFU) assays (56). Putative MaSC were positive for the stem cell 

surface markers CD49f, CD29, and CD44, and the proliferation marker Ki67, and were able to 

differentiate into luminal epithelial and myoepithelial cells as well as adipocytes. The 

differentiation of putative equine MaSC into adipocytes is further indication of their multipotency, 

as it represents differentiation from cells derived from one germ layer (epithelial, ectoderm) to 

cells derived from another germ layer (adipocytes, mesoderm) (57). Differentiation into 

mesoderm-derived cell types was demonstrated in human breast milk derived cells, suggesting that 

they contain a population of stem cells with stem-like properties similar to human embryonic stem 

cells (58). Interestingly, these cells were propagated in culture as spheroids, similarly to the equine 

mammary epithelial cells described to differentiate into adipocytes. Furthermore, differentiation 

of epithelial cells into adipocytes also indicates epithelial-to-mesenchymal transition (EMT), as 

adipocytes are mesenchymal cells. EMT and MaSC are linked in that activation of the EMT 

program is important for inducing and maintaining a stem cell state (59, 60). The EMT-inducing 

factor Slug is also specifically upregulated in MaSC compared with other epithelial cell 

populations in the gland. Therefore, the ability of equine putative MaSC to differentiate into 

adipocytes may indicate the existence of EMT programs in these cells which can be activated in 

response to external stimulation, further supporting their stem-like properties.   

 Characterization of canine MaSC in the normal, non-tumoral, mammary tissue is limited, and 

does not include prospective isolation or in-vivo functional assays. Rasotto et al. characterized 

normal canine mammary epithelium by detailed and quantitative immunohistochemistry analysis 

and proposed a hierarchy in which mammary progenitors comprise 3% of the total basal epithelial 

population and express the following phenotype: CK5+/CK14+/p63+/vimentin+/SMA-/CALP-

/CK8/18-. The function of this subpopulation has not been confirmed in vitro or in vivo yet, as 
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these markers are intracellular and do not enable isolation and characterization of live cells (61). 

Two other studies reported that primary canine mammary epithelial cells are able to form colonies 

in suspension (mammospheres), representing the stem cell property of anchorage-independent 

growth (62, 63). The in-vitro self-renewal potential of the mammospheres, however, varied 

between these two reports: in one study, primary canine mammospheres could be passaged up to 

8-10 times (62), while in the other study mammosphere regeneration was limited to 2-3 passages 

(63). Our unpublished data show that primary canine mammary epithelial cells with 

mammosphere-forming ability express CD49f, CD29 and CD44 (Table 1.1). The expression 

phenotype of canine MaSC in vivo and their tissue-regeneration potential are yet to be determined.  

 Apart from the studies described above, the only stem cells characterized in the mammary 

gland of canines and felines are cancer stem cells (CSC). CSC are a population of cells within a 

tumor that drive tumor growth and heterogeneity, and breast cancer was the first human solid 

tumor in which CSC were identified (64, 65). Similar to their normal tissue counterparts (MaSC), 

CSC can self-renew and are multipotent, as they can regenerate the entire repertoire of 

heterogeneous tumor cells for multiple serial passages (66). Canine CSC are identified based on 

their sphere-forming ability, expression of specific surface markers, and high expression of ATP-

binding cassette (ABC) transporters (67). Cocola et al. were the first to report the isolation of CSC 

from a canine mammary tumor in 2009 (63). These cells formed tumorspheres and regenerated for 

up to five passages. Moreover, they generated branching structures on collagen gels and induced 

tumor growth when implanted into the fat pads of NOD/SCID mice. Similar to CSC derived from 

human breast tumors, a CD24-/lo/CD44+ population of CSC has been reported in several canine 

mammary tumors and cell lines, and was associated with poor prognosis (67–70). Canine CSC 

within the heterogeneous tumor cell line CMT-U229 were isolated by flow cytometry according 



 15 

to Sca-1 expression and Hoechst dye exclusion (side population, SP). The expression profile of 

this CMT-U229 Sca-1+ SP was reported as being CD10lo/CD34+/CD44+/CD24lo/CD49f+ (70). 

Like their canine and human counterparts, feline mammary CSC express CD24-CD44+ALDH+, 

and CD44 expression decreased after the cells differentiated in vitro (71, 72). Feline mammary 

CSC formed tumorspheres that were serially passaged, demonstrating self-renewal capability (71, 

73). Xenotransplantation of feline mammary CSC into NOD/SCID mice resulted in tumor 

development, demonstrating their ability to drive tumor formation and growth (71, 72). The notice 

that CSC in canine and feline are comparable to CSC described in human breast cancer re-

emphasizes the translational value of feline and canine mammary cancer as a model for human 

breast cancer.  

 Taken together, the above overview demonstrates the scarcity of knowledge about the 

mammary cell hierarchy in non-rodent, non-human species, and highlights advances in this area 

accomplished in the last few years. MaSC are still altogether unexplored in most species, including 

monotremes, marsupials, marine mammals and wild and rare species. In the species where MaSC 

identification has been accomplished, research can advance to explore MaSC properties to better 

understand the cellular basis for development, lactation and carcinogenesis.   

1.3.5 Challenges in MaSC comparative studies  

 Studying similarities and differences in MaSC between species can be very informative from 

many perspectives including lactation and cancer susceptibility, as described in the following 

section. However, comparing MaSC from different species is challenging due to the lack of 

uniformity in isolation and characterization. Indeed, there is no common single marker that can be 

used to identify MaSC in different species. flow cytometry according to combinations of basal 

(CD49f, CD29) and luminal (CD24, EpCAM) surface markers are used for enrichment of MaSC. 
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While CD49f/CD24 is the most commonly (but not exclusively) used combination for murine 

MaSC enrichment, CD49f/EpCAM is the standard combination used for human MaSC 

enrichment. (16, 32). Adding to the complexity is the different cell scatter obtained by using the 

various markers in different species and the ambiguous criteria for gating strategies of specific cell 

populations, resulting in each study using a unique gating strategy for isolation of MaSC, including 

or excluding adjacent epithelial populations. Furthermore, the antibodies used in these studies do 

not cross react with many of the mammalian species described, adding to the difficulty of 

identifying uniform populations of MaSC across species. Also, the in vivo transplantation of 

putative MaSC into a mouse mammary fat pad, the gold standard technique for confirming that 

cells are indeed true stem cells by demonstrating development of donor-originated functional 

mammary epithelium, has proven challenging in non-rodent species and to date, has only been 

successful for human and bovine MaSC (47, 74). In both cases, fibroblasts had to be co-injected 

with the MaSC to assist in MaSC acclimation to the host stroma, presumably since human and 

bovine mammary stroma is more fibrotic than that of the recipient mouse. To circumvent the need 

to acclimate foreign mammary epithelial cells to the mouse stroma, several groups have opted for 

sub-renal transplantation (32, 37, 48, 75, 76). The clear advantage of this method is the ability to 

demonstrate the MaSC regenerative potential in vivo without having to account for stromal 

differences between species. The obvious limitation is that the site of development is foreign to 

mammary cells, raising questions about the relevance of the results to the in-vivo regenerative 

potential of the cells. Taken together, the challenges for MaSC comparison across species are 

therefore to (i) obtain a similar population of MaSC in a variety of species, (ii) verify the uniformity 

of this cell population across species and (iii) characterizing the cells using methods that can be 

similarly applied across species.  
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 One way our lab addresses these challenges is by enriching for MaSC through primary 

mammosphere propagation (Figure 1.3). Propagating primary mammary epithelial cells in 

suspension yields floating cell colonies termed mammospheres, that have been shown to be MaSC-

enriched in mice (77). MaSC enrichment in this method is based on the ability of stem cells to 

survive and proliferate in non-adherent conditions, unlike their differentiated progeny which 

undergo anoikis (78). We have been able to successfully culture primary mammospheres from a 

variety of different species, as shown in Figure 4 (left column). When introduced to a regular tissue 

culture dish that enables attachment, these mammospheres release cells that form an adherent 

monolayer (Figure 1.4, right column) and that we termed mammosphere-derived epithelial cells 

(MDEC). We have shown that these MDEC, at least from equine origin, have stem and progenitor 

cell properties based on (i) serial passaging of MDEC-derived mammospheres in suspension 

culture, which is indicative of self-renewal and (ii) culturing MDEC in differentiation media, 

which resulted in expression of CK18 and smooth muscle actin indicative of differentiation into 

the luminal and myoepithelial lineages, respectively. Additionally, equine MDECs were shown to 

express CD49f, CD29 and CD44 (56). As shown in Figure 1.4, MDEC from the species we have 

investigated thus far share a fibroblast-like spindle shaped morphology with the exception of 

murine MDEC, which have a more epithelial-like morphology. Although the mammosphere-to-

MDEC method is not perfect, as it is designed to yield a population that is enriched for MaSC 

rather than a pure MaSC population, it is currently the most feasible method to advance our 

knowledge of MaSC in species with no or only a marginal characterization. Mammospheres and 

MDEC can in theory be generated from the mammary tissue of virtually any species from which 

even a small amount of mammary tissue is obtained, and may therefore be applicable for studying 

these cells in wild or rare species. To meet the challenge of cross-species uniformity, however, it 
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remains to be determined whether MDEC from different species share additional key 

characteristics, such as gene and protein expression, growth dynamics and regenerative potential. 

 

Figure 1.3: A schematic overview for obtaining mammosphere-derived epithelial cells (MDEC) 

with stem cell properties.  
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Figure 1.4: Mammospheres (left column) and mammosphere-derived epithelial cells (MDEC, 

right column) isolated from various species. Scale bar = 100µm. 

 

1.4 Specialized Lactation Strategies: Understanding Lactation Through Species Differences  

 While the role of the mammary gland in providing nutrition to offspring is conserved among 

all mammals, specialized lactation strategies have developed in different mammalian species. The 

natural diversity in lactation strategies represents an opportunity for understanding fundamental 

aspects of lactation physiology. Among the diverse lactation properties are timing and length of 

lactation, milk quantity and composition, lactation of a single offspring or a litter, maternal 

nutrition during lactation and timing and dynamics of mammary gland involution. Innumerable 

variations in lactation properties can be found among the thousands of mammalian species, with 

only some of these variations being the subject of scientific studies (79–83). Interestingly, MaSC 

are rarely considered or mentioned in these studies, despite their crucial role during lactation and 

following involution of the mammary gland. For example, the length of lactation, timing and 

mechanism of involution and post-partum mammary epithelial growth are some examples that 

may affect, and/or vice-versa be affected, by tissue-resident MaSC. Studies aimed at comparing 

MaSC in species with specialized lactation strategies will shed light on these questions and deepen 

our understanding of the different roles of MaSC during lactation in different species. 

 Mammary stem and progenitor cells are responsible for maintaining the mammary epithelium 

during lactation, giving rise to new cells that replace senescent ones, thus supporting a continuous 

cellular turnover throughout the lactation period (74, 80, 84–86). Therefore, long lactation periods 

are dependent on the ability of stem and progenitor cells to be continuously active over prolonged 

periods of time. The length of the lactation period varies greatly between species, both in absolute 

time as well as relative to the gestation period (Table 1.2). The neonates of monotremes and 
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marsupials are born relatively undeveloped and helpless (altricial), and require a prolonged period 

of exclusive lactation before they feed independently (87, 88). Young Tasmanian short-beaked 

echidnas wean as late as 204-210 days after birth, following a gestation and incubation period of 

only 27-33 days (Table 1.2). The lactation period of the quokka and the tammar wallaby, both 

pouched marsupials, is 200 and 300 days, respectively, following a gestation period of less than a 

month (Table 1.2). Eutherians vary greatly in the length of the lactation period, likely due to their 

placental reproduction, relieving them from the constraints of caring for very altricial young (6). 

Lactation and gestation are of comparable lengths in many eutherians, including baleen whales, 

bats, cows, rabbits and galago (bushbabies) (Table 1.2). Hooded seals have a particularly short 

lactation period of 4 days, following a 12-month gestation. On the other hand, primate lactation 

may be much longer than the gestation period, such as in chimpanzees and orangutans, which 

lactate for up to 6-7 years (Table 1.2).  
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Table 1.2: Variations in length of lactation and gestation period between representative species 

from the three mammalian subclasses. 

 

 

 

 

* including egg incubation; ** when length of lactation and/or gestation is a range, ratio was 

calculated using the median value of the range/s; *** median calculated based on range of 

different bat strains. 

 

Subclass  Species 

Length of 

lactation 

(days) 

Length of 

gestation 

(days) 

Lactation

/gestation 

ratio** 

     

Monotremes 

(prototheria) 
Platypus  

(Ornithorhynchus anatinus) (116)  
90-120 27-33* 3.50 

Echidna in Tasmania 

(Tachyglossus aculeatus) (117)  
150 31-38* 4.35 

Echidna in Queensland  

(Tachyglossus aculeatus) (118)  
165 24-27* 6.47 

Echidna in Kangaroo Island  

(Tachyglossus aculeatus) (119)  
180-205 25-33* 6.64 

Marsupials 

(metatheria) 
Quokka  

(Setonix brachyurus) (120)  
200 27 7.40 

Tammar Wallaby  

(Macropus eugenii) (81) 
300 26 11.54 

Eutherian Hooded seal  

(Cystophora cristata) (121)  
4 365 0.01 

Baleen whale  

(Mysticeti) (122)   
183-365 292-438 0.75 

Bat  

(Chiroptera) (122, 123)  
30-90 63*** 0.95 

Bovine  

(Bos Taurus)(80)  
300 280 1.07 

Rabbit  

(Lagomorpha) (124)  
18-60 30-33 1.24 

Galago  

(G. senegalensis moholi) (125, 126) 
100 124 0.8 

Orangutan  

(Pongo pygmaeus) (127, 128)  

2811  

(7.7 years) 
245-275 10.8 

Chimpanzee  

(Pan troglodytes) (129-132) 

1643-2373  

(4.5-6.5 years) 
240 8.36 
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 Considering the role of MaSC in maintaining the number of epithelial cells throughout 

lactation, it can by hypothesized that the resident MaSC population harbors specialized properties 

in species with short vs. long lactation periods. Experimental information about such differences 

is scant, however, one may predict possible differences in MaSC number, cell cycle regulation and 

response to local and systemic cues. Comparative characterization of MaSC in a variety of species 

would facilitate a deeper understanding of mammary epithelium maintenance and lactation 

persistency. Maintaining long-term productive lactation is an objective of the dairy industry, and 

also a challenge for breastfeeding mothers who suffer from lactation insufficiency (89).  

 Interruption of breastfeeding due to catastrophe or illness of mother or infant is one of the 

obstacles for successful breastfeeding (90, 91). In mice, interruption of lactation results in milk 

accumulation and the lack of suckling stimulus leads to rapid involution of the secretory 

epithelium, mostly due to apoptosis (92). Remarkably, fur seals can re-lactate after prolonged 

intervals of non-lactation. The fur seal mother forages regularly, for up to 28 days at a time, during 

the 10-month lactation period and returns to lactate her young (93). Although milk production is 

reduced during these foraging trips, the mammary gland does not involute (94). Studies have found 

that significant morphological and transcriptional changes take place in the mammary epithelium 

during the foraging intervals: the alveoli are less swollen, epithelial cells are more cuboidal, and 

gene expression analyses showed that the mammary gland during foraging resembles the gland 

during pregnancy more than it resembles the gland during active lactation (95). It has been 

suggested that the fur seal milk lacks certain apoptosis-promoting proteins, such as α-lactalbumin, 

enabling survival of the mammary epithelium even if milk accumulates in the gland (81, 96). The 

epithelial morphological shifts in the transitions from active lactation to foraging intervals and 

back again, suggest a flexible and highly regenerative capacity of the gland. Additionally, milk 
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quantity increases throughout lactation in the fur seal, rather than slowly diminishing as observed 

in other mammals (96), further suggesting highly specialized regeneration/maintenance 

capabilities. The role of MaSC in supporting this unique foraging lactation strategy of the fur seal 

has not been studied to date, as it requires the characterization of the cell population with 

regenerative capacities first in order to perform research into their role in the specialized lactation 

adaptation of this species.  

 Finally, the expansion and growth of secretory epithelia at the beginning of the lactation period 

also varies between species. In litter-bearing species (e.g mice, pigs), the number of mammary 

cells may double during early lactation compared to the cell number at parturition, whereas this 

expansion is minor in non-litter bearing species (e.g. cows, humans) (reviewed in (80)). Since 

epithelial growth in early lactation is known to be supported by a local population of cells with 

regenerative capacity (i.e. MaSC), it will be of interest to study both the number of these cells as 

well as their responsiveness to proliferative cues in species with extensive versus modest epithelial 

expansion following parturition. For that purpose, it would be beneficial to focus on species that 

are otherwise similar, such as pigs and cows that are both ungulates (hoofed), rather than on species 

that differ greatly in many additional aspects, such as humans and mice.  

 The lactational variations between different species discussed above are only a fraction of the 

naturally occurring variety, which includes variation in (i) embryonic development of the 

rudimentary mammary network, (ii) postnatal mammary growth and differentiation, and (iii) milk 

composition (4, 6, 79). Studying MaSC is fundamental to gain a deeper understanding of 

lactational strategies and adaptations, and this generated information can then be used to better 

understand and potentially influence MaSC during lactation. 

1.5 Cancer Variation Among Species: Understanding Cancer Through Species Differences  
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Given the role of MaSC as the cell of origin in certain breast cancers, it is of particular interest to 

study MaSC in the context of breast/mammary cancer. Comparing MaSC across species can yield 

important information about susceptibility and resistance to this disease, especially since a natural 

variation in susceptibility to mammary cancer does exist across mammals, both domestic and wild.  

 For example, whereas horses, cows, pigs and goats all have low incidences of mammary 

cancer, dogs and cats both develop mammary cancer at a similar or even greater frequency as 

humans (97–100). Comparisons between these domestic species are especially useful given their 

close contact with humans, and exposure to many of the same environmental carcinogens. Indeed, 

using MaSC from susceptible domestic species offers a unique opportunity to understand the 

responsiveness of MaSC against carcinogens in a model more relevant to humans since (i) canine 

and feline mammary tumors are histologically similar to breast cancer in women and occur 

spontaneously, and (ii) these species outlive their rodent counterparts, allowing for long term 

follow-up studies after treatment (101).  

 Likewise, there are also examples of variable susceptibility to mammary cancer among non-

domesticated animals, both captive and in the wild. Like their domestic counterparts, mammary 

tumors occur in zoo felids, are quite aggressive and have been linked with contraceptive exposure, 

which may provide clues for the contributions of contraceptive hormones to breast cancer in 

women (102, 103). Synthetic progestins are used for zoo felid contraception, while in humans 

contraception usually consists of a combination of estradiol and progestin. Melengestrol acetate is 

most commonly used in zoo felids and is administered in an implant with an average dose of 

around 8 mg/kg and replaced every 2-3 years (103). The closest contraceptive method in humans 

consists of medroxyprogesterone acetate, administered as injections at a dose of 150 mg, given at 

3 month intervals. Additionally, the hormones of pregnancy have been shown to have a protective 
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effect against breast cancer (104). Thus, preventative breeding programs may have indirectly 

contributed to the high mammary cancer rate observed in these animals. Supporting this notion, 

not one case of mammary cancer could be identified in over 500 necropsies performed on free-

ranging cheetahs (97). Mammary cancer has also been reported in zoo canids, although less is 

known about the underlying pathogenesis in these species (97).  

 Since most wildlife species have very few incidences of cancer in general, they are proposed 

to act as sentinels for environmental toxicities. One example is the beluga whale, which has a very 

low overall incidence of cancer despite its size and long lifespan. However, three cases of 

mammary adenocarcinoma were found among 80 beluga whales from the St. Lawrence Estuary in 

Quebec, Canada, and this increased incidence was attributed to the polycyclic aromatic 

hydrocarbon pollution in this estuary (105). This class of carcinogens has been shown to induce 

mammary cancer in rodent models and has been linked with breast cancer in humans (106, 107). 

Different species of deer also appear to be more resistant to developing mammary cancer, although 

case reports of mammary (adeno)carcinomas have been published for the Pere David and Sika 

deer (108, 109). With the abundance of deer in the wild, this group is a prime candidate for 

monitoring environmental carcinogenic contaminants. Whereas characterizing MaSC in 

marsupials is of great interest due to their unique lactation strategy, as described above, there also 

exists a great variation among marsupials in their susceptibility to mammary cancer. Wallabies 

and koalas have few case reports of mammary cancer, but in contrast, the Red kangaroo has a high 

incidence varying between 8.5 and 33% (110, 111). Consequently, comparing MaSC from these 

species may also aid in unraveling specific cancer resistant mechanisms.  

Conclusions and Future Prospects 
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 Studying and comparing MaSC in species with variations in lactation and mammary cancer 

development may lead to novel insights into the specific functional roles of this stem cell 

population across species. Although the mouse model offers genetic modifications, which are not 

feasible in other species and so continues to yield invaluable information, by restricting the study 

of (patho)physiological mechanisms to one organism, key insights may be missed due to lack of 

variation. Unfortunately, many challenges exist if one wants to expand to other mammalian 

species, most notably the available antibodies used for isolation and characterization of MaSC that 

are difficult to apply across species due to inherent variations in antigen expression as well as lack 

of cross-reacting antibodies. Therefore, we highlighted in this review the need for a uniform, 

antibody-independent method of isolating and characterizing MaSC across species. This thesis 

describes the work we have done using this method of isolating MaSC for both elucidating 

mechanisms of cancer resistance and discovering potential therapeutic treatments for mastitis.  
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CHAPTER 2 

 

DIFFERENTIAL SIGNALING PATHWAY ACTIVATION IN 7,12-DIMETHYLBENZ[A] 

ANTHRACENE (DMBA)-TREATED MAMMARY STEM/PROGENITOR CELLS FROM 

SPECIES WITH VARYING MAMMARY CANCER INCIDENCE.1 

 

2.1 Summary  

 A natural variation exists in the susceptibility to mammary cancer among wild and domestic 

mammalian species. Mammary stem/progenitor cells (MaSC) represent a primary target cell for 

transformation; however, little is known about the intrinsic response of these cells to carcinogenic 

insults. Polycyclic aromatic hydrocarbons (PAH), such as 7,12-dimethylbenz[a]anthracene 

(DMBA), are abundantly present in the environment and have been linked to the development of 

mammary cancer in humans and rodents. We treated MaSC from equine (mammary cancer-

resistant) and canine (mammary cancer-susceptible) species with DMBA and assessed cytochrome 

P450 metabolic activity, DNA damage and viability. Our notable findings were that MaSC from 

both species showed DNA damage following DMBA treatment; however, equine MaSC initiated 

cell death whereas canine MaSC repaired this DNA damage. Follow-up studies, based on genome-

wide transcriptome analyses, revealed that DMBA induced activation of both the intrinsic and 

extrinsic apoptotic pathways in equine, but not canine, MaSC. Based on these findings, we propose 

a hypothetical model in which undergoing apoptosis in response to an oncogenic event might 

contribute to a lower incidence of mammary cancer in certain mammalian species. Such a 

mechanism would allow for the elimination of DNA-damaged MaSC, and hence, reduce the risk 

of potential tumor-initiating mutations in these cells. This study provides the first explanation for 
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mammary cancer resistance in domestic species utilizing our comparative species approach 

previously described in Chapter 1.  

1The results of this study were published in Ledet M, Oswald M, Anderson R, Van de Walle G 

(2018) Differential signaling pathway activation in 7,12-dimethylbenz[a] anthracene (DMBA)-

treated mammary stem/progenitor cells from species with varying mammary cancer incidence. 

Oncotarget 9(67):32761–32774.  
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writing and editing. All authors read and approved the final manuscript. 

 

2.2 Introduction  

 Peto’s paradox describes the lack of correlation between body size and cancer risk (1). Larger 

animals, with more cells in their body compared to smaller animals, do not have an increased 

cancer risk as would be expected. Elephants are one such example of a species with a greater than 

average body size and a less than average cancer incidence (2). It was reported recently that these 

animals have additional copies of the tumor suppressor gene p53, providing a potential explanation 

for their cancer resistance. While humans have two p53 alleles, elephants were found to have 40 

alleles (2). Additional species for which the underlying mechanisms of cancer resistance have been 

studied are the naked mole rat and the blind mole rat. Both are long-lived rodents with 
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exceptionally low cancer incidences. Naked mole rat fibroblasts were found to have early contact 

inhibition as a result of their ability to secrete high molecular mass hyaluronan, which mediates 

their cancer resistance (3, 4). In response to pro-growth signals, blind mole rat cells trigger a 

necrotic cell death response, and this concerted cell death has been attributed to this species’ 

resistance to cancer (5).  

 A low incidence in certain cancers, however, is not unique to wild species. For example, the 

horse, which is a domesticated species, has an overall low cancer incidence (3%) despite having a 

large mass and relatively long lifespan (6). Moreover, this species is unique in respect to the 

distribution of the cancer types that do occur. Whereas 80% of pale pigmented horses will develop 

melanoma by age 15, only 0.03% of mares will develop mammary cancer (7–12). In contrast, 

mammary cancer is the most frequently diagnosed cancer in female dogs, another domesticated 

species, accounting for 70% of all cancer cases (13). While differences in reproductive strategies 

and diet have been proposed to play a role in this variation of mammary cancer incidence, they 

alone cannot account for the striking differences in mammary cancer prevalence between 

ungulates, such as the horse, and carnivores, such as the dog (12).  

 We recently found differences in the intrinsic behavior of mammary stem/progenitor cells 

(MaSC) from horse and dog (14). Specifically, we found that MaSC from these species showed a 

striking difference in growth potential in long-term cultures, which led to the identification of a 

novel form of intercellular communication involving microvesicle-mediated Wnt/β-catenin 

signaling (14). Since MaSC have a unique capacity for self-renewal and persist for the lifetime of 

the animal (15, 16), they are thought to represent a primary target cell for the origin and 

development of mammary cancer (17–19). In this regard, it would be of significant interest to 

study the intrinsic behavior of these cells in response to mammary-specific oncogenic insults. 
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 Polycyclic aromatic hydrocarbons (PAH) are a class of environmental chemicals, with many 

being carcinogenic in both rodent models and humans (20, 21). As products of combustion, PAH 

exposure most commonly occurs in air pollution, auto exhaust, smoking, diesel, and grilled or 

smoked foods (22, 23). In particular, exposure and susceptibility to PAH is significantly associated 

with breast cancer in women (24), and the ability of the synthetic PAH 7,12-

dimethylbenz[a]anthracene (DMBA) to induce mammary tumors in rodents is well documented 

(20). In order to exert its carcinogenic effects, DMBA must first be metabolically activated by 

members of the superfamily cytochrome P450 (CYP450), such as CYP1A1 and CYP1B1 (21, (25, 

26). Once the principal ultimate carcinogenic metabolite DMBA-3,4-diol-1,2-epoxide is formed, 

it can bind to cellular DNA to form DNA adducts, which lead to mutations that are prerequisites 

of tumor development (27, 28).  

 The goal of the present study was to (i) evaluate the intrinsic behavior of MaSC from the 

mammary cancer-resistant species, the horse, in response to DMBA in vitro and (ii) compare this 

to the response of MaSC from dogs, a mammary cancer-susceptible species. Our prominent 

findings were that MaSC from both species showed DNA damage following DMBA treatment; 

however, equine MaSC initiated cell death whereas canine MaSC repaired this DNA damage. 

Moreover, we identified that the DMBA-induced apoptosis in equine MaSC was mediated through 

activation of both the intrinsic and extrinsic apoptotic signaling pathways. Based on these findings, 

we propose a hypothetical model in which undergoing apoptosis in response to an oncogenic event 

might contribute to a lower incidence of mammary cancer observed in certain mammalian species. 

Such a mechanism would allow for the elimination of DNA-damaged MaSC, and hence, reduce 

the risk of potential tumor-initiating mutations in these cells. 
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2.3 Materials and Methods  

Cell culture 

Mammary stem/progenitor cells (MaSC) were isolated from equine and canine mammary gland 

tissues, exactly as previously described (29). Briefly, equine and canine mammary gland tissues 

were collected by excising 2 cm3 of gland tissue and dissociated mechanically with a sterile scalpel, 

followed by enzymatic digestion with 0.1% collagenase III (Worthington Biochemical 

Corporation) at 37°C for 60 min. The resulting cell suspensions were sieved sequentially through 

sterile 100 µm and 40 µm filters to obtain a single cell suspension. Cells were washed twice in 

PBS with 1% penicillin/streptomyocin (P/S) by centrifugation at 400 xg and 260 xg for 10 min at 

RT, respectively. Cells were resuspended in EpSC medium consisting of Dulbecco’s Modified 

Eagle Medium (DMEM)/F12 (50/50) supplemented with 10% fetal bovine serum (FBS), 2% B27 

(all from Invitrogen), 1% P/S (Sigma), 10 ng/mL basic-fibroblast growth factor (BioVision), and 

10 ng/mL epidermal growth factor (Sigma). Approximately 5x105 cells were seeded on 6-well 

tissue culture dishes for 1 h, to allow adherence of contaminating fibroblasts, and this was repeated 

once more. Non-adherent cells were collected and seeded at approximately 20,000 cells/cm2 on 6-

well ultralow attachment plates (Corning). EpSC medium was refreshed twice a week by means 

of centrifugation of the cell clusters at 300 xg for 7 min. For further experiments, mammospheres 

were seeded on adhesive tissue culture flasks in EpSC medium and cultured at 37°C and 5% CO2, 

as previously described (30).  

Luciferase activity assays 

Cells were seeded at a density of 5,000 cells/well on a 96 well plate. After 48 h of treatment with 

either 7,12-Dimethylbenz[a]anthracene (DMBA) or DMSO, a luciferase activity assay for 
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cytochrome p450 (CYP) 1A1 and CYP1B1 was performed according to manufacturer’s 

instructions (Promega).  

Cell viability assays 

Cells were seeded at a density of 5,000 cells/well on a 96 well plate. After 48 h of treatment with 

either DMBA or DMSO, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

in vitro toxicology assay (Sigma-Aldrich) and lactate dehydrogenase (LDH) assay (Sigma-

Aldrich) were carried out as per manufacturer’s instructions, and absorbance was measured at 570 

nm or 490 nm respectively on a Multiskan EX plate reader (Thermo Fisher Scientific). Values 

were expressed relative to untreated wells.   

RNA sequencing 

Cells were cultured for 24 h prior to a 4 h treatment with vehicle (DMSO) or DMBA. Total RNA 

was extracted with TRIzol reagent following the recommendations of the manufacturer. The 

quality of total RNA was evaluated using the Agilent 2100 bioanalyzer (Agilent, Palo Alto, CA, 

USA) with the RNA 6000 Nano LabChip kit. RNA-seq libraries were prepared with the NEBNext 

Ultra Directional RNA Library Prep Kit (New England Biolabs) using 500 ng total RNA followed 

by polyA+ enrichment, and were sequenced using Illumina® NextSeq500 (Illumina, San Diego, 

CA) to obtain 81 nt single-end reads. The reads were trimmed to remove adaptor and low quality 

bases with cutadapt v1.8.3, aligned with TopHat 2.1.1, and then analyzed for differential gene 

expression using cuffdiff v2.2.1 2.2.1 using Ensembl annotations (dog: CanFam3; horse: 

EquCab2). Transcript abundance was measured in fragments per kb of exon per million fragments 

mapped (FPKM).  

Gene expression analyses 
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Cells were seeded at a density of 2 x 105 in T25 tissue culture flasks. After 24 h, culture medium 

was removed, cell monolayers were rinsed with phosphate buffered saline (PBS), and cells were 

incubated in either 5 µM DMBA or DMSO in DMEM for 24 h. Subsequently, mRNA was 

extracted from the cells using an RNeasy Plus Kit (QIAGEN, Valencia CA) and cDNA was 

synthesized using M-MLV Reverse Transcriptase (USB, Cleveland, OH), both according to 

manufacturer’s protocols. SYBER green-based quantitative reverse transcriptase polymerase 

chain reaction (qRT-PCR) assays were carried out on an Applied Biosystems 7500 Fast Real Time 

PCR instrument (Applied Biosystems, Carlsbad, CA) to determine fold changes in gene 

expression. The comparative Ct method was used to quantify gene expression levels where ΔΔCt 

= ΔCt (sample) – ΔCt (reference). The reference gene Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was used to normalize canine and feline samples, respectively. Primers to amplify 

CYP1A1, CYP1B1, Bax, Bcl-2, and the housekeeping gene GAPDH, were designed using Primer3 

software, based on canine and equine sequences found in the National Center of Biotechnology 

Information (NCBI) GenBank. Primer sequences are listed in Table S1. All samples were run in 

triplicate. 

Immunostaining 

Cells were treated with 4% formaldehyde, permeabilized with 0.1% Triton X-100, and then 

blocked with 10% bovine serum albumin (BSA). Cells were incubated with  H2AX (Milipore), 

Caspase-3 (Abcam), or E-cadherin (Abcam) antibodies, washed with 1% BSA in PBS, and 

incubated with a 488- or HRP-conjugated secondary antibody (Jackson) and DAPI (Sigma) to 

label nuclei. Cell images were captured and processed using confocal laser scanning microscope 

(Zeiss, Oberkochen, Germany).  

Immunoblot analyses 
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Cells were lysed in RIPA buffer containing 20 mM Tris (pH 8.0), 137 mM NaCl, 10% glycerol, 

1% NP-40, 0.1% SDS, 0.5% deoxycholate, and 0.2 mM PMSF and 1X general protease inhibitor. 

The protein concentrations of whole-cell lysates were determined using the Thermo Fisher BCA 

assay. 6X sample buffer (300 mM Tris-HCl, pH 6.8, 60% glycerol, 30 mM dithiothreitol, 6% 

sodium dodecyl sulfate (SDS)) was added to yield a final concentration of 1X and lysates were 

boiled at 95°C for 10 min. Samples were subjected to SDS/PAGE and transferred to Immobilon 

PVDF membranes (Millipore) using a transblot turbo system (Biorad). Membranes were blocked 

in 5% BSA diluted in Tris-buffered saline. The following primary antibodies were incubated 

overnight at 4°C: anti-Chk1 (R&D), anti-Chk2 (Novus), anti-Wnt3a (R&D), and anti-β-actin 

(Abcam, loading control). Blots were washed and then incubated with secondary antibodies for 1 

h at RT. Blots were washed and visualized by chemiluminescence using Clarity Western ECL 

(Biorad).  

Statistical Analysis 

Data were obtained from at least three independent experiments, each using cells from three 

different individuals, and expressed as the mean ± standard deviation for each group. Statistical 

analyses, including Student’s t-test and one-way analysis of variance, were performed using 

GraphPad Prism 4.0 software (GraphPad, Inc., La Jolla, CA, USA). P < 0.05 was considered to 

indicate a statistically significant difference. 

2.4 Results  

DMBA induces cytochrome P450 activity and DNA damage in both equine and canine 

MaSC 

 Polycyclic aromatic hydrocarbons (PAH), such as 7,12-dimethylbenz[a]anthracene (DMBA), 

act as carcinogens by binding to DNA after a multi-step metabolic activation via the cytochrome 
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P450 (CYP450) enzymes CYP1A1 and CYP1B1, which ultimately results in the creation of DNA 

adducts (20). This sequence of events has been well documented in the mammary gland of rodents 

and humans; however, no information is available on the activation of DMBA in other mammalian 

species, including horses and dogs (31). Therefore, we first explored the effects of DMBA 

treatment on the expression and activity of CYP1A1 and CYP1B1 in equine and canine mammary 

stem/progenitor cells (EqMaSC and CaMaSC, respectively). To this end, cells were treated with 5 

µM DMBA, a dose previously reported to induce CYP1B1 expression (32), and analyzed 48 h 

later. qRT-PCR analyses showed that CYP1A1 expression was significantly upregulated in both 

species following DMBA treatment (Figure 2.1A(i)). Likewise, CYP1B1 expression was also 

increased, although this did not reach significance in CaMaSC (Figure 2.1A(i)). Next, luciferase 

activity assays were used to measure the activity of CYP1A1 and CYP1B1, and the activity of 

both enzymes was significantly upregulated following DMBA treatment of EqMaSC and CaMaSC 

(Figure 2.1A(ii)).  

 Besides evaluating the activity of DMBA-induced metabolizing enzymes, we also studied 

DNA damage in MaSC using H2AX, a prominent marker of DNA double stranded breaks and 

which is the type of damage caused by DMBA-adducts (20). Using immunofluorescence (IF), we 

found a significant increase in H2AX-positive MaSC from both species upon DMBA treatment, 

ranging around 42.3% ± 21.2 of H2AX-positive EqMaSC and 35.3 ± 11.0 of H2AX-positive 

CaMaSC (Figure 2.1B). In addition, we evaluated two checkpoint kinases (Chk), Chk1 and Chk2, 

which become activated upon DNA damage (33). Using antibodies specifically recognizing the 

phosphorylated, active, form of these enzymes and western blot analysis, we observed a significant 

increase in phosphorylated Chk1 and Chk2 in MaSC from both species upon DMBA treatment, 

with fold changes of pChk1 of 2.3 ± 0.41 and 2.4 ± 0.34 in EqMaSC and CaMaSC, respectively; 
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and fold changes of pChk2 of 1.81 ± 0.23 and 1.68 ± 0.56 in EqMaSC and CaMaSC, respectively 

(Fig. 2.1C).  

  

 

 

Figure 2.1: CYP enzymes are activated and DNA damage occurs in response to DMBA treatment 

in canine and equine MaSC. (A) Quantification of mRNA expression levels (i) and activity (ii) of 

CYP1A1 and CYP1B1 in Ca- and EqMaSC after treatment with 5 µM DMBA for 24 h as 

determined by qRT-PCR and a Promega CYP450 activity assay, respectively. (B) Quantification 

(i) and representative images (ii) of H2AX positive Ca- and EqMaSC after treatment with 5 µM 

DMBA for 24 h. Images were taken at 60x magnification. (C) Quantification (i) and representative 

blots (ii) of phosphorylated Chk1 and Chk2 protein expression in Ca- and EqMaSC after treatment 

with 5 µM DMBA for 24 h. Quantitative data are expressed relative to expression of the loading 

control -actin. *p<0.05, **p<0.01, ***p<0.001, n=3. Data are presented as the mean ± standard 

deviation. 
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 Collectively, these results indicate that MaSC from equine and canine origin react similarly to 

DMBA exposure by undergoing DNA damage, which is in line with what has previously been 

reported for human and rodent species.  

DMBA significantly decreases viability in equine, but not canine, MaSC 

 Despite the similarities in DMBA metabolism and DMBA-induced DNA damage observed in 

equine and canine MaSC, a striking difference was noted in the phenotype of these cells in relation 

to their ability to remain viable after DMBA treatment. In essence, we found that treatment with 5 

µM DMBA significantly reduced the viability of EqMaSC, but not CaMaSC (Figure 2.2A). 

Specifically, a significant reduction in cell metabolism was observed, using a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure 2.2A(i)), and a 

significant increase in lactate dehydrogenase (LDH), a cytosolic enzyme that is an indicator of 

cellular toxicity, was observed, using an LDH release assay (Figure 2.2A(ii)), in DMBA-treated 

EqMaSC. In contrast, no effect on cell metabolism or LDH release was observed in DMBA-treated 

CaMaSC (Figure 2.2A).  
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Figure 2.2: Equine MaSC are more susceptible to DMBA treatment compared to canine MaSC. 

(A) Ca- and EqMaSC were treated with 5 µM DMBA for 48 h and viability was analyzed by MTT 

(i) and LDH (ii) assays. (B) Ca- and EqMaSC were treated with increasing concentrations of 

DMBA for 48 h and analyzed by MTT assay. (C) Primary equine mammary fibroblasts and 

EqMaSC were treated with increasing concentrations of DMBA for 48 h and analyzed by MTT 

assay. (D) CaMaSC were treated with 5 µM DMBA for different time periods (24 up to 96 h) and 

analyzed by MTT assay. (E) Quantification (i) and representative images (ii) of H2AX-positive 

CaMaSC after treatment with 5 µM DMBA for increasing time periods. Images were taken at 60x 

magnification. *p<0.05, **p<0.01, ****p<0.0001, n=3. Data are presented as the mean ± standard 

deviation. 
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10x higher than the 5 μM concentration used in our experiments (Figure 2.2B). Interestingly, when 

primary equine mammary fibroblasts were treated with these same concentrations, cells were not 

affected by 2.5 or 5 μM of DMBA, indicating that the observed DMBA effects are specific towards 

the MaSC population and not just merely reflecting an inherent difference in apoptosis 

susceptibility between cells from the mammary gland (Figure 2.2C). Likewise, when keeping the 

concentration of DMBA constant at 5 μM but extending the treatment time, we found that DMBA-

treated CaMaSC remained viable over time, even up to 96h post DMBA treatment (end of 

experiment) (Figure 2.2D). This result prompted us to hypothesize that CaMaSC, but not EqMaSC, 

were undergoing DNA damage repair in response to DMBA-induced DNA damage. To evaluate 

this, we repeated the time course experiment with CaMaSC and performedH2AX staining to 

evaluate DNA damage over time. After the initial increase in H2AX-positive CaMaSC at 24 h 

after DMBA treatment to 25.5% ± 8.8, which is in line with what we previously observed (Figure 

1B), the number of H2AX-positive cells was significantly less by 48 h and steadily decreased 

further over time (Figure 2.2E). These results indicate that CaMaSC indeed repair their DMBA-

induced DNA damage, or there are overall less but more viable cells in the population.  

DMBA treatment induces transcriptional changes in equine, but not canine, MaSC 

 To better characterize the effects of DMBA on MaSC from equine and canine origin on a 

molecular level, we decided to perform genome-wide transcriptome profiling. To this end, MaSC 

samples from three individual animals per species were treated with either vehicle (DMSO) or 

DMBA for 4 h and submitted for RNA deep sequencing. The 4 h treatment was selected to capture 

a time point before any changes in MaSC viability from either species were observed (data not 

shown). In DMBA-treated EqMaSC, 172 genes were identified as differentially expressed, with 

147 being upregulated and 25 being downregulated, when compared to vehicle-treated cells (Fig. 
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2.3A(i)). The top 20 up- and downregulated differentially expressed genes (DEGs) are presented 

in Table 2.1, and the complete list can be found in Table 2.2. Changes were observed in several 

genes related to DMBA metabolism, including ARNTL, CYP1A1, and CYP1B1, as well as related 

to the NOTCH signaling pathway, such as NOTCH1, JAG1, and HEY2. Additionally, genes 

involved in hormone regulation, such as RERG, and in cell cycle regulation, such as CDKN2A, 

were also differentially expressed. In contrast, and to our surprise, no genes were differentially 

expressed in DMBA- versus vehicle-treated CaMaSC (Fig. 2.3A(ii)). We then started to analyze 

the list of both up- and down-DEGs in EqMaSC using the PANTHER statistical overrepresentation 

test for Gene Ontology (GO) terms. This analysis showed (i) that only the list of upregulated genes 

matched to known pathways and (ii) that several pathways were differentially regulated in DMBA-

treated EqMaSC compared to vehicle-treated EqMaSC (Figure 2.3B). Based on the reduced cell 

viability observed in EqMaSC upon DMBA treatment (Figure 2.2 A&B), we decided to follow up 

on the pathways labeled “apoptosis” and “PDGF signaling”, as these pathways are known to play 

a role in the intrinsic and extrinsic apoptotic pathway, respectively (34, 35). Based on the fact that 

no DEGs related to these pathways were found for CaMaSC, we included CaMaSC as a control to 

determine specificity of the activation signals observed in EqMaSC.  
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Figure 2.3: Apoptosis and PDGF signaling pathways are upregulated in equine MaSC following 

DMBA treatment. (A) MA analysis showing differentially expressed genes (DEGs) in EqMaSC 

(i) and CaMaSC (ii) that are either vehicle treated (DMSO) or treated with 5 µM DMBA (p < 10−6). 

DEGs are highlighted in red. (B) Panther pie chart of the biological pathways represented by 

upregulated DEGs in EqMaSC in response to DMBA treatment. Boxed pathways were selected 

for further follow-up studies. 

 

Table 2.1: Top twenty up and downregulated genes in equine MaSC treated with DMBA as 

identified by RNA sequencing. 
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Table 2.2. List of all DEGs following DMBA treatment of EqMaSC. Fold changes were 

calculated by comparison of the mean read per kilobase of transcript per million (FPKM) values 

of DMSO (control) vs DMBA treated cells at 4 h post treatment. Genes were ranked according to 

the absolute value of the fold change.  

 

 

Upregulated Downregulated 

Gene Abbreviation Fold Change Gene Abbreviation Fold Change 

C8orf46 inf KCNE4 -2.6 

CYP1A1 6.8 LRRN3 -2.2 

CA2 6.0 RERG -2.2 

SCUBE3 5.7 PRSS35 -2.0 

SLC27A6 4.8 SLC40A1 -1.9 

ELMOD1 4.5 TANC2 -1.7 

IL16 3.9 MECOM -1.7 

SLC16A6 3.8 GLI1 -1.6 

EREG 3.7 JADE1 -1.6 

PTGS2 3.5 PLEKHA5 -1.5 

PROKR2 3.5 MMD -1.5 

APCDD1 3.5 TRPS1 -1.5 

GPRC5B 3.5 AHR -1.5 

ADORA1 3.4 CCL2 -1.5 

DMRTA1 3.2 ZNF503 -1.5 

TIPARP 3.2 AIM1 -1.4 

GPNMB 3.2 ENSECAG00000016873 -1.4 

CYP1B1 3.2 IL34 -1.4 

ENSECAG00000022525 3.1 ADAMTS5 -1.4 

KIAA1199 3.1 SLC20A2 -1.3 
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Gene Name p-value Average FPKM DMBA Average FPKM control Fold Change 

C8orf46 0.00005 25.5749 0.01 infinity 

CYP1A1 0.00005 3173.62 28.3878 6.8 

CA2 0.00005 157.103 2.51803 6.0 

SCUBE3 0.00005 13.1015 0.257306 5.7 

SLC27A6 0.00005 26.4117 0.975593 4.8 

ELMOD1 0.00090 2.34166 0.106134 4.5 

IL16 0.00005 3.4472 0.235516 3.9 

SLC16A9 0.00005 10.9401 0.758638 3.9 

EREG 0.00005 123.711 8.63033 3.8 

PTGS2 0.00005 159.41 11.9747 3.7 

PROKR2 0.00005 13.2686 1.15935 3.5 

APCDD1 0.00005 35.2965 3.20845 3.5 

GPRC5B 0.00005 103.866 9.49062 3.5 

ADORA1 0.00045 8.32394 0.7936 3.4 

DMRTA1 0.00005 24.2092 2.61812 3.2 

TIPARP 0.00005 80.1527 8.6925 3.2 

GPNMB 0.00005 170.426 18.514 3.2 

CYP1B1 0.00005 825.816 91.064 3.2 

ENSECAG00000022525 0.00010 19.8975 2.29181 3.1 

KIAA1199 0.00005 10.4969 1.24218 3.1 

KIAA0226L 0.00005 32.0107 3.8889 3.0 

RTN4RL2 0.00005 45.6883 5.55498 3.0 

AHRR 0.00005 73.4823 9.76544 2.9 

SLC46A2 0.00005 37.5576 5.1836 2.9 

THEMIS2 0.00005 28.6411 4.06155 2.8 

SLC10A4 0.00005 9.3021 1.34485 2.8 

MTSS1 0.00005 48.9873 7.58507 2.7 

TMEM51 0.00005 122.967 19.8127 2.6 

KCNE4 0.00005 14.2561 87.9137 2.6 

ABHD17C 0.00005 52.0232 8.91391 2.5 

BMP4 0.00005 37.0672 6.56791 2.5 

SHC3 0.00005 11.7785 2.17863 2.4 

ADAMTS14 0.00005 2.91493 0.546588 2.4 

ATP2A3 0.00005 7.30498 1.40502 2.4 
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RSAD2 0.00105 6.13435 1.19116 2.4 

CYP27C1 0.00005 9.05933 1.76644 2.4 

KLF9 0.00005 22.1878 4.39878 2.3 

MYH11 0.00005 7.48855 1.49453 2.3 

SLC1A3 0.00005 12.7577 2.61986 2.3 

KCNK5 0.00005 87.6483 18.1103 2.3 

ENSECAG00000024319 0.00005 118.492 24.5183 2.3 

ABCC5 0.00005 25.0152 5.2338 2.3 

GCNT1 0.00005 14.4908 3.04991 2.2 

GREM1 0.00005 127.795 27.0713 2.2 

ACKR3 0.00005 239.932 51.2391 2.2 

PAG1 0.00005 9.26206 2.06978 2.2 

LRRN3 0.00005 6.6211 30.1385 2.2 

RERG 0.00115 2.2746 10.1544 2.2 

HUNK 0.00005 9.2772 2.08546 2.2 

ETS1 0.00005 76.1658 17.309 2.1 

IER3 0.00005 916.992 209.783 2.1 

ABTB2 0.00005 7.77184 1.78844 2.1 

LPAR1 0.00005 18.4823 4.33315 2.1 

FAM105A 0.00020 15.5445 3.66344 2.1 

CHST4 0.00010 13.77 3.26945 2.1 

LYSMD2 0.00075 25.3527 6.07403 2.1 

KLRG2 0.00005 86.8171 20.8149 2.1 

ENSECAG00000017406 0.00005 14.6414 3.53012 2.1 

UGCG 0.00005 111.926 27.0705 2.0 

ANKRD16 0.00005 60.4412 14.7458 2.0 

CDKN2A 0.00005 144.851 35.6967 2.0 

C19orf38 0.00115 13.1562 3.25879 2.0 

E2F7 0.00005 20.8711 5.17577 2.0 

PRSS35 0.00005 4.0303 16.0723 2.0 

ADRA2A 0.00005 340.358 85.6981 2.0 

NOTCH1 0.00005 10.5649 2.66559 2.0 

BMF 0.00005 32.9385 8.33711 2.0 

BRI3BP 0.00005 30.9713 7.9007 2.0 

CARD10 0.00005 88.0499 22.5872 2.0 

SLC40A1 0.00005 1.3841 5.3268 1.9 
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ENSECAG00000017374 0.00020 26.5507 6.92858 1.9 

LRRC1 0.00005 11.6925 3.11432 1.9 

LPXN 0.00005 14.2817 3.84751 1.9 

PLAU 0.00005 873.766 238.707 1.9 

TRAM2 0.00005 63.9942 17.6158 1.9 

BDNF 0.00005 27.5357 7.58169 1.9 

ENSECAG00000008835 0.00005 5.56737 1.5474 1.8 

EGR1 0.00005 45.9075 12.8716 1.8 

KLF4 0.00005 219.079 61.9259 1.8 

ENSECAG00000025166 0.00005 12.3287 3.52781 1.8 

RHOU 0.00005 83.5631 24.0934 1.8 

CYP2S1 0.00005 10.9481 3.20651 1.8 

SMAD3 0.00005 110.655 32.5969 1.8 

NFATC2 0.00005 7.84037 2.31817 1.8 

TMEM26 0.00005 53.8227 16.1006 1.7 

TULP4 0.00010 7.52169 2.26732 1.7 

BHLHE40 0.00005 72.7867 22.7706 1.7 

RASSF4 0.00015 21.1752 6.62507 1.7 

TANC2 0.00005 1.4828 4.7757 1.7 

MECOM 0.00005 1.3682 4.3055 1.7 

MEIS2 0.00005 26.2024 8.42756 1.6 

ENSECAG00000024818 0.00030 39.0208 12.6167 1.6 

ENSECAG00000025174 0.00005 38.065 12.3543 1.6 

BACH2 0.00005 7.47949 2.43797 1.6 

SYNE3 0.00005 54.4462 17.8679 1.6 

GLI1 0.00055 1.1420 3.4651 1.6 

ATF3 0.00025 14.6657 4.83842 1.6 

CDO1 0.00070 14.2287 4.72035 1.6 

JADE1 0.00030 1.8826 5.6629 1.6 

LIPG 0.00005 27.8518 9.31414 1.6 

SMYD2 0.00005 54.7843 18.7321 1.5 

ENSECAG00000007211 0.00010 6.33711 2.16723 1.5 

PLEKHA5 0.00010 1.7856 5.1952 1.5 

MMD 0.00005 23.9240 68.9717 1.5 

RUNX1 0.00005 29.12 10.1163 1.5 

PRELP 0.00010 39.9272 13.9037 1.5 
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ARNTL 0.00005 23.5964 8.24641 1.5 

SLC20A1 0.00005 220.528 77.5522 1.5 

CHST15 0.00050 13.8733 4.87933 1.5 

CCDC102A 0.00005 51.3276 18.1259 1.5 

GCLC 0.00005 106.699 37.6905 1.5 

CAMK2G 0.00005 70.9662 24.44 1.5 

HOXC8 0.00010 54.1515 18.659 1.5 

TRPS1 0.00050 0.7510 2.1223 1.5 

AHR 0.00005 14.4384 40.7502 1.5 

CCL2 0.00005 97.7882 275.0990 1.5 

HOXC5 0.00005 47.5001 16.9 1.5 

GLUL 0.00005 628.082 223.475 1.5 

KCNK2 0.00050 3.76674 1.34045 1.5 

SMURF1 0.00005 31.316 11.1589 1.5 

BDKRB2 0.00005 108.236 38.9124 1.5 

IGFBP-5 0.00005 74.2494 26.7159 1.5 

CLDND1 0.00005 188.316 67.9926 1.5 

ENSECAG00000014044 0.00005 38.6192 13.9698 1.5 

GPRC5A 0.00065 16.625 6.02874 1.5 

ZNF503 0.00005 6.9047 18.9515 1.5 

ODC1 0.00005 1676.84 613.268 1.5 

PTHLH 0.00005 21.6898 7.93486 1.5 

GFPT2 0.00005 166.529 60.9946 1.4 

AIM1 0.00010 3.1428 8.5620 1.4 

ENSECAG00000016873 0.00005 4.3252 11.5927 1.4 

IL34 0.00115 7.4235 19.8432 1.4 

GALNT10 0.00005 25.8605 9.68142 1.4 

TRAF3IP2 0.00005 28.5103 10.7329 1.4 

C5orf30 0.00015 7.79937 2.88657 1.4 

EDG1 0.00005 67.0102 25.778 1.4 

XYLT1 0.00005 15.6449 6.05162 1.4 

GSN 0.00005 205.322 79.961 1.4 

ADAMTS5 0.00035 3.0915 7.9259 1.4 

KCNF1 0.00010 16.4667 6.42718 1.4 

SRC 0.00005 61.9163 24.2674 1.4 

ARID3B 0.00080 5.54261 2.17555 1.3 
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RASL11B 0.00005 126.045 49.7266 1.3 

MICAL2 0.00005 87.7288 34.7491 1.3 

TIAM2 0.00005 11.9186 4.75143 1.3 

RIN1 0.00005 16.741 6.69643 1.3 

DAAM2 0.00005 96.7106 38.7056 1.3 

SERPINB2 0.00005 82.5014 33.0592 1.3 

COL5A3 0.00005 13.4297 5.38248 1.3 

HIP1 0.00005 41.6702 16.7933 1.3 

SPRY4 0.00010 35.5304 14.3238 1.3 

FHL1 0.00045 23.3398 9.4164 1.3 

PLK3 0.00010 19.5339 7.90796 1.3 

ISOC1 0.00005 193.754 78.5539 1.3 

KIAA1522 0.00005 17.4433 7.30502 1.3 

ZHX3 0.00005 14.9618 6.07965 1.3 

CYR61 0.00005 126.123 51.4311 1.3 

PHLDA1 0.00005 184.856 75.7533 1.3 

EDEM3 0.00005 21.4702 8.82802 1.3 

SLC20A2 0.00005 16.6090 40.2411 1.3 

ANGPTL4 0.00100 17.6641 42.7911 1.3 

TUBB3 0.00005 55.6138 132.1430 1.2 

PLEKHA1 0.00005 50.5179 21.2636 1.2 

TRAF1 0.00005 67.0409 28.2667 1.2 

JAG1 0.00005 32.9025 13.8803 1.2 

HMGCS1 0.00005 9.9746 23.5615 1.2 

NFATC4 0.00005 55.3112 23.4803 1.2 

HEY2 0.00005 90.2194 38.5803 1.2 

GSAP 0.00005 14.6386 6.26467 1.2 

DAPK1 0.00005 18.021 7.71415 1.2 

ENSECAG00000002353 0.00055 15.6503 36.4393 1.2 

TBX2 0.00025 8.26155 19.2328 1.2 
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DMBA treatment activates the intrinsic apoptotic pathway in equine MaSC 

 Figure 2.4A provides a schematic representation of important steps during the activation of the 

intrinsic, or mitochondrial, apoptotic pathway. Briefly, this pathway is triggered by diverse cellular 

stresses, such as for example DNA damage. Upon stress, BH3-only proteins become activated 

which in turn activate Bax and neutralize Bcl-2, leading to mitochondrial outer membrane 

permeabilization. In response, Cytochrome c is released and binds Apaf-1. Apaf-1 then recruits 

and binds pro-caspase-9, in turn activating pro-caspase-3 and subsequently caspase-3, ultimately 

leading to apoptosis (34, 36–39). Our RNA deep sequencing revealed that several genes important 

in this pathway were upregulated in DMBA-treated EqMaSC, such as Bcl-2-modifying factor 

(Bmf) and apoptotic protease activating factor 1 (Apaf-1) (Figure 2.4A). To further explore 

potential changes in this pathway in more detail, we first looked at the expression of two genes 

downstream of Bmf, namely Bax and Bcl-2, in DMBA-treated EqMaSC (37). Under normal 

circumstances, Bcl-2 prevents apoptosis by preventing the activation of Bax or binding the 

activated Bax; however, when their competitive balance is disrupted, apoptosis is initiated (38). 

DMBA treatment of EqMaSC resulted in a significant upregulation of Bax and no significant 

changes in Bcl-2 expression (Figure 2.4B(i)). As expected, no change in expression of these two 

genes was observed in DMBA-treated CaMaSC (Figure 2.4B(ii)). Combining the observed 

dysregulation of the Bax/Bcl-2 balance with the upregulation of Apaf1, we next evaluated the level 

of apoptosis in DMBA-treated EqMaSC. Performing immunocytochemistry with a cross-reacting 

antibody against activated caspase-3 showed a significant increase in the number of activated 

caspase-3-positive EqMaSC, but not CaMaSC, after DMBA treatment (Figure 2.4C). Collectively, 

these results indicate that DMBA treatment of EqMaSC activates the intrinsic apoptotic pathway, 

ultimately leading to apoptotic cells.  
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Figure 2.4: The intrinsic apoptotic pathway is activated in equine MaSC following DMBA 

treatment. (A) Schematic representation of important steps during the activation of the intrinsic 

apoptotic pathway. Boxed genes are significantly upregulated genes as identified by RNAseq. Bcl-

2: apoptosis regulator Bcl-2; Bax: apoptosis regulator BAX; Apaf-1: apoptotic protease-activating 

factor 1. (B) Expression of the genes Bax and Bcl-2 in EqMaSC (i) and CaMaSC (ii) after treatment 

with 5 µM DMBA for 24 h, as determined by qRT-PCR. (C) Quantification (i) and representative 

images (ii) of activated caspase-3-positive Ca- and EqMaSC after treatment with 5 µM DMBA for 

24 h. Images were taken at 4x magnification. *p<0.05, **p<0.01, n=3. Data are presented as the 

mean ± standard deviation.  

 

DMBA treatment activates the extrinsic apoptotic pathway in equine MaSC 

 Figure 2.5A provides a schematic, simplified, representation of important steps during the 

activation of the extrinsic, or death receptor, apoptotic pathway (35, 40). This complex pathway is 

triggered by engagement of cell surface ‘death receptors’ with their ligands, and although largely 

independent from the intrinsic apoptotic pathway, these two pathways do converge at the level of 

effector caspases (39). Briefly, dimerization of the Platelet Derived Growth Factor subunit A 

receptor (PDGF-R) activates the Raf/Mek/Erk signaling cascade, resulting in ERK translocating 

into the nucleus. This results in the activation of several downstream transcription factors, 

including ETS domain-containing protein Elk-1 (Elk), protein C-ets-1 (Ets1), and c-Myc (Myc) 

(Figure 5A(i)). ERK activation also leads to an upregulation of beta catenin (C) by priming 

glycogen synthase kinase 3 beta (GSK3) for inactivation (41). Upon Wnt activation, C is 

translocated into the nucleus where it promotes the transcription of Wnt target genes (Figure 

2.5A(ii)). In addition to its role in the Wnt pathway, C also binds to and stabilizes E-cadherin 

(42) (Figure 2.5A(iii)). This E-cadherin/-catenin complex can associate with a third factor, -

catenin (C), to create a catenin-cadherin complex which promotes aggregation of death receptors 

in the plasma membrane (43). The clustering of the death receptors increases the sensitivity of the 

cells to stimuli that promote the extrinsic apoptotic pathway, such as changes in cellular adhesion 

and morphology (44, 45). When comparing the upregulated genes in DMBA-treated MaSC, 
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obtained through our RNA deep sequencing analyses, to the intracellular networks activated by 

PDGF binding, we found that the majority of overlapping genes were involved downstream of Erk 

activation (Figure 2.5A). For example, expression of the gene Ets1, also known as p54, was 

upregulated (Figure 2.5A). This transcription factor is activated upon Erk activation and promotes 

the expression of extracellular matrix proteins, including serine proteases, integrins and E-cadherin 

(46, 47). Indeed, our RNA sequencing results also showed an upregulation of plasminogen 

activator urokinase (Plau), which encodes the serine protease uPA (Figure 2.5A). To evaluate any 

changes in E-cadherin protein expression in DMBA-treated EqMaSC, we performed IF using a 

cross-reacting anti-E-cadherin antibody. E-cadherin expression was significantly increased after 

DMBA treatment of EqMaSC (Figure 2.5B(i)). In contrast, and as expected, no significant changes 

in E-cadherin-positive CaMaSC were found before and after DMBA treatment (Figure 2.5B(ii)). 

Besides its role in the extrinsic apoptotic pathway, E-cadherin is also involved in regulating Wnt 

signaling by promoting the translocation of C from the cytoplasm to the nucleus, where it 

activates specific target genes (48). We decided to follow-up on this pathway also since (i) RNA 

sequencing found an upregulation of several Wnt target genes, such as cysteine-rich angiogenic 

inducer 61 (Cyr61), glutamate metabotropic receptor 1 (GREM), jagged-1 (Jag1), and bone 

morphogenetic protein 4 (BMP4), in DMBA-treated EqMaSC (Figure 2.5A); (ii) we previously 

demonstrated that EqMaSC have more canonical Wnt signaling than CaMaSC (14); and (iii) Wnt 

signaling has many effects on the cell, including a pro-apoptotic effect (49). Similar to what we 

reported previously (14), EqMaSC had higher protein levels of Wnt3a, as determined by Western 

blot analyses, when compared to CaMaSC (Figure 2.5C). Interestingly, this baseline expression 

level was significantly increased in EqMaSC, but not CaMaSC, upon DMBA treatment (Figure 

2.5C). Collectively, these results indicate that DMBA treatment of EqMaSC activates the extrinsic 
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apoptotic pathway, via upregulation of several genes that are all involved in stimulating a pro-

apoptotic phenotype. 

 

 

Figure 2.5: The PDGF signaling pathway is activated in equine MaSC following DMBA 

treatment. (A) Schematic representation of important steps during the activation of the extrinsic 

apoptotic pathway Boxed genes are significantly upregulated genes as identified by RNAseq. C: 

-catenin; C: -catenin; LRP: lipoprotein receptor-related protein 5/6; DSH: disheveled; PDGF-

R: platelet derived growth factor receptor; Erk: extracellular signal-regulated kinase; GSK3: 

glycogen synthase kinase 3 beta; TCF: T-cell factor/lymphoid enhancer factor; Elk: ETS domain-

containing protein Elk-1; Ets1: protein C-ets-1; Myc: c-myc; Plau: plasminogen activator 

urokinase; Cyr61: cysteine-rich angiogenic inducer 61; GREM: glutamate metabotropic receptor 

1; Jag 1: jagged 1; BMP4: bone morphogenetic protein 4. (B) Quantification (i) and representative 

images (ii) of E-cadherin-positive Ca- and EqMaSC after treatment with 5 µM DMBA for 24 h. 

Images were taken at 60x magnification. (C) Quantification (i) and representative blots (ii) of 

Wnt3a protein expression in Ca- and EqMaSC after treatment with 5 µM DMBA for 24 h. 
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Quantitative data are expressed relative to expression of the loading control -actin. **p<0.01, 

n=3. Data are presented as mean ± standard deviation.  

 

2.5 Discussion  

 This study was initiated to start exploring potential mechanisms of mammary cancer resistance 

in the horse. Specifically, we evaluated the intrinsic behavior of MaSC from this mammary cancer-

resistant species in response to the chemical 7,12-dimethylbenz[a]anthracene (DMBA) in vitro and 

compared this to the response of MaSC from dogs, a mammary cancer-susceptible species. We 

found that equine MaSC (EqMaSC), in contrast to canine MaSC (CaMaSC), responded to DMBA-

induced DNA damage by inducing apoptosis, a mechanism that allows for the elimination of DNA-

damaged MaSC, and hence, would reduce the risk of potential tumor-initiating mutations in this 

important cell population. 

 Although polycyclic aromatic hydrocarbons (PAH), such as DMBA, are known to be involved 

in increased breast cancer incidence (21, 24), the exact underlying mechanisms of how these 

carcinogens affect the breast, and vice versa, how cells present in the breast respond to PAH, is 

not fully understood. We chose to study MaSC from canine and equine origin, as these two 

domestic species share comparable habitats with humans and, consequently, are exposed to many 

of the same environmental factors as their human companions (50). The concept of using animals 

as sentinels for environmental hazards is not new, with the use of canaries to detect carbon 

monoxide in coal mines and the use of whales to detect environmental contaminants, as well-

known historical examples (51, 52).  

 Interestingly, the apoptotic response of EqMaSC to DMBA-induced DNA damage is similar 

to what has been described previously for how embryonic and germ line cells respond to 

irradiation- or chemotherapy-induced DNA damage (53, 54). Heyer et al. demonstrated that 
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irradiation of mouse embryos leads to an elevation in apoptosis in embryonic cells between E6.5 

and E7.5, with little effect on somatic cells or later stage embryonic cells (53). Similarly, Pierpont 

et al. found that after cisplatin-induced DNA damage, testicular germ line cells respond via 

apoptosis unlike somatic cells (54). These studies are in line with our result that equine mammary 

fibroblasts were less affected by low doses of DMBA compared to equine MaSC. Furthermore, 

similar percentages (between 40-60%) were observed upon DMBA treatment of equine MaSC that 

were Caspase-3-positive, were H2AX-positive, and had lost their viability. This could suggest 

that within the MaSC population, only cells that are positive for H2AX will also be positive for 

Caspase-3 and, as a result, will lose their viability and die. Lineage tracing experiments coupled 

with specific MaSC makers for stem and progenitor cells could shed light on which cells within 

the MaSC population are specifically targeted by DMBA and/or other carcinogen treatments. 

 In addition, the elephant, a species generally resistant to cancer, was recently reported to 

initiate apoptosis in cells with DNA damage (2). Here, peripheral blood lymphocytes were exposed 

to ionizing radiation to induce DNA damage, and despite having similar levels of H2AX 

expression, increased apoptosis was observed in elephant lymphocytes compared to human 

lymphocytes (2). Using a candidate-based approach, protein expression of p21, a target of p53, 

was found to be higher in the elephant compared to human cells. In our study, and based on the 

RNAseq data, we did not detect differences in expression levels of p21 or p53 in either species 

after DMBA treatment; however, transcriptional changes in genes related to p21- and/or p53-

related signaling pathways may still be occurring. Indeed, we detected changes in gene expression 

of several genes that are associated with p53, including Ets1. Previous studies demonstrate that 

Ets1 plays a vital role in p53-dependent apoptosis (47). Thus, it is plausible that the genes identified 

in our present study are also involved in the apoptotic responses observed in cells from cancer-
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resistant species, such as the elephant, and so it will be interesting to study these molecular 

mechanisms in more detail across different cancer-resistant species.  

 Importantly, we wanted to know if the results from our current study were unique to horse and 

dog or more conserved amongst other mammary cancer-resistant/susceptible species. To 

preliminary investigate this, we repeated our viability assays with bovine (resistant) and human 

(susceptible) MaSC after exposure to increasing doses of DMBA. We found that BoMaSC 

responded similarly to EqMaSC with a significant decrease in viability observed with as little as 

2.5 M DMBA, whereas HuMaSC responded similarly as to what was observed with CaMaSC 

(Suppl. Figure 2.1A). These results seem to indicate that the differences in response to DMBA as 

observed with Eq- and CaMaSC are indeed conserved in other species with varying susceptibility 

to mammary cancer. Based on these preliminary findings combined with the results we obtained 

with equine and canine cells, we propose a hypothetical model in which undergoing apoptosis in 

response to an oncogenic event might contribute to a lower incidence of mammary cancer observed 

in certain mammalian species. Such a mechanism would allow for the elimination of DNA-

damaged MaSC, and hence, reduce the risk of potential tumor-initiating mutations in these cells 

(Suppl. Figure 2.1B).  

 Overall, we strongly believe that using a comparative species approach, such as outlined in our 

current study, can help to further elucidate mechanisms of cancer resistance, which in the long 

term could aid in reducing breast cancer risk and/or design of novel approaches for treatment.  
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2.7 Supplementary Information  

 

Suppl Figure 2.1: Cell death in response to DMBA appears to be conserved across mammary 

cancer-resistant species. (A) Canine, human, equine, and bovine MaSC were treated with 

increasing concentrations of DMBA for 48 h and analyzed by MTT assay. (B) Schematic 
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representation of our working hypothesis describing the differential response of MaSC in response 

to an oncogenic event, such as DMBA exposure. Following DMBA treatment, MaSC from both 

mammary cancer-susceptible and -resistant species experience DNA damage. MaSC from 

mammary cancer-resistant species respond to this damage by initiating an apoptotic response, 

whereas MaSC from mammary cancer-susceptible species tend to repair the damage. During this 

repair process, however, mutations may occur that ultimately can lead to mutated stem/progenitor 

cells and hence, tumorigenesis.  

 

Suppl Table 2.1: Primers used for gene expression analyses.  

 

  

Species Gene Product Abbreviation Forward Sequence (5’→3’) Reverse Sequence (5’→3’) 

Both 

Cytochrome 

P450, family 1, 

subfamily A, 

polypeptide 1 

CYP1A1 CTTCGTCCCCTTCACCAT GATCTGCCACTGGTTCAC 

Both 

Cytochrome 

P450, family 1, 

subfamily B, 

polypeptide 1 

CYP1B1 AGTGGCTGCTCATCCTT GGCACAAAGCTGGAGAA 

Canine 
Bcl-2-

associated X  
Bax GATGAACTGGACAGTAACATGGAG CAAAGTAGAAGAGGGCAACAACC 

Equine 
Bcl-2-

associated X  
Bax CTGAGCAGATCATGAAGACAGG CTTGAGACACTCGCTCAGCTTC 

Canine 
B-cell 

lymphoma 2 
Bcl-2 GTGGATGACTGAGTACCTGAACC AGACAGCCAGGAGAAGTCAAAC 

Equine 
B-cell 

lymphoma 2 
Bcl-2 CCTGTGGATGACTGAATACCTG GCCAGGAGAAATCAAACAGC 

Both 

Glyceraldehyde 

3-phosphate 

dehydrogenase 

GAPDH ACACCCACTCTTCCACCTTC TACTCCTTGGAGGCCATGTG 
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CHAPTER 3 

 

MAMMARY EPITHELIAL CELLS FROM MAMMARY CANCER-RESISTANT SPECIES 

SECRETE FACTORS WITH ANTI-CANCER EFFECTS1 

 

3.1 Summary  

An important observation in the breast cancer field is that mammary cancer occurs in many 

domesticated and wild animals but varies drastically in incidence rate. Although several potential 

reasons have been put forward over the years, a univocal explanation for this observation remains 

elusive. Here, we are the first to report on the intriguing finding that the secretome from mammary 

epithelial cells isolated from mammary cancer-resistant species, such as equines, decreased the 

viability of human triple-negative breast cancer (TNBC) cells, without affecting normal human 

mammary epithelial cells, in vitro and reduced tumorigenicity in vivo in a xenograft mouse model. 

RNA deep sequencing showed that culturing TNBC cells with this secretome resulted in a 

significant downregulation of genes associated with breast cancer progression. Additional 

experiments indicated that the bioactive factors in the secretome responsible for the anti-cancer 

effect are small in nature and temperature-stable, and mass spectrometry analyses revealed a 

secretome profile highly enriched in chemokines and cytokines. Taken together, this study 

contributes to the growing list of protective mechanisms identified in cancer-resistant species in 

conjunction with those identified in the previous chapter. 

 
1The results of this study are in preparation for submission to PNAS as Ledet MM, Schmitt-

Matzen E, Harman R, Van de Walle GR. (2018) Mammary epithelial cells from mammary 

cancer-resistant species secrete factors with anti-cancer effects.  

 

I, Melissa M. Ledet, generated all or partial data for the following figures of Chapter 3:  

Figure 3.1 

Figuer 3.2 

Figure 3.3 

Figure 3.4 
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Figure 3.5 

Suppl Figure 3.1 

Suppl Figure 3.2 
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3.2 Introduction  

An important observation in the breast cancer field is that mammary cancer occurs in many 

domesticated and wild animals but varies drastically in incidence rate. Among veterinary species, 

unspayed dogs and cats are diagnosed at a frequency of up to 26% (1, 2), which is near double the 

incidence rates observed in women (3). In contrast, mammary cancer is reported to only affect 

0.03 to 2% of horses, and is rarely diagnosed in cows, sheep, pigs, goats, and wild felids (4–13), 

despite these animals developing other types of cancers. Although several potential reasons have 

been put forward over the years, such as differences in diet, environmental exposures, or 

circulating hormones levels, univocal explanation for this observation remains elusive (4, 5, 14–

17). Similar to studies in species that are resistant to all types of cancers, such as the naked or blind 

mole rat and elephants (18–21), studying mammary cancer-resistant species may provide 

invaluable insights into the mechanisms underlying resistance to this particular type of cancer. 

Indeed, we recently reported on a mechanism by which equine mammosphere-derived epithelial 

cells (eqMDEC) avoid cancer development in response to extrinsic DNA damage-inducers by 

preferentially undergoing apoptosis (22). Interestingly, this mechanism shows intriguing 

similarities with the enhanced apoptosis in response to DNA damage observed in elephant 

fibroblasts (20), and thus, could point towards an evolutionary conserved protection mechanism.  
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 In addition to stimulating pro-apoptotic functions in response to DNA damage, mammary 

cancer-resistant species could also protect themselves by secreting factors with anti-cancer 

properties, capable of eliminating cancer cells when they arise. In general, the bioactive factors 

that are secreted from cells are collectively termed the secretome. The secretome includes 

cytokines, growth factors, and extracellular matrix remodeling enzymes, that play an essential role 

in a wide variety of physiological, such as regeneration, and pathophysiological, such as tumor 

growth and metastasis, processes (23, 24). Importantly, the secretome is proposed to be of vast 

medical importance, since approximately 23% of protein targets with pharmacological action for 

approved drugs are secreted proteins (25).  

 In order to explore the possibility that mammary epithelial cells from mammary cancer-

resistant species secrete factors that aid in eliminating cancer cells, we collected the secretome 

from mammary epithelial cells derived from various species, including mammary cancer-resistant 

and -susceptible, and evaluated their effects on human breast cancer cells in vitro and in vivo. Our 

salient findings are that the secretome of eqMDEC selectively decreased the viability of human 

triple-negative breast cancer (TNBC) cells, but not normal human mammary epithelial cells or 

estrogen receptor-positive breast cancer cells, in vitro and reduced tumorigenicity in vivo in a 

xenograft mouse model. RNA deep sequencing showed that culture of TNBC cells with this 

secretome resulted in significant downregulation of genes associated with breast cancer 

progression. Additional experiments indicated that the bioactive factors in the secretome 

responsible for the anti-cancer effect are small in nature and temperature-stable, and mass 

spectrometry analyses revealed a secretome profile highly enriched in chemokines and cytokines. 

 

3.3 Materials and Methods  

Isolation and growth of mammosphere-derived epithelial cells (MDEC) 
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Mammary gland tissues from healthy adult, non-lactating, research mares (4-20 years old) and 

adult slaughterhouse cows were collected by excising 2 parts of 5 cm2 of tissue next to the median 

line of the 2 mammary gland compartments. Canine mammary gland samples were collected from 

healthy adult, non-lactating research beagles euthanized for reasons unrelated to this study, by 

excising at least 2 cm2 of tissue near the nipple. Samples were dissociated mechanically with a 

sterile scalpel, followed by enzymatic digestion with 0.1% collagenase III (Worthington 

Biochemical Corporation) at 37°C for 60 min. The cell suspension was subsequently filtered 

through sterile 100 and 40 μm filters to obtain a single cell suspension and centrifuged at 400 xg 

for 10 min at room temperature (RT). Cells were first re-suspended in PBS with 1% P/S/A, 

centrifuged at 260 xg for 10 min, and then re-suspended in MDEC medium, consisting of 

Dulbecco's modified Eagle's medium (DMEM)/F12 (50/50) supplemented with 10% of fetal 

bovine serum (FBS), 2% B27 (all from Invitrogen), 1% P/S (Sigma), 10 ng/mL basic-fibroblast 

growth factor (BioVision), and 10 ng/mL epidermal growth factor (Sigma). Approximately 1×106 

cells were seeded on a 6-well tissue culture dish for 1 h to allow adherence of contaminating 

mammary fibroblasts and this was repeated once more. The non-adherent cells were collected and 

seeded at approximately 20,000 cells/cm2 on 6-well ultralow attachment plates (Corning, 

Elscolab). MDEC medium was refreshed twice a week by means of centrifugation of the 

mammospheres at 300 xg for 7 min. For further experiments, mammospheres were seeded on 

adhesive tissue culture dishes in DMEM supplemented with 10% of FBS and 1% P/S, unless when 

indicated otherwise. Mammary fibroblasts, from the same tissue used to isolate MDEC, were used 

for some experiments and cultured in DMEM supplemented with 10% FBS and 1% P/S unless 

when indicated otherwise.   

Generation of conditioned medium  
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CM was collected from MDEC or mammary fibroblasts after 2 days of culture, when cells were 

70% confluent. To this end, 1 × 106 MDEC were seeded in a T75 flask in 10 mL of DMEM + 

10% FBS + 1% P/S. After 24 h, medium was changed to DMEM without serum or antibiotics, 

unless when indicated otherwise, and 48 h later, medium was collected, centrifuged twice for 10 

min at 300 xg to remove any cellular debris, and used for further experiments. CM from breast 

cancer cell lines was used as a control (self-CM) and was collected as described above. 

Human mammary cell lines  

The normal mammary epithelial cell line MCF10a was cultured in DMEM/F12 supplemented with 

10 g/mL human insulin (Sigma), 20 ng/mL epidermal growth factor (Sigma), 0.5 g/mL 

hydrocortisone (Sigma), 5% horse serum (Gibco), and 1% P/S. The estrogen receptor positive 

breast cancer cell lines MCF7 and BT474 and the triple negative breast cancer cell line MDA-MB-

231 were cultured in DMEM supplemented with 10% FBS and 1% P/S. The triple negative breast 

cancer cell line Hs578T was cultured in DMEM supplemented with 0.01 mg/mL bovine insulin 

(Sigma), 10% FBS, and 1% P/S. The triple negative breast cancer cell line MDA-MB-468 was 

cultured in DMEM/F12 supplemented with 10% FBS and 1% P/S.  

Cell viability assays  

After 48 h of culturing human mammary cell lines in CM, cell line medium, or DMEM, a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in vitro toxicology assay (Sigma) 

or a lactate dehydrogenase (LDH) assay (Abcam) was carried out in accordance to 

manufacturer’s instructions. MTT and LDH absorbances were measured at 570 nm, and at 690 

nm with background measurement at 490 nm, respectively, on a Multiskan EX plate reader 

(Thermo Fisher Scientific). Optical densities of wells treated with EqMDEC CM were compared 

to those treated with either DMEM or self-CM (Control-CM) in order to determine cell viability 
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or relative LDH release. Values were expressed relative to wells treated with DMEM for MTT 

and to lysed wells for LDH release. For caspase 3 immuno-staining of cells in culture, 4% 

paraformaldehyde-fixed cells were washed with PBS and treated with 0.5% Triton X-100 

(Sigma) for 10 min. Following a 30 min incubation in blocking solution (1% goat serum and 1% 

BSA in PBS) at RT, fixed cultures were reacted with primary antibodies for 1 h at RT, followed 

by incubation with secondary antibodies for 1 h at RT.  

Animal studies  

Age-matched female mice between 6-8 weeks old, homozygous for the severe combined 

immune deficiency spontaneous mutation (CB17-Prkdcscid, named SCID, Parc Recerca 

Biomedica, Barcelona, Spain) were used for xenograft studies. Ten NSG mice (5 controls and 5 

treated) were injected subcutaneously with 3×106 MDA-MB-231 cells into the left 4th mammary 

gland. Fifteen days after cell injection, mice were injected intratumorally (150 μl) with either 

EqMDEC CM or DMEM (control) daily for two weeks, after which mice were sacrificed and 

tumors were removed and measured.  Tumor diameter was measured daily by digital caliper and 

the volume (mm³) was calculated using the formula: a² x b/2, where "a" is the shortest diameter 

and "b" is the longest diameter of the tumor. 

CM Fractionation  

EqMDEC CM was fractionated using Centrifugal Filter Devices with different Nominal Molecular 

Weight Limit (NMWL) Ultracel membranes (Millipore). Five ml of EqMDEC CM was loaded 

onto a Centrifugal Filter Device with Ultracel membranes ranging from 3 to 100 kDA, and 

centrifuged according to manufacturer’s instructions. The solute was then re-suspended in the 

same volume of DMEM as the loaded sample and used for viability assays, as described above.   

Flow cytometric analyses  
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EqMDEC were collected using accutase (Innovative Cell Technologies, San Diego, CA) and 

stained with rat monoclonal IM7 anti-CD44 (diluted 1:20; ThermoFisher Scientific) or rat 

monoclonal GoH3 anti-CD49f (diluted 1:10; BD Biosciences, San Jose, CA) antibodies diluted in 

PBS with 1% BSA, for 1 h. Staining with an isotype control antibody (Abcam), diluted 1:10 in 

PBS with 1% BSA, or no antibody stain were included as controls. Cells were washed three times 

in PBS and incubated with Alexa 488-conjugated secondary goat anti-mouse antibodies diluted 

1:500 in PBS with 1% BSA, for 30 min. After washing, 50,000 cells were analyzed on a Gallios 

flow cytometer controlled by Kaluza for Gallios software (Beckman Coulter, USA). Data analysis 

was conducted using Kaluza Analysis software (Beckman Coulter). 

RNA sequencing  

MDA-MB-231 and MCF7 were cultured for 24 h prior to a 12 h treatment with self-CM or 

EqMDEC CM. Total RNA was extracted with TRIzol reagent following manufacturer’s 

recommendations. The quality of total RNA was evaluated using the Agilent 2100 bioanalyzer 

(Agilent, Palo Alto, CA, USA) with the RNA 6000 Nano LabChip kit. RNA-seq libraries were 

prepared with the NEBNext Ultra Directional RNA Library Prep Kit (New England Biolabs) 

using 500 ng total RNA followed by polyA+ enrichment, and were sequenced using Illumina® 

NextSeq500 (Illumina, San Diego, CA) to obtain 81 nucleotide (nt) single-end reads. The reads 

were trimmed to remove adaptor and low quality bases with cutadapt v1.8.3, aligned with 

TopHat 2.1.1, and then analyzed for differential gene expression using cuffdiff v2.2.1 2.2.1 using 

Ensembl annotations. Transcript abundance was measured in fragments per kilo base (kb) of 

exon per million fragments mapped (FPKM).  

Gene expression analyses  
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MDA-MB-231 were seeded at a density of 2x105 in T25 tissue culture flasks. After 24 h, culture 

medium was removed, cell monolayers were rinsed with PBS, and cells were incubated in either 

self- CM or EqMDEC CM for 24 h. Subsequently, mRNA was extracted from the cells using an 

RNeasy Plus Kit (QIAGEN, Valencia CA) and cDNA was synthesized using M-MLV Reverse 

Transcriptase (USB, Cleveland, OH), both according to manufacturer’s protocols. SYBER green-

based quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) assays were carried 

out on an Applied Biosystems 7500 Fast Real Time PCR instrument (Applied Biosystems, 

Carlsbad, CA) to determine fold changes in gene expression. The comparative Ct method was used 

to quantify gene expression levels where ΔΔCt = ΔCt (sample) – ΔCt (reference). The reference 

gene Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used to normalize samples. 

Primers to amplify PPFIBP2, RARRES2, CX3CL1, ASNS, LCN2 and the housekeeping gene 

GAPDH, were designed using Primer3 software, based on the human sequence found in the 

National Center of Biotechnology Information (NCBI) GenBank. All samples were run in 

triplicate. 

Mass Spectrometry (MS)  

In-solution digestion was performed following a protocol by Zhang et al. (2003) with slight 

modifications (26, 27). The protein pellet from a 10 mL medium culture was dissolved in 300 µL 

denaturing solution containing 6.0 M guanidine-hydrochloride, and 100 mM PBS pH 7.0, 

sonicated for 5 min, centrifuged, and supernatant was collected. The denatured sample was 

reduced with 10 mM dithiothreitol and alkylated with 55 mM iodoacetamide for 1 h at RT. Excess 

iodoacetamide was quenched with 30 mM dithiothreitol for 30 min at RT.  The samples were 

diluted to a final volume of 3,775 µL with 50mM Tris hydrochloride pH 8.0 to reduce the 

guanidine-hydrochloride concentration to less than 1M. The samples were digested by adding 25 
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µg trypsin (Promega, Madison, WI) and incubated at 37 ºC for 16 h. Digestions were stopped by 

the addition of 25 µL trifluoroacetic acid. The digests were further desalted by solid phase 

extraction using Sep-Pack Cartridge (Waters Corporation, Milford, MA), and eluted peptides were 

evaporated to dryness by a Speedvac SC110 (Thermo Savant, Milford, MA). The data-dependent 

acquisition raw files for collision-induced dissociation tandem mass spectrometry only were 

subjected to database searches using Proteome Discoverer 2.2 software (ThermoFisher Scientific, 

Bremen, Germany) with the Sequest HT algorithm.   

Statistical analyses  

Data were obtained from at least three independent experiments, each using MDEC from three 

different individuals, and expressed as the mean ± standard deviation for each group. Five mice 

per group were used for in vivo experiments and the injected EqMDEC CM was from one 

individual collected at different passages. Statistical analyses, including Student’s t-test and one-

way analysis of variance, were performed using GraphPad Prism 4.0 software (GraphPad, Inc., 

La Jolla, CA, USA). P < 0.05 was considered to indicate a statistically significant difference. 

 

3.4 Results  

The equine mammosphere-derived epithelial cell (EqMDEC) secretome specifically affects 

the viability of human triple negative breast cancer (TNBC) cell lines in vitro.  

 To begin to explore the efficacy of the secretome from MDEC collected from mammary 

cancer-resistant species, conditioned medium (CM) was collected from EqMDEC after 24 h of 

culture in DMEM without FBS. CM was then incubated with the normal human mammary 

epithelial cell line MCF10a, the estrogen receptor (ER)-positive breast cancer cell line MCF-7, 

and the triple-negative breast cancer (TNBC) cell line MDA-MB-231. When viability was assessed 

48 h later, using MTT assays, no effect on MCF10a and MCF-7 viability was detected upon 



 86 

exposure to EqMDEC CM when compared to medium alone (DMEM) or self-CM (Control CM), 

with exception of a slight, but significant, decrease in viability in MCF-7 cells treated with Control 

CM compared to DMEM (Figure 3.1A(i)). In contrast, a significant decrease in MDA-MB-231 

viability was found when this TNBC cell line was cultured with EqMDEC CM (Figure 3.1A(i)). 

To ensure that the observed effects were due to a factor secreted by eqMDEC and not just merely 

a consequence of using nutrient-depleted medium, since CM is collected 48 h after being on the 

cells, the experiments were repeated in media supplemented with fresh serum. Similar results were 

obtained, with the exception that Control CM no longer decreased viability of MCF-7 cells (Figure 

3.1A(ii)). In addition, we wanted to verify that we were measuring actual cell death and not merely 

metabolic differences, as measured by MTT assays (28). Therefore, we repeated the experiments 

where we cultured MDA-MB-231 in the presence of EqMDEC CM and determined the percentage 

of caspase 3-positive cells as well as lactate dehydrogenase (LDH) release. These assays measure 

initiation of apoptosis and loss of membrane integrity, respectively, which are subsequent, 

irreversible, steps in the cell death response pathway (29–31). MDA-MB-231 cultured in 

EqMDEC CM showed a significant increase in caspase 3 expression (Suppl. Figure 3.1A) and 

released significantly higher levels of LDH (Suppl. Figure 3.1B), when compared to MDA-MB-

231 cells cultured in DMEM, indicating that the secretome of equine MDEC causes cell death of 

MDA-MB-231.  

 To further corroborate our findings, viability experiments were repeated as follows. First, we 

included additional TNBC and ER-positive breast cancer cell lines to determine whether the 

EqMDEC CM effects were specific for the two tested breast cancer cell lines MCF-7 and MDA-

MB-231, or more reflective of the general receptor status of breast cancer cells. Similar to MCF-

7, no decrease in viability of another ER-positive breast cancer cell line, BT-474, was found when 
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cultured in EqMDEC CM (Figure 3.1B). In contrast, and similar to MDA-MB-231, a significant 

decrease in viability of additional TNBC cell lines, MDA-MB-468 and Hs578t, was observed 

(Figure 3.1B). Second, we included CM collected from an additional mammary cancer-resistant 

species, namely bovine (BoMDEC), and a mammary cancer-susceptible species, namely canine 

(CaMDEC), to determine whether the observed effect was equine-specific or more reflective of 

the mammary cancer incidence status of the species. We found that BoMDEC CM, but not 

CaMDEC CM, significantly reduced MDA-MB-231 cell viability to levels similar as observed for 

EqMDEC CM (Figure 3.1C). Third, we cultured MDA-MB-231 in CM from primary equine 

mammary fibroblast cells (EqFib CM), which matched the same mammary gland tissue samples 

used to isolate the EqMDEC, to determine whether the equine CM was epithelial-cell specific or 

more reflective of the effect of any cell type in the mammary gland. MDA-MB-231 cells treated 

with EqFib CM did not have a decrease in viability compared to cells treated with DMEM (Figure 

3.1D). As expected, culture with EqMDEC CM significantly reduced MDA-MB-231 viability 

when compared to DMEM control (Figure 3.1D). Collectively, these data show that the secretome 

of mammary epithelial cells from mammary cancer-resistant, but not -susceptible, species 

significantly decreases the viability of TNBC cell lines in vitro, while having no effect on normal 

mammary epithelial cells or ER-positive breast cancer cell lines.  
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Figure 3.1: The secretome of mammary epithelial cells (MDEC) from mammary cancer-resistant 

species specifically reduces viability of triple-negative human breast cancer (TNBC) cells in vitro. 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were used to assess 

cell viability of human cell lines cultured for 48 h in the presence of conditioned medium (CM) or 
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medium control from MDEC, as follows. Values are expressed relative to DMEM. (A) MCF10a, 

MCF-7, and MDA-MB-231, cultured with equine (Eq)MDEC CM, self-CM (Control CM), or 

DMEM, in the absence (i) or presence (ii) of 10% fetal bovine serum (FBS). (B) MCF10a, estrogen 

receptor (ER)-positive breast cancer cell lines, and TNBC cell lines, cultured with EqMDEC CM 

or DMEM. (C) MDA-MB-231 cultured with EqMDEC CM, canine (Ca)MDEC-CM, bovine 

(Bo)MDEC-CM, or DMEM. (D) MDA-MB-231 cultured with EqMDEC CM or CM from equine 

mammary fibroblasts. Significant differences are either depicted by asterisks: *p<.05, **p<0.01, 

***p<0.001, ****p<0.0001, or by different letters. ns: not significant, n=3. Data are presented as 

the mean ± standard deviation. 

 

EqMDEC CM reduces tumorigenicity of MDA-MB-231 in vivo.  

 Based on these encouraging in vitro data, we decided to explore the effects of EqMDEC CM 

in vivo. To this end, 10 NSG mice were injected orthotopically with 3x106 MDA-MB-231 cells in 

matrigel. Two weeks later, when tumors were ~100mm3, animals (5/group) were injected intra-

tumorally with either EqMDEC CM or DMEM daily for two weeks. Calipers were used to measure 

the volume of the tumors daily, and after 14 days, tumors were removed and measured. While the 

volume of the tumors accessible above the skin was not significantly different between the groups 

(Figure 3.2A), tumors in the EqMDEC CM-treated group were visually smaller overall and had a 

significantly smaller area than the tumors in the DMEM-treated group when analyzed upon 

removal (Figure 3.2B). Moreover, the weight of the tumors, as well as the tumor weight as a 

percentage of body weight, was significantly lower in the EqMDEC CM-treated group when 

compared to the DMEM-treated control group (Figure 3.2 C&D). Together, this exploratory in 

vivo study demonstrates the potential of the eqMDEC secretome to negatively affect tumor growth 

in a mouse xenograft model of TNBC. 
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Figure 3.2: The secretome of EqMDEC reduces tumorigenicity in vivo. Ten NSG mice were 

injected orthotopic with 3x106 MDA-MB-231 cells in matrigel. Two weeks later, mice were 

intratumorally injected with DMEM (control) or EqMDEC CM daily for two weeks. (A) Tumor 

volume in mice treated with EqMDEC CM or control over the 14-day period. (B) Representative 

macroscopic images of tumors removed from mice treated with either DMEM (control) or 

EqMDEC CM (i) and quantification of tumor area (ii). (C) Quantification of tumor weight and (D) 

tumor weight as a percentage of body weight after dissection. *p<0.05, n=5. Data are presented as 

the mean ± standard deviation. Scale bars = 0.5 cm.  
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The bioactive factor(s) in EqMDEC CM are small in size and temperature-stable.  

 We next decided to narrow down the nature of the bioactive factor(s) secreted by EqMDEC 

that are responsible for the observed anti-cancer effects. We first confirmed a dose-response effect 

by evaluating the effect on MDA-MB-231 viability of EqMDEC CM that was gradually diluted in 

DMEM. A cut-off was observed at a 1:3 dilution of EqMDEC CM (33%), after which no 

significant effect on cell viability was observed when compared to DMEM control (0%) (Suppl. 

Figure 3.1C). First, we narrowed down the size of the bioactive factor(s) by fractionating the 

EqMDEC CM using centrifugal filters. All fractionated CM samples containing the fraction of < 

3 kDa could significantly reduce MDA-MB-231 viability, whereas the fractionated CM samples 

without this fraction did not show any effect (Figure 3.3A). In order to exclude the loss of bioactive 

factors during the fractionation protocol, the > 3 kDa and < 3 kDA fractions were re-pooled 

together and tested, and this mix had the same effect as unfractionated CM (Figure 3.3A). Next, 

we subjected the EqMDEC CM to (i) boiling, at 100oC for 10 min, (ii) freezing, at -80oC for one 

week, as well as (iii) lyophilizing, with reconstitution to original volume. We then cultured MDA-

MB-231 with these different CM samples and determined cell viability 48 h later. Exposing the 

EqMDEC CM to either pre-treatment did not alter its efficacy when compared to fresh (untreated) 

CM, with a significant reduction in MDA-MB-231 viability under all four different conditions 

(Figure 3.3B). Finally, we also pre-treated the EqMDEC CM with proteinase K in order to degrade 

proteins, and again, observed no difference in the capability of this proteinase K-treated EqMDEC 

CM to significantly reduce cell viability when compared to untreated EqMDEC CM (Figure 3.3C). 

After proteinase K treatment, CM was run on a gel and stained with Coomassie blue to verify that 

proteins indeed had been degraded (data not shown). Experiments to pre-treat CM with RNAse 

and lipid eliminators, to evaluate whether the bioactive factors could be miRNAs or lipids, 
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respectively, were also initiated, but since the treatment by itself already had a negative effect on 

MDA-MB-231 viability (data not shown), results were inconclusive. Collectively, these results 

demonstrate that the bioactive factor(s) are small compounds, most likely non-protein in nature, 

that can withstand extreme temperatures and freeze-drying.  

 

 

 

 

 

 

 

 

 

Figure 3.3: The bioactive factor(s) in EqMDEC CM are small in size and temperature-stable. MTT 

assays were used to assess cell viability of MDA-MB-231 cultured for 48 h in the presence of 

eqMDEC conditioned medium (CM) that has been manipulated, as follows, or not. DMEM 

controls were also included for each experiment. (A) EqMDEC CM was fractionated using 

Milipore centrifugation filters. (B) EqMDEC CM was either boiled at 100oC for 10 min, frozen at 

-80oC for one week, or lyophilized and reconstituted to its original volume DMEM. (C). EqMDEC 

CM was pre-treated with proteinase K. Significant differences are either depicted by asterisks: 
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****p<0.0001, or by different letters. ns: not significant, n=3. Data are presented as the mean ± 

standard deviation. 

 

Cryopreservation of EqMDEC negatively affects the efficacy of the secretome and alters the 

relative presence of subpopulations in these cultures.  

 We decided to also evaluate the effect of cryopreservation on the efficacy of the EqMDEC 

secretome, based on previous reports where it was found that cryopreservation of certain cells, eg. 

mesenchymal stromal cells, can negatively affect their therapeutic properties (32). 

Cryopreservation of EqMDEC did not change their morphology, population doubling time, and 

capacity to form mammospheres, when compared to non-cryopreserved cells (Suppl. Figure 3.2). 

However, when CM was collected from EqMDEC that were previously cryopreserved and used 

for culturing MDA-MB-231, the negative effects on cell viability observed when MDA-MB-231 

were cultured with CM collected from EqMDEC that had not been non-cryopreserved were 

abolished (Figure 3.4A). Indeed, whereas CM from non-cryopreserved EqMDEC significantly 

reduced cell viability when compared to the DMEM control, no significant difference in cell 

viability was observed between CM from cryopreserved EqMDEC and DMEM (Figure 3.4A). 

One potential explanation could be that cryopreservation might differentially alter the viability of 

a certain subpopulation in EqMDEC cultures, and thus negatively affect the subpopulation 

responsible for the observed anti-cancer effects. To start exploring this possibility, we performed 

flow cytometry to evaluate the expression of two cell surface markers, namely CD49f and CD44, 

that we showed previously to be highly expressed on EqMDEC (33). As expected, non-

cryopreserved EqMDEC cultures from 3 individual animals were highly positive for both markers 

(Figure 3.4B). When evaluating marker expression in these same 3 cultures, but after the EqMDEC 

had been cryopreserved, a similar high expression of both markers was observed (Figure 3.4B). 
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However, a reduction in the percentage of a specific cell population, which expressed medium 

levels of CD49f or CD44, was detected upon cryopreservation, albeit this did not reach 

significance when samples were batch analyzed (Figure 3.4B). Still, these data indicate that 

alterations in specific EqMDEC subpopulations likely occur upon cryopreservation and 

subsequent thawing. 

 

Figure 3.4: Cryopreservation of EqMDEC negatively effects the efficacy of the secretome and 

alters the relative presence of subpopulations in these cultures. (A) MTT assays of MDA-MB-231 
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cells cultured for 48 h with CM collected from EqMDEC CM that were either freshly isolated 

(non-CP) or previously cryopreserved (CP). Significant differences are depicted by different 

letters. n=3. Data are presented as the mean ± standard deviation. (B) Flow cytometric expression 

of the cell surface markers CD49f (i) and CD44 (ii). Data represent marker expression of 3 

individual EqMDEC cultures before and after cryopreservation, and scatter plots represent forward 

scatter area and surface marker expression, where red dots indicate cells in the middle range of 

positive cells.  

 

Comparative mass spectrometry analysis of the secretome from cryopreserved and non-

cryopreserved EqMDEC cultures identified a peptide profile highly enriched in chemokines 

and cytokines.  

 The striking difference in efficacy of the CM collected from cryopreserved (no effect on MDA-

MB-231 viability, CP EqMDEC CM) and non-cryopreserved (significant reduction of MDA-MB-

231 viability, non-CP EqMDEC CM) EqMDEC cultures provided us with an additional 

opportunity to start identifying the factors present in the secretome of EqMDEC responsible for 

the anti-cancer effect. Our previous experiments with fractionated EqMDEC CM indicated that 

the bioactive factors are small in size (Figure 3.3A). Since digestion with proteinase K did not 

affect the CM (Figure 3.3C), the bioactive factors are likely not proteins, but could be smaller 

peptides that would be unaffected by the proteinase K treatment. Although we recognize that there 

are several classes of small bioactive factor(s) that can be present in the secretome, we decide to 

focus on small peptides first, based on previous work where we successfully identified various 

peptides with antimicrobial properties in the secretome of BoMDEC using mass spectrometry (34). 

For this experiment, we collected EqMDEC from the same horse and either kept these cells in 

culture, or cryopreserved and revived them. CM was then collected from both cultures and 

submitted for mass spectrometry, which yielded 288 peptides in the non-CP EqMDEC CM and 

448 peptides in the CP EqMDEC CM (Suppl. Table 3.1). Of these, 47 peptides were selectively 

found only in non-CP EqMDEC CM (anti-cancer effects), and 211 peptides were selectively found 
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only in CP EqMDEC CM (no anti-cancer effects). Using PANTHER gene ontology to further 

analyze enriched biological pathways in these two CM samples, revealed that peptides found in 

non-CP EqMDEC CM only were most commonly associated with the inflammatory pathway, 

mediated by chemokine and cytokine signaling, whereas peptides found in CP EqMDEC CM only 

had a more diverse profile (Suppl Figure 3.3). Indeed, 29 out of a total of the 47 peptides identified 

in the non-CP EqMDEC CM only have a known role in inflammation (Table 3.1). Interestingly, 

12 out of the total of 47 peptides were found to have known roles as tumor suppressors (Table 3.1).  

Table 3.1: Peptides found exclusively in non-CP EqMDEC-CM as identified by mass 

spectrometry.  

 

Accession Description # Peptides Association  

1333610726 ADAMTS-like protein 1 isoform X1  6 I, TS 

1333596351 agrin isoform X6  31 I 

1333610968 beta-1,4-galactosyltransferase 1  5 - 

545179509 C-C motif chemokine 7  3 I, TS 

169234968 C-X-C motif chemokine 10 precursor  3 I, TS 

221139848 C-X-C motif chemokine 2 precursor  2 I, TS 

825706118 C-X-C motif chemokine 6 precursor  8 I, TS 

146149237 calcitonin gene-related peptide 1 isoform CGRP 

preproprotein 

2 I 

126352532 calcitonin gene-related peptide 2 precursor  2 I 

827834423 chemokine (C-X-C motif) ligand 1 (melanoma 

growth stimulating activity, alpha) precursor  

4 I 

1333567776 chitinase domain-containing protein 1 isoform X2  2 - 

953892806 chordin-like protein 1 isoform X3  9 - 

545219168 complement C1r subcomponent  19 I 

1333680053 complement C1s subcomponent  12 I 

149732359 complement C4-A  7 I 

217454358 CXCL3  2 I 

1333704580 extracellular sulfatase Sulf-1 isoform X1  4 TS 

349603351 histidine triad nucleotide-binding protein 1-like 

protein  

2 TS 

545217098 histone H2B type 2-F  2 I, TS 

1333549072 lactadherin isoform X2  5 - 

261490217 MHC class I antigen, partial  2 I, TS 

1333573985 monocyte differentiation antigen CD14-like  5 I 
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545193779 multiple inositol polyphosphate phosphatase 1 

isoform X1  

2 - 

1333589748 pentraxin-related protein PTX3  7 I 

1333695489 peroxiredoxin-2 isoform X1  2 I 

149758084 plasma protease C1 inhibitor 8 I 

545215255 prolargin  2 - 

953884791 proprotein convertase subtilisin/kexin type 5 

isoform X1  

3 I 

545193979 prosaposin isoform X3 5 - 

1333595794 protein/nucleic acid deglycase DJ-1 isoform X1  2 - 

1333663018 proteoglycan 4  5 I 

110810385 transferrin receptor protein 1; CD71 2 I 

1333648020 ribonuclease T2  2 TS 

126723746 serum albumin precursor  12 - 

1333698300 serum amyloid A protein isoform X1  3 I 

255522921 serum amyloid A protein precursor  3 I 

149719493 serum amyloid A protein-like 2 I 

1333698107 spondin-1 isoform X1  2 - 

1333573027 stanniocalcin-2  6 I 

1333561518 synaptic vesicle membrane protein VAT-1 

homolog  

2 - 

1333704040 syntenin-1 isoform X1  3 - 

1333694044 thy-1 membrane glycoprotein  2 I, TS 

6176280 transferrin, partial  3 - 

1333669017 transforming growth factor beta receptor type 3 

isoform X1  

2 I, TS 

953859478 tsukushin isoform X1  2 - 

1333707051 V-type proton ATPase subunit S1  3 - 

154756883 vascular cell adhesion molecule  3 I 

I: peptide has a known role in inflammation 

TS: peptide has a known role as a tumor suppressor  

-: peptide does not have a known role in either inflammation or as a tumor suppressor  

 

EqMDEC CM induces downregulation of genes that are associated with breast cancer 

progression in MDA-MB-231. 

 In addition to exploring the EqDMEC secretome for bioactive factors that could mediate the 

observed anti-cancer effects, we decided to also investigate the transcriptional changes in 

EqMDEC CM-cultured MDA-MB-231 that could help unravel the underlying molecular 
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mechanisms that lead to the reduced viability in these target cells. To this end, we cultured MDA-

MB-231 with either EqMDEC CM or their own CM, to control for any CM-related transcriptional 

changes, for 12 h and submitted these samples for RNA deep sequencing. The 12 h treatment was 

selected to allow for transcriptional changes to occur, but before any effective changes in MDA-

MB-231 viability were observed as determined by MTT assay (data not shown). As additional 

controls, we included MCF-7 that were cultured with either EqMDEC CM or their own CM, since 

no effect on cell viability was observed with this cell line when cultured in EqMDEC CM (Figure 

3.1A). Thirteen genes were identified as differentially expressed, with 9 being upregulated and 4 

being downregulated, in MDA-MB-231 cultured in EqMDEC CM when compared to their own 

CM (Figure 3.5A(i), Table 3.2). For MCF-7, 39 genes were identified as differentially expressed, 

with 20 being upregulated and 19 being downregulated, when cultured in EqMDEC CM compared 

to their own CM (Figure 3.5A(ii), Table 3.2). One gene, namely TXNIP, was upregulated in both 

cell lines, and thus was excluded from further analysis (Table 3.2), whereas the remaining 12 

differentially expressed genes (DEG) in EqMDEC CM-cultured MDA-MB-231 were further 

evaluated by qRT-PCR. Of these 12 genes, only 5 genes were confirmed to be differentially 

expressed both by RNA deep sequencing and qRT-PCR. Specifically, PPFIA binding protein 2 

(PPFIBP2), retinoic acid receptor responder 2 (RARRES2), C-X3-C motif chemokine ligand 1 

(CX3CL1), asparagine synthetase (ASNS), and lipocalin 2 (LCN2) were all significantly 

downregulated in EqMDEC CM-cultured MDA-MB-231 cells when compared to DMEM (Figure 

3.5B). Interestingly, the latter three genes have all been associated with progression of breast 

cancer. 
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Figure 3.5: EqMDEC CM induces transcriptional changes in MDA-MB-231 genes that are 

associated with breast cancer progression. (A) MA analysis showing differentially expressed genes 

(DEGs) in MDA-MB-231 (i) and MCF-7 (ii) that are either cultured in control conditions (own 

CM) or in EqMDEC CM for 12 h (p < 10−6). DEGs are highlighted in red. n=2. (B) qRT-PCR of 

5 genes detected by RNA sequencing to be differentially expressed in EqMDEC CM-cultured 

MDA-MB-231 cells. *p<0.05, **p<0.01. n=3. Data are presented as the mean ± standard 

deviation. 

 

Table 3.2: Differentially expressed genes in MDA-MB-231 and MCF-7 cells after treatment 

with EqMDEC CM as identified by RNA sequencing.  
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3.5 Discussion 

This is the first study to evaluate the effects of the secretome of mammary epithelial cells 

from mammary cancer-resistant species on human breast cancer cells. Specifically, we found that 

the equine mammosphere-derived epithelial cell (EqMDEC) secretome, collected as conditioned 

medium (CM), significantly reduced cell viability of triple-negative breast cancer (TNBC) cells in 

vitro, without affecting normal mammary epithelial cells, and reduced tumorigenicity in vivo. 

Moreover, additional experiments provided compelling data to identify (i) the nature of the 

bioactive factor(s) responsible for the anti-cancer effects and (ii) the molecular mechanisms 

underlying the observed cell death in the human breast cancer cells. Collectively, the data in this 

study contribute to the growing list of protective mechanisms identified in cancer-resistant species 

and support a crucial role of the mammary gland epithelial cell secretome in mammary cancer 

resistance.  

MDA-MB-231 MCF-7
Upregulated Downregulated Upregulated Downregulated

Gene 
Abbreviation

Fold Change Gene 
Abbreviation

Fold Change Gene 
Abbreviation

Fold Change Gene 
Abbreviation

Fold Change

ADAM19 0.488364 ASB2 2.328582 ABCC3 0.367341 AHNAK 2.292338
COL6A3 0.447725 ASNS 2.402235 ACOX2 0.186668 AMOTL1 2.70862
MYH16 0.44397 CX3CL1 2.051974 ADORA1 0.237824 CALCOCO1 3.279585
P2RY6 0.291689 GGT5 2.027984 AGPAT2 0.447876 CLMN 2.771473

LCN2 2.042948 BMP7 0.3148 ELOVL2 3.795495
PPFIBP2 2.507134 CCDC86 0.424847 FREM2 2.033828
RARRES2 2.204093 DUSP5 0.270298 METTL7A 2.735308
TXNIP 2.677222 ETV4 0.253306 MYOF 2.743046
VIPR1 2.218237 ETV5 0.31451 NPY1R 3.406242

FABP5 0.391751 OPTN 3.497602
KRT80 0.345063 PDCD4 2.510132
LAD1 0.478078 PGR 2.54223
N4BP3 0.415255 RTN2 4.185677
PRSS23 0.342333 SCIN 2.895793
RET 0.389265 SELENBP1 2.881265
SDC1 0.339147 SLC26A2 3.631624
TGM2 0.251892 TP53INP1 2.867714
TOMM40 0.486226 TXNIP 5.277761
TUBB3 0.457793 YPEL3 5.348536
VGF 0.255917
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 Breast cancer is usually classified in subtypes based on the expression of three cell surface 

marker proteins: the estrogen receptor (ER), the progesterone receptor (PR), and the human 

epidermal growth factor (EGF) receptor 2 (HER2) (15). This hormone receptor classification 

largely correlates with prognosis, and chemotherapy is traditionally targeted towards these specific 

proteins (35–37). TNBC is a breast cancer subtype that does not express any of these 3 proteins, 

and are treated with conventional chemo- and radiation therapy since targeted therapy is not 

available in the absence of expression of these proteins (37). Combined with the fact that the 5-

year survival rate for TNBC is at least 10% lower than any other breast cancer subtype, new 

treatments specifically targeting TNBC are in high demand (36). The findings in the present study 

may, therefore, open up novel avenues for TNBC-specific treatments and immediate next steps 

will be geared towards repeating these experiments using TNBC patient-derived xenograft (PDX) 

mouse models, to make our findings more directly translational.  

 The RNA deep sequencing performed in this study provides some insight into why the viability 

of TBNC, but not ER-positive cancer cells, was affected by the EqMDEC secretome. Three genes 

that were significantly downregulated in the TNBC cell line MDA-MB-231 after culturing with 

EqMDEC CM have been described previously to be associated with progression of breast cancer. 

The C-X3-C motif chemokine ligand 1 (CX3CL1) has been shown to act as a tumor promoter in 

mouse mammary carcinomas where ErbB signaling is active (38). When asparagine synthetase 

(ASNS) was knocked down in the TNBC cell lines Hs578t and MDA-MB-231, which are cell lines 

that were also used in our present study, a significant decrease in their growth rates was observed 

(39). Similarly, lipocalin 2 (LCN2) is among the genes most highly associated with ER-negative 

breast tumors and has been shown to promote breast cancer progression (40, 41). Interestingly, 

MDA-MB-231 were found to produce more LCN2 protein compared to MCF-7, and knockdown 
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of LCN2 in MDA-MB-231 cells resulted in a significant inhibition of growth in soft agar assays 

(41). The specific association of ASNS and LCN2 with TNBC cell lines could provide an 

explanation as to why the EqMDEC secretome preferentially affects this cancer cell type. 

 Although we have not yet identified the precise nature of the bioactive factor(s) in the 

eqMDEC secretome responsible for the observed anti-cancer effects, we did narrow it down to 

factors that are small in size and can withstand extreme temperatures and freeze-drying. One 

possibility could be that the bioactive factors are peptides, and a preliminary exploration using 

mass spectrometry resulted in a list of peptides that were heavily represented in immune 

chemokines and cytokines. Interestingly, this finding is similar to what was found in a previous 

study, describing an abundance of cytokines in the CM of human uterine cervical stem cells that 

was linked to anti-cancer effects against MDA-MB-231 cells (42).  

 The finding that the anti-cancer activity of the EqMDEC secretome was lost when we 

cryopreserved the cell cultures, puzzled us. Especially since we did not see clear differences in the 

proliferation and functional (ie. self-renewal) capacities of primary EqMDEC cultures before (non-

cryopreserved, non-CP) and after (CP) cryopreservation (Suppl Figure 3.2). A potential 

explanation could be that MDEC cultures consist of a mixture of epithelial cells including stem, 

stem/progenitor, and non-stem/progenitor cells. If the specific epithelial cell subtype responsible 

for the anti-cancer effects may be more sensitive to freezing and thawing compared to the other 

subpopulations present in the cultures, it is possible that these specific epithelial cells are lost 

during the cryopreservation process. Indeed, we did detect slight differences in the CD44mid and 

CD49fmid populations between CP and non-CP cells from the same cultures, although this did not 

reach significance. As additional cell markers will become available to thoroughly phenotype 

different subpopulations of equine mammary epithelial cells, we may be able to identify more 
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dramatic differences in subpopulations present in CP versus non-CP. Subsequent sorting of these 

different subpopulations, as has been done previously for bovine mammary cells (43), will allow 

us to characterize the mammary epithelial subpopulation(s) that possess anti-cancer effects. 

 While this study is the first to describe the anti-cancer properties of the mammary gland 

cell secretome as a mechanism of cancer resistance in mammary cancer-resistant species, such as 

the horse, this is not the first report to attribute cancer resistance to a secreted factor. The naked 

mole rat, a rodent known for its long lifespan and remarkable resistance to cancer in general, was 

shown to have skin fibroblasts that secrete a high-molecular-mass hyaluronan, proposed to trap 

cancer cells and prevent them from proliferating (18). It is worth noting that in our study, the 

secretome of mammary fibroblasts, which were isolated form the same tissue sample as the 

MDEC, did not display any anti-cancer effects, and thus, that the effect described in this present 

study appears mammary epithelial-specific.  
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Suppl Figure 3.1: EqMDEC CM causes a dose-dependent cell death of MDA-MB-231. (A) 

Quantification (i) and representative images (ii) of activated caspase-3-positive MDA-MB-231 

cells after 48 h culture with EqMDEC CM or DMEM. Images were taken at 20x magnification. 

(B) Lactate dehydrogenase (LDH) assay of MDA-MB-231 cells after 48 h culture with EqMDEC 

CM or DMEM. (C) MTT assay of MDA-MB-231 cells cultured for 48 h with increasing dilutions 

of EqMDEC CM in DMEM. Significant differences are either depicted by asterisks: **p<0.01, 

***p<0.001, or by different letters. n=3. Data are presented as the mean ± standard deviation. 
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Suppl Figure 3.2: Cryopreservation does not affect growth of EqMDEC. (A) Morphology of 

non-cryopreserved (Non-CP) and cryopreserved (CP) EqMDEC after 48 h culture. Scale bar: 50 

m. (B) Population doubling time of EqMDEC either non-CP or CP for three passages. (C) 

Mammospheres formed from 100,000 EqMDEC plated in ultra-low attachment wells for three 

passages.  
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Suppl Figure 3.3: Non-cryopreserved (non-CP) EqMDEC CM has a peptide profile highly 

enriched in inflammatory pathways, including chemokines and cytokines. PANTHER-generated 

pie charts of the pathways represented by peptides secreted by non-cryopreserved EqMDEC CM 

and cryopreserved EqMDEC CM as identified by mass spectrometry.    
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Suppl Table 3.1: All peptides found in either non-CP EqMDEC CM or CP EqMDEC CM as 

identified by mass spectrometry.  

Non-CP EqMDEC CM CP EqMDEC CM 

Accession Description # 

Peptides 

Accession Description # 

Peptides 

149724150 14-3-3 protein epsilon 

isoform X1 [Equus 

caballus] 

3 1333587315 10 kDa heat shock protein, 

mitochondrial isoform X2 

[Equus caballus] 

4 

1333569388 14-3-3 protein gamma 

[Equus caballus] 

2 1333617600 14 kDa phosphohistidine 

phosphatase isoform X9 

[Equus caballus] 

2 

1333596281 45 kDa calcium-binding 

protein [Equus caballus] 

6 1333607386 14-3-3 protein beta/alpha 

[Equus caballus] 

4 

1333587311 60 kDa heat shock protein, 

mitochondrial [Equus 

caballus] 

2 149724150 14-3-3 protein epsilon 

isoform X1 [Equus 

caballus] 

5 

1333565115 60S acidic ribosomal 

protein P2 isoform X1 

[Equus caballus] 

2 1333569388 14-3-3 protein gamma 

[Equus caballus] 

6 

1333632148 72 kDa type IV 

collagenase [Equus 

caballus] 

31 149727776 14-3-3 protein theta 

[Equus caballus] 

2 

1333616111 78 kDa glucose-regulated 

protein [Equus caballus] 

13 149721580 14-3-3 protein zeta/delta 

[Equus caballus] 

4 

1333572612 A disintegrin and 

metalloproteinase with 

thrombospondin motifs 2 

isoform X1 [Equus 

caballus] 

2 149722119 26S proteasome regulatory 

subunit 6B [Equus 

caballus] 

2 

1333549750 A disintegrin and 

metalloproteinase with 

thrombospondin motifs 7 

isoform X1 [Equus 

caballus] 

5 1333600710 40S ribosomal protein S10 

[Equus caballus] 

2 

1333552051 actin, alpha cardiac muscle 

1 [Equus caballus] 

10 149757872 40S ribosomal protein S11 

[Equus caballus] 

2 

1333568388 actin, cytoplasmic 1 

isoform X1 [Equus 

caballus] 

13 827834182 40S ribosomal protein S12 

[Equus caballus] 

2 

1333610726 ADAMTS-like protein 1 

isoform X1 [Equus 

caballus] 

6 953859656 40S ribosomal protein S13 

[Equus caballus] 

2 

1333652367 adipocyte enhancer-

binding protein 1 isoform 

X1 [Equus caballus] 

10 1333698817 40S ribosomal protein S15 

[Equus caballus] 

2 
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255522895 ADM precursor [Equus 

caballus] 

3 149722116 40S ribosomal protein S16 

[Equus caballus] 

2 

1333596351 agrin isoform X6 [Equus 

caballus] 

31 149722214 40S ribosomal protein S17 

[Equus caballus] 

3 

1333612548 alpha-actinin-1 isoform X4 

[Equus caballus] 

4 1333608695 40S ribosomal protein S21 

[Equus caballus] 

3 

1333554253 alpha-actinin-4 isoform X6 

[Equus caballus] 

8 545221014 40S ribosomal protein S28 

[Equus caballus] 

2 

338720674 amyloid-beta A4 protein 

isoform X1 [Equus 

caballus] 

13 953847512 40S ribosomal protein S3a 

[Equus caballus] 

3 

1333544280 annexin A2 isoform X1 

[Equus caballus] 

16 1333542240 40S ribosomal protein S4, 

X isoform [Equus 

caballus] 

4 

1333597804 annexin A5 isoform X1 

[Equus caballus] 

4 149736868 40S ribosomal protein S6 

[Equus caballus] 

2 

953851910 antithrombin-III [Equus 

caballus] 

4 1333579684 40S ribosomal protein S7 

[Equus caballus] 

7 

306922408 ATP synthase subunit 

beta, mitochondrial [Equus 

caballus] 

2 194207535 40S ribosomal protein S8 

[Equus caballus] 

3 

1333594974 basement membrane-

specific heparan sulfate 

proteoglycan core protein 

isoform X6 [Equus 

caballus] 

98 1333596281 45 kDa calcium-binding 

protein [Equus caballus] 

5 

1333610968 beta-1,4-

galactosyltransferase 1 

[Equus caballus] 

5 1333587311 60 kDa heat shock protein, 

mitochondrial [Equus 

caballus] 

12 

28315888 beta-2-microglobulin 

[Equus caballus] 

7 1333565115 60S acidic ribosomal 

protein P2 isoform X1 

[Equus caballus] 

5 

1333596460 bone morphogenetic 

protein 1 isoform X1 

[Equus caballus] 

14 1333600861 60S ribosomal protein 

L10a [Equus caballus] 

4 

1333585664 BTB/POZ domain-

containing protein 

KCTD12 [Equus caballus] 

2 194225847 60S ribosomal protein L12 

[Equus caballus] 

4 

545179509 C-C motif chemokine 7 

[Equus caballus] 

3 1333582755 60S ribosomal protein L14 

[Equus caballus] 

2 

1333560984 C-type mannose receptor 2 

isoform X1 [Equus 

caballus] 

6 306922364 60S ribosomal protein L18 

[Equus caballus] 

2 

169234968 C-X-C motif chemokine 

10 precursor [Equus 

caballus] 

3 149730048 60S ribosomal protein L21 

[Equus caballus] 

2 
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221139848 C-X-C motif chemokine 2 

precursor [Equus caballus] 

2 194208116 60S ribosomal protein L22 

[Equus caballus] 

2 

825706118 C-X-C motif chemokine 6 

precursor [Equus caballus] 

8 149731349 60S ribosomal protein L24 

[Equus caballus] 

5 

1333702207 cadherin-2 [Equus 

caballus] 

9 1333573060 60S ribosomal protein 

L26-like 1 isoform X2 

[Equus caballus] 

3 

146149237 calcitonin gene-related 

peptide 1 isoform CGRP 

preproprotein [Equus 

caballus] 

2 149720018 60S ribosomal protein 

L27a [Equus caballus] 

2 

126352532 calcitonin gene-related 

peptide 2 precursor [Equus 

caballus] 

2 149721564 60S ribosomal protein L30 

[Equus caballus] 

5 

1333613646 calmodulin-1 [Equus 

caballus] 

4 338720515 60S ribosomal protein L35 

[Equus caballus] 

2 

1333595727 calsyntenin-1 isoform X1 

[Equus caballus] 

6 545217268 60S ribosomal protein L5 

isoform X1 [Equus 

caballus] 

3 

149705852 calumenin isoform X1 

[Equus caballus] 

3 1333617194 60S ribosomal protein L7a 

[Equus caballus] 

2 

545209689 cathepsin B isoform X1 

[Equus caballus] 

10 1333632148 72 kDa type IV 

collagenase [Equus 

caballus] 

32 

1333568074 cathepsin D [Equus 

caballus] 

2 1333616111 78 kDa glucose-regulated 

protein [Equus caballus] 

25 

1333609553 cathepsin L1 isoform X2 

[Equus caballus] 

15 1333619362 A disintegrin and 

metalloproteinase with 

thrombospondin motifs 1 

[Equus caballus] 

2 

149731345 CD166 antigen isoform 

X1 [Equus caballus] 

4 1333549750 A disintegrin and 

metalloproteinase with 

thrombospondin motifs 7 

isoform X1 [Equus 

caballus] 

2 

338714429 cell growth regulator with 

EF hand domain protein 1 

[Equus caballus] 

4 1333649455 A-kinase anchor protein 

12 isoform X1 [Equus 

caballus] 

2 

1279526421 Chain A, Serum albumin 39 1333588617 actin-related protein 3 

[Equus caballus] 

4 

827834423 chemokine (C-X-C motif) 

ligand 1 (melanoma 

growth stimulating 

activity, alpha) precursor 

[Equus caballus] 

4 1333552051 actin, alpha cardiac muscle 

1 [Equus caballus] 

20 
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1333567776 chitinase domain-

containing protein 1 

isoform X2 [Equus 

caballus] 

2 149689874 actin, aortic smooth 

muscle [Equus caballus] 

19 

545195240 chondroitin sulfate 

proteoglycan 4 [Equus 

caballus] 

2 1333568388 actin, cytoplasmic 1 

isoform X1 [Equus 

caballus] 

19 

953892806 chordin-like protein 1 

isoform X3 [Equus 

caballus] 

9 149694095 adenylate kinase 2, 

mitochondrial isoform X1 

[Equus caballus] 

2 

1048721 clusterin [Equus caballus] 19 545208028 adenylyl cyclase-

associated protein 1 

isoform X1 [Equus 

caballus] 

2 

149725588 cofilin-1 [Equus caballus] 4 1333652367 adipocyte enhancer-

binding protein 1 isoform 

X1 [Equus caballus] 

5 

1333552835 cofilin-2 isoform X1 

[Equus caballus] 

2 255522895 ADM precursor [Equus 

caballus] 

2 

545192605 coiled-coil domain-

containing protein 80 

[Equus caballus] 

6 1333596341 agrin isoform X1 [Equus 

caballus] 

6 

1333562231 collagen alpha-1(I) chain 

[Equus caballus] 

103 1333657683 aldose reductase [Equus 

caballus] 

2 

643431288 collagen alpha-1(I), partial 

[Equus caballus] 

5 1333639721 alpha-2-macroglobulin 

receptor-associated protein 

[Equus caballus] 

2 

1333586033 collagen alpha-1(IV) chain 

[Equus caballus] 

5 1333612548 alpha-actinin-1 isoform X4 

[Equus caballus] 

20 

1333617313 collagen alpha-1(V) chain 

isoform X1 [Equus 

caballus] 

23 1333554253 alpha-actinin-4 isoform X6 

[Equus caballus] 

29 

1333617315 collagen alpha-1(V) chain 

isoform X2 [Equus 

caballus] 

20 338720674 amyloid-beta A4 protein 

isoform X1 [Equus 

caballus] 

13 

194226345 collagen alpha-1(VI) chain 

[Equus caballus] 

43 1333544280 annexin A2 isoform X1 

[Equus caballus] 

23 

1333556707 collagen alpha-1(XII) 

chain isoform X1 [Equus 

caballus] 

32 1333597804 annexin A5 isoform X1 

[Equus caballus] 

9 

1333618603 collagen alpha-1(XV) 

chain isoform X2 [Equus 

caballus] 

5 1333573487 annexin A6 isoform X1 

[Equus caballus] 

3 

1333620681 collagen alpha-1(XVIII) 

chain isoform X1 [Equus 

caballus] 

13 953851910 antithrombin-III [Equus 

caballus] 

4 
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149705490 collagen alpha-2(I) chain 

[Equus caballus] 

93 545224964 ATP synthase subunit 

alpha, mitochondrial 

[Equus caballus] 

6 

1333586031 collagen alpha-2(IV) chain 

[Equus caballus] 

7 306922408 ATP synthase subunit 

beta, mitochondrial [Equus 

caballus] 

10 

149730792 collagen alpha-2(V) chain 

[Equus caballus] 

48 545178265 ATP synthase subunit d, 

mitochondrial isoform X1 

[Equus caballus] 

2 

1333620786 collagen alpha-2(VI) chain 

isoform X1 [Equus 

caballus] 

29 1333566994 barrier-to-autointegration 

factor isoform X1 [Equus 

caballus] 

3 

1333677258 collagen alpha-3(VI) chain 

isoform X1 [Equus 

caballus] 

54 1333594974 basement membrane-

specific heparan sulfate 

proteoglycan core protein 

isoform X6 [Equus 

caballus] 

106 

1333703017 collagen and calcium-

binding EGF domain-

containing protein 1 

isoform X1 [Equus 

caballus] 

2 28315888 beta-2-microglobulin 

[Equus caballus] 

7 

338718912 complement C1q tumor 

necrosis factor-related 

protein 3 isoform X1 

[Equus caballus] 

3 1333674519 bifunctional purine 

biosynthesis protein 

PURH [Equus caballus] 

3 

545219168 complement C1r 

subcomponent [Equus 

caballus] 

19 1333596460 bone morphogenetic 

protein 1 isoform X1 

[Equus caballus] 

16 

1333680053 complement C1s 

subcomponent [Equus 

caballus] 

12 1333585664 BTB/POZ domain-

containing protein 

KCTD12 [Equus caballus] 

8 

149732359 complement C4-A [Equus 

caballus] 

7 1333560984 C-type mannose receptor 2 

isoform X1 [Equus 

caballus] 

3 

149732066 complement factor B 

[Equus caballus] 

38 1333702207 cadherin-2 [Equus 

caballus] 

10 

217454358 CXCL3 [Equus caballus] 2 953851391 caldesmon isoform X1 

[Equus caballus] 

5 

1333604860 cystatin-C [Equus 

caballus] 

7 1333613646 calmodulin-1 [Equus 

caballus] 

5 

1333567008 cystatin-M [Equus 

caballus] 

2 149756873 calreticulin [Equus 

caballus] 

10 

149743847 cysteine and glycine-rich 

protein 1 [Equus caballus] 

2 1333595729 calsyntenin-1 isoform X2 

[Equus caballus] 

11 
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1333603022 cytokine receptor-like 

factor 1 isoform X2 

[Equus caballus] 

13 149705852 calumenin isoform X1 

[Equus caballus] 

6 

545215451 dermatopontin [Equus 

caballus] 

5 338724227 calumenin isoform X2 

[Equus caballus] 

6 

1333702213 desmocollin-2 isoform X1 

[Equus caballus] 

4 1333565326 catalase isoform X1 

[Equus caballus] 

3 

1333698026 dickkopf-related protein 3 

[Equus caballus] 

4 545209689 cathepsin B isoform X1 

[Equus caballus] 

13 

1333573738 dihydropyrimidinase-

related protein 3 isoform 

X1 [Equus caballus] 

4 1333568074 cathepsin D [Equus 

caballus] 

2 

1333581924 dystroglycan [Equus 

caballus] 

4 1333609553 cathepsin L1 isoform X2 

[Equus caballus] 

17 

1333579802 EGF-containing fibulin-

like extracellular matrix 

protein 1 [Equus caballus] 

13 149724398 caveolae-associated 

protein 1 [Equus caballus] 

3 

1333566953 EGF-containing fibulin-

like extracellular matrix 

protein 2 [Equus caballus] 

11 149731345 CD166 antigen isoform 

X1 [Equus caballus] 

12 

1333575331 EGF-like repeat and 

discoidin I-like domain-

containing protein 3 

isoform X1 [Equus 

caballus] 

5 1333565145 CD44 antigen isoform X1 

[Equus caballus] 

2 

1333706280 elongation factor 1-delta 

isoform X4 [Equus 

caballus] 

2 338714429 cell growth regulator with 

EF hand domain protein 1 

[Equus caballus] 

4 

1333690943 elongation factor 2 [Equus 

caballus] 

4 338714528 cellular nucleic acid-

binding protein isoform 

X2 [Equus caballus] 

4 

1333578946 EMILIN-1 [Equus 

caballus] 

22 1279526421 Chain A, Serum albumin 34 

255522883 endoplasmin precursor 

[Equus caballus] 

3 260656201 Chain B, Gelsolin 6 

1333567040 endosialin [Equus 

caballus] 

6 545195240 chondroitin sulfate 

proteoglycan 4 [Equus 

caballus] 

5 

545200312 endothelial protein C 

receptor [Equus caballus] 

5 545229460 chordin-like protein 1 

isoform X1 [Equus 

caballus] 

9 

388260739 enolase 1 [Equus caballus] 16 1333655600 chromobox protein 

homolog 3 isoform X1 

[Equus caballus] 

3 



 113 

1333613005 epididymal secretory 

protein E1 [Equus 

caballus] 

6 1358101319 clathrin light chain A 

[Equus caballus] 

2 

1333666434 extracellular matrix 

protein 1 isoform X1 

[Equus caballus] 

13 1048721 clusterin [Equus caballus] 23 

1333704580 extracellular sulfatase 

Sulf-1 isoform X1 [Equus 

caballus] 

4 149725588 cofilin-1 [Equus caballus] 9 

1333638625 extracellular superoxide 

dismutase [Cu-Zn] [Equus 

caballus] 

3 1333552835 cofilin-2 isoform X1 

[Equus caballus] 

6 

1333551284 fibrillin-1 isoform X1 

[Equus caballus] 

75 545192605 coiled-coil domain-

containing protein 80 

[Equus caballus] 

3 

1333574523 fibrillin-2 isoform X1 

[Equus caballus] 

5 1333562231 collagen alpha-1(I) chain 

[Equus caballus] 

113 

1333674527 fibronectin isoform X1 

[Equus caballus] 

99 643431288 collagen alpha-1(I), partial 

[Equus caballus] 

4 

1333626677 fibulin-1 isoform X1 

[Equus caballus] 

14 1333586033 collagen alpha-1(IV) chain 

[Equus caballus] 

4 

1333626681 fibulin-1 isoform X2 

[Equus caballus] 

13 1333617313 collagen alpha-1(V) chain 

isoform X1 [Equus 

caballus] 

29 

1333580472 fibulin-2 isoform X1 

[Equus caballus] 

15 1333617315 collagen alpha-1(V) chain 

isoform X2 [Equus 

caballus] 

28 

1333708655 filamin-A isoform X1 

[Equus caballus] 

15 194226345 collagen alpha-1(VI) chain 

[Equus caballus] 

33 

1333581278 filamin-B isoform X1 

[Equus caballus] 

2 1333556707 collagen alpha-1(XII) 

chain isoform X1 [Equus 

caballus] 

19 

194222800 follistatin-related protein 1 

[Equus caballus] 

14 1333618603 collagen alpha-1(XV) 

chain isoform X2 [Equus 

caballus] 

4 

1333690251 follistatin-related protein 3 

[Equus caballus] 

2 1333620681 collagen alpha-1(XVIII) 

chain isoform X1 [Equus 

caballus] 

10 

1333570053 fructose-bisphosphate 

aldolase A isoform X1 

[Equus caballus] 

9 149705490 collagen alpha-2(I) chain 

[Equus caballus] 

101 

953889609 galectin-1 [Equus 

caballus] 

5 1333586031 collagen alpha-2(IV) chain 

[Equus caballus] 

4 

149723277 galectin-3-binding protein 

[Equus caballus] 

12 149730792 collagen alpha-2(V) chain 

[Equus caballus] 

47 
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126352460 ganglioside GM2 activator 

precursor [Equus caballus] 

2 1333620786 collagen alpha-2(VI) chain 

isoform X1 [Equus 

caballus] 

26 

1333615354 gelsolin isoform X1 

[Equus caballus] 

18 1333696054 collagen alpha-3(V) chain 

[Equus caballus] 

2 

1333542062 glia-derived nexin isoform 

X1 [Equus caballus] 

12 1333677258 collagen alpha-3(VI) chain 

isoform X1 [Equus 

caballus] 

30 

1333553844 glucose-6-phosphate 

isomerase [Equus 

caballus] 

2 338718912 complement C1q tumor 

necrosis factor-related 

protein 3 isoform X1 

[Equus caballus] 

4 

953854382 glutathione S-transferase 

Mu 1 isoform X1 [Equus 

caballus] 

2 1333563850 complement component 1 

Q subcomponent-binding 

protein, mitochondrial 

[Equus caballus] 

2 

255522848 glyceraldehyde-3-

phosphate dehydrogenase 

[Equus caballus] 

4 149732066 complement factor B 

[Equus caballus] 

3 

149723703 granulins isoform X1 

[Equus caballus] 

7 1333573454 copper transport protein 

ATOX1 [Equus caballus] 

3 

124377696 heat shock 70kDa protein 

8 [Equus caballus] 

12 1333604860 cystatin-C [Equus 

caballus] 

5 

149755998 heat shock protein beta-1 

[Equus caballus] 

2 1333567008 cystatin-M [Equus 

caballus] 

4 

1333611640 heat shock protein HSP 

90-alpha isoform X1 

[Equus caballus] 

2 149743847 cysteine and glycine-rich 

protein 1 [Equus caballus] 

4 

1333613981 HHIP-like protein 1 

isoform X1 [Equus 

caballus] 

2 1333614987 cysteine-rich protein 1 

[Equus caballus] 

2 

349603351 Histidine triad nucleotide-

binding protein 1-like 

protein [Equus caballus] 

2 1333614965 cysteine-rich protein 2 

[Equus caballus] 

2 

1333598730 histone H2A type 1 

[Equus caballus] 

2 149721868 cytochrome c oxidase 

subunit 6B1 [Equus 

caballus] 

2 

545217098 histone H2B type 2-F 

[Equus caballus] 

2 1333603020 cytokine receptor-like 

factor 1 isoform X1 

[Equus caballus] 

13 

1333598753 histone H3.1 [Equus 

caballus] 

4 822606514 cytosol aminopeptidase 

[Equus caballus] 

2 

1333601411 inactive tyrosine-protein 

kinase 7 [Equus caballus] 

4 1333699825 D-dopachrome 

decarboxylase [Equus 

caballus] 

2 
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508704 insulin-like growth factor 

II precursor, partial [Equus 

caballus] 

2 1333545445 deleted in malignant brain 

tumors 1 protein-like 

[Equus caballus] 

2 

1333674713 insulin-like growth factor-

binding protein 2 [Equus 

caballus] 

15 545215451 dermatopontin [Equus 

caballus] 

5 

1333652689 insulin-like growth factor-

binding protein 3 [Equus 

caballus] 

8 1333702213 desmocollin-2 isoform X1 

[Equus caballus] 

2 

1333561763 insulin-like growth factor-

binding protein 4 [Equus 

caballus] 

7 1333605125 destrin isoform X1 [Equus 

caballus] 

2 

820948134 insulin-like growth factor-

binding protein 5 

precursor [Equus caballus] 

2 1333698026 dickkopf-related protein 3 

[Equus caballus] 

6 

820948145 insulin-like growth factor-

binding protein 6 

precursor [Equus caballus] 

12 149746221 dihydropyrimidinase-

related protein 2 isoform 

X1 [Equus caballus] 

10 

149730228 integral membrane protein 

2B [Equus caballus] 

4 1333573738 dihydropyrimidinase-

related protein 3 isoform 

X1 [Equus caballus] 

13 

338715409 integrin beta-like protein 1 

[Equus caballus] 

3 1333572754 drebrin isoform X1 [Equus 

caballus] 

2 

1333688737 L-lactate dehydrogenase A 

chain isoform X1 [Equus 

caballus] 

2 1333581924 dystroglycan [Equus 

caballus] 

5 

1333549072 lactadherin isoform X2 

[Equus caballus] 

5 1333579802 EGF-containing fibulin-

like extracellular matrix 

protein 1 [Equus caballus] 

15 

255653068 lactotransferrin precursor 

[Equus caballus] 

2 1333566953 EGF-containing fibulin-

like extracellular matrix 

protein 2 [Equus caballus] 

12 

149751386 lamin [Equus caballus] 5 1333575331 EGF-like repeat and 

discoidin I-like domain-

containing protein 3 

isoform X1 [Equus 

caballus] 

3 

545177549 laminin subunit alpha-2 

isoform X3 [Equus 

caballus] 

11 126352304 elongation factor 1-alpha 1 

[Equus caballus] 

4 

1333557540 laminin subunit alpha-4 

isoform X1 [Equus 

caballus] 

32 1333587781 elongation factor 1-beta 

[Equus caballus] 

3 

1333651666 laminin subunit beta-1 

[Equus caballus] 

41 1333706280 elongation factor 1-delta 

isoform X4 [Equus 

caballus] 

5 
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1333662823 laminin subunit gamma-1 

[Equus caballus] 

42 126352468 elongation factor 1-gamma 

[Equus caballus] 

4 

1333578628 latent-transforming growth 

factor beta-binding protein 

1 isoform X1 [Equus 

caballus] 

16 1333690943 elongation factor 2 [Equus 

caballus] 

11 

1333612986 latent-transforming growth 

factor beta-binding protein 

2 isoform X1 [Equus 

caballus] 

23 1333578946 EMILIN-1 [Equus 

caballus] 

15 

1333554469 latent-transforming growth 

factor beta-binding protein 

4 isoform X1 [Equus 

caballus] 

5 1333703666 endoplasmic reticulum 

resident protein 29 isoform 

X1 [Equus caballus] 

4 

1333600334 LOW QUALITY 

PROTEIN: heat shock 70 

kDa protein 1-like [Equus 

caballus] 

2 1333618655 endoplasmic reticulum 

resident protein 44 isoform 

X2 [Equus caballus] 

2 

1333695800 low-density lipoprotein 

receptor [Equus caballus] 

6 255522883 endoplasmin precursor 

[Equus caballus] 

12 

124377698 lumican [Equus caballus] 22 1333567040 endosialin [Equus 

caballus] 

7 

1333550208 lysyl oxidase homolog 1 

isoform X1 [Equus 

caballus] 

9 545200312 endothelial protein C 

receptor [Equus caballus] 

5 

1333596550 lysyl oxidase homolog 2 

isoform X1 [Equus 

caballus] 

10 388260739 enolase 1 [Equus caballus] 28 

193248596 M2-type pyruvate kinase 

[Equus caballus] 

13 1333613005 epididymal secretory 

protein E1 [Equus 

caballus] 

8 

1333667727 macrophage colony-

stimulating factor 1 

isoform X1 [Equus 

caballus] 

11 1333564220 eukaryotic initiation factor 

4A-I isoform X1 [Equus 

caballus] 

3 

1333577320 macrophage-capping 

protein isoform X1 [Equus 

caballus] 

2 1333564169 eukaryotic translation 

initiation factor 5A-1 

[Equus caballus] 

5 

149713779 matrix Gla protein [Equus 

caballus] 

2 149733215 eukaryotic translation 

initiation factor 6 isoform 

X1 [Equus caballus] 

2 

1333596256 matrix remodeling-

associated protein 8 

[Equus caballus] 

8 1333666434 extracellular matrix 

protein 1 isoform X1 

[Equus caballus] 

14 
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1333709666 matrix-remodeling-

associated protein 5 

isoform X1 [Equus 

caballus] 

48 1333638625 extracellular superoxide 

dismutase [Cu-Zn] [Equus 

caballus] 

3 

308912538 mesencephalic astrocyte-

derived neurotrophic 

factor precursor [Equus 

caballus] 

2 1333647971 ezrin [Equus caballus] 5 

126722914 metalloproteinase inhibitor 

1 precursor [Equus 

caballus] 

11 1333667446 F-actin-capping protein 

subunit alpha-1 [Equus 

caballus] 

2 

1333559961 metalloproteinase inhibitor 

2 [Equus caballus] 

9 545208709 F-actin-capping protein 

subunit beta isoform X1 

[Equus caballus] 

2 

1333559454 meteorin-like protein 

[Equus caballus] 

3 1333670131 far upstream element-

binding protein 1 isoform 

X1 [Equus caballus] 

3 

261490217 MHC class I antigen, 

partial [Equus caballus] 

2 1333568827 fascin [Equus caballus] 11 

1333595292 microfibrillar-associated 

protein 2 isoform X1 

[Equus caballus] 

2 149721423 fatty acid-binding protein, 

epidermal [Equus 

caballus] 

6 

149755658 moesin [Equus caballus] 6 1333551284 fibrillin-1 isoform X1 

[Equus caballus] 

86 

1333573985 monocyte differentiation 

antigen CD14-like [Equus 

caballus] 

5 1333574523 fibrillin-2 isoform X1 

[Equus caballus] 

11 

545193779 multiple inositol 

polyphosphate 

phosphatase 1 isoform X1 

[Equus caballus] 

2 255522903 fibroblast growth factor 7 

[Equus caballus] 

2 

1333624162 myosin-9 [Equus caballus] 8 1333674527 fibronectin isoform X1 

[Equus caballus] 

110 

1333550247 neogenin isoform X1 

[Equus caballus] 

2 1333626677 fibulin-1 isoform X1 

[Equus caballus] 

16 

1333566330 neuroblast differentiation-

associated protein 

AHNAK isoform X3 

[Equus caballus] 

5 1333626681 fibulin-1 isoform X2 

[Equus caballus] 

16 

338712486 neutral alpha-glucosidase 

AB isoform X1 [Equus 

caballus] 

2 1333580472 fibulin-2 isoform X1 

[Equus caballus] 

18 

1333548199 nidogen-1 [Equus 

caballus] 

19 1333708655 filamin-A isoform X1 

[Equus caballus] 

49 

1333553314 nidogen-2 isoform X1 

[Equus caballus] 

11 1333581278 filamin-B isoform X1 

[Equus caballus] 

8 
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545192207 nmrA-like family domain-

containing protein 1 

[Equus caballus] 

4 1333657250 filamin-C isoform X1 

[Equus caballus] 

6 

1333555293 nucleobindin-1 [Equus 

caballus] 

14 338710456 flavin reductase (NADPH) 

[Equus caballus] 

2 

335775016 nucleobindin-2-like 

protein [Equus caballus] 

4 194222800 follistatin-related protein 1 

[Equus caballus] 

18 

1333559399 nucleoside diphosphate 

kinase B isoform X1 

[Equus caballus] 

2 1333690251 follistatin-related protein 3 

[Equus caballus] 

4 

545217394 olfactomedin-like protein 

3 isoform X1 [Equus 

caballus] 

17 1333570053 fructose-bisphosphate 

aldolase A isoform X1 

[Equus caballus] 

13 

1333694060 out at first protein 

homolog [Equus caballus] 

8 1333548923 furin [Equus caballus] 2 

1333589748 pentraxin-related protein 

PTX3 [Equus caballus] 

7 953889609 galectin-1 [Equus 

caballus] 

10 

953850207 peptidyl-prolyl cis-trans 

isomerase A [Equus 

caballus] 

8 149723277 galectin-3-binding protein 

[Equus caballus] 

3 

194216907 peptidyl-prolyl cis-trans 

isomerase FKBP10 [Equus 

caballus] 

9 126352460 ganglioside GM2 activator 

precursor [Equus caballus] 

2 

148529811 peptidylprolyl isomerase B 

[Equus caballus] 

5 1333615354 gelsolin isoform X1 

[Equus caballus] 

19 

1333579729 peroxidasin homolog 

isoform X1 [Equus 

caballus] 

35 1333542062 glia-derived nexin isoform 

X1 [Equus caballus] 

5 

149693696 peroxiredoxin-1 [Equus 

caballus] 

5 1333553844 glucose-6-phosphate 

isomerase [Equus 

caballus] 

4 

1333695489 peroxiredoxin-2 isoform 

X1 [Equus caballus] 

2 545222182 glucosidase 2 subunit beta 

isoform X1 [Equus 

caballus] 

3 

1333707197 peroxiredoxin-4 isoform 

X1 [Equus caballus] 

3 1333548627 glutamate dehydrogenase 

1, mitochondrial [Equus 

caballus] 

3 

149707887 peroxiredoxin-6 [Equus 

caballus] 

2 1333622075 glutathione reductase, 

mitochondrial isoform X1 

[Equus caballus] 

2 

149720563 phosphatidylethanolamine-

binding protein 1 [Equus 

caballus] 

2 149708716 glutathione S-transferase 

Mu 1 [Equus caballus] 

2 

1333709621 phosphoglycerate kinase 1 

[Equus caballus] 

7 255522848 glyceraldehyde-3-

phosphate dehydrogenase 

[Equus caballus] 

14 
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83744154 pigment epithelium-

derived factor [Equus 

caballus] 

18 1333656071 glycine--tRNA ligase 

[Equus caballus] 

2 

149758084 plasma protease C1 

inhibitor [Equus caballus] 

8 225543240 glycogen phosphorylase, 

liver form [Equus 

caballus] 

3 

1333569276 plasminogen activator 

inhibitor 1 [Equus 

caballus] 

13 1333677851 glypican-1 [Equus 

caballus] 

4 

338728078 plasminogen activator 

inhibitor 2 [Equus 

caballus] 

5 149723703 granulins isoform X1 

[Equus caballus] 

6 

1333563619 platelet-activating factor 

acetylhydrolase IB subunit 

alpha [Equus caballus] 

2 545210415 gremlin-2 [Equus caballus] 2 

1333706431 plectin isoform X5 [Equus 

caballus] 

5 1333701536 GTP-binding nuclear 

protein Ran [Equus 

caballus] 

2 

1333544015 pro-cathepsin H [Equus 

caballus] 

3 149699777 haptoglobin [Equus 

caballus] 

2 

1333569206 procollagen C-

endopeptidase enhancer 1 

isoform X1 [Equus 

caballus] 

24 124377696 heat shock 70kDa protein 

8 [Equus caballus] 

24 

545209074 procollagen-lysine,2-

oxoglutarate 5-

dioxygenase 1 isoform X1 

[Equus caballus] 

14 37142918 heat shock protein 90 

[Equus caballus] 

4 

1333569285 procollagen-lysine,2-

oxoglutarate 5-

dioxygenase 3 isoform X2 

[Equus caballus] 

22 149755998 heat shock protein beta-1 

[Equus caballus] 

8 

953868285 profilin-1 [Equus caballus] 3 1333611640 heat shock protein HSP 

90-alpha isoform X1 

[Equus caballus] 

4 

545215255 prolargin [Equus caballus] 2 1333664682 hepatoma-derived growth 

factor [Equus caballus] 

2 

1333686460 prolow-density lipoprotein 

receptor-related protein 1 

isoform X1 [Equus 

caballus] 

11 1333572687 heterogeneous nuclear 

ribonucleoprotein A/B 

isoform X1 [Equus 

caballus] 

4 

1333547563 prolyl 4-hydroxylase 

subunit alpha-1 isoform 

X1 [Equus caballus] 

2 953856128 heterogeneous nuclear 

ribonucleoprotein A1 

isoform X1 [Equus 

caballus] 

4 
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953884791 proprotein convertase 

subtilisin/kexin type 5 

isoform X1 [Equus 

caballus] 

3 1333636282 heterogeneous nuclear 

ribonucleoprotein D-like 

isoform X1 [Equus 

caballus] 

3 

1333707828 proSAAS [Equus caballus] 3 1333636298 heterogeneous nuclear 

ribonucleoprotein D0 

isoform X1 [Equus 

caballus] 

5 

545193979 prosaposin isoform X3 

[Equus caballus] 

5 1333572600 heterogeneous nuclear 

ribonucleoprotein H 

isoform X1 [Equus 

caballus] 

3 

149756583 protein canopy homolog 2 

[Equus caballus] 

2 1333609317 heterogeneous nuclear 

ribonucleoprotein K 

isoform X1 [Equus 

caballus] 

3 

194211151 protein CYR61 [Equus 

caballus] 

3 1333556986 heterogeneous nuclear 

ribonucleoprotein Q 

isoform X1 [Equus 

caballus] 

2 

1333559663 protein disulfide-

isomerase [Equus 

caballus] 

12 1333644394 heterogeneous nuclear 

ribonucleoprotein U 

isoform X1 [Equus 

caballus] 

4 

1333551507 protein disulfide-

isomerase A3 [Equus 

caballus] 

7 1333566391 heterogeneous nuclear 

ribonucleoprotein U-like 

protein 2 isoform X1 

[Equus caballus] 

2 

1333579492 protein disulfide-

isomerase A6 [Equus 

caballus] 

2 1333655583 heterogeneous nuclear 

ribonucleoproteins A2/B1 

isoform X1 [Equus 

caballus] 

8 

149751468 protein S100-A11 [Equus 

caballus] 

4 1333613981 HHIP-like protein 1 

isoform X1 [Equus 

caballus] 

2 

545216843 protein S100-A4 [Equus 

caballus] 

2 335775462 high mobility group 

protein B1-like protein 

[Equus caballus] 

5 

1333574702 protein-lysine 6-oxidase 

isoform X1 [Equus 

caballus] 

4 1333600039 histone H1.3 [Equus 

caballus] 

2 

1333595794 protein/nucleic acid 

deglycase DJ-1 isoform 

X1 [Equus caballus] 

2 149754742 histone H1.5 [Equus 

caballus] 

2 

1333663018 proteoglycan 4 [Equus 

caballus] 

5 1333598730 histone H2A type 1 

[Equus caballus] 

8 
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1333630825 rab GDP dissociation 

inhibitor beta isoform X2 

[Equus caballus] 

2 545197429 histone H2A type 1-E 

[Equus caballus] 

4 

38604884 RecName: Full=Annexin 

A1; AltName: 

Full=Annexin I; AltName: 

Full=Annexin-1; 

AltName: Full=Calpactin 

II; AltName: 

Full=Calpactin-2; 

AltName: Full=Lipocortin 

I 

13 1333635392 histone H2A.Z [Equus 

caballus] 

2 

8134615 RecName: Full=Biglycan; 

AltName: 

Full=Bone/cartilage 

proteoglycan I; AltName: 

Full=PG-S1; Flags: 

Precursor 

26 1333693950 histone H2AX [Equus 

caballus] 

4 

6093705 RecName: Full=Decorin; 

AltName: Full=Bone 

proteoglycan II; AltName: 

Full=Dermatan sulfate 

proteoglycan II; 

Short=DS-PGII; AltName: 

Full=PG-S2; Flags: 

Precursor 

18 1333598737 histone H2B type 1-J 

[Equus caballus] 

3 

124616 RecName: Full=Insulin; 

Contains: RecName: 

Full=Insulin B chain; 

Contains: RecName: 

Full=Insulin A chain; 

Flags: Precursor 

2 1333598753 histone H3.1 [Equus 

caballus] 

10 

110810385 RecName: 

Full=Transferrin receptor 

protein 1; Short=TR; 

Short=TfR; Short=TfR1; 

Short=Trfr; AltName: 

CD_antigen=CD71 

2 1333599946 histone H3.1 [Equus 

caballus] 

2 

1333698495 reticulocalbin-1 isoform 

X1 [Equus caballus] 

3 1333687607 histone H3.3 [Equus 

caballus] 

2 

1333555461 reticulocalbin-3 [Equus 

caballus] 

2 335775311 histone-binding protein 

RBBP4-like protein 

[Equus caballus] 

2 

1333542798 retinoic acid receptor 

responder protein 1 [Equus 

caballus] 

4 823270915 hsc70-interacting protein 

[Equus caballus] 

2 
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1333542792 retinoic acid receptor 

responder protein 1-like 

isoform X1 [Equus 

caballus] 

3 545221374 hypoxia up-regulated 

protein 1 isoform X1 

[Equus caballus] 

3 

1333658843 retinoic acid receptor 

responder protein 2 [Equus 

caballus] 

5 1333601411 inactive tyrosine-protein 

kinase 7 [Equus caballus] 

10 

1333546841 retinol-binding protein 4 

isoform X1 [Equus 

caballus] 

3 126352436 inhibin beta A chain 

precursor [Equus caballus] 

2 

1333559671 rho GDP-dissociation 

inhibitor 1 [Equus 

caballus] 

3 1333567577 insulin [Equus caballus] 3 

545194374 ribonuclease 4 [Equus 

caballus] 

5 56849564 insulin-like growth factor 

binding protein-4, partial 

[Equus caballus] 

5 

1333648020 ribonuclease T2 [Equus 

caballus] 

2 1333674713 insulin-like growth factor-

binding protein 2 [Equus 

caballus] 

21 

1333650985 semaphorin-3C isoform 

X1 [Equus caballus] 

10 1333652689 insulin-like growth factor-

binding protein 3 [Equus 

caballus] 

8 

194206477 semaphorin-7A [Equus 

caballus] 

3 1333561763 insulin-like growth factor-

binding protein 4 [Equus 

caballus] 

9 

544066294 Sequence 14 from patent 

US 8501157 

14 820948134 insulin-like growth factor-

binding protein 5 

precursor [Equus caballus] 

2 

1333545455 serine protease HTRA1 

[Equus caballus] 

19 820948145 insulin-like growth factor-

binding protein 6 

precursor [Equus caballus] 

11 

1333599335 serpin B6 [Equus caballus] 2 149730228 integral membrane protein 

2B [Equus caballus] 

2 

1333697122 serpin H1 [Equus caballus] 18 1333685413 integrin alpha-5 [Equus 

caballus] 

2 

126723746 serum albumin precursor 

[Oryctolagus cuniculus] 

12 338715409 integrin beta-like protein 1 

[Equus caballus] 

4 

1333698300 serum amyloid A protein 

isoform X1 [Equus 

caballus] 

3 545190768 isocitrate dehydrogenase 

[NADP] cytoplasmic 

isoform X1 [Equus 

caballus] 

3 

255522921 serum amyloid A protein 

precursor [Equus caballus] 

3 1333688737 L-lactate dehydrogenase A 

chain isoform X1 [Equus 

caballus] 

3 

149719493 serum amyloid A protein-

like [Equus caballus] 

2 255653068 lactotransferrin precursor 

[Equus caballus] 

3 
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99109459 SPARC [Equus caballus] 20 149751386 lamin [Equus caballus] 20 

1333698107 spondin-1 isoform X1 

[Equus caballus] 

2 1333574578 lamin-B1 [Equus caballus] 3 

1333640297 spondin-2 [Equus 

caballus] 

5 545177549 laminin subunit alpha-2 

isoform X3 [Equus 

caballus] 

18 

1333573027 stanniocalcin-2 [Equus 

caballus] 

6 1333557540 laminin subunit alpha-4 

isoform X1 [Equus 

caballus] 

23 

1333662591 sulfhydryl oxidase 1 

[Equus caballus] 

13 1333651666 laminin subunit beta-1 

[Equus caballus] 

39 

126352669 superoxide dismutase [Cu-

Zn] [Equus caballus] 

2 1333581973 laminin subunit beta-2 

isoform X1 [Equus 

caballus] 

2 

1333710533 sushi repeat-containing 

protein SRPX isoform X1 

[Equus caballus] 

5 1333662823 laminin subunit gamma-1 

[Equus caballus] 

42 

1333709656 sushi repeat-containing 

protein SRPX2 [Equus 

caballus] 

5 1333578628 latent-transforming growth 

factor beta-binding protein 

1 isoform X1 [Equus 

caballus] 

13 

1333561518 synaptic vesicle membrane 

protein VAT-1 homolog 

[Equus caballus] 

2 1333612986 latent-transforming growth 

factor beta-binding protein 

2 isoform X1 [Equus 

caballus] 

22 

1333704040 syntenin-1 isoform X1 

[Equus caballus] 

3 1333566893 latent-transforming growth 

factor beta-binding protein 

3 isoform X1 [Equus 

caballus] 

2 

1333591700 target of Nesh-SH3 

isoform X36 [Equus 

caballus] 

7 1333554469 latent-transforming growth 

factor beta-binding protein 

4 isoform X1 [Equus 

caballus] 

6 

1333615758 tenascin isoform X1 

[Equus caballus] 

33 1333561983 LIM and SH3 domain 

protein 1 isoform X1 

[Equus caballus] 

3 

126352340 thioredoxin [Equus 

caballus] 

3 1333683921 LIM domain and actin-

binding protein 1 isoform 

X1 [Equus caballus] 

3 

1333599540 thioredoxin domain-

containing protein 5 

[Equus caballus] 

2 1333589629 lipoma-preferred partner 

[Equus caballus] 

4 

822092742 thrombospondin-1 

precursor [Equus caballus] 

16 1333600334 LOW QUALITY 

PROTEIN: heat shock 70 

kDa protein 1-like [Equus 

caballus] 

5 
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824556506 thrombospondin-2 

precursor [Equus caballus] 

24 1333666625 LOW QUALITY 

PROTEIN: histone H3 

[Equus caballus] 

2 

1333665097 thrombospondin-3 isoform 

X1 [Equus caballus] 

2 1333614134 LOW QUALITY 

PROTEIN: protein 

AHNAK2 [Equus 

caballus] 

5 

1333694044 thy-1 membrane 

glycoprotein [Equus 

caballus] 

2 1333695800 low-density lipoprotein 

receptor [Equus caballus] 

9 

149705478 tissue factor pathway 

inhibitor 2 [Equus 

caballus] 

2 124377698 lumican [Equus caballus] 19 

6176280 transferrin, partial [Equus 

caballus] 

3 1333550208 lysyl oxidase homolog 1 

isoform X1 [Equus 

caballus] 

14 

1333669017 transforming growth factor 

beta receptor type 3 

isoform X1 [Equus 

caballus] 

2 1333596550 lysyl oxidase homolog 2 

isoform X1 [Equus 

caballus] 

16 

1333574238 transforming growth 

factor-beta-induced 

protein ig-h3 isoform X2 

[Equus caballus] 

26 545186364 lysyl oxidase homolog 3 

isoform X1 [Equus 

caballus] 

4 

158328502 transgelin [Equus caballus] 7 193248596 M2-type pyruvate kinase 

[Equus caballus] 

32 

953853468 transgelin-2 [Equus 

caballus] 

6 1333667727 macrophage colony-

stimulating factor 1 

isoform X1 [Equus 

caballus] 

9 

1333618130 transitional endoplasmic 

reticulum ATPase [Equus 

caballus] 

4 149720186 macrophage migration 

inhibitory factor [Equus 

caballus] 

2 

1333581483 transketolase [Equus 

caballus] 

3 1333577320 macrophage-capping 

protein isoform X1 [Equus 

caballus] 

4 

194211629 triosephosphate isomerase 

[Equus caballus] 

11 149727540 malate dehydrogenase, 

cytoplasmic [Equus 

caballus] 

2 

1333550786 tropomyosin alpha-1 chain 

isoform X1 [Equus 

caballus] 

5 306922412 malate dehydrogenase, 

mitochondrial [Equus 

caballus] 

8 

149751316 tropomyosin alpha-3 chain 

isoform X10 [Equus 

caballus] 

6 149713779 matrix Gla protein [Equus 

caballus] 

2 
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1333602522 tropomyosin alpha-4 chain 

isoform X2 [Equus 

caballus] 

10 1333596256 matrix remodeling-

associated protein 8 

[Equus caballus] 

12 

149739249 tropomyosin beta chain 

isoform X4 [Equus 

caballus] 

7 1333709666 matrix-remodeling-

associated protein 5 

isoform X1 [Equus 

caballus] 

39 

953859478 tsukushin isoform X1 

[Equus caballus] 

2 308912538 mesencephalic astrocyte-

derived neurotrophic 

factor precursor [Equus 

caballus] 

3 

149694136 tubulointerstitial nephritis 

antigen-like [Equus 

caballus] 

2 126722914 metalloproteinase inhibitor 

1 precursor [Equus 

caballus] 

14 

62856981 tumor necrosis factor 

alpha-induced protein 6 

[Equus caballus] 

7 1333559961 metalloproteinase inhibitor 

2 [Equus caballus] 

8 

15408577 type I collagen alpha 2 

chain, partial [Equus 

caballus] 

11 1333559454 meteorin-like protein 

[Equus caballus] 

4 

545175634 tyrosine-protein kinase 

receptor UFO isoform X1 

[Equus caballus] 

4 1333595292 microfibrillar-associated 

protein 2 isoform X1 

[Equus caballus] 

2 

338716897 urokinase-type 

plasminogen activator 

[Equus caballus] 

15 1333575805 microtubule-associated 

protein 1B isoform X1 

[Equus caballus] 

6 

1333707051 V-type proton ATPase 

subunit S1 [Equus 

caballus] 

3 1333582151 microtubule-associated 

protein 4 isoform X1 

[Equus caballus] 

3 

154756883 vascular cell adhesion 

molecule [Equus caballus] 

3 149755658 moesin [Equus caballus] 10 

1333598384 vascular endothelial 

growth factor A isoform 

X1 [Equus caballus] 

2 1333691247 myeloid-derived growth 

factor [Equus caballus] 

2 

1333621957 vascular endothelial 

growth factor C isoform 

X1 [Equus caballus] 

4 149756573 myosin light polypeptide 6 

isoform X2 [Equus 

caballus] 

5 

1333571101 vasorin [Equus caballus] 6 953861232 myosin regulatory light 

polypeptide 9 isoform X1 

[Equus caballus] 

3 

1333575337 versican core protein 

isoform X1 [Equus 

caballus] 

25 1333624162 myosin-9 [Equus caballus] 35 

1333610324 very low-density 

lipoprotein receptor 

3 149747438 myotrophin [Equus 

caballus] 

2 
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isoform X1 [Equus 

caballus] 

149726043 vesicular integral-

membrane protein VIP36 

isoform X1 [Equus 

caballus] 

2 1333550247 neogenin isoform X1 

[Equus caballus] 

2 

341865569 vimentin [Equus caballus] 23 1333664708 nestin [Equus caballus] 2 

1333544627 vinculin isoform X1 

[Equus caballus] 

8 953857785 neural cell adhesion 

molecule 1 isoform X1 

[Equus caballus] 

2 

1333639049 WD repeat-containing 

protein 1 [Equus caballus] 

2 1333566330 neuroblast differentiation-

associated protein 

AHNAK isoform X3 

[Equus caballus] 

31 

1333607375 WNT1-inducible-signaling 

pathway protein 2 [Equus 

caballus] 

2 194218317 neutral alpha-glucosidase 

AB isoform X2 [Equus 

caballus] 

6 

   
1333548199 nidogen-1 [Equus 

caballus] 

23 

   
1333553314 nidogen-2 isoform X1 

[Equus caballus] 

5 

   
545192207 nmrA-like family domain-

containing protein 1 

[Equus caballus] 

5 

   
1333593091 nuclear autoantigenic 

sperm protein isoform X1 

[Equus caballus] 

2 

   
1333593438 nuclease-sensitive 

element-binding protein 1 

isoform X1 [Equus 

caballus] 

4 

   
1333555293 nucleobindin-1 [Equus 

caballus] 

15 

   
1333688719 nucleobindin-2 isoform X1 

[Equus caballus] 

2 

   
1333676639 nucleolin [Equus caballus] 4    
953872575 nucleophosmin isoform 

X1 [Equus caballus] 

2 

   
545177882 nucleoside diphosphate 

kinase A isoform X1 

[Equus caballus] 

2 

   
1333559399 nucleoside diphosphate 

kinase B isoform X1 

[Equus caballus] 

3 
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545217394 olfactomedin-like protein 

3 isoform X1 [Equus 

caballus] 

16 

   
1333694060 out at first protein 

homolog [Equus caballus] 

2 

   
1333635619 PDZ and LIM domain 

protein 5 isoform X1 

[Equus caballus] 

2 

   
1333572775 PDZ and LIM domain 

protein 7 isoform X1 

[Equus caballus] 

2 

   
953850207 peptidyl-prolyl cis-trans 

isomerase A [Equus 

caballus] 

9 

   
194216907 peptidyl-prolyl cis-trans 

isomerase FKBP10 [Equus 

caballus] 

9 

   
1333605756 peptidyl-prolyl cis-trans 

isomerase FKBP1A 

isoform X2 [Equus 

caballus] 

5 

   
545181560 peptidyl-prolyl cis-trans 

isomerase FKBP2 isoform 

X1 [Equus caballus] 

2 

   
1333553095 peptidyl-prolyl cis-trans 

isomerase FKBP3 isoform 

X1 [Equus caballus] 

2 

   
1333586748 peptidyl-prolyl cis-trans 

isomerase FKBP7 isoform 

X2 [Equus caballus] 

3 

   
148529811 peptidylprolyl isomerase B 

[Equus caballus] 

8 

   
1333579729 peroxidasin homolog 

isoform X1 [Equus 

caballus] 

23 

   
149693696 peroxiredoxin-1 [Equus 

caballus] 

5 

   
1333707197 peroxiredoxin-4 isoform 

X1 [Equus caballus] 

5 

   
149707887 peroxiredoxin-6 [Equus 

caballus] 

3 

   
149720563 phosphatidylethanolamine-

binding protein 1 [Equus 

caballus] 

10 

   
1333546556 phosphoglycerate mutase 1 

[Equus caballus] 

7 
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83744154 pigment epithelium-

derived factor [Equus 

caballus] 

18 

   
1333569276 plasminogen activator 

inhibitor 1 [Equus 

caballus] 

12 

   
338728078 plasminogen activator 

inhibitor 2 [Equus 

caballus] 

5 

   
149744913 plastin-3 [Equus caballus] 3    
1333563619 platelet-activating factor 

acetylhydrolase IB subunit 

alpha [Equus caballus] 

4 

   
1333706431 plectin isoform X5 [Equus 

caballus] 

36 

   
1333705365 polyadenylate-binding 

protein 1 [Equus caballus] 

6 

   
149759819 prefoldin subunit 2 [Equus 

caballus] 

2 

   
1333544015 pro-cathepsin H [Equus 

caballus] 

2 

   
2653643 procollagen alpha 1 (I), 

partial [Equus caballus] 

12 

   
1333569206 procollagen C-

endopeptidase enhancer 1 

isoform X1 [Equus 

caballus] 

26 

   
545209074 procollagen-lysine,2-

oxoglutarate 5-

dioxygenase 1 isoform X1 

[Equus caballus] 

8 

   
1333583841 procollagen-lysine,2-

oxoglutarate 5-

dioxygenase 2 isoform X1 

[Equus caballus] 

2 

   
1333569285 procollagen-lysine,2-

oxoglutarate 5-

dioxygenase 3 isoform X2 

[Equus caballus] 

15 

   
953868285 profilin-1 [Equus caballus] 8    
1333553761 programmed cell death 

protein 5 [Equus caballus] 

2 

   
1333686460 prolow-density lipoprotein 

receptor-related protein 1 

isoform X1 [Equus 

caballus] 

11 
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1333547563 prolyl 4-hydroxylase 

subunit alpha-1 isoform 

X1 [Equus caballus] 

9 

   
1333574446 prolyl 4-hydroxylase 

subunit alpha-2 isoform 

X5 [Equus caballus] 

5 

   
1333707828 proSAAS [Equus caballus] 7    
149689950 prosaposin isoform X1 

[Equus caballus] 

4 

   
149692835 proteasome subunit alpha 

type-6 isoform X2 [Equus 

caballus] 

3 

   
149721035 proteasome subunit alpha 

type-7-like [Equus 

caballus] 

3 

   
149756583 protein canopy homolog 2 

[Equus caballus] 

5 

   
1333583506 protein CDV3 homolog 

isoform X1 [Equus 

caballus] 

2 

   
194211151 protein CYR61 [Equus 

caballus] 

5 

   
1333559663 protein disulfide-

isomerase [Equus 

caballus] 

28 

   
1333551507 protein disulfide-

isomerase A3 [Equus 

caballus] 

21 

   
1333658626 protein disulfide-

isomerase A4 [Equus 

caballus] 

6 

   
1333579492 protein disulfide-

isomerase A6 [Equus 

caballus] 

3 

   
149751468 protein S100-A11 [Equus 

caballus] 

4 

   
545216843 protein S100-A4 [Equus 

caballus] 

3 

   
953852735 protein S100-A7 isoform 

X1 [Equus caballus] 

2 

   
149728927 protein shisa-5 isoform X1 

[Equus caballus] 

3 

   
1333574702 protein-lysine 6-oxidase 

isoform X1 [Equus 

caballus] 

7 
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149695427 protein/nucleic acid 

deglycase DJ-1 isoform 

X3 [Equus caballus] 

6 

   
1333707019 rab GDP dissociation 

inhibitor alpha [Equus 

caballus] 

4 

   
1333630825 rab GDP dissociation 

inhibitor beta isoform X2 

[Equus caballus] 

7 

   
1333699580 ran-specific GTPase-

activating protein isoform 

X1 [Equus caballus] 

3 

   
1333548900 ras GTPase-activating-like 

protein IQGAP1 isoform 

X1 [Equus caballus] 

3 

   
38604884 RecName: Full=Annexin 

A1; AltName: 

Full=Annexin I; AltName: 

Full=Annexin-1; 

AltName: Full=Calpactin 

II; AltName: 

Full=Calpactin-2; 

AltName: Full=Lipocortin 

I 

26 

   
8134615 RecName: Full=Biglycan; 

AltName: 

Full=Bone/cartilage 

proteoglycan I; AltName: 

Full=PG-S1; Flags: 

Precursor 

26 

   
6093705 RecName: Full=Decorin; 

AltName: Full=Bone 

proteoglycan II; AltName: 

Full=Dermatan sulfate 

proteoglycan II; 

Short=DS-PGII; AltName: 

Full=PG-S2; Flags: 

Precursor 

19 

   
124616 RecName: Full=Insulin; 

Contains: RecName: 

Full=Insulin B chain; 

Contains: RecName: 

Full=Insulin A chain; 

Flags: Precursor 

3 
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52783777 RecName: 

Full=Phosphoglycerate 

kinase 1 

16 

   
85700159 RecName: Full=Thymosin 

beta-4; Short=T beta-4; 

Contains: RecName: 

Full=Hematopoietic 

system regulatory peptide; 

AltName: 

Full=Seraspenide 

2 

   
1333698495 reticulocalbin-1 isoform 

X1 [Equus caballus] 

4 

   
1333555461 reticulocalbin-3 [Equus 

caballus] 

6 

   
1333542798 retinoic acid receptor 

responder protein 1 [Equus 

caballus] 

3 

   
1333542792 retinoic acid receptor 

responder protein 1-like 

isoform X1 [Equus 

caballus] 

3 

   
1333658843 retinoic acid receptor 

responder protein 2 [Equus 

caballus] 

8 

   
1333546841 retinol-binding protein 4 

isoform X1 [Equus 

caballus] 

2 

   
1333559671 rho GDP-dissociation 

inhibitor 1 [Equus 

caballus] 

6 

   
545194374 ribonuclease 4 [Equus 

caballus] 

2 

   
1333605121 ribosome-binding protein 

1 isoform X1 [Equus 

caballus] 

6 

   
1333709971 RNA-binding motif 

protein, X chromosome 

[Equus caballus] 

2 

   
149744489 RNA-binding protein 3 

[Equus caballus] 

2 

   
1333666081 selenium-binding protein 1 

[Equus caballus] 

3 

   
953851051 semaphorin-3A isoform 

X1 [Equus caballus] 

2 

   
1333650985 semaphorin-3C isoform 

X1 [Equus caballus] 

14 
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194206477 semaphorin-7A [Equus 

caballus] 

5 

   
544066294 Sequence 14 from patent 

US 8501157 

17 

   
1333545455 serine protease HTRA1 

[Equus caballus] 

15 

   
1333599335 serpin B6 [Equus caballus] 6    
1333697122 serpin H1 [Equus caballus] 21    
149744781 SH3 domain-binding 

glutamic acid-rich-like 

protein isoform X1 [Equus 

caballus] 

2 

   
1333556437 soluble scavenger receptor 

cysteine-rich domain-

containing protein SSC5D 

[Equus caballus] 

8 

   
99109459 SPARC [Equus caballus] 25    
1333616606 spectrin alpha chain, non-

erythrocytic 1 isoform X1 

[Equus caballus] 

3 

   
1333578208 spectrin beta chain, non-

erythrocytic 1 isoform X1 

[Equus caballus] 

3 

   
1333566687 splicing factor 1 isoform 

X3 [Equus caballus] 

2 

   
1333640297 spondin-2 [Equus 

caballus] 

5 

   
255522905 stress-70 protein, 

mitochondrial [Equus 

caballus] 

4 

   
1333566532 stress-induced-

phosphoprotein 1 [Equus 

caballus] 

3 

   
1333662591 sulfhydryl oxidase 1 

[Equus caballus] 

7 

   
126352669 superoxide dismutase [Cu-

Zn] [Equus caballus] 

3 

   
1333710533 sushi repeat-containing 

protein SRPX isoform X1 

[Equus caballus] 

6 

   
1333709656 sushi repeat-containing 

protein SRPX2 [Equus 

caballus] 

6 
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149743996 T-complex protein 1 

subunit alpha isoform X1 

[Equus caballus] 

2 

   
1333687568 T-complex protein 1 

subunit beta [Equus 

caballus] 

4 

   
1333578015 T-complex protein 1 

subunit delta [Equus 

caballus] 

2 

   
149751396 T-complex protein 1 

subunit gamma [Equus 

caballus] 

2 

   
149742207 T-complex protein 1 

subunit theta [Equus 

caballus] 

2 

   
1333618298 talin-1 isoform X1 [Equus 

caballus] 

6 

   
1333591700 target of Nesh-SH3 

isoform X36 [Equus 

caballus] 

6 

   
1333615758 tenascin isoform X1 

[Equus caballus] 

28 

   
126352340 thioredoxin [Equus 

caballus] 

6 

   
149724198 thioredoxin domain-

containing protein 17 

[Equus caballus] 

3 

   
1333599540 thioredoxin domain-

containing protein 5 

[Equus caballus] 

8 

   
212549578 thioredoxin reductase 1, 

cytoplasmic [Equus 

caballus] 

2 

   
822092742 thrombospondin-1 

precursor [Equus caballus] 

23 

   
824556506 thrombospondin-2 

precursor [Equus caballus] 

28 

   
1333665097 thrombospondin-3 isoform 

X1 [Equus caballus] 

2 

   
149705478 tissue factor pathway 

inhibitor 2 [Equus 

caballus] 

4 

   
1333574238 transforming growth 

factor-beta-induced 

protein ig-h3 isoform X2 

[Equus caballus] 

17 
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158328502 transgelin [Equus caballus] 9    
953853468 transgelin-2 [Equus 

caballus] 

10 

   
1333618130 transitional endoplasmic 

reticulum ATPase [Equus 

caballus] 

20 

   
1333581483 transketolase [Equus 

caballus] 

7 

   
1333585361 translationally-controlled 

tumor protein isoform X1 

[Equus caballus] 

5 

   
194211629 triosephosphate isomerase 

[Equus caballus] 

21 

   
1333550798 tropomyosin alpha-1 chain 

isoform X7 [Equus 

caballus] 

14 

   
149751316 tropomyosin alpha-3 chain 

isoform X10 [Equus 

caballus] 

14 

   
1333602522 tropomyosin alpha-4 chain 

isoform X2 [Equus 

caballus] 

15 

   
149739249 tropomyosin beta chain 

isoform X4 [Equus 

caballus] 

11 

   
338720079 tryptophan--tRNA ligase, 

cytoplasmic [Equus 

caballus] 

8 

   
149754673 tubulin beta chain [Equus 

caballus] 

11 

   
1333617779 tubulin beta-4B chain 

[Equus caballus] 

9 

   
1333575556 tubulin-specific chaperone 

A [Equus caballus] 

2 

   
149694136 tubulointerstitial nephritis 

antigen-like [Equus 

caballus] 

6 

   
62856981 tumor necrosis factor 

alpha-induced protein 6 

[Equus caballus] 

3 

   
1333682825 twinfilin-1 [Equus 

caballus] 

2 

   
15408577 type I collagen alpha 2 

chain, partial [Equus 

caballus] 

12 
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545175634 tyrosine-protein kinase 

receptor UFO isoform X1 

[Equus caballus] 

6 

   
1333709529 ubiquitin-like modifier-

activating enzyme 1 

[Equus caballus] 

2 

   
1333592914 UMP-CMP kinase [Equus 

caballus] 

4 

   
1333599948 uncharacterized protein 

LOC100054378 [Equus 

caballus] 

2 

   
310898507 unnamed protein product 

[Equus caballus] 

2 

   
338716897 urokinase-type 

plasminogen activator 

[Equus caballus] 

18 

   
1333543645 UV excision repair protein 

RAD23 homolog B 

[Equus caballus] 

2 

   
1333598384 vascular endothelial 

growth factor A isoform 

X1 [Equus caballus] 

2 

   
1333621957 vascular endothelial 

growth factor C isoform 

X1 [Equus caballus] 

3 

   
1333554876 vasodilator-stimulated 

phosphoprotein isoform 

X1 [Equus caballus] 

2 

   
1333571101 vasorin [Equus caballus] 5    
1333575341 versican core protein 

isoform X3 [Equus 

caballus] 

32 

   
1333610324 very low-density 

lipoprotein receptor 

isoform X1 [Equus 

caballus] 

5 

   
149726043 vesicular integral-

membrane protein VIP36 

isoform X1 [Equus 

caballus] 

3 

   
341865569 vimentin [Equus caballus] 41    
1333544627 vinculin isoform X1 

[Equus caballus] 

14 

   
1333639049 WD repeat-containing 

protein 1 [Equus caballus] 

15 
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1333607375 WNT1-inducible-signaling 

pathway protein 2 [Equus 

caballus] 

3 

   
1333680713 Y-box-binding protein 3 

isoform X1 [Equus 

caballus] 

2 
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CHAPTER 4 

 

THE SECRETOME FROM BOVINE MAMMOSPHERE-DERIVED CELLS (MDC) 

PROMOTES ANGIOGENESIS, EPITHELIAL CELL MIGRATION, AND CONTAINS 

FACTORS ASSOCIATED WITH DEFENSE AND IMMUNITY1 

 

4.1 Summary  

 Treatment of bovine mastitis with intramammary antibiotics is common, yet several concerns 

exist including failed efficacy for individual hosts or pathogens and the inability of approved 

drugs to revert mastitis-induced tissue damage to healthy tissue capable of returning to full milk 

production. These issues, in addition to aspects of public health such as accidental antibiotic 

residues in saleable milk and the potential for antimicrobial resistance, support the need to find 

alternative therapies for this costly disease. This study shows that the secretome, or collective 

factors, produced by mammosphere-derived cells (MDC) promotes angiogenesis, epithelial cell 

migration, and contains proteins associated with immunity and defense; all of which are 

necessary for healing damaged mammary gland tissue. Furthermore, we found that the MDC 

secretome remains effective after freezing and thawing, enhancing its therapeutic potential. Our 

results provide a foundation for further characterization of the individual secreted factors and the 

rationale for using the MDC secretome as a complementary treatment for bovine mastitis.  

 

 
1The results of this study were published in Ledet MM*, Vasquez AK*, Rauner G, Bichoupan 

AA, Moroni P, Nydam DV, Van de Walle GR. (2018) The secretome from bovine 

mammosphere-derived cells (MDC) promotes angiogenesis, epithelial cell migration, and 

contains factors associated with defense and immunity. Sci Rep 8(1):5378. 

*These authors contributed equally to the manuscript.  
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4.2 Introduction  

 Mastitis is defined as inflammation of the mammary gland, and the main etiological 

contributors in dairy animals are bacterial in origin. Clinical and subclinical mastitis, highly 

prevalent diseases in the dairy industry, have considerable economic impacts with contributions to 

milk production losses, milk quality concerns, labor costs, and reproductive deficiencies (1, 2); 

each case, when occurring in early lactation, is estimated to cost approximately $444 (3). Gram-

negative coliform bacteria acquired from the environment, such as Klebsiella (K.) pneumoniae, 

frequently cause an acute inflammatory response with severe clinical signs, while Gram-positive 

contagious pathogens such as Staphylococcus (S.) aureus may cause persistent, subclinical and 

chronic infections.   

 In addition to bacterial burden, damage caused to the mammary gland during mastitis reduces 

the number and activity of epithelial cells through disruption of alveolar cell integrity, sloughing 

of cells and induced apoptosis. This destruction will lead to a build-up of milk constituents in the 

secretory epithelium resulting in a breakdown of the basement membrane due to stromal 

thickening. This results in a decreased percentage of tissue areas occupied by alveolar epithelium 

and lumina and an increased percentage of interalveolar stromal areas (4). The decrease in 

secretory epithelium consequently contributes to approximately 70% of the total cost of mastitis 

(4).  
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 The most common use for antibiotics on dairy farms is for the prevention of intramammary 

infections (IMI) and treatment of mastitis (5). A survey performed by the USDA in 2014 showed 

that 21.7% of cows experiencing clinical mastitis are treated with antibiotics, and 96.9% of dairy 

facilities use antibiotics to treat clinical mastitis cases (6). Several advantages of antibiotic use for 

the treatment of mastitis have been reported and include faster clearance of bacteria, increased 

survival rate of cows, and reduction in losses of milk production (7). However, the treatment of 

mastitis caused by coliform organisms such as K. pneumoniae with antibiotics alone is difficult 

because it is often characterized by massive inflammation and widespread udder tissue necrosis, 

primarily caused by the bacterial toxin lipopolysaccharide (LPS) (8, 9). As such, an important 

limitation of antibiotics is their inability to fully revert the mastitis-induced epithelial structural 

damage in the udder to healthy pre-infection tissue capable of full milk production. Finally, use of 

antibiotics is directly related to the risk of residues in bulk tank milk, and the possible relationship 

of antimicrobial use to the emergence of resistance indicate reasons for public concern (10). 

 Recent studies have shown that the cellular secretome, comprised of all secreted factors, plays 

an important role in various physiological processes, including cellular cross-talk and tissue 

regeneration (11, 12). The secretome of mesenchymal stem cells (MSC), a type of adult 

multipotent stem cells, is especially being studied in great depth due to its potential as a novel, 

stem cell-free, therapeutic strategy (13, 14). The MSC secretome contributes to healing processes 

by participating in the inflammatory, proliferative and remodeling phases of tissue repair, and can 

enhance bacterial clearance via the production of antimicrobial peptides (AMP) (15, 16). Based 

on these reported secretome properties and the need for alternative and/or adjunct therapies for 

mastitis, we decided to characterize the secretome of primary cells from the bovine mammary 

gland with an emphasis on potential regenerative and antimicrobial properties. 
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4.3 Materials and Methods  

Cells  

Bovine primary mammary adherent fraction-derived cells (AFDC) and mammosphere-derived 

cells (MDC) were isolated as follows. Mammary gland tissues from clinically healthy, non-

lactating heifers were collected by excising 2 parts of 5 cm2 of tissue next to the median line of the 

two mammary gland compartments. Samples were dissociated mechanically with a sterile scalpel, 

followed by enzymatic digestion with 0.1% collagenase III (Worthington Biochemical 

Corporation, Lakewood, NJ) at 37°C for 60 min. The cell suspension was subsequently filtered 

through sterile 100 and 40 μm filters to obtain a single cell suspension and centrifuged at 400 xg 

for 10 min at room temperature (RT). Cells were resuspended in phosphate buffered saline (PBS) 

with 1% penicillin-streptomycin (P/S), centrifuged at 260 xg for 10 min, and resuspended in MDC 

medium, consisting of Dulbecco's modified Eagle's medium (DMEM)/F12 (50/50) supplemented 

with 10% fetal bovine serum (FBS), 2% B27 (all from Invitrogen, Carlsbad, CA), 1% 

penicillin/streptomycin (P/S), 10 ng/mL basic-fibroblast growth factor (BioVision, Milpitas, CA), 

and 10 ng/mL epidermal growth factor (Sigma-Aldrich, St. Louis, MO). Approximately 1×106 

cells were seeded on a 6-well tissue culture dish for 1 h and this was repeated once more. The 

adherent cells were further propagated as AFDC. The non-adherent cells were collected and seeded 

at approximately 20,000 cells/cm2 on 6-well ultralow attachment plates (Elscolab, Corning, NY). 

MDC medium was refreshed twice a week by means of centrifugation of the mammospheres at 

300 xg for 7 min. For further experiments, mammospheres were seeded on adhesive tissue culture 

dishes in MDC medium unless where indicated otherwise. The bovine cell lines Madin-Darby 

bovine kidney epithelial (MDBK) and bovine lung microvessel endothelial cells (BLMVEC) were 
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cultured in DMEM supplemented with 10% FBS (Atlanta Biologicals, Lawrenceville, GA) and 

1% P/S. All cell lines were maintained at 37°C in a humidified environment with 5% CO2. 

Immunostaining 

Fixed cultures were incubated overnight at 4°C with primary antibodies diluted in PBS, then 

washed and incubated for 1 hour at room temperature with a fluorescently labeled secondary 

antibody. Primary antibodies used included mouse monoclonal RV202 anti-vimentin, mouse 

monoclonal LL002 anti-CK14 (Abcam, Cambridge, MA), mouse monoclonal 1A4 anti-alpha 

smooth muscle actin (Dako, Santa Clara, CA), mouse monoclonal TE111.5D11 anti-estrogen 

receptor alpha, mouse monoclonal C-04 anti-CK18 (ThermoFisher Scientific, Waltham, MA), and 

rabbit polyclonal anti-β-lactoglobulin (diluted 1:100; Abcam). Secondary antibodies used included 

Alexa Fluor 488-Goat Anti-Mouse IgG or Alexa Fluor 488-Goat Anti-Rabbit IgG (both diluted 

1:250, Jackson ImmunoResearch, West Grove, PA). DAPI was used to stain nuclei. Stained 

cultures on coverslips were mounted on glass slides and visualized using a confocal laser scanning 

microscope (Zeiss, Oberkochen, Germany). β-lactoglobulin-stained acini were visualized in a 

ZOE Fluorescent Cell Imager (BioRad, Hercules CA).  

Flow cytometric analyses 

Cells were collected using accutase (Innovative Cell Technologies, San Diego, CA) and stained 

with mouse monoclonal TDM29 anti-CD29 (diluted 1:50; Sigma-Aldrich),  rat monoclonal IM7 

anti-CD44 (diluted 1:20; ThermoFisher Scientific), or rat monoclonal GoH3 anti-CD49f (diluted 

1:10; BD Biosciences, San Jose, CA) antibodies diluted in PBS with 1% BSA, for 1 h. Staining 

with an isotype control antibody (Abcam), diluted 1:10 in PBS with 1% BSA, or no antibody stain 

were included as controls. Cells were washed three times in PBS and incubated with Alexa 488-

conjugated secondary goat anti-rabbit and goat anti-mouse antibodies diluted 1:500 in PBS with 
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1% BSA, for 30 min. After washing, 50,000 cells were analyzed on a Gallios flow cytometer 

controlled by Kaluza for Gallios software (Beckman Coulter, USA). Data analysis was conducted 

using Kaluza Analysis software (Beckman Coulter). 

Acinar differentiation assays 

Acinar differentiation assay followed the methods of Dontu et al. (2003), with slight modification 

(17). Bovine MDC were seeded on wells pre-coated with Matrigel (Corning), at a density of 53 

cells/cm2 (100 cells/well in a 24-well plate) and cultured in MDC medium. After 7 days, a layer 

of Matrigel was added in addition to fresh medium containing prolactin (Sigma-Aldrich) at 1 

µg/mL. Seven days later, 3D acinar structures were fixed in situ, stained for β-lactoglobulin, and 

imaged with the ZOE Fluorescent Cell Imager (as described above).  

Generation of conditioned medium (CM) and pretreatments 

CM was collected from MDC and AFDC after 2 days of culture, when cells were 70% confluent. 

To this end, 1×106 cells were seeded in a T75 flask in 10 mL of DMEM + 10% FBS + 1% P/S. 

After 24 h, cells were washed twice with PBS and medium was changed to DMEM without serum 

or antibiotics. Twenty-four hours later, the supernatant was collected and, after centrifugation 

twice for 10 min at 400 xg, used for additional experimentation.   

 For the pre-treatment experiments, MDC were seeded in MDC medium supplemented with 

200 µM xanthosine (Xan), 10 µM uridine triphosphatase (UTP), or 50 µM salvionolic acid B (Sal 

B), all from Sigma-Aldrich. After 24 h of culturing, the cells were washed twice with PBS and 

medium was changed to DMEM without serum or antibiotics. CM was collected 24 h later as 

described.   

Mass Spectrometry (MS)  
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In-solution digestion was performed following a protocol by Zhang et al. (2003) with slight 

modification (18). The protein pellet from 10 mL of medium culture was dissolved in 300 µL 

denaturing solution containing 6.0 M guanidine-hydrochloride, and 100 mM PBS pH 7.0, 

sonicated for 5 min, centrifuged, and supernatant was collected. The denatured sample was 

reduced with 10 mM dithiothreitol and alkylated with 55 mM iodoacetamide for 1 h at RT. Excess 

iodoacetamide was quenched with 30 mM dithiothreitol for 30 min at RT.  The samples were 

diluted to a final volume of 3,775 µL with 50mM Tris hydrochloride pH 8.0 to reduce the 

guanidine-hydrochloride concentration to less than 1M. The samples were digested by adding 25 

µg trypsin (Promega, Madison, WI) and incubated at 37 ºC for 16 h. Digestions were stopped by 

the addition of 25 µL trifluoroacetic acid. The digests were further desalted by solid phase 

extraction using Sep-Pack Cartridge (Waters Corporation, Milford, MA) and the eluted peptides 

were evaporated to dryness by a Speedvac SC110 (Thermo Savant, Milford, MA). The data-

dependent acquisition raw files for collision-induced dissociation tandem mass spectrometry only 

were subjected to database searches using Proteome Discoverer 2.2 software (ThermoFisher 

Scientific) with the Sequest HT algorithm.   

Western Blot analyses 

CM was collected, as described above, and incubated with a 1X general protease inhibitor. Protein 

concentration was determined with a bicinchoninic acid protein assay (ThermoFisher Scientific) 

prior to gel loading to ensure loading of an equal amount of protein (40 μg). 6X reducing sample 

buffer was added to yield a final concentration of 1X and lysates were boiled for 10 min at 95°C. 

Samples were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis on a 12% 

gel and transferred to immobilin polyvinylidine difluoride membranes (Millipore, Billerica, MA) 

using a transblot turbo system (Biorad). Membranes were blocked in 5% BSA diluted in Tris 
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buffered saline (TBS) and incubated with lactoferrin (LTF) antibodies diluted 1:50 or bovine 

cathelicidin (Cath) antibodies diluted 1:1000 in TBS + 5% BSA for 1 h at RT on a rotating 

platform. Blots were washed for 50 min (10 x 5 min) with TBS-Tween, then incubated with a 

1:20,000 dilution of HRP-conjugated goat anti-rabbit or HRP-conjugated goat anti-mouse 

antibodies for 1 h at RT. All blots were washed for 50 min (10 x 5 min) with TBS-Tween and then 

visualized by chemiluminescence using Clarity Western ECL (BioRad). Gels were imaged on a 

BioRad ChemiDoc MP system (BioRad) and band intensities were determined using Image Lab 

software.  

Enzyme-Linked Immunosorbent Assays (ELISA)  

The concentration of VEGF, ANG-1, TGF, IGF-1, and HGF in CM was determined in duplicate 

wells by sandwich ELISA, following the manufacturer’s guidelines for each kit (VEGF: Sigma-

Aldrich; ANG-1, TGF, IGF-1, HGF: LifeSpan BioSciences, Inc., WA). 

Gene expression analysis  

Cells were seeded at a density of 2 ×105 in T25 tissue culture flasks. After 48 h, mRNA was 

extracted from the cells using an RNEasy Plus Kit (QIAGEN, Valencia CA) and cDNA was 

synthesized using M-MLV Reverse Transcriptase (USB, Cleveland, OH), both according to 

manufacturer’s protocols. The amplification reactions were performed using Invitrogen reagents 

(Life Technologies, Grand Island, NY) and an Eppendorf Mastercycler. Following standard gel 

electrophoresis, products were visualized using a ChemiDoc MP Imaging System (Bio-Rad, 

Hercules, CA). Primers to amplify FLT-1, TEK, TGFR, MET and IGF-1R were designed using 

Primer3 software, based on bovine sequences found in the National Center of Biotechnology 

Information (NCBI) GenBank. Primer sequences are listed in Table 3.  

Bacteria  
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All bacteria were acquired from the Quality Milk Production Services (QMPS) at Cornell 

University, Ithaca, NY and were kept as frozen stocks in glycerol. One isolate of the known 

mastitis-causing field strain of Klebsiella pneumoniae was acquired from a NYS dairy farm. 

Bacteria were streaked on trypticase soy agar containing 5% sheep blood and 1% esculin (PML 

Microbiologicals, Canada) and incubated for 24 h at 37°C for the isolation of single colonies prior 

to the start of experiments. A selected colony was inoculated and grown for 16-18 h overnight in 

5 mL Luria-Bertani (LB) broth (ThermoFisher Scientific) with constant shaking at 37°C. 

Antibacterial activity was measured by a microdilution susceptibility test using 96 well plates. A 

50% dilution of conditioned media from 3 AFDC cultures and 3 MDC cultures was aliquoted into 

wells (90 uL) in triplicate. Subsequently, a bacterial suspension comprised of 10 µL of LB broth 

containing 100 CFUs was added to the CM. The plates were incubated for 8 h with constant 

shaking at 37°C. Spectrophotometer readings were taken as optical densities (OD600). Values were 

expressed as percent O.D. relative to a control of cell-free DMEM and bacteria. The three wells 

corresponding to each dilution were combined, a 10 µL sample was removed from the composite, 

diluted serially, plated on LB agar, and incubated overnight at 37°C for quantification of colony 

growth as colony forming units (CFU).   

Viability assays  

After 48 h of treatment with either liposaccharide (LPS) or alpha toxin (AT) in the presence of 

MDC CM, AFDC CM, or DMSO (control), a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) in vitro toxicology assay (Sigma-Aldrich) and lactate 

dehydrogenase (LDH) assay (Sigma-Aldrich) were carried out as per manufacturer’s instructions 

and absorbance was measured at 570 nm or 490 nm respectively on a Multiskan EX plate reader 

(ThermoFisher Scientific). Values were expressed relative to untreated wells.   
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Bromodeoxyuridine proliferation assay 

The effect of CM on the proliferation of MDBK and BLMVEC was evaluated using a 

bromodeoxyuridine (BrdU) proliferation assay kit (Abcam). Cells were seeded on a 96 well plate 

at a density of 4 ×104 cells per well and incubated with unconditioned medium (control), MDC 

CM, or AFDC CM for 48 h. The BrdU proliferation assay kit was used according to the 

manufacturer’s instructions and the resulting absorbance was read at 450 nm using a Multiskan 

EX microplate reader and Ascent software (ThermoFisher Scientific). Empty wells and wells 

without BrdU were included as controls.   

Angiogenesis assay 

Endothelial tube-like formation assays were performed using an in vitro angiogenesis assay kit, 

according to the manufacturer’s instructions (Cayman Chemicals, Ann Arbor, MI). BLMVEC 

were seeded in triplicate onto an extracellular matrix gel (1 ×104 cells per well) and incubated in 

100 µl of either MDC or AFDC CM or DMEM to establish the baseline BLMVEC growth or 1 

μM JNJ-10198490 was used as a negative control, according to the manufacturer’s instructions. 

After 18 h of culture, the BLMVEC were stained with 10 l of 10X cell-based calcein (Cayman 

Chemicals) and the presence of tree-like tubular networks was examined using a ZOE Fluorescent 

Cell Imager (BioRad). 

In vitro scratch assay  

Scratch assays were carried out as previously described (19). MDBK cells were seeded at 8,000 

cells/cm2. After 24 h, a line in the monolayer was performed with a sterile p200 pipette tip and 

medium was changed to DMEM, MDC CM, or AFDC CM. Zero, 24, and 48 h post scratching 

images were captured using a Nikon Diaphot-TMD inverted light microscope with an attached 
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Cohu CCD camera (Nikon, Melville, NY). Image J software (http://rsbweb.nih.gove/ij/) was used 

to measure the distance of the scratch.  

Recombinant proteins and neutralizing antibodies 

The recombinant proteins used in the present study include bovine TGF (1916 pg/ml), (LifeSpan 

Biosciences, Inc., WA), bovine IGF-1 (82 pg/ml) and human HGF (57 pg/ml; ThermoFisher 

Scientific). The neutralizing antibodies used in the present study include TGF (MM0446-6G14), 

IGF-1 (SPM406), and HGF (MM0326-5D20) from Novus Biologicals (Littleton, CO) at a 

concentration of 50 times the amount reported by ELISA.  

Statistical analyses  

The Student’s t test for unpaired data was used to evaluate differences between the means when 

comparing MDC to AFDC (cells or CM) for the following analyses: percentage of expression in 

flow cytometry, band intensity in Western blot analyses, protein quantifications in ELISAs, 

viability assays analyses, BrdU analyses, and migration assays. One-way ANOVA, followed by 

the Tukey’s multiple comparison test, was used to assess differences in migration rates between 

recombinant proteins, neutralizing antibodies, stimulated CM, and frozen CM. Where not 

specified, a value of P < 0.05 was considered statistically significant. GraphPad software was used 

for analysis (GraphPad Software, La Jolla, CA, USA). Data given are the mean of three replicates 

and the bars show standard deviation. 

 

4.4 Results  

Isolation of adherent fraction-derived cells (AFDC) and mammosphere-derived cells (MDC) 

from the bovine mammary gland yields two distinct populations. 

 In order to study the secretome of bovine mammary cells, we isolated cells from fresh 

mammary tissue and cultured two different populations (Suppl Figure 4.1). After enzymatic 

http://rsbweb.nih.gove/ij/
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digestion, single cells were plated on a tissue culture dish for one hour. The population of adherent 

cells was collected and propagated as adherent fraction-derived cells (AFDC). The population of 

suspended cells was collected separately and propagated as mammospheres, a technique known to 

enrich for mammary stem/progenitor cells (17, 20). After an eleven-day selection period, these 

mammospheres were cultured on regular tissue culture plates and propagated as mammosphere-

derived cells (MDC). AFDC and MDC were morphologically distinct from each other, with AFDC 

being morphologically heterogenic with some of the cells being epithelial-like while others 

displayed an elongated spindle-shaped morphology, and MDC being primarily epithelial-like with 

polygonal shapes that grew in discrete patches (Suppl Figure 4.1).  

 We further characterized these two cell populations based on their expression of five mammary 

gland markers by immunofluorescence (IF). Vimentin, CK14 and alpha smooth muscle actin 

(αSMA) are markers of myoepithelial cells (21–24). Estrogen receptor alpha (ERα) and CK18 are 

markers of luminal epithelial cells (23, 25). Both cell populations expressed vimentin, while only 

AFDC expressed αSMA and CK14, and only MDC expressed ERα and CK18 (Figure 4.1A). The 

IF was complemented with flow cytometry analysis to investigate the expression of three cell 

surface markers commonly used to immunophenotype mammary cells (23, 26, 27). We found that 

CD29 was highly expressed on both cell types, but MDC expressed statistically more CD44 and 

CD49f compared to AFDC (Figure 4.1B). Collectively, these results show that we isolated two 

distinct bovine cell populations with different morphology and, at least in part, a different protein 

expression pattern. Since mammospheres are known to be enriched in cells with stem/progenitor 

characteristics, as described above, we decided to determine the potential of the bovine MDC 

population to differentiate into milk-producing cells. To this end, cells were cultured on Matrigel 

in the presence of prolactin. Acinar structures could readily be detected after 14 days in culture 
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(Figure 4.1C) and these structures were positive for β-lactoglobulin using IF. These results show 

that the primary bovine MDC cultures, obtained through propagation as non-adherent 

mammospheres, indeed retain their potential to differentiate into milk-secreting luminal epithelial 

cells in vitro.  
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Figure 4.1: AFDC and MDC are distinct populations. (A) Immunofluorescence staining of AFDC 

and MDC, demonstrating expression of the mammary cell markers vimentin (expressed by both 

populations), αSMA, CK14 (expressed only in AFDC), ERα and CK18 (expressed only in MDC). 

Bars = 50 µm. (B) Flow cytometry was performed with three mammary cell surface markers: 

CD29, CD44 and CD49f. The percentage of positive cells was quantified compared to a relevant 

isotype control. (C) Immunofluorescence of acinar structures expressing β-lactoglobulin (green). 
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Inset: enlargement of representative acinar structure. Nuclei were stained with DAPI (blue). Bar = 

100 µm; *p < 0.05, ***p < 0.001. 

 

Characterization of the secretomes from MDC and AFDC using mass spectrometry reveals 

secreted factors with antimicrobial and regenerative properties. 

 Liquid chromatography-mass spectrometry was used to globally characterize the secretome, 

collected as conditioned medium (CM), from both MDC and AFDC. To this end, MDC and AFDC 

CM was submitted for proteomic analysis and yielded 347 and 537 matched proteins from peptide 

sequences in MDC and AFDC CM, respectively. Table 4.1 lists the identified proteins related to 

defense and immunity (Table 4.1A) and regeneration, such as angiogenesis (Table 4.1B) and cell 

migration (Table 4.1C). Selected proteins from each category were then quantified using Western 

blot analyses or commercially available enzyme-linked immunosorbent assays (ELISAs). 

For the defense and immunity category we selected lactoferrin (LTF) and cathelicidin (Cath), both 

of which have previously been described to act as antimicrobial peptides (AMP) (28–31). Since 

commercially available ELISA were unable to detect these proteins within the given detection 

limit (data not shown), Western blot analyses were used. Both LTF and Cath were detected in the 

CM of both bovine cell populations (Figure 4.2). Vascular endothelial growth factor a (VEGFa) 

and angiopoetin 1 (Ang-1) were selected from the angiogenesis category. Quantification by ELISA 

showed that the AFDC CM contained higher levels of VEGFa, whereas the MDC CM contained 

higher levels of Ang-1 (Table 4.2). Lastly, Transforming Growth Factor Beta (TGF), Insulin-like 

Growth Factor-1 (IGF-1), and Hepatocyte Growth Factor (HGF) were selected from the migration 

category. Higher levels of TGF were detected by ELISA in MDC CM, whereas IGF-1 and HGF 

were equally expressed in both MDC and AFDC CM (Table 4.2). 
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Table 4.1: Proteins identified in the conditioned medium (CM) of bovine mammosphere-derived 

cells (MDC) and adherent fraction-derived cells (AFDC) by mass spectrometry. 

 

(A). Proteins having a role in defense and immunity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(B). Proteins having a role in angiogenesis. 

 

 

 

 

 

(C). Proteins having a role in cell migration. 

MDC AFDC 

Alpha-2-macroglobulin Alpha-2-macroglobulin 

Cathepsin Cathepsin 

Alpha-1B-glycoprotein Alpha-1B-glycoprotein 

Pantetheinase Pantetheinase 

Beta-2-microglobulin Beta-2-microglobulin 

Protein S100-A11 Protein S100-A11 

Mannose-binding protein C Mannose-binding protein C 

Lactoferrin Lactoferrin 

Peptidoglycan recognition protein Collectin-43 

Cathelicidin-7 Cathelicidin-1 

Contactin-1 Contactin-1 

Collectin-11 Collectin-11 

Zinc-alpha-2-glycoprotein Zinc-alpha-2-glycoprotein 

 Phospholipid transfer protein 

 Interleukin-6 receptor subunit beta 

 Hepatitis A virus cellular receptor 1 

MDC AFDC 

Angiopoitin-related protein 3 precursor Angiopoitin-related protein 3 precursor  

Vascular endothelial growth factor A 

isoform 4 precusor 
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MDC AFDC 

Hepatocyte growth factor activator 

preproprotein 

Hepatocyte growth factor activator 

preproprotein 

Hepatocyte growth factor-like protein 

isoform X1  

Hepatocyte growth factor-like protein 

isoform X1 

Hepatocyte growth factor receptor 

precursor 

Insulin-like growth factor binding 

protein 4 precursor 

Insulin-like growth factor binding protein 

2 precursor 

Insulin-like growth factor binding 

protein 2 precursor 

Insulin-like growth factor binding protein 

6 precursor  

Insulin-like growth factor binding 

protein 6 precursor 

Insulin-like growth factor binding protein 

7 precursor  

Insulin-like growth factor binding 

protein 7 precursor 

Insulin-like growth factor binding protein 

5 isoform X1 

Insulin-like growth factor binding 

protein 5 isoform X1 

Insulin like growth factor isoform X1 Insulin like growth factor isoform X1 

Insulin-like growth factor binding protein 

complex acid labile subunit precursor  

Insulin-like growth factor binding 

protein complex acid labile subunit 

precursor 

Transforming growth factor beta induced 

protein ig-h3 precursor  

Transforming growth factor beta 

induced protein ig-h3 precursor 

Fibroblast growth factor binding protein 

1 precursor 

Transforming growth factor beta-2 

isoform X1 
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Figure 4.2: MDC and AFDC secrete antimicrobial peptides (AMP). (A) Representative images of 

protein lysates run on polyacrylamide gels, transferred to PVDF membranes, and probed with anti-

AMP antibodies. 40 g of each sample was loaded per lane. Lane 1 = MDC CM; Lane 2 = AFDC 

CM. (B) Band densities of two AMPs in MDC and AFDC CM as detected by western blot. *p < 

0.05. 

 

 Collectively, these results show that both MDC and AFDC secrete various factors with roles 

in immune defense and regeneration. Using a series of in vitro experiments, we subsequently 

determined whether these secreted factors also had functional consequences. 
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Table 4.2: Quantification of antimicrobial peptides in mammosphere-derived cells (MDC) and 

adherent fraction-derived cells (AFDC) conditioned medium (CM) using sandwich ELISA. 

Values represent the average  standard deviation of three biological replicates. 

  

 

MDC and AFDC CM protect epithelial cells from LPS-induced cell damage. 

 An important consequence of mastitis is epithelial cell damage caused by bacterial toxins. To 

determine if the secreted factors with roles in defense and immunity (Table 4.1A) have a 

functional effect, we evaluated the effects of the MDC and AFDC CM on toxin-induced 

epithelial cell death. To this end, Madin-Darby Bovine Kidney Epithelial (MDBK) cells were 

Protein Abbreviation MDC AFDC P-value 

Defense and Immunity     

Lactoferrin LTF 918  361 pg/ml 561  116 pg/ml P > 0.22 

Cathelicidin Cath Undetected Undetected  

Angiogenesis     

Vascular endothelial 

growth factor a 

VEGFa 312  15 pg/ml 568  47 pg/ml P < 0.004 

Angiopoitin 1 Ang-1 6150  685 pg/ml 3629  821 pg/ml P < 0.017 

Migration     

Transforming growth 

factor beta 

TGFβ 1916  611 pg/ml 460  343 pg/ml P < 0.02 

Insulin-like growth factor 

1 

IGF-1 82  16 pg/ml 64  2 pg/ml P > 0.156 

Hepatocyte growth factor  HGF 57  49 pg/ml 19  17 pg/ml P > 0.309 
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treated with alpha-toxin (AT), a toxin produced by the Gram-positive Staphylococcus (S.) 

aureus, and lipopolysaccharide (LPS), a toxin produced by Gram-negative bacteria, such as 

Klebsiella (K.) pneumoniae, in the presence or absence of CM. As expected, both toxins (at 

concentrations of 10 and 50 mg/mL LPS and 1 and 5 mg/mL AT) induced a significant reduction 

in epithelial cell viability relative to untreated cells, as measured by a reduction in cell 

metabolism (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTT assay) and an 

increase in lactate dehydrogenase (LDH) release (Figure 4.3 A & B). No protective effect of the 

CM from both MDC and AFDC was observed in AT-treated cells (Figure 4.3A). In contrast, a 

protective effect on cell viability was observed for the CM from either cell types on LPS-treated 

epithelial cells for cells treated with 50 mg/ml LPS (Figure 4.3B). The combination of these 

findings, in addition to the observed presence of AMPs in the secretome, encouraged our group 

to consider the direct effects of CM on Gram-negative bacteria. To this end, we cultured the 

Gram-negative coliform mastitis pathogen K. pneumoniae in the presence or absence of MDC 

and AFDC CM. We measured bacterial growth as optical density (OD) and colony forming unit 

(CFU) counts, which we determined to have a correlation at log-phase growth of 0.95. Compared 

to bacteria grown in the absence of CM (control), a statistical reduction in OD was observed for 

bacteria grown in MDC, but not AFDC, CM, indicating an effect of the MDC CM on the growth 

of K. pneumoniae (Figure 4.3C). However, as no differences in CFU counts were observed 

between bacteria grown in the presence of MDC CM and non-CM cultured bacteria (Figure 

4.3D), these effects are most likely bacteriostatic in nature, rather than bacteriocidal. As 

expected, no reduction in CFU was observed when bacteria were grown in AFDC CM (Figure 

4.3D). 
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Figure 4.3: MDC and AFDC CM prevent epithelial cell damage from LPS but not alpha toxin. 

Madin-Darby Bovine Kidney Epithelial (MDBK) cells were treated with two different 

concentrations of alpha toxin (AT) (A) or lipopolysaccharides (LPS) (B) with or without MDC or 

AFDC CM. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; i) and LDH 

(lactate dehydrogenase) release assays (ii) were used to determine viability. (C) Inhibitory effect 

of 50% MDC CM and AFDC CM on K. pneumoniae as a percentage of the positive control (CM-

free DMEM) indicated by the dashed line; growth was measured after an 8 h incubation (37°C) as 

optical density at 600 nm in a 96-well plate (* indicates MDC being significantly different from 

control at P < 0.05). (D) Inhibitory effect was not present when growth was measured as a colony 

forming unit (CFU) count on LB agar after serial dilution and overnight incubation (16 h; 37°C) 

of wells in (C). *p < 0.05, **p < 0.01, ***p < 0.001. 

 

MDC CM stimulates angiogenesis not by proliferation, but by the promotion of bovine 

endothelial tube formation. 

 Because we identified VEGFa and Ang-1 in the CM of MDC and AFDC, we evaluated the 

effects of the secretome on blood vessel formation. New blood vessels allow for a better supply of 

oxygen and nutrients to the damaged tissue, and as such, angiogenesis is an important aspect of 

the tissue repair process after damage (32). First, we confirmed the presence of Fms related 

tyrosine kinase 1 (FLT1) and TEK receptor tyrosine kinase (TEK), the receptors for VEGFa and 

Ang-1, respectively, in bovine lung microvessel endothelial cells (BLMVEC) (Figure 4.4A). Next, 

we used a bromodeoxyuridine (BrdU) proliferation assay to determine the effects of MDC and 

AFDC CM on BLMVEC proliferation. No difference was observed in proliferation between 

BLMVEC cultured in the presence or absence of CM (Figure 4.4B). In contrast, when a luciferase-

based assay was used to evaluate endothelial tube formation in the presence of MDC CM, AFDC 

CM, and non-conditioned Dulbecco's Modified Eagle's medium (DMEM), there was an increase 

in mean tube length in endothelial cells cultured in MDC CM compared to endothelial cells 

cultured in DMEM. A numerical increase was seen for cells cultured in AFDC CM, but statistical 

differences were not observed. (Figure 4.4C i & ii). Total tube length as well as the number of 

tubes, were not altered in the presence of CM (Figure 4.4C iii & iv).  
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Figure 4.4: MDC CM stimulates endothelial tube-like formation in vitro. (A) Reverse 

transcription-polymerase chain reaction (RT-PCR) was used to evaluate the expression of the FLT-

1 (Angiopoietin-1 receptor) and TEK (Vascular Endothelial Growth Factor a receptor) in 

BLMVEC. RT-PCR products were run on a 1% agarose gel. (B) A bromodeoxyuridine (BrdU) 

proliferation assay was performed to evaluate the proliferation activity of BLMVEC after 

incubation with MDC or AFDC CM. BrdU incorporation was measured by determining the optical 

density at 450 nm on a Multiskan EX microplate reader using Ascent software (ThermoFisher 

Scientific). (C) BLMVEC were seeded on an extracellular matrix gel in the presence or absence 

of MDC or AFDC CM to evaluate the tube-like formation capacity in vitro. After 18 h of culture, 

BLMVEC were stained with 10 l of 10X cell-based calcein. JNJ inhibitor was used as a negative 

control. Fluorescent and brightfield photographs were taken using a ZOE Fluorescent Cell Imager 
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(BioRad). Representative images are shown (i). Images were quantified by Wim Tube Solutions 

for mean tube length (ii), total tube length (iii) and the number of tubes (iv). *p < 0.05. 

 

MDC CM increases bovine epithelial cell migration. 

 The final functional experiments performed assessed epithelial cell migration, as proteins with 

a role in cell migration were described in the mass spectrometry analysis (Table 4.1C) and 

confirmed with ELISA (Table 4.2). As with proteins involved in angiogenesis, we first confirmed 

the presence of receptors on MDBK cells for the 3 proteins identified by ELISA, namely TGF 

receptor (TGFBR) for TGF, IGF-1 receptor (IGFR) for IGF-1 and MET proto-oncogene receptor 

tyrosine kinase (MET) for HGF using RT-PCR (Figure 4.5A). In vitro scratch assays were used to 

evaluate the potential of MDC and AFDC CM to promote epithelial cell migration, and we found 

that MDBK cells migrated faster in the presence of MDC, but not AFDC, CM when compared to 

epithelial cells in DMEM (Figure 4.5B i & ii). This effect was independent of cell proliferation, as 

we did not find an increase in the proliferation of epithelial cells when cultured in CM from either 

MDC or AFDC (Figure 4.5C). To follow up on the increased rate of migration observed with the 

MDC CM, we repeated the scratch assays in the presence of commercially available recombinants 

of TGF, IGF-1, and HGF, alone or in combination. Given the statistical differences between each 

individual recombinant protein and the DMEM control, as well as between the combination of 

proteins and the DMEM control, it is likely that these proteins are contributing to the differences 

in migration rate that we observe when cells are treated with MDC CM (Figure 4.5D). To further 

evaluate this, we treated the MDC CM with neutralizing antibodies for each protein, alone or in 

combination, and repeated the scratch assay. We observed a reduced migration in the presence of 

antibodies against HGF alone and the combination of all 3 antibodies, although this did not reach 
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significance (Figure 4.5E). Collectively, these results indicate that HGF, alone or in combination 

with TGF and IGF-1, at least in part contributes to cell migration.  

 

Figure 4.5: MDC CM stimulates epithelial cell migration but not proliferation. (A) RT-PCR was 

used to evaluate whether MDBK cells express receptors TGFBR (transforming growth factor beta 

receptor), IGFR (insulin-like growth factor receptor), and MET (hepatocyte growth factor receptor) 

for the migratory factors detected in the MDC and AFDC CM. RT-PCR products were run on a 

1% agarose gel. (B) A scratch was made through a confluent layer of MDBK cells that were 

cultured with or without MDC or AFDC CM. Quantification of the rate of migration of MDBK 

cells incubated with MDC or AFDC CM using ImageJ software (i). Representative images of 

migration assays (ii). (C) A BrdU proliferation assay was performed to evaluate the proliferation 

activity of MDBK cells after incubation with MDC or AFDC CM. (D) Quantification of the rate 

of migration of MDBK cells cultured with or without MDC CM in the presence of TGF, IGF-1, 

HGF, or all (combined) recombinant proteins. (E) Quantification of the rate of migration of 

MDBK cells cultured with or without MDC CM in the presence of neutralizing antibodies for 

TGF, IGF-1, HGF, or all (combined). (F) Quantification of the rate of migration of MDBK cells 

cultured with CM from MDC treated with uridine triphosphate (UTP), salvionolic acid B (SalB), 

xanthosine (Xan), or all three (combo). Measurements are relative to untreated MDC CM indicated 

by the dotted line. (G) Quantification of the rate of migration of MDBK cells cultured with CM 
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from MDC collected fresh (fresh CM) or frozen at -80°C for one week and thawed (frozen CM). 

*p < 0.05. Different letters indicate statistically significant (p < 0.05) differences. Bar = 100 µm 

 

 Changes in the physiological environment of cells are known to alter the secretome (33). For 

this reason, we decided to explore whether pretreating bovine MDC with stimulating agents would 

enhance the observed positive effect of their secretome on migration. To this end, we pre-

stimulated MDC with xanthosine (Xan), Uridine triphosphatase (UTP), or Salvionolic acid B 

(SalB), alone or in combination, and collected the CM from these stimulated MDC for use in 

scratch assays. Xanthosine is a nucleoside analogue previously used to enhance bovine mammary 

stem/progenitor cells in vitro and in vivo (34, 35). UTP is also a natural nucleoside analogue, 

known to stimulate hematopoietic stem cells, and SalB is an antioxidant known to stimulate adult 

neural stem/progenitor cells (36, 37). Unfortunately, none of the MDC CM from individual 

pretreatments nor the combination of treatments, resulted in an increased migration rate of bovine 

epithelial cells when compared to the migration rate observed with unstimulated MDC CM (Figure 

4.5F).  

 While the culture of MDC is not technically challenging, the generation of CM does take 

several days. Storing CM long term for off-the-shelf use would be advantageous for treatment. As 

the effects of MDC CM were most pronounced on MDBK migration, we used this assay to test 

the efficacy of MDC CM after freezing at -80 oC for one week. We found that we can freeze the 

MDC CM without loss of activity on cell migration (Figure 4.5G), which has important 

consequences for future clinical use in mastitis management.  

 

4.5 Discussion 

 This study characterized the secretome of bovine primary adherent fraction-derived cells 

(AFDC) and mammosphere-derived cells (MDC), and subsequently demonstrated the 
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functionality of secreted factors involved in bacterial inhibition, angiogenesis and epithelial cell 

migration. As such, this study provides in vitro evidence of the therapeutic potential of primary 

bovine mammary cell conditioned medium (CM) in mastitis management. 

 Liquid chromatography-mass spectrometry identified several classes of antimicrobial peptides 

(AMP) secreted by MDC and AFDC. This is in line with previous studies from our lab and others, 

where the secretome of mesenchymal stem cells (MSC), a type of adult stem cell, was found to 

contain AMP and was able to inhibit the growth of bacteria (15, 16, 38). In contrast to MSC CM, 

however, MDC CM had only a weak direct effect on bacterial growth and AFDC CM had no 

effect, at least for Klebsiella (K.) pneumoniae. Because the bacterial toxin lipopolysaccharide 

(LPS) produced by this bacterium is primarily responsible for the severe inflammation and 

sequelae of clinical signs and marked decreases in milk production (8, 9), we evaluated whether 

the secretome of MDC and AFDC could protect against LPS-induced epithelial damage. Our 

results showed that the CM from MDC and AFDC could protect bovine epithelial cells from LPS-

induced damage. As previous studies have shown that the human cathelicidin cleavage product 

LL-37 can interfere directly with LPS (39), and we did detect bovine cathelicidin in the secretome, 

we hypothesize that this AMP and/or its cleavage product myeloid antimicrobial peptide-27 

(BMAP-27), the bovine homologue of human LL-37, is responsible for the observed protection 

against LPS-induced damage.  

 Besides AMPs, we also identified other secreted factors, more specifically those involved in 

angiogenesis and cell migration. For the latter, we decided to follow up on transforming growth 

factor beta (TGF), insulin-like growth factor 1 (IGF-1), and hepatocyte growth factor (HGF), 

based on their effects on epithelial cell survival and/or mitogenic action on epithelial cells (40–

43). Specifically, we treated epithelial cells with recombinant proteins of TGF, IGF-1, and HGF, 
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and found a stimulating effect on migration when compared to epithelial cells cultured in complete 

MDC CM. However, the level of stimulation could only match the level of stimulation with the 

CM when all three recombinants were given simultaneously, highlighting one of the advantages 

of using whole CM over a treatment strategy using individual proteins. Additionally, inhibiting 

the activity of these proteins in MDC CM by pre-incubating the CM with neutralizing antibodies 

against TGF, IGF-1, and HGF, alone or in combination, only modestly reduced migration, 

indicating that other proteins contribute to this effect. The presence of various bioactive factors in 

the secretome with various effects on host defense and immunity, angiogenesis, and/or cell 

migration, further support the use of CM in its entirety as these factors act in concert to promote 

regeneration.  

 The natural nucleoside analogue xanthosine (Xan) has been shown to increase stem cell 

proliferation in vitro and to increase the number of stem cells in the mammary gland of heifers in 

vivo (34, 35). However, no information is available on the potential effect of Xan, and other 

nucleoside analogues such as uridine triphosphate (UTP) or the antioxidant salvionolic acid B 

(SalB), all used previously to stimulate stem cells (36, 37), on the composition of bioactive factors 

in the stem cell secretome. To test this, we pre-treated bovine MDC with these compounds, using 

similar concentrations as reported in the literature, and used their CM in in vitro scratch assays. 

When compared to the CM collected from MDC that were not pre-treated, no significant 

differences in migration rates were observed. Several reasons could explain the lack of increased 

migratory activity of the CM from these pre-treated cells. For example, the effect of the stimulant 

may have been short and transient and, therefore, no longer present 24 hours after changing the 

media, when CM was collected for experiments. Another explanation could simply be that an 

increase in cell proliferation does not correlate with an increased secretory capacity of factors 
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involved in cell migration and/or was insufficient to be translated into a functional effect. 

Transcriptional analyses of MDC stimulated with these compounds would provide useful 

information about which genes are upregulated. Genes involved in migration and other functions 

could subsequently be quantified on a protein level in the MDC secretome and studied in more 

detail. In contrast, we were able to demonstrate that freezing and thawing of the MDC CM did not 

adversely affect the migration stimulation when compared to fresh CM. Based on these results, 

one could anticipate that the CM of MDC can be formulated as a readily available, shelf-stable, 

biological product to be used in intramammary preparation. The use of CM, in general, negates 

the risk of rejection when using the cells themselves as a therapeutic (44). Still, future research is 

needed to confirm the beneficial effects of the MDC secretome in vivo, particularly with regards 

to the effects of competing in vivo factors, such as immune cells and the presence of milk proteins, 

on the efficacy of the CM. Moreover, the duration of efficacy of the CM will be important to 

evaluate, as the half-live of many growth factors, such as those found in this study, tends to be 

short (45).  

 Taken together, our study provides the rationale for the potential use of the MDC secretome as 

an adjunct therapy in mastitis management. The functionality of secreted proteins, combined with 

the ease and low cost of isolating and culturing bovine MDC, makes the secretome an ideal 

biological source for naturally-occurring peptides as well as other bioactive factors.  

 

4.6 Acknowledgements  

This work was supported by the United States Department of Agriculture National Institute of 

Food and Agriculture Hatch project # 1007321, the National Science Foundation (grant # DGE- 

1650441 to MML) and BARD, the United States - Israel Binational Agricultural Research and 

Development Fund, Vaadia-BARD (Postdoctoral Fellowship Award #FI-541-2016 to GR). We 



 171 

acknowledge Quality Milk Production Services QMPS for culture and isolation of field mastitis 

pathogens and Cargill Meat Solutions (Wyalusing, PA) for mammary tissue samples. We also 

thank the Proteomic and Mass Spectrometry Facility of Cornell University for providing the mass 

spectrometry data and National Institute of Health SIG grant 1S10 OD017992-01 grant support 

for the Orbitrap Fusion mass spectrometer. 

 

4.7 Supplementary Information  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Suppl Figure 4.1: Schematic figure depicting how two separate primary cell populations (AFDC 

and MDC) were isolated from fresh bovine mammary tissue through differential surface adherence 

and propagation in suspension culture. The quick-adhering cells (AFDC) were separated from the 

slow-adhering cells, which were then cultured in suspension culture. Suspended cells then formed 

floating colonies (mammospheres) when cultured on low-attachment plates, indicative of their 

ability to survive in non-adherent conditions. Mammospheres were dissociated to single cells that 

were then cultured as a monolayer in adherent culture (MDC). Bar = 100µm 
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CHAPTER 5 

 

BB-CL-AMIDINE AS A NOVEL THERAPEUTIC FOR CANINE AND FELINE MAMMARY 

CANCER VIA ACTIVATION OF THE ENDOPLASMIC RETICULUM STRESS 

PATHWAY1 

 

5.1 Summary  

Mammary cancer is highly prevalent in dogs and cats and results in a poor prognosis due 

to critically lacking viable treatment options. Recent human and mouse studies have suggested that 

inhibiting peptidyl arginine deiminase enzymes (PAD) may be a novel breast cancer therapy. 

Based on the similarities between human breast cancer and mammary cancer in dogs and cats, we 

hypothesized that PAD inhibitors would also be an effective treatment for mammary cancer in 

these animals. Canine and feline mammary cancer cell lines were treated with BB-Cl-Amidine 

(BB-CLA) and evaluated for viability and tumorigenicity. Canine and feline mammary cancer 

xenograft models were created using NOD scid gamma (NSG) mice and were treated with BB-

CLA for two weeks. We found that BB-CLA reduced viability and tumorigenicity of canine and 

feline mammary cancer cell lines in vitro. Additionally, we demonstrated that BB-CLA activates 

the endoplasmic reticulum stress pathway in these cells by downregulating 78kDa Glucose-

regulated Protein (GRP78), a potential target in breast cancer for molecular therapy, and 

upregulating the downstream target gene DNA Damage Inducible Transcript 3 (DDIT3). Finally, 

we established a mouse xenograft model of both canine and feline mammary cancer in which we 

preliminarily tested the effects of BB-CLA in vivo. We propose that our established mouse 

xenograft models will be useful for the study of mammary cancer in dogs and cats, and 

furthermore, that BB-CLA has potential as a novel therapeutic for mammary cancer in these 

species. While not directly comparative, this study takes advantage of the similarities between 

mammary cancer in different species to optimize knowledge in non-human species.  
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1The results of this study were published in Ledet MM, Anderson R, Harman R, Muth A, 

Thompson PR, Coonrod SA, Van de Walle GR. (2018) BB-Cl-Amidine as a novel therapeutic 

for canine and feline mammary cancer via activation of the endoplasmic reticulum stress 

pathway. BMC Cancer 18(1):412. 
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5.2 Introduction  

Mammary cancer is highly prevalent in dogs and cats, representing the most common cancer 

in intact bitches and the third most common neoplasm in queens (1, 2). There are five basic classes 

of mammary cancer treatments in dogs and cats: surgery, radiation therapy, chemotherapy, 

hormone therapy and immunotherapy. Because the effectiveness of the latter four therapies is 

uncertain, surgery remains the treatment of choice (3). Unfortunately, tumor recurrence after 

surgery is common in both species and adjuvant treatment with chemotherapeutics often fails (4–

6). Therefore, there is an urgent need to develop more effective treatments for feline and canine 

mammary cancer. 

Recent human and mouse studies have suggested that peptidyl arginine deiminase enzymes 

(PAD) could represent a novel target for epigenetic cancer therapy. The PAD family is made up 
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of 5 (PAD1-4 and PAD6) calcium-dependent enzymes that convert positively charged arginine 

residues to neutrally charged citrulline target proteins, such as histones, in a process called 

citrullination (7). PAD are involved in cell differentiation, apoptosis, embryonic development and 

gene regulation, and each PAD isozyme has a unique tissue distribution pattern and substrate 

preference, which most likely confers biological specificity (7). PAD2 represents the ancestral 

PAD family member and is abundantly represented in female reproductive tissues, including the 

mammary gland (8). PAD2 activity was found to be significantly increased during human breast 

cancer progression and to be predictive of human breast cancer recurrence (9, 10). Interestingly, 

PAD2 was recently identified in feline and canine carcinomas, suggesting that this oncogene may 

also play an important role in mammary cancer of small companion animals (11). PAD4 was 

initially identified in hematopoietic cells, and elevated expression of PAD4 has been observed in 

various malignant tumors (12, 13). More recently, PAD4 was also found to be highly expressed in 

tumorigenic human breast cancer cell lines that are resistant to conventional therapeutics (14). 

However, the expression of PAD4 in feline or canine mammary cells has not been previously 

studied. A broad PAD inhibitor, Cl-Amidine, has been shown to have remarkable effects on human 

breast cancer in vitro and in vivo in a mouse xenograft model (10). A more recent study by Wang 

et al. showed that the PAD4 inhibitor, YW3-56, triggers breast cancer cell death by inducing the 

endoplasmic reticulum (ER) stress response (15, 16). Cancer cells are frequently exposed to 

exogenous and endogenous insults that induce ER stress. ER stress normally activates an intricate 

pathway with the goal of restoring homeostasis; however, if this stress is too prolonged or severe, 

cell death will occur (17–19). 

Mammary cancer in dogs and cats is similar to human breast cancer in histology, gene 

expression, and metastatic pattern. Given these similarities, PAD inhibitors could potentially serve 
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as novel therapeutics for mammary cancer in these species as well (20). To begin exploring this 

possibility, we evaluated the effects of BB-Cl-Amidine (BB-CLA), a more potent derivative of Cl-

Amidine (21), on normal and tumoral canine and feline mammary cells in vitro and in vivo, and 

studied the potential mechanisms underlying these effects. 

 

5.3 Materials and Methods  

Cell lines 

The immortalized, non-malignant canine mammary epithelial cell line (CMEC), established in-

house as previously described (22), the canine mammary carcinoma cell line REM134 (23), the 

immortalized, non-malignant feline mammary epithelial cell line (FMEC), a kind gift from Dr. 

John Parker (Baker Institute for Animal Health, Cornell University, Ithaca, NY) (24), and the 

feline mammary adenocarcinoma cell line K12–72.1, a kind gift from William Hardey Jr. (School 

of Veterinary Medicine, Cornell University, Ithaca, NY) (25), were cultured in DMEM 

supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) and 1% 

penicillin/streptomycin. All cell lines were maintained at 37°C in a humidified environment with 

5% CO2. 

Antibodies and chemicals 

The rabbit anti-human PAD2 and PAD4 antibodies were obtained from Proteintech (12110-1-AP; 

Rosemont, IL) and Sigma-Aldrich (P4749; St. Louis, MO), respectively. The rabbit anti-human 

caspase-3, activating transcription factor 4 (ATF4), 78kDa Glucose-regulated Protein (GRP78) 

and beta actin antibodies were obtained from Abcam (ab4051; Cambridge, UK), Santa Cruz 

Biotechnology (sc-200; Dallas, TX), LS Bio (LS-C312961; Seattle, WA), and Abcam (ab8227), 

respectively. The mouse anti-dog/cat estrogen receptor alpha (ERα) antibody was obtained from 

Thermo Fisher Scientific (MA5-13065; Waltham, MA). The human anti-modified citrulline 
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antibody was obtained from Millipore (MABS487; Darmstadt, Germany). Alexa 488-conjugated 

goat anti-rabbit antibodies, HRP-conjugated goat anti-mouse antibodies, HRP-conjugated goat 

anti-rabbit and HRP-conjugated goat anti-human antibodies were all obtained from Jackson 

ImmunoResearch Labs (West Grove, PA). The PAD inhibitor, BB-CLA, was synthesized as 

previously described and diluted in dimethyl sulfoxide (DMSO) (26). 

Cell viability assays 

After 48 h of treatment with either BB-CLA (0 to 20 µM) or DMSO (control), a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in vitro toxicology assay (Sigma-

Aldrich) was carried out per manufacturer’s instructions and absorbance was measured at 570 nm 

on a Multiskan EX plate reader (Thermo Fisher Scientific). Optical densities of wells treated with 

BB-CLA were compared with those treated with equivalent amounts of DMSO to determine cell 

viability. Values were expressed relative to DMSO treated wells.  

Soft agar assays 

Cells were detached using (0.25%) Trypsin-EDTA (Corning Life Sciences, Manassas, VA) and 

counted. Soft agar assays were performed as previously described (26). To this end, 2 mL of 0.6% 

2-hydroxyethylagarose melted in appropriate culture medium were pipetted into wells of 6-well 

culture plates and plates were held at 4°C for 15 min until the agarose solidified. Ten thousand 

cells per well were gently resuspended in 1.5 mL 0.3% 2-hydroxyethylagarose melted in 

appropriate culture medium with either DMSO or 10 µM BB-CLA, and layered over the base 

agarose. Cells were cultured in soft agar for 14 days at 37°C with 5% CO2. Every 3 days, cultures 

were fed with 1 mL 0.3% 2-hydroxyethylagarose melted in appropriate culture medium with either 

DMSO or BB-CLA. Cultures were photographed at 10x using a Nikon Diaphot-TMD inverted 

light microscope with an attached Cohu CCD camera (Nikon, Melville, NY). The number of 
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spheres, defined as clusters of cells increasing in size due to cell division (20), in 30 fields were 

counted. 

Gene expression analyses 

Cells were seeded at a density of 2 x 105 in T25 tissue culture flasks. After 24 h, culture medium 

was removed, cell monolayers were rinsed with PBS, and cells were incubated in either 10 µM 

BB-CLA or DMSO for 3 or 6 h. Subsequently, mRNA was extracted from the cells using an 

RNeasy Plus Kit (QIAGEN, Valencia CA) and cDNA was synthesized using M-MLV Reverse 

Transcriptase (USB, Cleveland, OH), both according to manufacturer’s protocols. The 

amplification reactions were performed using Invitrogen reagents (Life Technologies) and an 

Eppendorf Mastercycler. Following standard gel electrophoresis, products were visualized using 

a ChemiDoc MP Imaging System (Bio-Rad). SYBER green-based quantitative reverse 

transcriptase polymerase chain reaction (qRT-PCR) assays were carried out on an Applied 

Biosytems 7500 Fast Real Time PCR instrument (Applied Biosystems, Carlsbad, CA) to determine 

fold changes in gene expression. The comparative Ct method was used to quantify gene expression 

levels where ΔΔCt = ΔCt (sample) – ΔCt (reference). The reference genes Ribosomal Protein L 

32 (RPL32) and Ribosomal Protein L 17 (RPL17) were used to normalize canine and feline 

samples, respectively. Primers to amplify RPL32, RPL17, PAD2, PAD4, ERα, DNA Damage 

Inducible Transcript 3 (DDIT3), and DNA Damage Inducible Transcript 4 (DDIT4) were designed 

using Primer3 software, based on canine and feline sequences found in the National Center of 

Biotechnology Information (NCBI) GenBank. Primer sequences are listed in Table 5.1. All 

samples were run in triplicate. 

Table 5.1. Primers used in the study 

Species Gene Forward Primer (5’→3’) Reverse Primer (5’→3’) 
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Canine RPL32 TTGAAGTGCTGCTGATGTGC GGGATTGGTGACTCTGATGG 

Feline RPL17 AAGAACACACGGGAAACTGC CTGGGCACACCTACCAACTC 

Canine PAD2 AGCAAGCGGATCACCATC ATGTCACGGTTCCAGTCCAG 

Feline PAD2 CAGCAAGCGAATCACCATC AGGATGTCACGGTTCCAGTC 

Canine PAD4 GTCGGGAGGAAGAAGTACCC CATCTCCTGGCTCTCCTTG 

Feline PAD4 AGGACGTTCTGTCCAACGAG GCTTTAACACCTCCCGGTTC 

Canine ERα AGGAAGAATGTTGAAACACAAAC AGCAAGTTAGGAGCAAAGAAGAG 

Feline ERα ATGTTGCTGGCTACGTCATCTC GGTCCTTCTCTTCCAGAGACTTC 

Canine DDIT3 AGCTGGAAGCCTGGTATGAG CAGTCAGCCAAGCCAGAGAG 

Feline DDIT3 AGCTGGAAGCCTGGTATGAG CAGAGAGGCAGGGTCAAGAG 

Canine DDIT4 CTGGACAGCAGCAACAGTG CATCAGGTTGGCACACAAG 

Feline DDIT4 CTGGACAGCAGCAACAGTG GCACACAAGTGCTCATCCTC 

 

Flow cytometry analyses 

Cells were collected using accutase (Innovative Cell Technologies, San Diego, CA), fixed for 15 

min in 4% paraformaldehyde (PFA), permeabilized and blocked in 0.1% Triton-X with 1% normal 

goat serum in PBS with 1% bovine serum albumin BSA for 1 h, and stained with PAD2 or PAD4 

antibodies, diluted 1:50 in PBS with 1% BSA, for 1 h. Staining with an isotype control antibody 

(Abcam), diluted 1:50 in PBS with 1% BSA, or no antibody stain were included as controls. Cells 

were washed three times in PBS and incubated with Alexa 488-conjugated secondary goat anti-

rabbit antibodies diluted 1:500 in PBS with 1% BSA, for 30 min. After washing, 10,000 cells were 

analyzed on a Gallios flow cytometer controlled by Kaluza for Gallios software (Beckman Coulter, 
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Indianapolis, IN). Data analysis was conducted using Kaluza Analysis software (Beckman Coulter, 

Indianapolis, IN). 

Western blot (WB) analyses 

Cells were lysed in RIPA buffer containing a 1X general protease inhibitor. Protein concentration 

was determined with a BCA protein assay (Thermo Fisher Scientific) prior to gel loading to ensure 

loading of an equal amount of protein (40 μg). 6X reducing sample buffer was added to yield a 

final concentration of 1X and lysates were boiled for 10 min at 95°C. Samples were subjected to 

SDS polyacrylamide gel electrophoresis on a 10% gel and transferred to Immobilin PVDF 

membranes (Millipore, Billerica, MA) using a transblot turbo system (Biorad, Hercules, CA). 

Membranes were blocked in 5% BSA diluted in Tris buffered saline (TBS) and incubated with 

PAD2 or PAD4 antibodies diluted 1:1000, GRP78 antibodies diluted 1:500, ERα antibodies 

diluted 1:200, or modified-citrulline antibodies diluted 1:1000 in TBS for 1 h room temperature 

(RT) on a rotating platform. Blots were washed for 50 min (10 x 5 min) with TBS-Tween, then 

incubated with HRP conjugated secondary antibodies for 1 h at RT. All blots were washed for 50 

min (10 x 5 min) with TBS-Tween and then visualized by chemiluminescence using Clarity 

Western ECL (BioRad, Hercules, CA). Membranes were stripped and probed with beta actin 

antibodies, diluted 1:5000, as a loading control. Gels were imaged on a BioRad ChemiDoc MP 

system (BioRad) and band intensities were determined using Image Lab software. Intensities of 

the bands of interest were divided by the intensities of loading control bands to calculate relative 

band intensity.  

Immunofluorescence (IF) 

Cells for IF were grown in 24 well culture dishes fitted with 35 mm coverslips, rinsed with PBS 

and fixed in 4% PFA for 10 min. Following 3 rinses with PBS, cells were permeabilized using 
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PBS + 1% Triton-X 100 + 1% BSA for 30 min at RT. Primary antibodies against PAD2, PAD4, 

ATF4, all at 1:50 dilution in PBS, or Caspase-3 at 1:100 dilution, were added to the wells for 1 h 

at 37°C. Wells were rinsed 3 times with PBS and Alexa 488-conjugated secondary antibodies were 

added to appropriate wells. After 30 min at RT, cells were washed 3 times with PBS and DAPI 

was added for 5 min. After a PBS wash, coverslips were removed from wells and mounted on 

slides using mounting medium (Dako, Carpenteria, CA). Cells were examined with a Zeiss LSM 

confocal microscope (Oberkochen, Germany) and images were captured with a camera controlled 

by ZEN imaging software. Nine images per sample, approximately 250 cells, were analyzed and 

DAPI-PAD co-localization was quantified using Image J Software.  

Generation of REM134 and K12.72.1 xenografts 

Both REM134 and K12.72.1 xenograft tumors were generated by injecting 1 × 106 cells in 0.1 mL 

Matrigel (1:1) (BD Biosciences, San Jose, CA, USA) subcutaneously near the nipple of gland #4 

in 6-week old female NOD scid gamma (NSG) mice (Taconic, Germantown, NY, USA), as 

previously reported for mammary xenograft models (10). After two weeks, intraperitoneal 

injections of BB-CLA (1 mg/kg/day) or vehicle control (PBS) were initiated and carried out for 

14 days. Tumor diameter was measured daily by digital caliper and the volume (mm³) was 

calculated using the formula: a² x b/2, where "a" is the shortest diameter and "b" is the longest 

diameter of the tumor. Results are reported as mean ± SD. After 14 days, tumors were removed 

and added to 10% buffered formalin. Parrafin sections were stained with hematoxylin and eosin to 

determine for mitotic rate and necrosis. A rodent pathologist estimated the percent of necrosis by 

looking at the entire tumor at low power. For mitotic rate, the number of mitotic figures were 

counted in the area with the highest mitotic rate in a 400x field. To measure apoptosis, a Terminal 

deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay (Sigma-Aldrich) 
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was used according to manufacturer’s instructions and images were quantified using Image J 

Software. Three mice per group were used for each treatment. All mouse experiments were 

reviewed and approved by the Institutional Animal Care and Use Committees (IACUC) at Cornell 

University (#2013-0022). 

Statistical analyses 

All experiments were repeated at least three times and results were expressed as the mean ± 

STDEV from three independent experiments. Data were analyzed by the Student’s T-test and 

MTT assays were analyzed by one-way ANOVA and p values <0.05 were considered 

statistically significant. * indicates P < .05, ** P < .01, *** P < .001, and **** P < .0001. 

5.4 Results  

BB-CLA selectively inhibits growth of canine and feline mammary tumor cells compared to 

normal mammary epithelial cells. 

To start exploring the potential of peptidyl arginine deiminase enzyme (PAD) inhibitors as 

anti-cancer drugs to treat canine and feline mammary cancer, the tumoral cell lines REM134 

(canine) and K12-72.1 (feline) were incubated with increasing doses of BB-Cl-Amidine (BB-

CLA) for 48 h and evaluated for viability using MTT assays. A dose-dependent decrease in cell 

viability was observed in both tumoral cell lines and reached significance starting at 1 µM for both 

REM134 and K12-72.1 (Figure 5.1A). Importantly, this effect on cell viability was lower in non-

malignant canine (CMEC) and feline (FMEC) mammary cells, and for FMEC, only became 

statistically different at the higher doses of BB-CLA, indicating that this drug preferentially affects 

tumoral cells (Figure 5.1A). A significant difference in effect between non-malignant and tumoral 

cells was observed beginning at 1 µM for feline cells and 5 µM for canine cells (Figure 5.1A). We 

used 10 µM BB-CLA for all future experiments, based on the significant effect on viability of the 

tumoral cells from both species. To follow up on the underlying mechanism for the reduced 
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viability after BB-CLA treatment, cells were stained for caspase-3 at 6 h post BB-CLA treatment. 

In contrast to non-treated REM134 and K12-72.1, BB-CLA-treated cells stained positive for 

caspase-3, indicating that the cells underwent apoptosis in response to BB-CLA (Figure 5.1B). We 

then evaluated the effect of BB-CLA on tumorigenicity by using soft agar assays, which are 

established to be good predictors of in vivo tumorigenicity (10). An equivalent amount of DMSO 

was added to a separate set of wells as a control. Compared to the control cells, REM134 and K12-

72.1 treated with BB-CLA formed significantly fewer spheres and these spheres were significantly 

smaller (Figure 5.1C).  
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Figure 5.1: Effect of BB-CLA on viability and tumorigenicity of canine and feline mammary 

cancer cell lines. (A) Cells were treated for 48 h with different concentrations of BB-CLA and 
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viability was evaluated using MTT assays. Values are expressed relative to cells treated with 

DMSO (control). Letters indicate significant differences between doses for each cell line (one-way 

ANOVA) and asterisks indicate significant differences between cell lines (T-test). (B) Cells were 

treated for 6 h with 10 M BB-CLA and probed with antibodies to Caspase-3. Representative 

images are shown. (C) Soft agar assays were established in which cells were treated with 10 µM 

BB-CLA or DMSO (control). Representative images after two weeks of treatment (i) and 

quantification of spheres (ii) are shown. Scale bar: 10µm. *P < 0.05, ***P < 0.001, ****P < 

0.0001, n=3. Data are presented as mean ± standard deviation. 

 

Normal and tumoral feline and canine mammary cells express similar levels of PAD2 and 

PAD4.  

To date, no data are available on the expression of PAD enzymes in canine or feline 

mammary cell lines. Therefore, we decided to evaluate PAD expression in both normal and 

tumoral canine and feline cell lines, to see whether a differential expression could be observed 

similar to what has been described for the human MCF10AT mammary cell line series, where 

PAD2 was more abundantly expressed in the tumoral cell lines compared to the normal MCF10a 

cell line (9, 11). We looked at PAD2 and PAD4 specifically, since these enzymes have been 

described to be expressed in the mammary gland (11). First, we used quantitative (q) RT-PCR to 

compare mRNA expression levels of these two PAD enzymes in the different cell lines, and in 

contrast to the human results, PAD2 mRNA expression levels were virtually indistinguishable 

between normal and tumoral cells of both canine and feline origin (Figure 5.2A). PAD4 mRNA 

levels were also similar between normal and tumoral canine mammary cells and a slight, but 

significant, increased expression was observed in the feline tumoral cell line K12-72.1 compared 

to normal FMEC, as indicated by the lower ΔCT values (Figure 5.2A). Next, we evaluated PAD2 

and PAD4 expression on a protein level, since the level of translation of PAD2 and PAD4 could 

be different between normal and tumoral cells. Western Blot (WB) analyses showed that PAD2 

and PAD4 proteins were expressed similarly in normal and tumoral cells of both species (Figure 
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5.2B). Flow cytometry analyses corroborated these findings (Figure 5.2C), and combined with the 

qRT-PCR results, led us to conclude that PAD2 and PAD4 are expressed at similar levels in normal 

and tumoral canine and feline mammary cell lines. Finally, we determined the relative amount of 

citrulline in the cells as a measure of PAD activity using a modified anti-citrulline antibody, as 

previously described (27, 28). No difference was detected by western blot (Figure 5.2D), further 

supporting that the levels of PAD enzymes are similar in these canine and feline non-malignant 

and tumoral cell lines. Since immunohistochemistry studies previously showed a decrease in 

PAD2 nuclear staining in canine and feline mammary carcinoma tissues compared to normal 

mammary epithelial tissues (26, 29), we decided to evaluate the cellular localization of PAD2 and 

PAD4 in our cell lines using immunofluorescence (IF). We found that PAD2 was primarily located 

in the nuclei of the cells, irrespective of species or disease status (normal versus tumoral) (Figure 

5.3A & B). PAD4 was expressed in both nuclei and cytoplasm, but PAD4 nuclear expression was 

lower in tumoral cells compared to normal mammary cells in both species, which reached 

significance in canine, but not feline cells (Figure 5.3A & B).  



 191 

 

 

Figure 5.2: Expression of PAD2 and PAD4 in non-malignant and tumoral canine and feline 

mammary cell lines. (A) Expression levels of the genes PAD2 and PAD4 in canine and feline 

normal and tumoral mammary cell lines as determined by qRT-PCR. (B) Protein expression in 

whole cell lysates subjected to SDS-PAGE and immunoblot analyses probed with PAD2 or PAD4 

antibodies. β-actin was included as a loading control. Representative Western blots and 

quantifications are shown. Quantification is represented as the fold change of PAD2/4 band density 

over β-actin band density. (C) Protein expression in cells probed with either PAD2 or PAD4 

antibodies and subjected to flow cytometry analyses. (D) Protein expression in whole cell lysates 

subjected to SDS-PAGE and immunoblot analyses probed with anti-modified citrulline antibodies. 

β-actin was included as a loading control. Representative Western blots and quantifications are 

shown. Quantification is represented as the fold change of modified-citrulline band density over 

β-actin band density. *P < 0.05, n=3. Data are presented as mean ± standard deviation. 
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Figure 5.3: Cellular localization of PAD2 and PAD4 in non-malignant and tumoral canine and 

feline mammary cell lines. Protein localization in cells probed with PAD2 or PAD4 antibodies and 

subjected to immunofluorescence. Representative fluorescence pictures (A) and quantifications, 
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using Image J Software, (B) are shown. **P < 0.01, n=3. Data are presented as mean ± standard 

deviation. 

 

BB-CLA activates the endoplasmatic reticulum (ER) stress pathway in canine and feline 

tumoral mammary cells. 

Our data showing no differential expression of both PAD2 and PAD4 between normal and 

tumoral mammary epithelial cells seems to indicate that PAD inhibition is not the primary 

mechanism for the observed BB-CLA-induced cell death and reduced tumorigenicity of the 

tumoral cells, as previously reported (16). Indeed, no changes in citrullination were observed 6 h 

post treatment (Suppl. Figure 5.1), although upstream inhibition of PAD activity cannot be ruled 

out completely. So we decided to explore whether endoplasmic reticulum (ER) stress activation 

could be the mode of action of BB-CLA in our canine and feline tumoral cells, based on a recent 

study where the activation of this pathway was demonstrated in estrogen receptor (ERα)-negative 

breast cancer cells using another PAD inhibitor (19, 30). Before evaluating the ER stress activation 

pathway, we first confirmed the ERα negative status of our different cell lines, both at the mRNA 

and protein level (Suppl. Figure 5.2A & B). To study the ER stress pathway in more detail, three 

important checkpoints in this pathway were evaluated: (i) expression of 78kDa Glucose-regulated 

Protein (GRP78), a chaperone protein in the unfolded protein response pathway (16), (ii) 

localization of Activating Transcription Factor 4 (ATF4), a transcriptional activator that regulates 

induction of proteins in response to ER stress (31), and (iii) expression of the DNA Damage 

Inducible Transcript 3/4 (DDIT3/4) genes, which are multifunctional transcriptions factors 

induced by ATF4 (32, 33). GRP78 is upregulated in a variety of cancer cell lines and is elevated 

in primary breast tumors compared with benign mammary tissue (19, 30). After ER stress, GRP78 

is titrated away which releases its hold on the ER-transmembrane signaling molecules and 
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activates the unfolded protein response pathway (16). Using WB analyses, we could detect a 

significant decrease in GRP78 expression in both canine and feline tumoral cells in the presence 

of BB-CLA at 3 h post treatment, indicating that BB-CLA activates the early steps in the ER stress 

pathway and may represent a novel therapeutic for targeting GRP78 (Figure 5.4A). Concurrently, 

IF staining for ATF4 showed a significant increase in nuclear localization of ATF4 in canine 

tumoral cells at 3 h and 6 h post BB-CLA treatment (Figure 5.4B(i) & (ii), respectively). In 

contrast, nuclear ATF4 expression was already present in feline tumoral cells, even before BB-

CLA treatment, and did not significantly increase at 3 h or 6 h post BB-CLA treatment (Figure 

5.4B(i) & (ii), respectively). Since translocalization of ATF4 into the nucleus results in 

transcription of several downstream genes such as DDIT3 and DDIT4 (34–36), we decided to 

determine the expression of these genes after BB-CLA treatment using qRT-PCR. We found a 

significantly increased expression of DDIT3, but not DDIT4, in both canine and feline tumoral 

cells at 6 h post BB-CLA when compared to DMSO-treated, control tumoral cells (Figure 4.5A). 

This increase in DDIT expression was not seen in the non-malignant mammary cells of both 

species, i.e. FMEC or CMEC, treated with BB-CLA, indicating that this was a tumor cell-specific 

response (data not shown). Collectively, these data indicate that BB-CLA-induced cell death in the 

canine and feline mammary cancer cell lines REM134 and K12.72.1, respectively, occurs in part 

via the activation of the ER stress pathway and could explain the difference in susceptibility to 

BB-CLA between normal and tumoral cells (Figure 5.5B). 
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Figure 5.4: Endoplasmic reticulum (ER) stress activation in canine and feline tumoral mammary 

cell lines after treatment with BB-CLA. (A) Whole cell lysates treated for 3 h with DMEM 

(untreated), DMSO (control), or 10µM BB-CLA were subjected to SDS-PAGE and immunoblot 

analyses probed with 78kDa glucose-regulated protein (GRP78). β-actin was included as a loading 

control. Representative Western blots and quantifications are shown. Quantification is represented 

as the fold change of GRP78 band density over β-actin band density. (B) Cells were treated with 

BB-CLA for 3 h (i) and 6 h (ii), probed with ATF4 antibodies and subjected to 

immunofluorescence. Representative fluorescence pictures and quantifications, using Image J 

Software, are shown. *P < 0.05, n=3. Data are presented as mean ± standard deviation. 

 

 

Figure 5.5: DDIT3 gene expression indicates endoplasmic reticulum (ER) stress activation after 

treatment with BB-CLA. (A) Expression levels of DDIT3 and DDIT4 mRNA in canine and feline 

and tumoral mammary cell lines after 6 h of BB-CLA or DMSO (control) treatment as determined 

by qRT-PCR. **P < 0.01, ***P < 0.001. (B) Schematic representation of the findings presented 

in this study. In normal cells, baseline ER stress is low, thus any stress as a result of BB-CLA 

treatment is managed by the pathway at low concentrations. In tumor cells, where baseline ER 

stress is already high, any additional stress from BB-CLA treatment overloads the pathway leading 

to the initiation of cell death pathways. n=3. Data are presented as mean ± standard deviation. 

 

Generation of canine and feline mammary cancer xenograft mice 

To test the efficacy of BB-CLA in vivo on tumors derived from the same cell lines used in 

our in vitro experiments, we created a mammary cancer xenograft model of each species using the 
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REM134 (canine) and K12.72.1 (feline) cell lines. Although several canine, and one recent feline, 

mammary tumor xenograft models have been developed previously (37), these cell lines have not 

been used in an orthotopic xenograft, so we needed to validate the model with our cell lines first. 

To this end, mice were injected with cells in a 1:1 ratio with Matrigel in the 4th mammary gland 

and reproducibly developed a prominent mammary tumor within two and four weeks for REM134 

and K12.72.1, respectively. These were all squamous cell carcinomas that appeared to be derived 

from mammary duct epithelium, and in some tumors, remnant ducts surrounded by myoepithelial 

cells and lined by neoplastic cells, were evident. The average tumor volume ranged around 353.45 

± 106.96 mm3 and 204.02 ± 60.13 mm3 for REM134 and K12.72.1, respectively. To preliminary 

evaluate the efficacy of BB-CLA in these xenograft models, the drug was injected intraperitoneally 

for two weeks at 1µg/ml, as this dose was previously described to be nontoxic in mice (10). During 

the treatment period, BB-CLA-treated mice were observed for changes in tumor appearance 

compared to the control mice in both xenograft models, and it was found that BB-CLA-treated 

tumors became crusty and the surrounding skin showed hair loss (Figure 5.6A). Despite these 

striking visible changes, no difference in volume was observed during the two-week injection 

period (Figure 5.6B). Histological examination yielded no difference in necrosis between control 

and treated tumors (Figure 5.6C) and a slight difference in mitotic rate in the feline xenograft 

tumors (Figure 5.6D). There was an increase in the percentage of apoptotic cells in the BB-CLA-

treated canine xenograft tumors compared to the controls (Figure 5.6E). However, there was no 

difference in apoptosis in the feline xenograft tumors (Figure 5.6E), which is in contrast to our 

original in vitro data where apoptotic cells were observed in the BB-CLA-treated, but not the 

untreated, cells (Figure 5.1B).  
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Figure 5.6: Treatment of REM134 and K12.72.1 murine xenografts. (A) Representative 

macroscopic pictures of tumor-bearing NGS mice at day 14 of treatment with 1 mg/kg/day BB-

CLA or DMSO (control). (B) Tumor size in mice treated with BB-CLA or control over the 14-day 
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period. Histological analyses showing necrosis percentage (C) and mitotic rates (D) at day 14 of 

treatment. (E) Detection of apoptosis in histological sections by Terminal deoxynucleotidyl 

transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay. *P < 0.05, n=3. Data are presented 

as mean ± standard deviation. 

 

4.5 Discussion 

This study was initiated to evaluate the efficacy of the peptidyl arginine deiminase (PAD) 

inhibitor BB-Cl-Amidine (BB-CLA) on canine and feline mammary cancer cell lines in vitro and 

in vivo. Our salient findings were that BB-CLA reduces the viability and tumorigenicity of canine 

and feline mammary cancer cell lines at low concentrations, via the activation of the endoplasmic 

reticulum (ER) stress pathway, with no to minimal effects on the viability of normal mammary 

cells. This study also provided the first description of PAD4, and a more in-depth description of 

PAD2, expression in normal and tumoral mammary cells from canine and feline origin. In addition, 

we report on the generation of xenograft models using the cell lines REM134 and K12.72.1, and 

the preliminary evaluation of BB-CLA efficacy in these models.  

In contrast to what has been described previously for human breast cell lines, we found a 

similar PAD2 and PAD4 expression between normal and tumoral mammary canine and feline cell 

lines. One explanation for this discrepancy between species is based on the source of the cells that 

were used. McElwee et al. found higher PAD2 expression in human breast cancer cells compared 

to normal mammary epithelial cells using the MCF10AT mammary cell line series in which the 

tumor cells were developed from the transformed normal mammary MCF10a cell line, and thus 

all cells have the same cell of origin (10, 38, 39). In our study, the normal and tumoral feline and 

canine cell lines being compared were developed from different individuals for both species. 

Therefore, inter-animal variations in PAD2 and PAD4 levels could explain why no differences 

were detected between normal and tumoral cells in the present study. It would be interesting in 

future work to look at PAD2 and PAD4 expression in primary tumor and healthy tissue samples 
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instead of cell lines and/or to use cell line series originating from the same animal, similar to the 

MCF10AT cell lines series, to determine if there are indeed inter-animal variations. Another 

explanation for the observed discrepancy could be the receptor status of the cell lines used. 

Previous data on PAD2 and PAD4 expression in human breast cells were primarily generated using 

estrogen receptor alpha (ERα)-positive breast cancer cells (10), whereas the canine and feline cell 

lines used in this study were ERα negative. This explanation is further supported by previous 

studies showing that PAD2 is more abundantly expressed in the luminal breast cancer subtype, 

which is ERα positive (16). Additional studies should evaluate PAD expression in ERα-positive 

feline and canine mammary cancer cells to determine if ERα expression is indeed correlated with 

PAD expression. 

Our results showed that treatment with the PAD inhibitor BB-CLA in canine and feline 

mammary cancer cells resulted in an activation of the ER stress pathway. This is in line with a 

recent study from Wang et al., showing that YW3-56, another PAD inhibitor, initiated the ER 

stress pathway through activation of ATF4 in human breast cancer cells, leading to autophagy in 

these cells (1, 2). When evaluating the different genes and proteins involved in the ER stress 

pathway in our canine and feline cell lines, some interesting observations were made. First, we 

observed a difference in ATF4 localization between feline and canine mammary cancer cells, 

irrespective of BB-CLA treatment, and so we like to postulate that these inherent differences may 

be reflective of the tumoral malignancy in vivo. It is known that feline mammary cancer is on 

average more aggressive than canine mammary cancer, with 80% of mammary tumors being 

malignant in cats versus 50% being malignant in dogs, and consequently, that mammary cancer in 

cats has a worse prognosis (40, 41). Also, we observed that the feline tumoral cells were more 

responsive to BB-CLA compared to canine tumoral cells and in parallel, we found that untreated 
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feline cells have inherently more nuclear ATF4 and thus are at a higher baseline ER stress level. 

Since BB-CLA stimulates the ER stress pathway, this could explain why a greater effect was seen 

with this drug in the feline cells. Second, we observed a significant upregulation of the gene 

DDIT3, but not DDIT4, after BB-CLA treatment in both feline and canine mammary cancer cell 

lines, which could indicate that BB-CLA is promoting activation of the apoptosis pathway rather 

than the autophagy pathway in response to ER stress (18, 42–44). Indeed, cells were positive for 

Caspase-3, a marker of apoptosis, after treatment with BB-CLA, indicating this is likely the 

predominant method for cell death after ER stress in these cells.  

Despite the use of REM134 and K12.72.1 cell lines in canine and feline mammary cancer 

research, there were no reports of mouse orthotopic xenografts utilizing these cell lines prior to 

this study. REM134 has previously been used in xenografts after subcutaneous inoculation (45, 

46), however orthotopic xenografts offer the advantage of a tumor microenvironment that leads 

to the development of tumor cells more biologically similar to clinical cases and with metastatic 

potential (47–49). We found that tumors can be induced in the mammary gland reproducibly in 

NOD scid gamma (NSG) mice using these cell lines. Unfortunately, when we preliminary 

analyzed the efficacy of BB-CLA in these xenograft models, we did not find robust differences 

in tumor size, necrosis or mitotic rates in treated versus untreated animals. A potential 

explanation could be the dosage of BB-CLA used for treatment, which was based on a previous 

in vivo study where BB-CLA was used in a murine arthritis model (50). It is plausible that the 

dosage needed for effective treatment of mammary cancer may be higher than the dose needed 

for the treatment of arthritis. Additionally, a longer dosage period or more frequent doses may 

have increased effectiveness. Future experiments in xenograft models of mammary cancer are 

needed to define the optimal effective BB-CLA dose. Unexpectedly, there was an increase in 
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mitotic rate following treatment with BB-CLA in the K12-72.1 xenograft model.  This would 

normally be associated with a poorer prognosis, however, the tumor volumes were similar in 

both groups. BB-CLA may have had additional effects on the tumor microenvironment that 

allowed for increased aggressiveness of the tumor cells, but this is unlikely as the mitotic rate 

was only increased in the K12-72.1 tumors and not REM134 tumors. Lastly, this finding could 

also be a product of low sample numbers, which should be addressed in future studies. We did, 

however, observe that the tumors in the BB-CLA-treated mice were crusty and that the skin 

showed local hair loss. A potential explanation for this observation is that other PAD, like PAD1, 

PAD2, and PAD3, are expressed in the skin of humans and rodents [8], and could have been 

affected by the PAD-inhibitor BB-CLA. 

Taken together, our in vitro study provides the first data on the potential of BB-CLA as a novel 

therapeutic to treat mammary cancer in dogs and cats. This is an exciting finding given the lack of 

available treatments for mammary cancer in these species. Canine and feline mammary cancer cell 

lines were successfully xenografted in the mouse mammary gland and will be beneficial in future 

research aimed at the development of mammary cancer therapeutics.  
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Suppl Figure 5.1: BB-CLA does not affect citrullination in tumoral canine and feline mammary 

cancer cell lines. Protein expression in whole cell lysates after 6 h of 10 M BB-CLA treatment 

subjected to SDS-PAGE and immunoblot analyses probed with anti-modified citrulline antibodies. 

β-actin was included as a loading control. Representative Western blots and quantifications are 

shown. Quantification is represented as the fold change of modified-citrulline band density over 

β-actin band density. n=3. Data are presented as mean ± standard deviation. 
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Suppl Figure 5.2: Estrogen receptor expression in non-malignant and tumoral canine and feline 

mammary cell lines. (A) Expression of estrogen receptor alpha (ER) mRNA in canine and feline 

normal and tumoral mammary cell lines, as determined by RT-PCR. Equal cDNA loading was 

determined by Ribosomal Protein L (RPL) 32 (canine) and RPL17 (feline). Uterine tissue from 

each species was included as a positive control. (B) ER protein expression in whole cell lysates 

subjected to SDS-PAGE and immunoblot analyses probed with ER antibodies. β-actin was 

included as a loading control. Canine mammary tissue was used as a positive control (+ Cont.). 

n=3. Data are presented as mean ± standard deviation. 
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CHAPTER 6 

DISCUSSION AND FUTURE DIRECTIONS 

 

6.1 Summary of Findings  

The mammary gland is a unique and defining feature of all mammals and its fundamental 

structural and functional properties are conserved across mammalian species. Despite being 

conserved, there are vast differences in both lactation abilities and incidence of breast cancer 

across species (1, 2). Prior to this thesis, methods for taking advantage of this variation were 

lacking. Thus, we developed an antibody-independent method for isolating mammary 

stem/progenitor cells (MaSC) across species (Chapter 1). Having developed a method by which 

to compare and analyze MaSC from different species, we then used these cells to compare MaSC 

from mammary cancer-susceptible and -resistant species in response to carcinogens, revealing a 

novel potential mechanism for cancer resistance in the horse consisting of increased apoptosis in 

response to the environmental carcinogen DMBA (Chapter 2). Furthermore, we studied the 

secretome of these EqMaSC and found a second possible mechanism for cancer resistance in the 

horse consisting of anti-cancer effects against triple negative breast cancer (Chapter 3). In 

parallel, we also found therapeutic effects of the secretome of bovine MaSC against mastitis-

induced mammary damage (Chapter 4). Finally, and based on what was previously shown in 

humans, we evaluated the presence of peptidyl arginine deiminase (PAD) enzymes in the 

mammary gland of cats and dogs and applied the gained knowledge towards the development of 

a new therapy for mammary cancer in these species (Chapter 5).  

 

6.2 Advantages of Using a Comparative Species Approach 
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 In this thesis, we described a new method for comparing mammary stem/progenitor cells 

from different species. This approach allows us to uncover unique transcriptome and phenotypic 

differences in cells and species that may otherwise remain unknown. In the mammary gland, 

these differences are largely related to either the development of breast cancer, lactation abilities, 

or stem cell evolution.  

6.2.1 Breast Cancer  

Breast cancer is a prevalent disease in humans, as well as many other species including 

canines and felines (3–5). However, other species, such as equines and bovines, rarely develop 

the disease (1). We describe here two projects in which comparing the MaSC from these 

susceptible and resistant species yielded novel insights into mechanisms of mammary cancer 

resistance in domestic species. Specifically, we found that equine (Eq)MaSC are more 

susceptible to apoptosis following DNA damage than canine (Ca)MaSC (Chapter 2), and that 

EqMaSC secrete factors that kill human breast cancer cells, while CaMaSC do not (Chapter 3). 

These studies provide examples of the information we can gain from a comparative species 

approach, that could have future implications for what we know about breast cancer resistance in 

humans. Furthermore, we also applied the existing knowledge on the success of PAD inhibitors 

to treat human breast cancer to canine and feline mammary cancer cells (Chapter 5). Our 

findings indicate that these inhibitors work in a mechanism in canine and feline cells similar as 

described in human cells, and support the notion for using comparative studies to develop new 

therapies for non-human species (6).  

6.2.2 Lactation  

Lactation abilities vary greatly across species. Some women experience lactation 

insufficiency, yet other species, such as cows, have been bred to be excellent lactators without 
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losing reproductive advantages. Additionally, some species, such as the fur seal, can go for a 

month without nursing without undergoing involution (7). Understanding what changes take 

place in the mammary gland and what is special about these species’ MaSC may aide in 

developing new options for improving lactation in breastfeeding women. In this thesis, we 

describe the first study characterizing the secretome of bovine (Bo)MaSC. We found that the 

BoMaSC secretome, collected as conditioned medium (CM), has therapeutic effects against 

mastitis, an inflammatory disease of the mammary gland, most commonly caused by bacterial 

infections, that has profound impacts on the dairy industry as well as on women (Chapter 4).  

6.2.3 Stem Cell Evolution  

 Interestingly, while mammary gland evolution has been studied through careful examination 

of the gland in a large variety of species, no information is available on the evolution of MaSC in 

particular. This is in contrast to research of stem cell evolution in other somatic tissues, where such 

research is performed with the goal to better understand important developmental processes in 

these tissues. One example is the study of the evolution of neural stem/progenitors in arthropods, 

in order to gain a deeper understanding of the origin and development of the nervous system (8). 

Another example are studies on dental stem cells, which have been proposed as key to 

understanding the evolutionary development of teeth, and particularly of dental replacement and 

regeneration strategies (9). Both dental and mammary stem cells are adult epithelial stem cells that 

govern tissue regeneration. Tooth regeneration phases vary in timing, duration and number 

between species with different dental replacement strategies, analogous to variation in 

regeneration between different mammals. Based on these similarities, it will be interesting to study 

MaSC from different species in order to better understand the evolution of the mammary gland. 

6.2.4 Challenges and Future Prospects  
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Despite being able to isolate MaSC from different species using an antibody-independent 

method, the lack of available cross-reacting antibodies, even for common species such as equine 

and canine, makes certain follow up experiments challenging. We can circumvent this issue by 

focusing on transcriptome, data such as RNA sequencing, or on quantitative RT-PCR where 

primers can be designed specifically for a certain species. Using this approach, we identified 

several candidate genes for mammary cancer resistance in the horse (Chapter 2). We also see 

these techniques being used for other species that are resistant to cancer and lack cross reacting 

antibodies, such as the naked mole rat and African elephant (10, 11).  

Many of the animals referenced in our studies and those of others are large in size, 

making the prospect of in vivo work not only technically challenging but also often financially 

unfeasible. To bypass this issue, we can transplant mammary tissue from larger species into 

murine models, as has been done previously for human (12) and bovine (13), and most recently 

for equine in our lab (unpublished). For example, this technique could be used for follow-up 

studies whereby equine and canine tissues are transplanted into mice and then exposed to DNA 

damage, as described under Chapter 2, to get a better understanding of what happens to these 

cells under in vivo conditions.  

 

6.3 Therapeutic Benefits of the Mammary Stem/Progenitor Cell Secretome  

Prior to this thesis, the secretome of MaSC was not well characterized. We describe two 

projects in which conditioned medium from MaSC was evaluated for potential therapeutic 

effects on breast cancer (EqMaSC) and mastitis (BoMaSC). We demonstrated that EqMaSC CM 

selectively killed the triple negative subset of breast cancer cells, while not harming normal 

mammary epithelial cells or estrogen receptor-positive breast cancer cells. This finding could 
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have important therapeutic applications due to the lack of targeted therapies currently available 

for triple negative breast cancer. Using mass spectrometry, we found 12 peptides secreted by 

EqMaSC that are tumor suppressors, and thus interesting candidates for follow-up studies 

(Chapter 3). Similarly, we showed that BoMaSC CM can repair epithelial and endothelial cell 

damage in vitro, both which occur as a result of mastitis and lead to decreases in milk yield (14). 

In this study we identified three proteins by mass spectrometry, transforming growth factor beta 

(TGF), insulin-like growth factor 1 (IGF-1), and hepatocyte growth factor (HFG), that were 

likely candidates for the observed increased epithelial cell migration. When recombinants for 

these three proteins were added to the epithelial cells individually, migration was moderately 

increased over the control. However, adding all three proteins together increased migration to the 

same level as BoMaSC CM. In addition to these proteins, we identified pro-angiogenic and 

antimicrobial factors which could also provide therapeutic benefits in the treatment of mastitis. 

The wealth of bioactive factors identified in the MaSC secretome highlights an important point 

for its therapeutic potential: using conditioned medium as a whole may have more benefits than 

isolating specific factors secreted by the cells, because secreted factors could work 

synergistically to repair tissue damage and affect the multiple cells types in the tissue. However, 

it will be very hard, if not impossible, to define the complete biochemical composition of CM 

and to standardize therapeutic doses, thus raising important questions on the regulation of such 

therapeutic products. 

The next point to consider is how the conditioned medium will be delivered. We 

demonstrated that injecting EqMaSC CM directly into murine xenograft mammary tumors for 

two weeks significantly decreased tumor size and weight, and we propose that a similar mode of 

direct delivery could be used for injecting BoMaSC CM into the teat of mastitic mammary 
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glands. This method was used by Capuco et al. for xanthosine, a nucleoside analog that increased 

the MaSC population in vitro (15), where it had a positive effect on the residing cells (16). 

Another delivery mode to consider is a method by which the secreting cells themselves are 

delivered, therefore allowing a steady and long-term secretion of bioactive factors to the affected 

area. Using the cells themselves, however, could raise concerns about the possible induction of 

immune reactions, especially in the case of allogenic transfers. Interestingly, there are methods 

that can circumvent this issue by for example encapsulating the cells. The encapsulation of cells 

shield them from the host’s immune system, while allowing the delivery of bioactive factors for 

a longer, more sustained, period of time (17, 18). Our lab has previously demonstrated that 

conditioned medium from mesenchymal stromal cells (MSC), another type of adult stem cells, 

could be microencapsulated successfully in alginate hydrogels while maintaining their stem cell 

characteristics up to at least passage (19). Furthermore, the conditioned medium collected from 

these encapsulated cells maintained its migratory effect on fibroblasts, indicating that this could 

potentially be a viable delivery method for conditioned medium in vivo. Future studies should 

evaluate the efficacy of encapsulating MaSC, as this has not previously been reported. 

Additionally, comparing the efficacy of conditioned medium versus encapsulated cells on tumor 

shrinkage will provide important information for the field on which techniques have the most 

therapeutic promise.  

 

6.4 Future Prospects  

6.4.1 Inclusion of PDX Models and Identification of Bioactive Factors in Conditioned 

Medium   
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The finding that EqMaSC CM kills triple negative breast cancer (TNBC) cells is exciting 

due to a current lack of targeted therapy for this disease. In our study, we used three TNBC cell 

lines: MDA-MB-231, MDA-MB-468, and Hs578t. These cell lines are all negative for estrogen 

receptor, progesterone receptor, and HER2, and are classified as either basal (MDA-MB-468) or 

claudin-low (MDA-MB-231 and Hs578t), the two sub-classifications for triple negative breast 

cancer (20). The next steps should include using patient-derived tumor cells both in vitro and in 

patient-derived xenograft (PDX) mouse models. Furthermore, additional efforts should be taken 

to identify what factor(s) within the conditioned medium are targeting TNBC cells, as this has 

wide implications for future TNBC therapies. Of the 47 peptides identified by mass 

spectrometry, 12 have known tumor suppressor functions. Recombinant peptides can be added to 

TNBC cell lines to determine which of these 12 peptides could be responsible, or alternatively, 

whether one (or more) of the other 35 peptides could have a tumor suppressor role that has not 

been reported previously. Furthermore, while we narrowed down the identity of the active 

biofactor(s) to be small in size, there are other molecular classes in addition to peptides such as 

RNA, small molecules, or lipids that may affect the TNBC cells. Preliminary efforts were made 

to identify small molecules in the conditioned medium, and should be continued with additional 

conditioned medium samples to narrow down the most likely candidates.  

6.4.2 Identification of Genes in EqMaSC Responsible for their Increased Sensitivity to 

Apoptosis  

 Previous papers have established mechanisms for cancer resistance in species such as the 

blind mole rat, naked mole rat, and African elephant (10, 11, 21–23), which are resistant to all 

types of cancer. However, the mechanisms behind the specific resistance to mammary cancer in 

domestic species had not been established prior to this thesis. We used a novel approach to 



 218 

evaluate why horses, a species that lives in close proximity to humans and is exposed to similar 

environmental toxins, have such a low incidence of mammary cancer. When cells were treated 

with the polycyclic aromatic hydrocarbon, 7,12-Dimethylbenz[a]anthracene (DMBA), a potent 

chemical carcinogen, apoptosis resulted within a few hours. However, treating MaSC from 

canines, a species that also lives in close proximity to humans and has a high incidence of 

mammary cancer, with the same dose had no effect (24). We proposed that EqMaSC underwent 

apoptosis in response to DMBA, thus avoiding the potential tumorigenic consequences of DNA 

damage caused by DMBA, similarly to what was described for elephant fibroblasts after UV 

irradiation (23). Using RNA sequencing, we identified 172 genes that were differentially 

expressed in EqMaSC after 4 h of treatment with DMBA. Changes were observed in several 

genes related to DMBA metabolism, as well as related to the NOTCH signaling pathway. 

Additionally, genes involved in hormone and cell cycle regulation were also differentially 

expressed. Future experiments should be aimed at narrowing down which genes are critical for 

this apoptotic response using knockdown and overexpression techniques. Additionally, other 

insults such as UV irradiation, which also causes DNA damage, can be used to determine which 

genes are specifically dysregulated in regard to DMBA and which are more universal for the 

DNA damage response.  

6.4.3 Expanding our Comparative Species Approach   

 We identified two possible mechanisms for cancer resistance in the horse: an apoptotic 

response to DNA damage (Chapter 2) and a secretome that kills cancer cells (Chapter 3). In the 

first project, we compared canine (mammary cancer-susceptible) with equine (mammary cancer-

resistant) for the majority of experiments. However, we did include human (mammary cancer-

susceptible) and bovine (mammary cancer-resistant) MaSC for one experiment in which cells 
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were treated with DMBA where we found that the cells from these species responded similarly 

to their dog and horse counterparts with respect to their susceptibility to mammary cancer. 

Likewise, we found that EqMaSC CM kills triple negative breast cancer cells, and while 

BoMaSC CM had the same effect, canine MaSC CM had no effect on the breast cancer cells. 

These findings strengthen our hypothesis that the anti-cancer mechanisms we discovered could 

be associated with cancer-resistance and -susceptibility across species. During the course of this 

thesis, our lab has collected and isolated MaSC from many additional species including cat, rat, 

mouse, rabbit, pig, and rhesus macaque. Including MaSC from these species in our experiments 

will give us better insights into the evolutionary conservation of these mechanisms and 

potentially hint at the evolutionary pressures that gave rise to them.  

 

6.5 Conclusions 

 Collectively, these studies show the important advantages of taking a comparative species 

approach and provide the first explanation for mammary cancer resistance in domesticated 

species. They also demonstrate the therapeutic potential of MaSC secretome from several 

species, and provide the first characterization of the bovine MaSC secretome.  
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