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Abstract 

The fps proto-oncogene encodes a 92 kDa cytoplasmic tyrosine kinase. Previous 

studies have shown that Fps expression in the mammary gland changes with 

development, and Fps has a suppressor function in mammary tumorigenesis. The aim of 

my thesis was to elucidate the role of the Fps tyrosine kinase in regulating mammary 

gland development and function. We have shown that the expression of the Fps kinase in 

the mammary gland increased during pregnancy and reached its maximum during 

lactation. The level of Fps tyrosine phosphorylation paralleled the expression pattern.  

Pups reared by fps-null females gained weight more slowly than those reared by wild-

type females. Epithelial cells were the primary source of Fps expression. Milk protein 

and fat content were not affected by the absence of Fps. Similarly, no differences in 

mammary gland structure were observed with whole mount or histological analysis. 

Fps was shown to be in a multi-protein complex with E-cadherin, β-catenin and 

p120-catenin. A strong co-localization signal was observed for Fps and E-cadherin. 

Immunofluorescence analysis indicated that the localization of E-cadherin and β-catenin 

was disorganized and less concentrated at sites of cell-cell contacts in the fps-null glands. 

The interactions between the different adherens junction components were altered in the 

fps-null tissue. Specifically, less E-cadherin and β-catenin was associated with p120-

catenin in the fps-null glands. Suprisingly, no phosphotyrosine differences were detected 

for the adherens junction components. 

Conditions were established to grow primary murine epithelial cell cultures that 

could be used to investigate the function of Fps. Fps expression was up-regulated in these 
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cells in response to lactogenic hormones. A lentiviral system encoding a murine p53 

shRNA sequence was used to increase the growth potential of the primary cells. 

Continual growth of the infected and uninfected primary epithelial cell mixture resulted 

in the establishment of an immortalized cell line. Immunofluorescent and immunoblot 

analyses revealed that the cells have undergone an epithelial-to-mesenchymal transition. 

With the transduction of a myc-epitope tagged Fps into the cells, we have generated cell 

lines with the appropriate genetic backgrounds to study the function of the Fps kinase in 

the mammary gland, specifically as it relates to tumorigenesis. 
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Chapter 1 

 
General introduction  

1.1 Introduction 

Protein kinases constitute one of the largest mammalian protein superfamilies and 

are important regulators of cellular processes including cell cycle progression, cell 

proliferation and apoptosis, gene expression, metabolism, motility, morphology and 

differentiation. Protein kinases are defined by a conserved catalytic domain. Through the 

phosphorylation of substrate proteins, kinases have the ability to alter the function of a 

large number of different proteins and coordinate complex cellular processes. Protein 

kinases typically mediate the phosphorylation of serine, threonine or tyrosine residues of 

substrate proteins, and this has been the basis for further classification into specific 

families. The family of protein-tyrosine kinases is found only in Metazoans and consists 

of two main groups; receptor tyrosine kinases and cytoplasmic tyrosine kinases. There 

are ten distinct subfamilies of cytoplasmic tyrosine kinases that are grouped according to 

common structural domains (Figure 1.1). The Fps/Fes and Fer kinases are distinct from 

the other protein-tyrosine kinases, and make up subfamily IV. Both kinases contain an 

amino-terminal F-BAR (FCH-Bin/Amphiphysin/Rvs) homology motif, followed by a 

predicted coiled-coil motif, a central Src-homology 2 domain and a C-terminal kinase 

domain. 

The discovery that Fps/Fes was prominently expressed in cells of the 

hematopoietic system led to investigations to determine its biological function in this 

system. The activation of Fps/Fes has been observed downstream of numerous cytokine 
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Figure 1.1 Cytoplasmic protein tyrosine kinases. Protein tyrosine kinases are a large 
and diverse multigene family found only in Metazoans. There are thirty-two cytoplasmic 
protein tyrosine kinases (PTK) that have been divided into ten subfamilies. All PTKs 
contain a highly conserved catalytic kinase domain. Members of each subfamily share 
unique subdomain motifs that distinguish them from other tyrosine kinases. The 
following domains are found in one or more subfamily: SH2 (Src homology 2), SH3, PH 
(pleckstrin homology), F-BAR (FCH-Bin/Amphiphysin/Rvs), FCH (Fps/Fer-Cdc42-
interacting protein 4 homology), CC (coiled-coil), FAT (focal adhesion targeting), DBD 
(DNA binding domain), ABD (F-actin binding domain), Cdc42 BD, P (proline rich 
region), Myr (myristoylation sequence). Information for this figure was obtained from 
www.kinase.com. 
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receptors and it is thought to function in a variety of different processes including cell 

differentiation and survival, cell adhesion and cell-cell signaling. Despite this compilation 

of work, the clear physiological functions of Fps/Fes remained enigmatic. Analysis of 

transgenic knock-in, knock-out and over-expression mouse models has identified Fps/Fes 

as a regulator of inflammation, innate immunity, hematopoiesis, angiogenesis and 

vasculogenesis. Though once thought to be restricted to the hematopoietic system, 

Fps/Fes expression is now recognized to be more widespread. This is supported by the 

identification of Fps/Fes in the mouse mammary gland and its ability to function as a 

tumor suppressor in this tissue. However, a clear biochemical function for Fps/Fes has 

yet to be established. The purpose of my research project was to characterize the 

physiological and biochemical functions of Fps/Fes in the mouse mammary gland.  

 

1.2 The Fps and Fer tyrosine kinases 

1.2.1 The discovery of fps/fes as a component of retroviral oncogenes 

 fps and fes were first isolated as the oncogenic components of tumor-causing 

avian and feline retroviruses, respectively 1-3. This was the basis for adopting the names, 

fps (Fujinami poultry sarcoma) and fes (feline sarcoma). Through sequence comparisons 

it was shown that these different oncogenes actually corresponded to the same gene 4. All 

known viral fps/fes (hereafter referred to as fps) oncogenes encode chimeric proteins that 

consist of N-terminal retroviral Gag sequences fused to a portion of, and sometimes all 

of, the Fps sequence (Figure 1.2) 5-8. The Gag protein has two important effects on the 

function and activity of the Fps oncoprotein. It possesses a plasma membrane-targeting 
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Figure 1.2 Comparison of cellular Fps and Fer kinases and viral Fps oncoproteins. 
The Fps and Fer kinases are composed of four distinct structural domains. Beginning at 
the N-terminus is the F-BAR domain which contains the FCH and CC1 motifs. This is 
followed by the CC2 motif and the SH2 and kinase domains. In contrast, all viral proteins 
contain a Gag sequence at their N-termini which is fused to a portion or all of the cellular 
Fps sequence. Poultry Research center strain (PRC), Gardner-Arnstein virus (GA), 
Fujinami sarcoma virus (FSV).  
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and -binding domain 9. It also confers unregulated tyrosine kinase activity on the 

protein,possibly by interfering with negative-activity regulatory elements found in the 

non-catalytic domains of Fps 5. Transduction of fibroblasts with the Fujinami sarcoma 

virus (FSV) resulted in increased cellular phosphotyrosine content and morphological 

transformation 10. Expression of Gag-Fps in lung fibroblast cells promoted growth factor-

independent growth and transformation 11. The Gag-Fps protein also induced the 

differentiation of hematopoietic progenitors into macrophages in the absence of 

exogenous cytokines or growth factors 12, 13. Based on their increased tyrosine 

phosphorylation, a number of potential substrates have been identified in cells 

transformed with viral Fps. They include p120RasGAP 14 and two associated proteins, 

p62Dok and p190RhoGAP 15, 16, PI3K 17, Shc 18, connexin 43 19, BCR 20 and Stat3 21, 22. 

The generation of transgenic mice in which viral Fps was expressed under the 

transcriptional control of the human beta-globin promoter caused both benign and 

malignant tumors in a variety of different tissues of lymphoid and mesenchymal origin. 

Lymphomas, thymomas, fibrosarcomas, angiosarcomas, hemangiomas, and 

neurofibrosarcomas were each observed with varying penetrances and latencies 23. 

Interestingly, some tissues that expressed the v-fps oncogene, such as heart, brain, lung, 

and testes, developed no malignant tumors. Thus, viral Fps possesses a range of 

oncogenic activities, but its penetrance is somewhat restricted and additional genetic or 

epigenetic events are likely required to promote full transformation. 
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1.2.2 The fps and fer protein-tyrosine kinase-encoding proto-oncogenes 

 Studies on viral Fps soon led to the discovery that parts of the oncogenic sequence 

were homologous to regions of cellular DNA which at the time had no well-defined role 

in normal cells 1, 4. Using the viral fps sequence as a probe, its cellular homolog was first 

isolated from poultry cells 24. Since then, the human 25, feline 7 and mouse genes 26, 27 

have been cloned. The human fps proto-oncogene consists of 19 exons, with exon-1 

being non-coding, and spans approximately 13 kb of genomic DNA (Figure 1.3). 

Transgenic mice generated with this genomic fragment demonstrated that it was 

sufficient to generate the appropriate tissue-specific pattern of human fps expression that 

was independent of the integration site but dependent on transgene copy number 28. Thus, 

the full fps locus control region (LCR) is likely contained in this fragment. More 

specifically, a minimal 2.5 kb LCR element within intron 1 to intron 3 (nucleotides +28 

to +2523 relative to the transcriptional start site) also conferred tissue-specific fps 

expression 29. 

Much of the work elucidating the transcriptional regulation of fps expression has 

focused on its activation in the myeloid lineage.  With the use of deletion constructs, 

combined with DNase I footprinting assays and electrophoretic mobility shift analysis, a 

myeloid-specific promoter region was identified within the 151 bp directly upstream of 

the transcriptional start site of the human fps gene 30. Two transcription factors, Sp1 and 

PU.1, were shown to bind to, and trans-activate, the fps promoter in myeloid cells 30, 31.  

PU.1, a member of the Ets transcription factor family, appears to be expressed 
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Figure 1.3 Organization of the fps and fer loci. (A) The complete fps locus is thought 
to be contained within 13 kb of genomic sequence. It consists of 19 exons, of which the 
first exon is non-coding. The fps-null mouse model was generated by replacing exons 15 
through 18 with the PGKneo selection marker. This strategy resulted in the deletion of 
the kinase subdomains IV to X and predicted to result in an unstable truncated Fps 
protein. The exon organization of the fer locus is almost identical to that of fps, with the 
exception of an additional 5’ non-coding exon, the presence of an internal testis-specific 
promoter that regulates the expression of a ferT isoform. T1, T2 and T3 represent the first 
three exons of ferT. In contrast to fps, the fer locus is at least 500 kb, with much larger 
introns, as indicated by the open line. (B) The colour-coded exons corresponding to the 
different structural domains are: F-BAR (blue, green, yellow), CC2 (purple), SH2 (ice 
blue), and Kinase (black). Adapted from 5.  
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exclusively in cells of the hematopoietic system 32. It is critical to the development of 

hematopoietic cells through the activation of many regulatory genes 33. Sp1 is a zinc 

finger transcription factor that is ubiquitously expressed and has been linked to the 

regulation of several hundred genes 34. Its presence outside the hematopoietic system 

suggests it may be involved in activating fps expression in other types of cells where fps 

has been detected. But at the present time very little is known about the transcriptional 

regulation of fps, other than in myeloid cells. 

Analysis of Fps expression with antisera raised against viral Fps identified two 

cross-reactive cellular proteins of 92 and 94 kDa in size. Results of peptide mapping 

analysis identified the 92 kDa protein as Fps whereas the 94 kDa protein was a related 

but distinct protein 35, 36. Sequence comparison of human and rat cDNAs encoding this 94 

kDa protein confirmed its similarities to Fps and led to its designation as the Fer (Fes-

related) tyrosine kinase 37, 38. The genomic organization of the fer gene has been 

determined and the exon/intron structure is very similar to that of fps (Figure 1.3). There 

are 20 exons in the fer gene with the first two exons being non-coding sequences. The fer 

locus is much more expansive than the fps locus, as it spans an estimated 500 kb of 

genomic sequence 5. In addition, the fer gene has an internal promoter that results in a 51 

kDa testis-specific isoform of Fer, FerT 39 (Figure 1.3). 

 Homologs of Fer have been identified in several species ranging from mammals 

to the primitive marine sponge 37, 38, 40, 41. A single fer-like gene has been identified in 

such species as Drosophila melanogaster, Saccharomyces cerevisiae, Schistosoma 

mansoni and Sycon raphanus 41-44. Surprisingly, analysis of genomic sequence from 
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Caenorhabditis elegans suggests that as many as 42 fer homologs may exist in this 

species 40. However, these sequences encode proteins consisting of only SH2 and kinase 

domains and could be evolutionary precursors to any SH2-containing PTK. Taken 

together, these results suggest that fer probably evolved prior to fps from a progenitor 

gene that encoded a SH2-domain-containing tyrosine kinase, which subsequently 

acquired additional sequences encoding the F-BAR and CC domains 5. A progenitor of 

the fps gene may have then arisen from a duplication of fer, which would have evolved 

into the tissue-specific fps gene presently found in higher mammals. 

 

1.2.3 Expression patterns and subcellular localization of Fps and Fer tyrosine kinases 

 Although Fps and Fer are closely related in terms of their overall sequence and 

functional domain structures, there are obvious differences in their expression patterns. 

While the expression of fer is thought to be ubiquitous 37, 38, fps expression is more 

restricted. In fact, its expression was once thought to be limited to cells of the 

hematopoietic system, specifically to cells of the myeloid lineage 36, 45. However, more 

sophisticated cell isolation methods and improved analytical techniques have provided 

the means to demonstrate the expression of fps in a number of both progenitor and mature 

cells within the hematopoietic system. These include the pluripotent hematopoietic stem 

cell 46, mature B and T cells, multiple progenitor cell types within the myeloid lineage 

(Greer, unpublished), mature erythrocytes, megakaryocytes, platelets, neutrophils, 

macrophage and mast cells 47-49 (Greer, unpublished). Additional studies have revealed 

fps expression in embryonic and fetal mouse tissue from all three germ layers, but at later 
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stages of development, expression became more restricted and eventually was found only 

in granulomonocytic cells 50. Transgenic mice expressing an activated form of Fps 

developed vascular tumors. This led to the discovery that fps is normally expressed in 

human and mouse vascular endothelial cells 51. An extensive search to determine the 

scope of fps expression in both embryonic and adult tissues identified a number of 

interesting fps-expressing cell types 52. Within the embryo, highest levels were detected 

in endothelial cell precursors, or angioblasts, of early yolk sac blood islands, skeletal 

muscle, epidermis, heart endocardium, chondrocytes, neuronal cells and lung epithelium 

52. In adult tissue, in addition to the previously reported endothelial cell expression, fps 

was observed within neuronal cells of the brain, epithelial cells of the choroid plexus and 

in Purkinje cells. fps was also detected in glandular epithelium of the uterus 52 and 

colonic crypt cells 53-55. Based on the dynamic membrane activity associated with these 

types of cells, it was suggested that Fps might be involved in processes such as secretion, 

endocytosis, transcytosis and potocytosis 52. 

Fps and Fer were originally described as cytoplasmic tyrosine kinases, where they 

have known functions 56, 57. However, Fps and Fer have been reported to localize to the 

nucleus as well 57-60. A putative nuclear localization signal has been identified in the 

kinase domain of Fer 58. No nuclear functions have been ascribed to Fps yet but Fer may 

regulate cell cycle progression and/or transcription 58, 61. Myeloid cells treated with 

different differentiation-inducing agents resulted in Fps oligomerization and 

accumulation in the nucleus 59. Similarly, Fer has been shown to be cytoplasmic in 

quiescent cells, and then enter the nucleus at the onset of S phase 58. In both of these 
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studies the N-terminal CC domains were found to be important for nuclear translocation. 

CC domains are important for oligomerization 62 but their importance may suggest the 

presence of an unrecognized nuclear localization signal as well. Another study using 

green fluorescent protein (GFP) fusions of Fps and Fer cast doubt on the nuclear 

localization of Fps and Fer 63. When Fps-GFP or Fer-GFP were expressed in Cos-1 cells, 

both kinases were observed in the cytoplasm, and neither could be detected in the 

nucleus, regardless of the cell cycle stage 63. This is in agreement with the report by 

Tagliafico et al., where Fps was identified in the nucleus of differentiated myeloid cells, 

but not in transfected Cos-1 cells 59; suggesting that the nuclear localization may be 

dependent on the cell type and context. Nonetheless, some useful information was 

garnered from the experiments using the GFP fusions of Fps and Fer in terms of their 

cytoplasmic subcellular localization. Fer-GFP was found dispersed diffusely throughout 

the cytoplasm whereas Fps-GFP was observed in cytoplasmic vesicles and in a 

perinuclear region consistent with the Golgi apparatus. Additional proof for the presence 

of Fps in these structures was provided by its co-localization with markers for: the trans 

Golgi network, TGN38: the endoplasmic reticulum to the cis Golgi compartment, Rab1; 

the exocytic pathway, Rab3A; and the early and late endocytic pathways, Rab5B and 

Rab7, respectively 63. These data indicate that Fps may be a regulator of multiple aspects 

of vesicular trafficking. Further evidence implicating Fps in these processes is its ability 

to phosphorylate NSF, N-ethylmaleimide-sensitive factor, an ATPase that is involved in 

the fusion of transport vesicles to their target membranes 64. 

 



 

  12

 

1.2.4 Structural components and kinase activity of the Fps and Fer tyrosine kinases 

 On a structural basis, Fps and Fer are unique amongst the members of 

cytoplasmic protein-tyrosine kinase family, and have been classified accordingly into 

subfamily IV 65. Depending on the species, there are slight variations in the size of Fps 

and Fer. Murine Fps is composed of approximately 820 amino acids whereas Fer is 

slightly longer, containing approximately 823 amino acids. Both Fps and Fer have four 

recognized structural domains. Beginning at the N-terminus is the FCH-

Bin/Amphiphysin/Rvs (F-BAR) domain which includes the Fps/Fer/Cdc42-interacting 

protein 4 (CIP4) homology (FCH) domain and first predicted coiled-coil (CC) motif. This 

is followed by an additional predicted CC motif, a central Src homology 2 (SH2) domain 

and a C-teminal kinase domain (Figure 1.2). Among the members of the cytoplasmic 

tyrosine kinase family, the defining feature is of course the kinase domain. The SH2 

domain present in Fps and Fer is also found in 6 of the remaining 9 subfamilies, 

suggestive of a common evolutionary origin and important biological function 66. The F-

BAR domain is the unique feature of Fps and Fer which distinguishes them from other 

kinases. 

 The F-BAR domain, also referred to as the extended FCH (EFC) domain, is 

predicted to span approximately 300 amino acids within the Fps and Fer amino (N)-

termini 67. Within the F-BAR domain, the FCH domain is composed of about 90 amino 

acids in the extreme N-terminus, and was initially named based on sequence homology 

between Fer and CIP4 68, 69. Since then, the F-BAR domain has been identified in a 
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number of proteins that regulate cytoskeletal rearrangements, vesicular transport and 

endocytosis 68-71. In fact, based on sequence homology nearly 100 proteins have been 

identified that are predicted to contain this domain. The high conservation of this protein 

family from yeast to mammals is indicative of a functional importance 72. F-BAR 

domain-containing proteins are part of the larger BAR domain superfamily that includes 

N-BAR and I-BAR domain-containing proteins 73. In general, BAR domain-containing 

proteins are classified as regulators of membrane processes 74 and have the ability to 

tubulate and shape membranes 75. Proteins containing F-BAR domains are further 

classified into three general groups: the Fps/Fer subfamily of cytoplasmic protein-

tyrosine kinases; a subset of the RhoGAP proteins; and a group of membrane- and 

cytoskeletal-associated scaffold/adaptor proteins 5, 76. 

One of the founding FCH domain-containing proteins, CIP4, was originally 

identified in a yeast two-hybrid system as an interacting partner with activated Cdc42, a 

Rho-family GTPase 68 that is important in filopodia formation, membrane ruffling and 

directional migration 77. In terms of cytoskeletal reorganization CIP4 can function as an 

adaptor protein that interacts with proteins that regulate the cytoskeleton. For example, in 

addition to Cdc42, CIP4 has been shown to interact with RICH-1, a GTPase-activating 

protein for Cdc42 and Rac1 78, and the Wiskott-Aldrich syndrome protein (WASP) 71 that 

activates the Arp2/3 complex to promote actin polymerization. The FCH domain of CIP4 

is able to bind microtubules and, in doing so, can mediate the association of WASP with 

microtubules 71. Loss of either the CIP4 FCH or WASP-binding domain in human 

macrophages alters the microtubule system and results in the failure of actin-rich 
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podosome formation 79. The F-BAR domain can bind to phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2). This feature of CIP4 is critical to its ability to bind membrane 

surfaces and promote membrane tubulation 80, 81.  Consistent with its membrane binding 

ability, knockdown of CIP4 by RNA interference resulted in reduced endocytosis, based 

on the reduced internalization of fluorescently labeled epidermal growth factor (EGF) 67. 

Recently the crystal structures of the F-BAR domains of CIP4 and a closely 

related protein, formin binding protein 17 (FBP17), have been determined and have 

provided some interesting insight into the mechanism by which these proteins promote 

membrane curvature associated with endocytosis and tubulation 80. The structures 

displayed a “gently curved helical-bundle dimer” which formed filaments through end-to-

end interactions 80. This is predicted to result in the formation of a circular or spiral 

structure as additional F-BAR dimers are incorporated into the filament 80. So, as 

membrane invagination occurs during endocytosis the F-BAR domain-containing 

proteins bind the curved surface, polymerize and wrap around the growing structure to 

support and drive invagination further. The so-called “banana-like shape” of the F-BAR 

domain has similarly been identified in the BAR-domain dimer which also binds to the 

membrane with its concave surface 81. Interestingly, the shape of the BAR domain has a 

sharper curvature and a greater arc depth, which directly relates to the smaller diameter of 

tubules generated by BAR domains 80. Thus, whereas filaments of F-BAR domains are 

predicted to be involved in steps of endocytosis when the membrane curvature is less 

severe, it is possible that the BAR domain proteins become involved as the membrane 

curvature becomes greater prior to scission of the vesicle 80. 
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The F-BAR domains of Fps and Fer share some, but not all, of the characteristics 

associated with those in CIP4 and FBP17. By “threading” the sequence of the F-BAR 

domain of Fps onto the known structure of the CIP4 F-BAR domain, it is predicted that 

the five α-helices found in CIP4 are also found in Fps, and Fer as well (Andrew Craig, 

unpublished). This is particularly intriguing as Fps has long been thought to be involved 

in vesicular trafficking 63 and the three-dimensional similarities with an established 

regulator of endocytosis provide support for this theory. Additionally, Fps can interact 

with tubulin and co-localize with microtubules that involves the F-BAR domain 82, 83. 

Despite these parallels, there are distinct differences between the F-BAR domain 

proteins. The positions of at least six basic amino acids are highly conserved within many 

of the F-BAR domains and are essential for liposome binding and tubulation 67, 74, 81. In 

contrast, in Fps and Fer only three of the six residues are conserved 67 (Andrew Craig, 

unpublished). The functional significance of this is not known, but it is likely a feature 

that distinguishes the Fps and Fer F-BAR domains from other F-BAR domains. In this 

regard, extensive membrane tubulation was generated upon expression of the CIP4 F-

BAR domain in Cos-7 cells whereas the Fer F-BAR domain generated minimal 

tubulation 67, suggesting that the F-BAR domain of Fps and Fer may not directly regulate 

membrane curvature. Similar to this result is the limited ability of the Fer F-BAR domain 

to induce tubulation of protein-free brain lipid liposomes 67. These results indicate that 

the F-BAR domain of Fer can directly interact with lipids. More specifically, it has been 

shown to bind to PI(4,5)P2 67, and Fer constructs that lacked the FCH fragment were no 

longer able to bind any form of phospholipid species (Michelle Scott, unpublished). 
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Similarly, the F-BAR domain of Fps also bound PI(4,5)P2 but bound PI3P, PI4P and 

PI5P to an even greater extent (Andrew Craig, unpublished). Thus, although Fps and Fer 

do not share all the characteristics of other F-BAR domain-containing proteins, the 

underlying theme is that they likely possess the ability to bind lipids within the 

membrane. In doing so, this may allow them to interact with and phosphorylate other 

proteins involved in regulating membrane processes.  

Among the cytoplasmic tyrosine kinases, only Fps and Fer are known to contain 

CC domains. Typically a CC domain contains a characteristic seven amino acid repeat 

sequence that forms a multi-α-helical structure to mediate oligomerization 84. Depending 

on the algorithm used to analyze the amino acid sequence, the amino-termini of Fps and 

Fer are predicted to contain either two or three CC domains 62, 85. However, these 

predictions were performed prior to the identification of the F-BAR domain. The CC 

domain in the F-BAR domain-containing proteins, corresponding to the CC1 domain in 

Fps and Fer, is predicted to form an α-helical structure and is involved in protein-protein 

interaction but the recent studies showing that it is actually part of the F-BAR domain 

cast some doubt on its structure and function as a “classical” CC domain 67, 80. Despite 

this, the N-terminal regions of Fps and Fer have been shown to be important for 

oligomerization 62, 85. Fps is thought to exist in several different forms, ranging from 

monomers to pentamers and possibly higher order oligomers 85, 86, whereas Fer is 

constitutively found as a trimer 62. Oligomerization does not regulate the activity of Fer 

but it is likely a prerequisite for activation of Fps 86. Despite the homology between Fps 

and Fer there is no evidence of heterotypic interactions 62. Interestingly, a lysine to 
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proline mis-sense mutation within the first or second CC domains of Fer abolishes its 

oligomerization ability, suggesting that both domains are involved in this process 62. The 

same mutation in the first CC domain of Fps actually caused increased kinase activity 86. 

It is unlikely that this mutation hindered oligomerization because it resulted in increased 

activity. However, it is consistent with a role for the first CC in the negative regulation of 

Fps kinase activity. 

 Through a series of experiments involving mutation, deletion and over-expression 

of the CC regions, a working model has been developed by Smithgall et al., that explains 

how the CC domains of Fps regulate tyrosine kinase activity 87. They suggest that when 

Fps is inactive it is found as a monomer, and that oligomerization is required for kinase 

activity. Inactive Fps is thought to be maintained as a monomer through intramolecular 

cis-interactions where CC1 and CC2 interact with one another and inhibit trans-

interactions. Fps activation would then involve its recruitment to a specific location, eg. 

ligand-bound receptor, followed by disruption of the intramolecular CC interactions and 

formation of oligomers through intermolecular CC interactions 87. The oligomerized Fps 

could then become auto-phosphorylated in trans and phosphorylate downstream 

signaling molecules. 

 The SH2 domain is a non-catalytic domain of approximately 100 residues that is 

highly conserved throughout evolution 66, 88. It is found in a wide variety of signaling 

molecules and functions to mediate protein-protein interaction by binding to 

phosphotyrosine residues 89. The SH2 domain was first described in v-Fps and was 

known to be important to kinase activity and transformation 66, 90. Within Fps it is located 
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immediately N-terminal to the kinase domain. In addition to its role in binding putative 

phosphotyrosine-containing substrates the SH2 domain likely regulates the kinase 

activity of Fps 91. That a Fps mutant lacking the SH2 domain displayed a marked 

reduction in auto-phosphorylation and substrate phosphorylation activity 91 supports this 

theory.  

 Screening of a phosphopeptide library using the Fps SH2 domain as an affinity 

matrix has identified pYEXV/I (in which pY represents phosphotyrosine; E is glutamate; 

X is any amino acid; V is valine and I is isoleucine) as the consensus Fps SH2 domain 

binding sequence 92. This sequence has been found in a large number of proteins, 

including Abl, BCR, CD3ε, CD72, ezrin, FAK, FcγRI, γ-adaptin, Hck, LAR-PTP, Lyn, 

SHP-1, Tec and 3BP2A92. However, despite the presence of the consensus sequence in 

these proteins there is direct evidence to suggest that only a few are authentic interacting 

partners of Fps. 

 To determine the consensus substrate sequence recognized by Fps, purified Fps 

protein was incubated with a peptide library and the interacting peptides were then 

separated and sequenced 93. The results showed that the optimal substrate sequence was 

very similar to the consensus recognition sequence of the SH2 domain, suggesting that 

potential interacting proteins are also good candidates for phosphorylation.  

There are at least two tyrosine phosphorylation sites in the catalytic domain of 

Fps 91, 94. The first is found in the activation loop at Y713 in Fps, corresponding to Y715 

in Fer 62, 95. It is highly conserved among kinases and is essential to kinase activity as 

suggested by the reduced activity upon mutation 94, 95. The second site is found at Y811 in 
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Fps 96. This site does not regulate kinase activity but is part of a sequence that may act as 

a docking site for other proteins with SH2 domains 92, 96. Both sites can be 

phosphorylated by Fps itself as a result of trans autophosphorylation 96.  

Fps can also be phosphorylated by other tyrosine kinases. For example, 

stimulation of macrophage expressing a catalytically inactive Fps with granulocyte-

macrophage-colony stimulating factor (GM-CSF) results in tyrosine phosphorylation of 

Fps (Greer, unpublished). Similarly, FcεRI receptor activation in mast cells leads to 

phosphorylation of both kinase-dead Fps and Fer that is highly dependent on the Src-

family kinase, Lyn 97. The kinase activity of Fps is thought to be tightly regulated through 

intramolecular interactions with the CC1 and SH2 domains 86, 98. The kinase activity of 

Fps is also relatively weak when compared to that of Fer. This has been demonstrated by 

over-expression studies in cell culture systems where the phosphotyrosine level of Fer is 

much higher than Fps (Greer, unpublished). Similar results have been obtained when 

each protein is subjected to in vitro kinase assays (Greer, unpublished). 

 

1.2.5 Transgenic mouse models of the Fps tyrosine kinase 

 Over the past two decades several mouse models have been generated with the 

purpose of developing a better understanding of the role(s) of Fps during both normal and 

pathological conditions. The first mouse model of Fps was designed to determine the 

consequences of Fps over-expression. These mice were generated from a single cell 

embryo micro-injected with the 13 kb fragment of human genomic DNA encoding the fps 

gene 28. The resultant mouse line contained approximately 15 to 20 copies of the human 
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fps allele and displayed the same tissue-specific expression pattern as the endogenous 

mouse locus 28, 52. Despite the increase in Fps expression no phenotypic changes were 

evident. But the study was able to demonstrate that the 13 kb fragment of DNA contained 

the entire fps locus. 

 The lack of a phenotype associated with Fps over-expression was probably due to 

the normally tightly regulated kinase activity of Fps. This led the same group of 

investigators to insert a Src myristoylation sequence into the 5’ end of the 13 kb human 

fps genomic clone that resulted in the expression of a mutant hyperactive Fps 51. 

Expression of this Fps protein in Rat-2 fibroblast cells resulted in their transformation. 

Thus, it was expected that mice expressing this construct would provide evidence that 

Fps was involved in tumorigenesis. Surprisingly, the most obvious characteristic of these 

mice was widespread hypervascularity which developed into multifocal hemangiomas. 

Prior to this study, Fps was not known to be expressed in the vascular system. But, 

through the use of RNase protection and in situ hybridization analyses, fps transcripts 

were detected in both normal and tumor vasculature 51, 52. From these results it was 

suggested that Fps may regulate angiogenesis and/or vasculogenesis. Additional studies 

showed that there was an approximately two fold increase in vascularity due to a greater 

number of secondary vessels in these mice and that Fps was a component of the VEGF 

and PDGF signaling pathways 99. Endothelial cells from yolk sacs expressing the 

activated Fps were readily established in culture further implicating Fps in endothelial 

mitogenic pathways 100. These mice have been used to provide evidence showing Fps has 

a role in lineage determination of hematopoietic progenitors, immature erythroid 
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precursors and the more committed granulomonocytic progenitors 48. The results derived 

from the mutant hyperactive Fps mice have provided interesting clues as to the in vivo 

function of Fps. However, the effects of myristoylation on protein function should not be 

discounted as it may confer characteristics not associated with the normal Fps protein.  

 The generation of a third mouse model by the Greer group involved replacing a 

highly conserved lysine residue to arginine at position 588 in the ATP-binding fold of the 

Fps catalytic domain, which resulted in a stably expressed but kinase-inactive protein 101. 

The rationale behind this mouse model was that kinase-inactive Fps should function in a 

dominant-negative manner, enabling the identification of the signaling pathways and 

interacting partners of Fps. With a focus on the hematopoietic system, it was shown that 

in bone marrow-derived mutant macrophages the tyrosine phosphorylation of the signal 

transducer and activator of transcription 3 and 5A (Stat3 and Stat5A) in response to GM-

CSF was dramatically reduced, as was the lipopolysaccharide-induced Erk1/2 activation 

in the mutant macrophage 101. Despite the biochemical observations there was no real 

difference in the levels of myeloid, erythroid, or B-cell precursors. Together these data 

suggest that Fps has only a minor role in myelopoiesis and the immune response. 

 Theoretically it is possible that Fps possesses abilities independent of its kinase 

activity that could not be revealed with the kinase-inactive model. With the hope of a 

more dramatic phenotype, a fps-null mouse model was generated by the Greer lab that 

addressed this issue. The deletion of exons 14-18 resulted in a fps-null mutation where no 

detectable protein was produced. Macrophage from these mice showed normal GM-CSF, 

IL-3 and IL-6-induced activation of Stat3 and Stat5A. However, the male fps-null mice 
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were significantly more sensitive to LPS challenge than wild-type males 26, suggesting 

that the loss of Fps compromised the normal innate immune response. 

 Subsequently it was shown that the LPS treated fps-null mice exhibited elevated 

pro-inflammatory cytokine secretion, namely TNF-α, which was associated with 

prolonged degradation of IkappaB-α, increased phosphorylation of NFkappaB (p65 

subunit) and reduced Toll-like receptor 4 internalization 102. Increased leukocyte 

extravasation and migration into the peritoneal cavity were also observed 103. Together, 

these results point to Fps as having a number of divergent functions that regulate the 

immune response. 

 A second fps-null mouse model has been generated by another group of 

investigators 104. Surprisingly, a much more apparent phenotype was identified in these 

mice which displayed: partial embryonic lethality; dramatic lymphoid and myeloid 

homeostasis defects; compromised innate immunity; increased Stat3 and Stat5 activation 

in response to GM-CSF and IL-6 treatment; cardiomegaly; and ulcerated skin lesions 104. 

The contradictory phenotypes found in this model compared to the one generated by the 

Greer lab are not understood. However, genetic differences in the mouse strains may 

have some role. Different gene targeting strategies could also be a factor. The second fps-

null model was generated by targeting the 5’ end of the gene. Within 1400 bp upstream 

of the fps transcriptional start site is the furin locus, and any loss of neighboring DNA 

could possibly affect furin expression. Furin is a proprotein convertase that cleaves a 

variety of larger proteins into their mature active forms 105. furin knockout mice have a 
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number of severe defects that cause embryonic lethality, a phenotype observed in the 

second fps-null mouse model 104, 106.  

 

1.2.6 The Fps tyrosine kinase in the mammary gland 

A study designed to identify kinases that were developmentally regulated in the mouse 

mammary gland determined that fps mRNA levels increased during pregnancy and 

reached a maximum during lactation 107. This was the first report showing that Fps was 

expressed in the mammary gland. To determine if Fps regulated some aspect of breast 

cancer, mice with either the fps-null and kinase-inactive mutations were crossed with the 

mouse mammary tumor virus (MMTV) polyoma virus middle T antigen (PymT) breast 

cancer mouse line 55. The PyVmT line develops multifocal mammary tumors with 100 % 

penetrance in females 108. As expected, tumors developed in all mice that expressed 

PyVmT. However, in the fps-null and kinase-inactive backgrounds, tumors developed at 

a significantly earlier onset than their wild-type counterparts 55. These results indicate 

that Fps may function as a tumor suppressor in the mammary gland. This was very 

surprising as Fps had always been thought of as having oncogenic potential. 

Another study that examined the catalytic domain sequences of 89 different 

tyrosine kinases in human colorectal cancers identified four different somatic mutations 

in fps 53. Subsequent investigations into the effects of these mutations showed that all 

four resulted in a complete loss of in vivo kinase activity 54, 55. If these mutations could be 

directly linked to the progression of colorectal cancer then it would provide addition 

evidence to suggest that Fps may function as a tumor suppressor. 
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1.3 The mammary gland  

The mammary gland evolved in mammals as an organ to nurture the offspring 

during their postnatal development. Unlike other organs in the body the mammary gland 

is unique in that much of its development involving growth, tissue organization, 

differentiation and apoptosis occurs throughout adult life, with multiple rounds of 

development and regression over the reproductive life of most species 109.  

The mammary gland is composed of a variety of cell types that can be generally 

categorized into epithelial and stromal compartments (Figure 1.4). The epithelium 

consists of two cell populations, luminal epithelial cells and basal/myoepithelial cells 110. 

The luminal epithelial cells are cuboidal or columnar in shape and line the ducts and 

alveoli that are responsible for milk secretion. More than one layer of luminal epithelial 

cells may line the primary and secondary ducts but become fewer with higher orders of 

branching. Typically, the terminal ducts have only one layer of luminal cells 109. The 

elongated myoepithelial cells form a continuous monolayer sheath around the ductal 

epithelial cells 111. In the alveoli however, the myoepithelial cells form a basket-like 

network and in between their cell processes the luminal epithelial cells are in contact with 

the basement membrane 112.  

The stroma consists of both a cellular and an acellular fraction. Stromal cells 

found in the mammary gland include adipocytes, fibroblasts, various cell types that make 

up blood and blood vessels and nerve cells 113. Acellular components include proteins 

like laminin, fibronectin, type IV collagen and heparin sulfate proteoglycans that make up 

the basement membrane at the epithelial-stromal boundary 114. An intact basement 
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Figure 1.4 Cellular components of the mouse mammary gland. The upper panel 
depicts the whole inguinal mammary gland, showing the characteristic lymph node, and 
epithelial ducts. The lower panel is a magnified image of a typical ductal cross section. 
Cuboidal luminal epithelial cells line the inner lumen and are surrounded by a basal layer 
of myoepithelial cells. Multiple types of cells make up the stroma which is separated 
from the epithelial compartment by the basement membrane. 
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membrane is important, in part, for structural support of the mammary cells. Along with 

the cellular components of the stroma, it also plays an important role in mammary gland 

development and function by regulating epithelial cell growth, shape, differentiation, 

polarity and responsiveness to hormones 115. Stromal alterations have been shown to not 

only disrupt normal mammary function but also actively contribute to tumorigenesis 113. 

A reciprocal relationship exists between the epithelium and stroma such that each 

influences and depends on the other 116. Thus, some compounds, such as certain growth 

factors, hormones and enzymes that are produced by one compartment, can specifically 

act on the other compartment to influence its function.   

 

1.3.1 Mammary gland development 

Much of the knowledge regarding mammary development has been obtained from 

the analysis of transgenic and knockout mice. Therefore, unless otherwise stated, the 

information described below is in reference to the mouse.  

 

1.3.2 Early mammary gland development 

Mammary development is initiated during embryogenesis during which time 

mammary buds form at the sites of future nipples and then begin to elongate and 

penetrate into the fat pad precursor 117. By birth, a simple structure has developed that 

consists of 10-20 branched epithelial ducts within the proximal end of the fat pad. Each 

duct is composed of at least one layer of luminal epithelial cells surrounding a central 

lumen 118. Located beneath the epithelial cells is a layer of myoepithelial cells that rests 
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on the basement membrane and at this stage forms a continuous sheath around the 

epithelial duct to separate the epithelial and stromal compartments 119. The important 

biochemical regulators of embryonic mammary development have not been extensively 

studied, though it is well established that mammary development in the embryo is 

hormone independent 120.  

After birth, very little development of the mammary gland takes place until the 

onset of puberty at 3 weeks of age 121. At puberty a second round of ductal branching 

morphogenesis is initiated under the influence of the ovarian hormones, estrogen and 

progesterone, and the pituitary-derived growth hormone (GH) 122. During this stage 

multicellular bulbous-shaped terminal end buds (TEBs) form at the tips of the ducts and 

penetrate further into the fat pad as the ducts elongate 123. Ductal elongation is regulated, 

in part, by estrogen which acts through the estrogen receptor (ER) to stimulate 

proliferation of epithelial cells in the TEBs and the surrounding stromal cells 124, 125. ERα 

activation in the epithelium upregulates the transcription of the epidermal growth factor 

receptor ligand, ampiregulin, which then acts via a paracrine mechanism to regulate 

epithelial proliferation, TEB formation and ductal elongation 126. GH and its receptor 

(GHR) are important for both TEB formation and ductal branching 127. However, the 

epithelium is not a direct target of GH. Rather, GHR-positive stromal cells become 

activated to produce and release insulin-like growth factor-I which then stimulates 

epithelial cells 128. Extension of the ductal system is accompanied by the formation of 

new ducts through the bifurcation of the TEBs. Secondary side-branches then sprout 

laterally from the established ducts until the entire fat pad is penetrated with an extensive 
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ductal system. Thereafter, additional short tertiary branches sprout from along the ducts 

to further fill out the ductal tree 109. Prolactin and the prolactin receptor regulate ductal 

morphogenesis during the puberty stage 129, 130 . Loss of either component results in the 

absence of side-branching, the persistence of TEB structures beyond the normal time 

frame, and a lack of alveolar bud formation along the ductal tree 129-131. However, some 

of the defects are associated with the disruption of ovarian function observed in these 

mutants 132. Both estrogen and progesterone are also involved in promoting ductal side-

branching 133, 134. Interestingly, estrogen induces progesterone receptor (PR) expression in 

the ductal epithelium. While each hormone alone is capable of promoting proliferation, 

complete alveolar development requires the combined effects of both hormones 133. 

During the post-puberty stage, side-branching and alveolar bud formation are stimulated 

with each estrus cycle which has a cumulative effect on the alveolar epithelial content 135. 

With sexual maturity that occurs by 10-12 weeks of age, most TEBs have reached the 

edge of the fat pad, stopped dividing and regressed to form terminal ducts. By this time, 

the alveolar buds have formed rudimentary structures that have the capacity to become 

fully differentiated milk secreting alveoli during pregnancy and lactation 136. 

 

1.3.3 The mammary gland during pregnancy and lactation 

Much like post-puberty development, mammary growth during early pregnancy 

involves proliferation of ductal branches and alveolar bud formation; however, it occurs 

on a much more massive scale 119. Both the pituitary gland and ovaries are essential for 

this process. It is well established that prolactin is necessary for the proliferative phase of 
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alveolar development 137. Estrogen and progesterone are also important for proper 

development during pregnancy. A recent mouse model where the ERα was deleted in the 

epithelium during pregnancy demonstrated that estrogen was important for tertiary 

branching, along with the proliferation and full differentiation of alveolar cells 138. 

Unfortunately, the signaling pathways activated by estrogen during pregnancy were not 

reported. Progesterone has been shown to promote epithelial cell proliferation during 

pregnancy that results in side-branching and alveologenesis 139, 140. Interestingly, 

activation of PR-positive epithelial cells results in the proliferation of surrounding cells 

via a paracrine mechanism 141. Wnt-4 was recently identified as a progesterone inducible 

gene in epithelial cells and mice lacking Wnt-4 display defects in ductal branching 

similar to PR-/- mice 142, suggesting that it is one of the paracrine effectors of 

progesterone. 

From mid to late pregnancy individual alveoli progressively differentiate from the 

alveolar buds and occupy most of the space of the fat pad by late pregnancy 143. This is 

considered the secretory differentiation phase of mammary development 144. Prolactin is 

essential for full lobuloalveolar proliferation and functional differentiation. In the absence 

of either prolactin or the prolactin receptor, no alveolar development takes place 131, 141, 

though side branches and alveolar buds form normally. The cellular response to prolactin 

stimulation involves the coordinated activation of several different signaling pathways. 

Initially, the binding of prolactin to its receptor causes receptor dimerization followed by 

the recruitment and activation of janus-2 kinase (JAK2) which, in turn, phosphorylates 

both the receptor and Stat5 145. Of the two forms of Stat5 
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, Stat5a has a more important role in mammary development than Stat5b but both 

contribute to the full function of the gland 145, 146. Once activated, Stat5 dimerizes, 

translocates to the nucleus and participates in the transcriptional activation of multiple 

genes involved in the alveolar differentiation process, including establishment of 

epithelial polarity and cell-cell interactions, as well as those involved in milk production 

147-149.  

The combined use of transgenic mouse models and transcriptional profiling 

studies has identified some of the key components and effectors of the prolactin signaling 

pathway. Several transcription factors are either induced, including the GATA binding 

protein-3, activator protein-2 gamma and E74-like factor 5 (ELF-5) 131, 150, or activated, 

nuclear factor 1-C2 (NF1-C2) 151, 152, by prolactin stimulation. In turn, these factors 

promote the expression of additional proteins that are required for further differentiation. 

For example, NF1-C2 induces the expression of milk genes including whey acidic protein 

(WAP) 151. ELF-5 has been shown to be essential for mammary development during 

pregnancy and its over-expression can rescue the defects associated with the loss of the 

prolactin receptor 137, suggesting that they are components of the same pathway and ELF-

5 is an important mediator of the prolactin signal.  

Prolactin induces the expression of a number of secreted growth factors and 

ligands, including Wnt-4, amphiregulin, receptor activator of nuclear factor-kappa B 

ligand (RANKL) and IGF-2 131, 153. Each of these factors is known to regulate one or 

more aspects of mammary development 153-156. Prolactin also induces several proteins 
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like keratins and collagens involved in regulating cellular structure, and specific claudin 

and connexin proteins that regulate cell permeability and communication, respectively 

131. 

Of course, the expression of many of the milk components is regulated by 

prolactin. Milk protein expression has been shown to be dependent on both prolactin 

stimulation and phosphorylation of Stat5 145, 157, 158. These proteins fall into two 

categories. The first group is initially induced during early- to mid-pregnancy and 

includes Wdnm1, most of the caseins and WAP, to name a few 136, 159. The expression of 

the second group of proteins is activated late in pregnancy or shortly after parturition, and 

includes α-lactalbumin, δ-casein, Mucin-1 and PTHrP 160.  The significance of the 

differential timing patterns is not known but it may suggest addition pregnancy-related 

functions for these “early” proteins.  In addition to its role as a milk protein, α-

lactalbumin is the regulatory unit of the lactose synthetase enzyme. α-lactalbumin 

deficient mice produce a thick milk absent of lactose and fail to sustain their offspring 161. 

The synthesis of lactose involves the use of glucose as the primary substrate. 

Consequently, to satisfy the cells need for glucose for lactose synthesis the glucose 

transporter 1 (GLUT1) becomes highly upregulated late in pregnancy 162 and at 

parturition. GLUT1 localizes to the cellular basal membrane and the Golgi membrane to 

transport glucose into the cell and the Golgi, respectively 163.  

Lipids are another important component of milk and are vital to the health of the 

offspring. Much like the regulation of milk protein synthesis, a hierarchical system exists 

to regulate the production and secretion of milk lipids. The expression of several enzymes 
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involved in lipid synthesis is increased late in pregnancy to accommodate the needs of the 

gland during lactation 164. Akt1 has an important role in upregulating lipid synthesis and 

downregulating lipid catabolic enzymes during lactation 165. Interestingly, mice that lack 

Akt1 or express an activated form of Akt1 fail to lactate normally. As expected the loss 

of Akt1 results in reduced milk fat and volume, whereas the activated form results in milk 

with two to three times the normal fat content 165, 166. Akt1 has been shown to directly 

phosphorylate some of the enzymes involved in lipid synthesis and may regulate their 

activity 167. More importantly however, is its ability to upregulate and activate the 

transcription factor, sterol regulatory element binding protein 1 (SREBP1), which plays 

an important role in the transcriptional activation of multiple fatty acid biosynthesis genes 

168, 169. How Akt1 regulates SREBP1 is not entirely known but it may be an indirect 

effect. SREBP1 can be phosphorylated by glucose synthase kinase 3 (GSK-3) which 

targets it for ubiquitination and degradation, and results in reduced transcriptional activity 

170. GSK-3 is an Akt1 substrate, and phosphorylation by Akt1 inhibits its catalytic 

activity 171. Thus, Akt1-mediated inhibition of GSK-3 reduces SREBP1 

phosphorylation/degradation and activates the transcription of SREBP1-dependent fatty 

acid synthesis genes 169. 

By day 18 of pregnancy, the mouse mammary gland has entered the secretory 

activation stage, at which time all of the protein and lipid components of the milk are 

being synthesized in preparation of lactation 144. Prior to this, the presence of 

progesterone suppresses milk secretion 157. It is at this stage that progesterone levels 

dramatically decline to promote milk secretion and contribute to parturition. Prolactin 
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levels rise at this time and are essential for lactation 157. Late in pregnancy the gland is 

characterized by increased expression of milk proteins, closure of tight junctions between 

the epithelial cells and the release of lipid drops and casein micelles into the lumen 172. 

The myoepithelial cells still surround the alveoli but are no longer a continuous sheath 

173. This allows the epithelial cells to establish direct contact with the basement 

membrane which is important for terminal differentiation and milk secretion 174. The day 

before parturition, the rough endoplasmic reticulum, Golgi and secretory vesicles 

accumulate in the epithelial cells and milk secretion is initiated 175, 176.  

The release of milk causes the alveolar lumens to become engorged. Neonate 

suckling induces; 1) a further increase in expression of most of the genes involved in 

milk secretion and 2) the release of oxytocin into the blood from the hypothalamus 177, 178. 

The myoepithelial cells around each alveolus contract in response to oxytocin to force the 

milk out and into the ducts 179. The accumulation of milk and the cumulative effects of 

the contracting myoepithelium push the milk further along the ductal system until it 

reaches the nipple opening and is released 180. This process continues for approximately 

three weeks until the pups are weaned. 

 

1.3.4 Involution 

Once the pups have been weaned and milk removal has stopped, the gland 

undergoes involution 181. Mammary involution is thought to occur in two stages. In the 

first, milk accumulation activates an initial apoptotic phase that lasts approximately 48 

hours but can be reversed if suckling is re-established 182. However, continued inactivity 
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beyond this time causes the gland to enter a non-reversible phase where it is committed to 

undergo widespread apoptosis and tissue remodeling that results in the regression of 

much of the lobuloalveolar system.  

Involution involves an up-regulation of pro-apoptotic factors and a reduction of 

survival factors 183. Several genes, including Stat3 184, C/ebpδ 185, p53 186, Tgfβ3 187, and 

Vitamin D3 receptor 188 are important to the activation and/or progression of the early 

phase. Stat3 activation occurs very early in involution in response to the presence of 

leukemia inhibitory factor (LIF) 189 and subsequently induces the expression of several 

apoptotic effectors 190. The Stat3 target gene CCAAT/enhancer binding protein delta 

(C/ebpδ) is a crucial mediator of pro-apoptotic gene expression. In its absence involution 

is delayed, where several key pro-apoptotic genes are not activated and anti-apoptotic 

genes are not repressed 191. Stat3 also inhibits the survival pathway mediated by Akt by 

inducing the expression of two smaller isoforms, p50α and p55α, of the p85α regulatory 

subunit of PI(3)K. These two isoforms are thought to block PI(3)K-mediated 

phosphorylation of Akt and be responsible for downregulating survival activated by the 

Akt pathway 192. 

Epithelial cells that are beginning to undergo apoptosis are shed into the lumen. 

This effect requires detachment from the surrounding epithelium and underlying 

substratum 193. Disruption of E-cadherin-based adherens junctions is a key step in the loss 

of cell-cell adhesion, and is known to precede apoptosis during involution 194. The 

cysteine-aspartic acid protease, caspase-3, also becomes activated shortly after weaning, 

but only in cells that have been shed into the lumen 195.  
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Involution has been described as resembling a wound healing process but lacking 

the associated inflammatory response 196, 197. Increased neutrophil numbers can be seen 

two days after pup weaning and continue to increase in number as more cells die, 

followed by macrophage infiltration 196. Neutrophil-attracting chemokines have been 

detected as well 197. The main function of these cells in the mammary gland may be the 

removal of apoptotic cells and debris through phagocytosis 193. 

After the second day the gland enters the irreversible phase of involution in which 

the majority of the epithelium is removed and the tissue is remodeled 198. At this time the 

epithelial cell layer displays clear signs of apoptosis, and caspase-3 activation is more 

widespread 199.  By day four the alveoli have collapsed into clusters of apoptotic cells and 

the alveolar lumina are no longer visable. The epithelium becomes very disorganized and 

continues to decrease as adipocytes begin to refill with lipid and increase in size. By day 

six all the alveoli are destroyed, and the stroma and basement membrane are being 

reorganized 200. This is reflected by the expression of matrix metalloproteinases 11 and 

12 and carboxypeptidases E, X1 and A3 during this stage 193. The majority of epithelial 

cell death has occurred by this time and will be cleared either by neighboring epithelial 

cells or phagocytic macrophages 201, 202, which may require up to day 14 to be completed. 

Although the majority of the epithelial cells are removed during involution the primary 

ducts are maintained, even though they are known to undergo some structural 

modifications 109. The process of elimination, reorganization and remodeling continues, 

and after three weeks of involution the gland resembles that of a pre-pregnant mature 

mouse. 
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1.4 Milk  

 The primary function of the mammary gland is the production and secretion of 

milk. Although all mammals produce milk the complexity and composition of the milk 

from each species is a reflection of the nutritional requirements of the offspring. Milk has 

three main components: proteins, lipids and lactose, but also includes minerals, vitamins, 

enzymes and growth factors. The mechanisms that produce the different components are 

tightly regulated and activated only during pregnancy and/or lactation to produce 

adequate amounts of milk 160.    

 

1.4.1 The secretion of milk components 

 The secretion of milk is a complex and highly regulated process. Despite its 

importance to the survival of all mammalian neonates little is known about much of the 

biochemical and molecular aspects of milk secretion. Transcellular routes are 

predominantly involved in this process and can be divided into four different secretory 

pathways. Depending on the nature of the milk components they can be generated either 

endogenously by the alveolar epithelial cells or imported into the cell from the blood 

serum before being released into the lumen 203. Of the transcellular routes, Fps is most 

likely to regulate some aspect of only the exocytotic and lipid secretion pathways (Figure 

1.5). Because of this and due to space limitations the transcytotic and membrane transport 

pathways will not be discussed.  
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Figure 1.5 Mammary epithelial cell exocytotic and lipid secretion pathways that 
contribute to the production of milk during lactation.  Proteins originating in the 
rough endoplasmic reticulum (RER) and other molecules are transported into or 
synthesized in the Golgi apparatus (GA) where they are sorted, modified and packaged 
into secretory vesicles (SV). Vesicles are transported to the apical membrane where they 
are released into the alveolar lumen via the exocytotic pathway. Lipids are produced and 
released into the lumen by the lipid secretion pathway. Lipid synthesis occurs in the 
membrane of the smooth endoplasmic reticulum (SER). Groups of lipid molecules bud 
into the cytoplasmic compartment to form microlipid droplets (MLD). Droplets can grow 
in size by fusing with each other to form larger cytoplasmic lipid droplets (CLD). At the 
apical surface droplets are enveloped by plasma membrane, giving rise to milk lipid 
globules (MLG). It is believed that the net loss of membrane associated with the secretion 
of milk lipid globules is replenished when the secretory vesicle membrane becomes 
integrated into the plasma membrane. 
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1.4.2 The exocytotic and lipid secretion pathways 

 There are two pathways for the secretion of endogenously generated substances; 

the exocytotic pathway and the lipid secretion pathway. The exocytotic pathway is the 

primary route used by the alveolar cells for the secretion of proteins, water, lactose, 

oligosaccharides, phosphate, citrate and calcium 203. Similar to that in other types of cells, 

these substances are synthesized and/or packaged into secretory vesicles that are destined 

for the apical region of the cell 176. Initially immature vesicles are generated by the Golgi 

where they undergo processing and remodeling to mature secretory vesicles 204. The 

maturation process involves both the fusion of immature vesicles, along with the sorting 

and concentration of substances. The effect of this is to reduce the amount of membrane 

and remove mis-sorted molecules 205.  

Mature vesicles, containing various milk components, are transported to the apical 

plasma membrane where the two membranes fuse and the vesicular contents are released 

into the lumen. Efficient vesicular transport is dependent on intact microtubule and 

microfilament systems 206-208. This is supported by the observations that disruption of 

either microtubules or microfilaments blocks milk secretion 209-211. The proteins involved 

in the fusion of the vesicle and apical membranes have not been studied in the mammary 

gland but are thought to be similar to, or the same as, those in other systems where 

membrane fusion involves the interactions of three soluble N-ethyl-maleimide-sensitive 

factor (NSF)-attachment protein receptors (SNAREs) 212. The vesicle-specific SNAREs 

(v-SNAREs) are found on the vesicle surface whereas target SNAREs (t-SNAREs), eg. 

SNAP-25 and syntaxin, are located on the apical, or target, membrane 212, 213. After a 
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vesicle is transported to the apical membrane it becomes tethered to the membrane inner 

surface at specific sites called porosomes through the association of the v-SNARE with 

the t-SNAREs 214. The SNAREs on opposing membranes interact in a circular array to 

form a ring complex and bring the membranes close together 215. Normally the negative 

charge on each membrane generates a repulsive force; however the Ca2+ present between 

the two layers creates a bridge between the phospholipid head groups 216. This leads to 

the destabilization of the two lipid bilayers within the SNARE ring complex which 

ultimately results in lipid mixing and membrane fusion. Following the generation of a 

pore, the vesicle contents are released 217. Once secretion is completed, the vesicle may 

become part of the apical membrane or detach from the membrane and be recycled to the 

Golgi for future rounds of secretion 218. 

 In addition to the abundant milk proteins, lipids are a major source of energy for 

newborns of all mammals. Milk lipids are composed primarily of triacylglycerides and, to 

a lesser extent, phospholipids. During lactation, epithelial cells have highly expanded 

capabilities for lipid synthesis, storage and secretion 176. The triacylglycerides are 

synthesized in the smooth endoplasmic reticulum (SER) from fatty acids and glycerol by 

membrane-bound fatty acyl transferases 175. Where in the membrane the newly 

synthesized lipids aggregate into nascent droplets is still unclear. However, at some stage, 

microlipid droplets (less than 0.5 µm in diameter) are coated with protein and polar lipids 

from the SER membrane and released into the cytoplasm 219. The overall protein 

composition of the lipid droplets is distinct from that of the SER, though a limited set of 

proteins are shared 219. Similarly, the surface lipids are different from those of the SER 
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membrane 220. These observations provide evidence of a regulated sorting process that 

targets specific proteins and lipids to the surface of the lipid droplet, which are likely 

important to its formation and function.  

After release from the SER, droplets can undergo a series of fusions to form larger 

cytoplasmic lipid droplets during their transport to the apical region of the cell 175. These 

droplets can become relatively large before secretion, but others are secreted virtually 

unchanged in size from the time of their initial formation 175. While the lipid droplets are 

thought to originate from the SER, they are transported to the apical membrane prior to 

secretion into the lumen 221. This would suggest that specific trafficking and docking 

signals are located on the lipid droplets. A proteomic analysis showed that components of 

microtubule motors and cytoskeletal-interacting proteins were present on lipid droplets 

and milk fat droplets from lactating mice 219. Specifically, dynein intermediate chain, 

motor protein, gelsolin and gephyrin were identified. Because the dynein motor is 

thought to transport cargo towards the microtubule minus-end, these authors suggested 

that mammary epithelial microtubules may be oriented with their minus-ends toward the 

cell periphery 219. Pancreatic acinar cells have been shown to possess a similar system to 

transport secretory vesicles to their apical membrane 222.  

Once at the apical surface, the lipid droplets become enveloped by the cell 

membrane as they are secreted into the alveolar lumen 175. This process is essential to the 

quality of the milk because in its absence lipid droplets would coalesce into large 

aggregates and compromise milk expulsion. Secretion involves the coupling of the lipid 

droplet to the apical plasma membrane through the formation of a multi-protein complex. 
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Three proteins have been identified in this complex; the lipid droplet surface protein, 

adipophilin (ADPH); the cytoplasmic enzyme, xanthine oxidoreductase (XOR); and the 

apical transmembrane protein, butyrophilin (Btn) 176, 223. Knockout mouse models have 

shown that loss of either XOR or Btn causes lactational defects. In each system there is 

an accumulation of cytoplasmic lipid droplets due to reduced lipid secretion 224, 225. The 

mechanisms that control the release of lipid droplets into the lumen have not been studied 

in depth. There is evidence that the trimeric G protein β is involved in exocytosis in 

pancreatic cells 226. This protein has been identified in membrane enveloped milk fat 

droplets but its function is not known 219. 

 

1.5 Cell adhesion 

1.5.1 Cadherin-mediated cell adhesion                  

Most cells in multicellular organisms interact preferentially with cells of their 

own type, enabling them to be arranged into distinct cohesive groups with related 

structures and functions. The establishment and maintenance of these groups of cells into 

tissues is regulated in part by cell-cell adhesion systems 227. The ability of cells to adhere 

to one another provides a mechanism to ensure that adjacent cells interact and function 

appropriately. In part, cell adhesion is mediated by transmembrane proteins that bind to 

identical proteins on the surface of neighboring cells 228. Members of the classical 

cadherin protein family are the best understood mediators of intercellular adhesion. 

Classical cadherins are single-pass membrane spanning glycoproteins that usually consist 

of five highly homologous extracellular (EC) domains that are each approximately 115 
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amino acids in length 227 and a shorter cytoplasmic tail that is indirectly linked to the 

cytoskeleton. Between the EC domains are located calcium binding sites 229, 230. The 

binding of calcium to cadherin causes a conformational change in its shape which is 

required for the interaction between cadherin molecules and for cell-cell adhesion 231.  

 E-cadherin is expressed exclusively in epithelial cells and its name was derived 

from its expression in this cell type 232. It has a fundamental role in epithelial cell-cell 

adhesion. E-cadherin molecules can form lateral homodimers within an epithelial cell or 

adhesive homodimers where the extracellular domains interact between neighboring cells 

233. The significance of the lateral dimers is not understood but the adhesive dimers are 

required for cell to cell adhesion. Each adhesive interaction is considered to be relatively 

weak but the adhesive contacts become strengthened when the E-cadherin complexes 

cluster in specific membrane regions to form adherens junctions (AJ) 234. 

Adhesion is thought to be strengthened further by the direct or indirect interaction 

of the E-cadherin cytoplasmic domain with a network of signaling molecules, including 

α-catenin, β-catenin and p120-catenin, which stabilize cell-cell adhesion and provide a 

linkage to the actin cytoskeleton (Figure 1.6) 235-237. The β-catenin binding site on E-

cadherin has been mapped to residues, 832-862, as mutation or deletion of this region 

abolished the E-cadherin/β-catenin interaction 238. E-cadherin binds to the armadillo 

repeats within the central region of β-catenin 239. This interaction first occurs in the 

endoplasmic reticulum to stabilize E-cadherin and possibly promote its targeting to the 

plasma membrane 240, 241. At the membrane, α-catenin becomes part of the E-cadherin/β- 
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Figure 1.6 Structural components of the E-cadherin-based adherens junction. Cell to 
cell adhesion is mediated in part by the adherens junction. In epithelial cells E-cadherin is 
the primary cadherin molecule that facilitates this adhesion. It is composed of an 
extracellular domain that interacts in a homotypic fashion with cadherins on adjacent 
cells, a transmembrane region and a cytoplasmic domain that interacts with multiple 
proteins. p120-catenin binds to a juxtamebrane region of E-cadherin. It serves to recruit 
different tyrosine kinases, including Fer, to the complex and stabilizes the E-cadherin 
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molecule at the membrane surface. β-catenin binds to the C-terminus of E-cadherin and 
to α-catenin. The E-cadherin/β-catenin/α-catenin interaction was once thought to be 
important for the complex to associate with the actin cytoskeleton. Recently this belief 
has been challenged and a new model has been proposed that suggests that an intact 
complex is still important for normal cell-cell adhesion but it also has a role in the 
generation of α-catenin dimers that are proposed to interact with and stabilize the 
cytoskeleton.  In conjunction with tyrosine kinases, tyrosine phosphatases are also 
present in the adherens junction to regulate the phosphorylation of several components. 
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catenin complex in a 1:1:1 ratio by binding to the N-terminal domain of β-catenin 242. 

Because α-catenin can also bind directly to actin filaments 243 it has been popularly 

assumed that it provided the link from the adherens junction to the actin cytoskeleton. 

Based on this idea it was proposed that α-catenin, β-catenin and E-cadherin formed the 

minimal “core complex” required for proper adhesion. However, recent studies have 

shown that this may not be true 244, 245. These researchers addressed the question of 

whether α-catenin could form a quaternary complex with E-cadherin, β-catenin and actin. 

Surprisingly, α-catenin could bind β-catenin or actin but not both simultaneously 244. This 

was explained by the ability of α-catenin to exist in two different forms where 

monomeric α-catenin preferentially binds the E-cadherin/β-catenin complex while 

homodimeric α-catenin binds and bundles actin filaments 244. The α-catenin domains that 

are involved in dimerization and binding to β-catenin were shown to overlap and provide 

a reason for the mutually exclusive binding 246. Additionally, α-catenin dimers 

functionally inhibit the Arp2/3 complex 244 that nucleates branched actin filaments at the 

leading edge of cells 247. Normally in the absence of cell-cell contacts, the concentration 

of α-catenin in the cytoplasm is insufficient for dimerization to occur, allowing Arp2/3-

mediated actin polymerization to occur 248. However, when cell-cell contacts are formed 

the local concentration of α-catenin increases. Due to the weak interaction of α-catenin 

and β-catenin there is enough free α-catenin to dimerize, bind actin and locally inhibit 

Arp2/3 activity 248. It has been proposed that altering the actin dynamics at cell-cell 

contact sites may function to stabilize the cadherin-mediated cell-cell adhesion and 

possibly inhibit cell migration 248. A caveat to this model is that an earlier report has 
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described the simultaneous binding of α-catenin to β-catenin and actin 249. Also, the 

presence of E-cadherin in the Triton-X insoluble fraction which became soluble after 

deletion of the β-catenin binding domain is in contradiction to this model 250. It is likely 

that with the ever increasing number of proteins identified within the AJ, and their ability 

to interact with multiple partners, there is some form of indirect connection between the 

cadherin/catenin complex and the actin cytoskeleton. 

 p120-catenin also plays important roles in regulating cadherin-based adhesion. 

p120-catenin was originally identified as a Src kinase substrate whose phosphorylation 

correlated with transformation 251. It was subsequently shown to bind directly to the 

cytoplasmic juxtamembrane region of E-cadherin 235, 252. p120-catenin is thought to be 

involved in several aspects of AJ function. Prior to AJ formation it promotes the transport 

of cadherins to the cell surface 253.  Within the AJ, the binding of p120-catenin to 

cadherin increases its stability and promotes its retention at the membrane 254, 255. In 

SW48 cells, a colon cancer cell line where p120-catenin expression is severely 

compromised, E-cadherin localized normally to cell-cell contacts but was not highly 

expressed 254. Restoration of p120-catenin expression caused a substantial increase in E-

cadherin levels that was related to increased stability rather than increased expression 254. 

In a cell system that expressed normal levels of p120-catenin, the targeting of p120-

catenin by RNAi resulted in a rapid internalization and degradation of E-cadherin and 

loss of cell-cell adhesion 255. This was accompanied by the rapid degradation of α- and β-

catenin 255, 256. Thus, the presence of p120-catenin and its interaction with E-cadherin is 
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critical for E-cadherin retention at the cell membrane, along with the establishment and 

maintenance of proper cell-cell adhesion. 

 

1.5.2 Targeted disruption of adherens junction components 

 The role of E-cadherin, α-, β- and p120-catenin in regulating cell-cell adhesion 

has important implications for the maintenance of tissue integrity during normal and 

disease states. Mutations or alterations in the function of each of these proteins are known 

to disrupt normal cell adhesion and contribute to certain types of cancer 257. Not 

surprisingly, mice lacking any of the four components are embryonic lethal due to 

compromised cellular adhesion 258-261. However, conditional knockout mouse models 

have provided the means to study the role(s) of these proteins in adult cells and tissues. 

The MMTV/Cre recombinase-mediated inactivation of the E-cadherin gene in the mouse 

mammary gland has allowed the function of E-cadherin to be studied during pregnancy 

and lactation 262. These mice developed normally up to about mid-pregnancy when the 

MMTV promoter becomes active. Starting at day 16 of pregnancy, mutant alveoli 

appeared condensed and less developed than normal. By parturition the alveoli contained 

small lumina and smaller, misshapen, apoptotic epithelial cells which were more 

characteristic of early involution in a normal mouse 262. Obviously, pups from these 

mothers died shortly after birth from a lack of nurishment. These results show that E-

cadherin has a role in the terminal differentiation program of epithelial cells during 

pregnancy and is essential for survival and function of epithelial cells during lactation. 
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 Surprisingly, among the catenins only α-catenin has been deleted in the mammary 

gland 263. However, β- and p120-catenin have been deleted in other organs. In the mouse 

endothelium the loss of β-catenin caused irregularly shaped vessels that were often 

hemorrhagic. Cultured endothelial cells displayed decreased cell-cell adhesion strength 

and obvious cytoskeletal changes 264. Other studies with knockout mice have shown that 

β-catenin has a role in 1) liver growth and a lesser role in hepatocyte proliferation during 

liver regeneration 265; 2) skin stem cell differentiation 266; and 3) brain and craniofacial 

development 267. These aspects of β-catenin function may be related to cell-cell adhesion 

but they also could be the result of its AJ-independent role in the Wnt signaling 

pathway(s) 268 and its ability to act as a transcription factor 269.  

Alpha-catenin has been targeted in several organs including the mouse mammary 

epithelium, which resulted in blocked epithelial expansion during pregnancy. Targeted 

cells lacked proper polarity and differentiation markers and displayed increased apoptosis 

at parturition 263. Deletion of α-catenin in cardiomyocytes resulted in 1) reduced 

expression of cadherin and vinculin; 2) severe disorganization of intercalated disc 

structure; and 3) increased cardiac wall rupture 270. In the skin epidermis, deletion of α-

catenin disrupted adhesion and caused skin cells to become hyperproliferative and highly 

invasive 271, 272. Thus, depending on the tissue and type of cell, the deletion of α-catenin 

may have very divergent outcomes that may not necessarily be directly related to its role 

within the AJ 272.  

Deletion of p120-catenin in neonatal epidermis caused a reduction in the AJ 

components but no obvious disruption of intercellular adhesion or barrier function. 
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However, with age the mice displayed epidermal hyperplasia and chronic inflammation 

273. Ductal branching in the mammary and salivary glands shares some morphological 

characteristics and may use a conserved developmental program 274. Therefore, deletion 

of p120-catenin in the salivary gland could provide clues as to its function in other 

secretory tissue like the mammary gland. When p120-catenin was deleted in the 

embryonic salivary gland the development of secretory acini was completely blocked, 

resulting in a gland composed entirely of ducts 275. In accordance with its role in cell 

adhesion, the loss of p120-catenin resulted in greatly reduced E-cadherin levels and 

severe defects in epithelial adhesion, polarity and morphology. Finally, cells within the 

ducts were hyperproliferative, leading to tumor-like protrusions that eventually resulted 

in ductal blockage 275. 

 

1.5.3 Cadherins, catenins and cancer 

 Under normal physiological conditions the establishment of E-cadherin-mediated 

intercellular adhesive contacts serves to inhibit cell proliferation by a process known as 

contact inhibition. It is now commonly accepted that alterations in the adhesion 

properties of a cell play a pivotal role in the development and progression of tumors 276. 

Being the primary epithelial cell adhesion protein, E-cadherin has been widely studied in 

cancer progression. The loss of E-cadherin often occurs during the development of cancer 

of various epithelial cell origins. With respect to human breast cancer, E-cadherin 

expression is reduced or lost in over 50 % of lobular carcinomas 277. However, other 

studies have reported a loss of E-cadherin in 95-100 % of the samples tested 278, 279. 
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Causes of lost expression are varied and include promoter methylation and loss of 

heterozygosity as prominent reasons 280-282. Other mechanisms of inhibition include 

mutation, transcriptional repression and increased internalization and degradation, but 

these are thought to occur less frequently 283-285. There is evidence that the loss of E-

cadherin occurs early in tumorigenesis but other studies suggest that it is not a requisite 

for tumor initiation 286, 287. Regardless of the precise timing of its loss E-cadherin is 

definitely associated with disease progression and strongly correlates with metastasis 288, 

289. 

 Each of the catenins has been shown to be deregulated in one or more types of 

cancer but understanding their role(s) is complicated by the fact that they have important 

functions distinct from those associated with intercellular adhesion 273. β-catenin 

mutations are commonly found in some tumors, including those of the colon, liver and 

ovary 290. Typically, mutations involve a gain-of-function or deletion that serve to 

stabilize the protein 290. However, a more recent study has shown that β-catenin 

expression is lost in some lobular hyperplasia and carcinomas of the breast 288. Obviously 

the presence of β-catenin within the AJ functions to suppress cell growth and its loss 

would provide a mechanism to escape the AJ-mediated growth limitations. But β-catenin 

exists in at least two distinct pools in cells, one associated with cadherins and another 

involved in Wnt signaling and gene transcription 291. Normally in the absence of Wnt 

signaling, β-catenin interacts with a protein complex that promotes its phosphorylation, 

ubiquitination and degradation 292. When the Wnt pathway is activated the protein 

complex that targets β-catenin for degradation is inhibited, allowing the accumulation of 
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β-catenin in the cytoplasm 293. β-catenin then is able to interact with members of the T-

cell factor/lymphoid enhancer factor family of transcription factors and induce the 

transcription of certain genes involved in cell growth and invasion 294. Thus, β-catenin 

may provide cancerous cells with a growth advantage and explain why it is not frequently 

lost during tumor progression. Many types of cancer commonly display a loss or 

mutation of the proteins involved in β-catenin degradation 295. Promoter silencing and 

mutations in the regulatory proteins that control β-catenin levels are well documented 296, 

297. 

 The role of p120-catenin in cadherin stabilization suggests that it would be lost in 

cancerous cells. However, studies have shown this does not occur. Rather it switches 

from a membrane to a cytoplasmic and nuclear localization 252. Due to its role in 

regulating cadherin stability it has been suggested to precede E-cadherin alteration in 

some cancers 252. In support of this, various types of tumors showing altered p120-catenin 

staining often display mislocalized or lost E-cadherin staining as well 286, 298, 299. The role 

of p120-catenin in the cytoplasm is not known but nuclear p120-catenin interacts with 

and inhibits the activity of Kaiso, a sequence-specific and methylation-dependent 

transcriptional repressor 300, 301.  Kaiso is known to bind the matrilysin promoter and 

block its expression 300. Matrilysin, a matrix metalloproteinase, has been implicated in 

cancer progression 302. Therefore, a role for p120-catenin may be to inhibit Kaiso from 

repressing certain cancer-promoting genes. 

 Although α-catenin was once considered a simple structural protein linking the 

cadherin/catenin complex and the actin cytoskeleton recent studies indicate it is likely to 
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have additional functions which when altered could contribute to cancer progression 303. 

Due to its role in cell-cell adhesion it has been assumed that α-catenin would be 

frequently mutated or deleted in cancer cells. In support of this idea, α-catenin mutations 

have been identified in various cancer cell lines 249, 304, 305. Although human primary 

tumors appear to lack similar mutations, α-catenin is often down-regulated or deficient 

303. In these cases it is likely that promoter methylation and histone deacetylation are 

involved in the reduced α-catenin expression 306. Two lines of evidence suggest that α-

catenin has functions other than in cell-cell adhesion. First, the loss of both α-catenin and 

E-cadherin correlates with a prognosis that is worse than the loss of either one alone 307-

309. Second, when compared to E-cadherin, the loss of α-catenin is a stronger indicator of 

tumor growth, invasion and metastasis 310-312. Although a definitive role for α-catenin in 

cancer has not been identified, it appears to be involved in multiple signaling pathways 

that are known to contribute to the development of cancer. Sustained activation of the 

Ras/MAPK pathway was shown to contribute to the increased migration and proliferation 

observed in the α-catenin-deleted embryonic epidermis 271. Higher proliferation and 

reduced apoptosis observed in the central nervous system that lacked α-catenin was 

attributed to increased hedgehog and NFκB signaling, respectively 313. Cell culture 

studies have shown that over-expression of α-catenin leads to decreased β-catenin 

transcriptional activity, whereas the knockdown of α-catenin enhances β-catenin 

signaling 314, 315. Finally, α-catenin dimers can inhibit the activity of the Arp2/3 complex 

244. If α-catenin does indeed regulate each of these signaling molecules/pathways then it 

is possible that its absence would contribute to multiple aspects of cancer progression. 
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1.5.4 Regulation of the adherens junction by tyrosine phosphorylation 

Although AJs provide cells with stability and structure, they possess the capacity 

to be highly dynamic and rapidly dissociate in response to various stimuli 316. The 

phosphorylation of AJ components on tyrosine residues is one of the mechanisms that 

regulates the interaction of different components, and ultimately the stability of the 

complex 317. Depending on the protein and the site of modification, tyrosine 

phosphorylation can have either a positive or negative effect on stability of the protein-

protein interactions and the function of the modified protein. Both receptor and 

cytoplasmic tyrosine kinases have been found associated with AJ components. Members 

of the epidermal growth factor receptor and Met receptor contribute to the destabilization 

of the AJ 318, 319. Cytoplasmic kinases, including members of the Src and Fps/Fer family, 

can contribute to both the stabilization and breakdown of the AJ 320, 321. 

Not much is known about the extent or function of tyrosine phosphorylation (pY) 

of E-cadherin. There are seven conserved tyrosine residues in the cytoplasmic domains of 

classical cadherins that are potential phosphorylation sites (Greer, unpublished).  A few 

reports have described the pY of E-cadherin but none have identified specific sites 322, 323. 

Treatment of colon carcinoma cells with acetaldehyde induced E-cadherin pY and 

increased paracellular permeability 322. Similarly, HGF stimulation of a breast carcinoma 

cell line resulted in a Met receptor-mediated increase in pY of E-cadherin 323. These 

results imply that E-cadherin pY may promote disruption of cadherin-based contacts. 
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Conversely, the phosphorylation of three serine residues in the carboxy-terminus of E-

cadherin is critical to its ability to stably interact with β-catenin 238. 

 Each of the catenins is known to be phosphorylated on one or more tyrosine 

residues. The phosphorylation of α-catenin has not been well studied but is known to 

occur 324. Although the kinase(s) involved have not been identified, in NIH-3T3 cells 

expressing a mutant form of the phosphatase, SHP2, the pY of α-catenin was shown to 

enhance its translocation to the plasma membrane and interaction with β-catenin, leading 

to the stabilization of intercellular adhesion 324. It is not known if this type of mechanism 

is required for normal cell-cell adhesion or if it is even common to other types of cells. 

The phosphorylation of β-catenin and its role(s) in regulating β-catenin interaction 

with other AJ components is better understood. Three conserved tyrosines, 142, 489 and 

654, within β-catenin can be phosphorylated 325. Phosphorylation of β-catenin is 

generally associated with a downregulation of cadherin-mediated adhesion. Tyrosine 142 

is in the region that binds α-catenin 320. Phosphorylation of this residue causes the 

dissociation of α-catenin from β-catenin and reduced cell-cell adhesion 326. Both Fyn and 

Fer kinases, and possibly c-Met, can mediate tyrosine 142 phosphorylation 320, 325. While 

the exact biological processes are not well understood, Fyn- and Fer-mediated β-catenin 

pY142 is known to occur in response to cell shrinkage 327and upon K-ras activation 320. 

This type of mechanism may have a role in cytoskeletal reorganization, as well as 

reducing cell adhesion during tumor development.  

While the phosphorylation of both Y489 and Y654 causes the release of β-catenin 

from cadherin 328, 329, Y654 phosphorylation seems to be more prevalent. Y654 can be 
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phosphorylated by the Src, ErbB2 and c-Met kinases 328, 330, 331. The fact that each kinase 

is commonly deregulated in cancer cells suggests that the phosphorylation of β-catenin at 

Y654 is likely a key step in this process. The regulation of Y654 phosphorylation also 

involves the tyrosine phosphatase, PTP1B, which is bound directly to cadherin 321, 332. An 

interesting aspect of PTP1B function is that its interaction with cadherin depends on the 

phosphorylation on Y152 of PTP1B which is mediated by Fer 321, 333. Fer itself is part of 

the cadherin complex through its association with p120-catenin 334. The mutation of Fer 

in fibroblasts expressing N-cadherin results in the progressive loss of PTP1B, β-catenin 

and p120-catenin from the AJ, with a concomitant increase in β-catenin phosphorylation 

and decrease in cell-cell adhesion 321. Thus, the Fer kinase has a somewhat paradoxical 

relationship with β-catenin in that it is involved in both its phosphorylation and 

dephosphorylation. 

In addition to its cadherin-stabilization function, p120-catenin serves as a 

scaffolding protein to recruit different tyrosine kinases into the AJ. The Src-family 

kinases, Yes and Fyn, as well as the Fer kinase can interact directly with p120-catenin 320. 

Much of the tyrosine phosphorylation of the different AJ components is due to the ability 

of p120-catenin to interact with and recruit different kinases. Under certain conditions 

p120-catenin itself can be highly phosphorylated. In fact, it contains approximately 

twenty tyrosine residues that are known sites of phosphorylation. Eight of these residues 

were shown to be v-Src substrates 335 and multiple p120-catenin tyrosines were 

phosphorylated in v-Src transformed cells 336. Activation of the EGFR also induces p120-

catenin phosphorylation but it is not known if intermediate kinases are involved 337. The 
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over-expression of Fer caused an increase in overall p120-catenin pY content 334. 

Similarly, cell shrinkage induced p120-catenin phosphorylation that was dependent on 

the Fyn kinase 327. Despite these observations, the functional consequences of 

phosphorylation are generally not well understood. In some instances p120-catenin 

phosphorylation correlated with an increased affinity for cadherin 320, 338. Conversely, the 

association between p120-catenin and E-cadherin was not altered in v-Src transformed or 

receptor tyrosine kinase stimulated cells 235, 337, 339. In some cases specific phosphorylated 

tyrosines are thought to serve as docking sites for certain interacting proteins. This is true 

for SHP-1, a cytoplasmic phosphatase that binds to pY on p120-catenin through its SH2 

domain 340. Also, the interaction of the RhoA GTPase with p120-catenin is regulated by 

specific pY residues 341.  Depending on the site of phosphorylation the affinity of p120-

catenin toward RhoA can be positively or negatively affected. Fyn-mediated 

phosphorylation of Y112 inhibits the interaction with RhoA whereas the phosphorylation 

of Y217 and Y228 by Src promotes binding to RhoA 341. p120-catenin is known to inhibit 

RhoA activity, while increasing that of Rac1 and Cdc42, and may shuttle between 

cadherins and the cytoplasm where it acts on these GTPases 342, 343. In this manner it is 

likely that p120-catenin is involved in the dynamic remodeling of the actin cytoskeleton 

that occurs during migration and invasion 344. Together, these types of results probably 

reflect the complex nature of p120-catenin function and the effect that individual or 

combinations of tyrosine phosphorylation have on the ability of p120-catenin to interact 

with binding partners and regulate their function. 
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1.6 Hypothesis and research objectives 

 

In a study by the Leder lab the expression of over forty different tyrosine kinases 

was analyzed during mouse mammary development and revealed that fps transcript levels 

were upregulated late in pregnancy and increased further during lactation 107. A 

subsequent report identified Fps as a possible tumor suppressor in the mouse mammary 

gland 55. These data have led to the development of my hypothesis that the Fps tyrosine 

kinase is a component of one or more signaling pathways which regulate the normal 

function of the mammary gland. Comparison of the physiological and biochemical 

differences between the wild-type and fps-null mice should elucidate the function of the 

Fps kinase in the mammary gland. 

The first objective of my thesis was to characterize the function of the Fps 

tyrosine kinase in the mammary gland. Initially the expression of the Fps protein was 

examined during different stages of mammary gland development. As a measure of its 

kinase activity, the phosphotyrosine content of Fps was also assessed during the same 

developmental stages to determine if levels of activity coincided with protein expression. 

Confocal microscopy was used to identify the expression pattern of Fps. Differences in 

pup weights from wild-type and fps-null matings led us to examine the mammary glands 

by whole mount and histological analyses. The protein and fat content of the milk from 

both genotypes was assessed. Potential substrates and interacting partners were studied 

by immunoprecipitation and/or immunoblotting. The results obtained here suggest that 

Fps is most highly expressed and activated during lactation, and is important for proper 

mammary gland homeostasis and function. The presence of Fps in the E-cadherin-based 
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adherens junction protein complex suggests that Fps may regulate cell-cell adhesion and 

its absence could compromise the integrity of the gland. 

The second objective of my thesis was to establish a cell culture based system to 

study the function of Fps in mammary epithelial cells. First, culture conditions were 

established to generate enriched populations of mammary epithelial cells. The primary 

cells from a fps-null gland were then infected with a lentivirus encoding a p53 mouse-

specific short hairpin RNA. Continued growth of infected cells either in or on a collagen 

gel matrix resulted in the outgrowth of a cell population that displayed characteristics of 

an immortalized epithelial cell line. Subsequent infection of cells with a virus expressing 

wild-type Fps has provided the reagents to study the function of Fps in breast epithelial 

cells and determine the phenotype(s) associated with its absence. 
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Chapter 2 
 

The Fps tyrosine kinase is up-regulated during lactation in the mouse mammary 

gland and is a component of the E-cadherin adherens junction. 

 

2.1 Abstract 

Fps is a 92 kDa cytoplasmic protein-tyrosine kinase. It is thought to regulate 

diverse cellular functions such as the immune response and cell differentiation, and has 

been reported to act as a tumor suppressor in the mouse mammary gland. However, its 

role in normal mammary gland development has not been addressed. Here we report that 

the protein levels of Fps increased during pregnancy and reached a maximum during 

lactation. There was also a direct correlation between the level of expression and the 

extent of Fps tyrosine phosphorylation. Pups reared by fps-null females gained weight 

more slowly than pups reared by wild-type females. Fps expression was observed in 

epithelial cells and localized throughout the cytoplasm in a punctate pattern. No 

differences in the protein or fat content of the milk were detected. Neither whole mount 

nor histological analyses of mammary glands from different developmental stages 

showed any morphological defects in fps-null females.  Fps was identified in a complex 

with E-cadherin, β-catenin and p120-catenin predominantly during lactation. 

Immunofluorescence analysis indicated that E-cadherin and β-catenin localization was 

less concentrated at sites of cell-cell contacts in the fps-null glands. Analysis of the 

interactions between different adherens junction components suggests that less E-
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cadherin and β-catenin was associated with p120-catenin in the fps-null glands. No 

differences in the phosphotyrosine status of the different adherens junction components 

were detected. 

 

2.2 Introduction 

The primary function of the mammary gland is the synthesis and secretion of milk 

to nurture the young. In the adult female, the mammary gland undergoes a cycle of cell 

proliferation, differentiation, milk production and regression with each round of 

reproduction. This process depends on a highly ordered series of events involving both 

spatial and temporal interactions among several different mammary cell types that are 

themselves coordinated by a combination of growth factors and steroid hormones 345. 

Protein kinases regulate mammary gland development, differentiation and carcinogenesis 

346 and the expression and function of many protein kinases are known to be dynamically 

regulated during normal mammary gland development 107. Consequently, any alteration 

in the proper expression or activity of a protein kinase may result in abnormal 

development or function of the mammary gland, and may also contribute to 

tumorigenesis.  

 The fps/fes proto-oncogene encodes a 92 kDa cytoplasmic tyrosine kinase 

(hereafter referred to as Fps). Fps is composed of a putative amino terminal F-BAR 

domain (comprised of a Fps/CIP4 homology (FCH) motif and a coiled-coil motif), 

followed by a second predicted coiled-coil (CC) motif, a Src homology-2 (SH2) domain, 

and a carboxy-terminal tyrosine kinase domain 5, 66, 67, 87. Fps shares close structural 
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similarity with a 94 kDa protein called Fer (Fes related) 36 and together make up a distinct 

subclass within the non-receptor tyrosine kinase family 65. While Fer appears to be 

expressed ubiquitously, Fps expression is somewhat more restricted. To date, many of the 

cell types within the hematopoietic system (reviewed in 5, 87) and some types of 

endothelial 51, neuronal and epithelial cells have been shown to express Fps 52, 347, 348.  

Fps/Fes was first isolated as an oncoprotein encoded by tumor-causing avian 

(Fps) and feline (Fes) retroviruses 2. These oncogenic proteins consisted of amino-

terminal retroviral Gag sequences fused to some or all of the Fps/Fes sequence, and this 

contributed to unregulated tyrosine kinase activity. In contrast, the activity of normal 

cellular Fps is tightly regulated 87 and induces little or no transformation when ectopically 

expressed in rodent fibroblasts but can transform certain cell types if expressed at 

sufficient levels 349or expressed as an amino-terminal myristoylated variant 51, 350.  

Regulation of Fps kinase activity is controlled, at least in part, by N-terminal sequences 

86. This is supported by the fact that all viral oncogenic forms are fusions with the N-

terminus of Fps 5 and a point mutation of the first coiled-coil motif dramatically increased 

kinase and transforming activities of Fps 86, 351. No oncogenic alleles of Fer are known; 

however, Fer possesses a much higher intrinsic kinase activity than Fps and can induce 

transformation upon ectopic expression 352.  

 The role of Fps has been studied predominantly in cytokine signaling. Tyrosine 

phosphorylation of Fps has been observed in different cell types of the hematopoietic 

system after treatment with granulocyte/monocyte colony-stimulating factor, 

erythropoietin, stem cell factor, and several interleukins (IL-3, IL-4, IL-5, IL-6), 
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suggesting that Fps is a component of a large number of signal transduction pathways 

(reviewed in 5, 87). Several in vitro studies have pointed to Fps as a positive regulator of 

cell differentiation, specifically for macrophage and granulocytic cells 94, 353-357. In 

contrast to these observations from cell culture systems are the results generated from 

transgenic mouse studies where neither a targeted fps kinase-inactivating mutation nor a 

fps-null mutation resulted in any dramatic in vivo steady-state hematopoietic phenotypes 

26, 101. Fps may also promote differentiation of neuronal cells, as expression of Fps in 

PC12 cells accentuated the rate and length of process extension 348. Through fluorescence 

microscopy analysis, Fps co-localized with the trans golgi network proteins, TGN38 and 

γ-adaptin, and with Rab proteins involved in endocytosis (Rab5B and Rab7) or 

exocytosis (Rab1A and Rab3A) 52, 63, suggesting a possible role for Fps in vesicle 

trafficking. In support of this is the observation that Fps regulates internalization and 

down-regulation of the Toll-like receptor 4 102. 

 E-cadherin is a member of the type I classical cadherin family of calcium-

dependent intercellular adhesion molecules 358. It is the prominent cadherin expressed in 

most types of epithelial cells and mediates cell-cell adhesion through homophilic 

interactions between extracellular domains on adjacent cells 233. Clustering of E-cadherin 

molecules into localized zones, or adherens junctions (AJ), is essential for strong cell-cell 

adhesion and normal epithelial characteristics, including establishment of epithelial cell 

shape, maintenance of a differentiated epithelial phenotype and cell polarization 359 

(reviewed in 360). The cytoplasmic domain of E-cadherin associates either directly or 

indirectly with several intracellular proteins, including members of the catenin family. In 
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particular, p120-catenin interacts with E-cadherin and regulates its stability and retention 

at the cell surface, with its absence or down-regulation resulting in cadherin 

internalization and degradation 254, 255. p120-catenin also serves to recruit several 

different tyrosine kinases to the AJ 320, 321. β-catenin binds E-cadherin and α-catenin 

which, in turn, establishes a link with the actin cytoskeleton 243. These proteins are 

thought to represent the core complex of the AJ, required for strong cell-cell adhesion 361. 

However, recent evidence indicates that α-catenin can bind to E-cadherin-bound β-

catenin or actin, but not both simultaneously 244, 245; suggesting that the cadherin-

cytoskeleton link is more dynamic and complex than previously believed.  

Disruption of any of the AJ core proteins can lead to decreased cell-cell adhesion 

and altered function 264, 271, 275. Loss or mutation of the different components has been 

reported in multiple cancers types 362-364. Deregulation of E-cadherin is thought to disrupt 

its ability to function as a suppressor of tumor growth and invasion 286, 288, 289. 

Conversely, in the differentiating mouse mammary gland, conditional inactivation of the 

E-cadherin gene severely affected the terminal differentiation program of the mammary 

alveolar epithelial cells and resulted in massive cell death at parturition 262. Deletion of β-

catenin in different cell types indicates that it is involved in regulating cell adhesion and 

the cytoskeleton 264, cell growth 265, differentiation 266 and tissue development 267. Over-

expression of a stabilized form of β-catenin in the mouse mammary epithelium led to 

premature cell differentiation during pregnancy and increased cell proliferation that 

persisted into lactation 365. Mutant forms of β-catenin that do not bind to cadherin or have 

lost the domain required for targeted degradation have been identified in some types of 
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cancer 290. Targeted deletion of p120-catenin in the salivary gland caused defects in 

epithelial adhesion, polarity and morphology that blocked acini development and led to 

hyperplasia 275. The expression of p120-catenin is typically maintained in cancer cells but 

shifts to a cytoplasmic or nuclear localization 252 where it may provide a growth 

advantage.  

It is well documented that phosphorylation is an important mechanism in 

regulating the interaction of AJ proteins and the stability of the core complex 321, 322, 338. 

Tyrosine phosphorylation of AJ components can have different effects depending on the 

protein and the site of modification. Under some conditions phosphorylation of p120-

catenin is thought to increase its affinity for cadherins 320, 366 but is not essential for this 

interaction 235, 337. Similarly, specific phosphorylation sites of p120-catenin may act as 

docking sites for other interacting proteins 340, 341. The phosphorylation of p120-catenin 

has also been linked with cell transformation 366.  

In general, the tyrosine phosphorylation of β-catenin is associated with reduced 

cell-cell adhesion 325. The phosphorylation of Y142 and Y654 disrupts its interaction with 

α-catenin and cadherin, respectively, and promotes disassembly of the adherens junction 

complex 320, 328, 334. Several protein tyrosine kinases and phosphatases have been 

identified in adherens junctions. The Src-family kinases, Src and Fyn, are known to 

phosphorylate p120-catenin and β-catenin under a variety of different stimuli (reviewed 

in 317, 325. The Fer kinase can interact with and phosphorylate p120-catenin and β-catenin 

as well 320, 321, 334, 367. Fer is known to phosphorylate β-catenin on Y142 320. Fer can also 

phosphorylate the tyrosine phosphatase, PTP1B 321, on Y152 which promotes its 
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interaction with N-cadherin 333. In turn, PTP1B serves to maintain Y654 of β-catenin in 

an unphosphorylated state and stabilize the AJ 321. Together, the activities of Fer enable it 

to regulate both phosphorylation and dephosphorylation of AJ components. Over-

expression of Fer in embryonic fibroblasts that expressed E-cadherin resulted in the 

rounding up and detachment of cells that was the result of the Fer-induced 

phosphorylation and dissociation of β-catenin from the E-cadherin complex 334. The loss 

of Fer activity in mouse embryonic fibroblasts resulted in the dissociation of PTP1B and 

β-catenin from N-cadherin as well as the loss of N-cadherin and β-catenin from cell-cell 

contacts 321. 

A survey to identify protein kinases expressed in the mammary gland and to 

examine their expression patterns demonstrated that Fps mRNA levels are differentially 

expressed during mammary development 107. This was the first study to suggest that Fps 

may have a function in the mammary gland. More recently, our lab has shown that in a 

mouse mammary tumor virus (MMTV)/polyoma middle T mouse model for breast 

cancer the loss or inactivation of Fps resulted in the development of tumors with an 

earlier onset than in a wild-type background 55, suggesting that Fps may possess tumor 

suppressor abilities 53-55.  

In this study the role of the Fps tyrosine kinase in the development and function 

of the mouse mammary gland has been investigated. We have demonstrated that the 

levels of the Fps protein rise during pregnancy and reach maximal expression during 

lactation. This was accompanied by a substantial increase in the tyrosine phosphorylation 

of Fps during lactation. Pups reared by fps-null mothers gained weight more slowly than 
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wild-type counterparts. The expression of Fps was identified in epithelial cells. Whole 

mount and histological analyses did not identify any obvious differences in the overall 

ductal morphology. A search for interacting partners and potential substrates revealed 

that both Fps and Fer are components of the E-cadherin-based AJ complex. Despite this 

interaction, no differences in the phosphotyrosine status were observed in the core 

adherens junction components in fps-null tissue. However, less E-cadherin and β-catenin 

appeared to be associated with p120-catenin in fps-null tissue. Fluorescence microscopy 

revealed that the staining of E-cadherin and β-catenin in fps-null tissue was more 

disorganized at sites of cell-cell contacts. Together, these results point to the Fps kinase 

as a potential regulator of epithelial cell AJs and lactation. 

 

2.3 Materials and Methods  

2.3.1 Mice 

 The fps-null and c-fes mouse lines have been described previously 26, 28. All 

mouse lines were maintained in an in-bred SVJ/129-CD1 hybrid background and housed 

in the Animal Care Facility at Queen’s University, Kingston, Ontario, Canada. For the 

isolation of stage-specific mammary glands, females were mated at 8-9 weeks of age and 

the day of vaginal plug formation was considered as day 0. The third, fourth and fifth 

mammary glands were isolated for biochemical analysis, with the lymph node of the 

fourth gland removed prior to analysis. The fourth gland was used for all other 

experiments. 
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2.3.2 Pup weight analysis  

 Breeding pairs were established and monitored for successful matings. Beginning 

one day after birth the weight of each pup was measured at approximately the same time 

daily. All statistical values were calculated using the Student’s t-test. All error bars 

represent the standard error of the mean.  

 

2.3.3 Antibodies 

 The antibodies to Fps/Fer (FpsQE) and Fer (FerLA) have been described 

previously 52. The following antibodies (supplier) were used; E-cadherin, α-catenin, β-

catenin, p120-catenin, Dynamin II, p130Cas and Fak (BD Transduction Labs), PY99, 

Erk1/2 and actin (Santa Cruz), cortactin, Stat5A and pStat5A/B (Upstate Biotechnology), 

smooth muscle actin (SMA) and α-tubulin (Sigma-Aldrich), Mucin-1 (Neomarkers), NSF 

(Stressgen Biotechnologies), Akt (Cell Signaling Technology). Antibodies to Pacsin-2 

and p190RhoGAP were provided by Dr. Markus Plomann and Dr. Sarah Parsons, 

respectively. The p85 antibody was a gift from Dr. Jane McGlade. All α-rabbit and α-

mouse secondary antibodies used in the immunofluorescence experiments were obtained 

from Molecular Probes. Alexa-633 and Alexa-533 conjugated IgG F(ab)2 fragments were 

used for red and green fluorescence, respectively. The FITC-labeled α-armenian hamster 

secondary antibody was purchased from eBiosciences. 
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2.3.4 Immunoblotting, immunoprecipitation and kinase assay analysis 

 For immunoblot analysis, protein lysates from mammary glands were prepared in 

PBS/NP-40 buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 1 % 

Nonidet-40, [pH 7.3] with 10 μg/ml aprotinin, 10 μg/ml leupeptin, 100 μM sodium 

orthovanadate, 100 μM phenylmethylsulfonyl fluoride) using an Ultra-Turrax T25 

homogenizer (Terochem Scientific). For analysis of nuclear proteins the tissue was 

homogenized in radioimmunoprecipitation assay buffer (50 mM Tris-HCl, [pH 7.4], 150 

mM NaCl, 1 mM EDTA, 1 % Triton X-100, 1 % sodium deoxycholate, 0.1 % SDS, with 

inhibitors), followed by two 20 second bursts of sonication. Cell lysates were centrifuged 

at 14000 x g for 15 minutes at 4oC and quantified using the Bio-Rad protein assay (Bio-

Rad). Lysates were diluted to 1 mg/ml with 2x sodium dodecyl sulfate sample buffer 

(130 mM Tris-HCl [pH 6.8], 20 % [v/v] glycerol, 2 % [w/v] sodium dodecyl sulfate, 2 % 

[v/v] β-mercaptoethanol, 0.08 % [w/v] bromophenol blue) and heated for 5 minutes at 

95oC. Aliquots of 10 μg were separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred to Immobilon P membranes (Millipore) 

using a semidry transfer apparatus (Bio-Rad). Membranes were blocked with 5 % 

skimmed milk in TBST buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1 % Tween-

20) for rabbit antibodies and 5 % BSA in TBST for mouse antibodies, and then incubated 

overnight at 4oC with the specified antibody. After washing in TBST, membranes were 

incubated with a 1:10,000 dilution of horseradish peroxidase-conjugated goat anti-rabbit 

immunoglobulin G (IgG) (Vector Laboratories), or goat anti-mouse IgG (GE Healthcare) 
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in TBST for 1 hr at RT. After washing with TBST, reactive proteins were detected by 

using enhanced chemiluminescence reagents (NEN Life Science Products). 

For immunoprecipitation (IP), each cell lysate containing 1 mg of protein was 

diluted to 1 ml with PBS/NP-40 buffer and incubated O/N at 4oC with the 2-3 μg of 

antibody and 30 μl of 50 % (v/v) gammabind sepharose beads (Amersham). 

Immunocomplexes were washed three times with PBS/NP-40 buffer and heated for 5 

minutes at 95oC in 2x SDS buffer. Following separation by SDS-PAGE, proteins were 

transferred to membrane and probed with the specified antibody. Kinase assays were 

performed on IPs where, after the third wash, the immunocomplexes were washed once 

with Kinase Reaction Buffer (20 mM Tris-HCl [pH 7.5], 10 mM MnCl2, and 100 μM 

sodium orthovanadate) and then incubated at 30oC for 20 minutes in KRB with 0.5 mM 

ATP. 

 

2.3.5 Whole mount and histological analysis 

For whole mount analysis, fresh mammary glands were spread on glass 

microscope slides and allowed to adhere for 1 hr. The glands were incubated in acetone 

O/N to remove the fat and then treated with 100 % and 95 % ethanol for 1 hr each 

followed by hematoxylin staining (10 % hematoxylin [w/v] in 95 % ethanol) for 2 hrs. 

Samples were rinsed in tap water for up to 1 hr and destained with 25 mM HCl in 50 % 

ethanol until the background staining was clear. Following dehydration with ethanol and 

clearing with xylene, each sample was overlaid with Permount mounting media and 

covered with a glass coverslip. 
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For histological analysis, mammary tissues were fixed O/N at 4oC in 10 % 

formalin in PBS. Sample processing and histological staining was performed by Mr. John 

Dacosta, Department of Pathology and Molecular Medicine, Queen’s University. In brief, 

the tissue was dehydrated through an ethanol series, cleared with xylene and embedded in 

paraffin wax. The tissue was then cut into 8 μm sections and stained with hematoxylin 

and eosin. Photos were captured on a Nikon Eclipse E600 microscope fitted with a DXM 

1200 digital camera. 

 

2.3.6 Immunofluorescence 

 Paraffin embedded tissue sections were deparaffinized with xylene or Citrisolv 

(Fisher) and rehydrated through an ethanol series. Antigen retrieval was performed by 

heating the samples in 10 mM sodium citrate pH 6.0 in a microwave for 8 to 10 minutes 

and allowed to cool for 30 minutes. Following 3 washes in PBS, the samples were 

blocked for 1 hr with 5 % goat serum in PBS/ 0.02 % Triton X-100. All primary 

antibodies were diluted 1:50 in blocking buffer and incubated with the tissue O/N at 4oC. 

The samples were then washed 3 times in PBS before addition of the appropriate Alexa 

fluor-conjugated secondary IgG F(ab)2 fragment (1:200 dilution in blocking buffer) for 1 

hr at RT. For the Mucin-1 antibody, a FITC-conjugated α-armenian hamster IgG 

antibody was used. Nuclei were stained with 2 mM Hoechst 33258 for 10 minutes in 

PBS. Sections were washed 3 times for 10 minutes each with PBS and then mounted with 

Mowiol (Calbiochem). Images were captured on a Leica SP2 true scanning confocal 

microscope. 
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2.3.7 Milk protein and fat analysis  

 For milk collection, the mothers were separated from the pups two hrs before 

injection with 0.2 IU oxytocin (Sigma). Fifteen minutes after injection the mice were 

anesthetized with 250 mg/kg Avertin. The glands were gently massaged to force the milk 

toward the nipple. The milk was then squeezed into a 1.5 ml eppendorf tube. To compare 

the expression of the major milk proteins between the two genotypes, the protein 

concentration was determined and 5 μg were diluted with 2x SDS sample buffer, 

separated by SDS-PAGE and stained with Coomassie blue. The total protein 

concentration of the milk was determined using a standard Bio-Rad protein assay (Bio-

Rad). For total milk fat analysis, the concentration of triglycerides was measured using 

the Wako L-Type TG-H assay according to the manufacturers’ instructions (Wako 

Chemicals USA). Error bars indicate the standard error of the mean.  

 

2.4 Results 

2.4.1 Expression of the Fps tyrosine kinase increases during pregnancy and reaches 

maximal levels during lactation. 

 An analysis using RT-PCR indicated that mRNA levels of the Fps kinase were 

up-regulated during late pregnancy and lactation 107. A more recent study suggested that 

Fps regulates tumor formation in the mouse mammary gland by acting as a tumor 

suppressor 55. As an initial step towards understanding the function of Fps in the 

mammary gland we have examined its protein expression during different stages of 

mammary development. Mammary glands were harvested from mice at 3, 6 and 9 weeks 
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of age, day 6, 12 and 18 of pregnancy, day 4 and 12 of lactation, and day 2 and 7 of 

involution. Equal amounts of total protein lysates were then assessed by immunoblotting 

(Figure 2.1). Using either an anti-Fps/Fer antibody (Figure 2.1, upper panel) or an anti-

Fer antibody (Figure 2.1, middle panel) the expression of Fer remained relatively 

constant over all times examined. In contrast, Fps expression was differentially expressed 

(Figure 2.1, upper panel).  During the first 9 weeks of age and early pregnancy the level 

of Fps expression was approximately equal to Fer. However, in late pregnancy, Fps 

expression increased relative to Fer, and increased further to reach maximum levels 

during lactation before declining to pre-pregnancy levels during involution.  The 

decreased levels of actin, as a proportion of total protein, which were observed during 

late pregnancy and lactation was presumably due to an increase in the relative levels of 

milk proteins (Figure 2.1, lower panel). 

 

2.4.2 The Fps tyrosine kinase is highly phosphorylated during lactation. 

In its inactive state, Fps is unphosphorylated and becomes phosphorylated on two 

or three key tyrosine residues upon activation 94, 349. To address whether the increase in 

Fps expression correlated with activity, the phosphotyrosine status of Fps was 

determined. Only the stages of pregnancy and lactation where Fps expression increased 

were studied. Immunoblotting analysis of Fps/Fer IPs with an anti-phosphotyrosine 

antibody showed that Fps became activated during late pregnancy, followed by a 

dramatic increase in activation during lactation (Figure 2.2A). These data show that the 

increase in expression is associated with a concomitant increase in kinase activity. To 
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Figure 2.1 Expression of the Fps tyrosine kinase during mammary development. For 
each stage of development mammary glands were harvested from three mice and equal 
amounts of protein from each sample were pooled.  Aliquots of 10 μg were analyzed by 
immunoblot analysis (IB) using the α-Fps/Fer antibody that detects both Fps and Fer 
proteins. Parallel experiments were performed with α-Fer and α-actin antibodies. wks 
(weeks after birth), Preg (pregnancy), Lact (lactation), Inv (involution), D (day).  
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Figure 2.2 The Fps tyrosine kinase is highly activated in the mammary gland during 
lactation. (A) Wild-type mammary gland lysates from different stages of pregnancy and 
lactation were subjected to α-Fps/Fer immunoprecipitation (IP) and immunoblotted (IB) 
with α-pY99 to determine the phosphotyrosine content. (B) The phosphotyrosine content 
of α-Fps/Fer immunoprecipitations from both wild-type (WT) and fps-null (N) lactating 
glands was compared to that of Rat-2 cell lines that over-express Fps (F) or constitutively 
activated myristoylated Fps (MF). SCL (Soluble cell lysate). 
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eliminate the possibility that Fer was activated instead of Fps, the same analysis was 

performed on lactating mammary glands from wild-type and fps-null mice. As expected a 

distinct phosphotyrosine band representing Fps was observed only in the wild-type 

sample (Figure 2.2B). The level of Fps phosphorylation in the lactating mammary gland 

was also compared to that in the brain, lung, liver, pancreas, spleen, gut, abdominal fat 

and muscle from a wild-type mouse. Only the sample from the mammary gland contained 

a phosphotyrosine band that corresponded to Fps (data not shown). To determine whether 

the observed level of Fps tyrosine phosphorylation was merely related to increased 

expression or to an actual increase in activity, the phosphotyrosine level of Fps in the 

mammary gland was compared to the levels found in two Rat-2 cell lines that ectopically 

express either wild type cellular Fps (F) or an activated myristoylated Fps variant (MF), 

respectively 51. In the cells that over-express wild-type Fps, Fps was not detectably 

autophosphorylated in vivo on tyrosine. In contrast, the MF protein was tyrosine 

phosphorylated, and this correlated with a transformed morphology of these cells relative 

to cells expressing wild type Fps. By comparing the intensity of the phosphotyrosine 

bands to the total level of Fps protein in each IP, it is apparent that wild-type Fps in 

lactating breast is even more active than the active MF variant in transformed cells 

(Figure 2.2B). 
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2.4.3 Offspring raised by fps-null females gained weight more slowly than those raised 

by wild-type females. 

 The observations that Fps expression and kinase activity were maximal during 

lactation suggested that Fps may be important to mammary gland function during pup 

rearing. To address this possibility, combinations of breeding pairs with wild-type and 

fps-null genetic backgrounds were established and the weights of their pups were 

measured daily from birth to weaning at day 20. Pups from ♂ +/+ x ♀ +/+ breeding pairs 

gained weight significantly faster (p< 1.27 x 10-7 for all time points) than pups from 

either ♂ -/- x ♀ -/- or ♂ +/+ x ♀ -/- breeding pairs (Figure 2.3A).  There was no 

difference in the weight gains of fps-null pups or heterozygous pups reared by fps-null 

females in the latter two sets of breeding pairs, which supported the hypothesis that the 

pup weight gain defect was not associated with the genotypes of pups, but rather that of 

the mothers.  This was further supported by measurements of pup weight gains as a 

function of their genotypes in litters from heterozygous breeding pairs (Figure 2.3B).  

When reared by heterozygous females, pups of all three genotypes (+/+, +/- or -/-) gained 

weight at the same rates (Figure 2.3B). Interestingly, pups reared by fps-null females that 

over-expressed the human c-fes transgene gained significantly more weight (after day 4 

p< 0.03 for all time points) than those reared by fps-null females (Figure 2.3A). Taken 

together, these data strongly implicate Fps in the regulation of mammary gland function 

during lactation. 
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Figure 2.3 Analysis of pup weights. (A) Wild-type (+/+), fps-null (-/-) or c-fes rescue (c-
fes;-/-) mice were set up as breeding pairs, and the weights of the pups were recorded 
daily from the day after birth (d1) to weaning age (d20). (B) Heterozygous breeding pairs 
(+/- x +/-) were set up and the weights of the resulting wild type (+/+), heterozygous (+/-) 
and homozygous mutant (-/-) pups were recorded as in panel A.  The genotype of the 
pups did not influence their rate of weight gain, but pups reared by fps-null mothers 
gained weight significantly more slowly than those reared by wild-type mothers (p<1.27 
x 10-7), and the c-fes rescue transgene partially corrected this weight gain defect (p< 
0.03). N > 34 for all time points. Error bars represent the standard error of the mean. 
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2.4.4 The Fps tyrosine kinase is expressed in mammary epithelial cells. 

Because the mammary gland is composed of numerous types of cells and Fps is 

not ubiquitously expressed, it was important to identify its cellular expression pattern in 

the lactating gland. With the use of cell-lineage specific markers, the expression of Fps 

was analyzed by immunofluorescence. Mucin-1 is prominently expressed on the apical 

surface of differentiated epithelial cells and was used as a mammary epithelial marker 368. 

By comparing the staining pattern of the Fps/Fer antibody with that of Mucin-1, Fps 

expression was identified in both ductal (not shown) and luminal alveolar epithelial cells 

(Figure 2.4A). A similar comparison with the expression pattern of a myoepithelial 

marker, smooth muscle actin (SMA) 369, showed that Fps was not expressed in this cell 

type (Figure 2.4B). Although other types of cells, including endothelial cells, are known 

to express Fps and may contribute to its overall mammary gland expression, based upon 

these immunofluorescence observations we believe the epithelial cells are the primary 

source of Fps expression.   

 

2.4.5 Milk from fps-null mice has normal protein and fat content. 

Although no obvious defects in the overall development of the mammary gland 

were observed in fps-null mice, it was possible that the milk from fps-null females was 

qualitatively altered. However, when milk proteins were compared by Coomassie blue 

staining there was no reduction in the relative intensities of the major milk proteins in the 

fps-null samples (Figure 2.5A). Similarly, when the total protein and triglyceride 

concentrations were determined no differences were observed (Figure 2.5B and C). 
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Figure 2.4 Cell-specific expression of the Fps tyrosine kinase in the mammary gland 
during lactation. Paraffin sections of wild-type and fps-null mammary glands at day12 
of lactation were stained for Fps/Fer (red) and the epithelial cell marker, Mucin-1 (green) 
(A), or the myoepithelial cell marker, SMA (green) (B). The nuclei were viewed with 
Hoechst 33258 (blue). 
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Figure 2.5 Analysis of milk proteins and triglycerides. (A) Equal volumes of milk 
from wild-type and fps-null mice were separated by SDS-PAGE and stained with 
Coomassie blue. (B) The concentration of total protein was determined using a standard 
Bio-Rad assay, and (C) the triglycerides were quantified using the Wako L-Type TG-H 
assay. For (B) and (C)  N = 10. Error bars represent the standard error of the mean. 
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2.4.6 Analysis of the expression and phosphotyrosine content of various signaling 

molecules in the mammary gland.  

The suspected compromised mammary gland of the fps-null mice suggested that the 

activity of one or more signaling molecule was altered. The level of expression and 

phosphotyrosine status of Stat5A/B, N-ethylmaleimide-sensitive factor (NSF), Pacsin-2, 

Dynamin II, Fak, p85, p190RhoGap, cortactin, p130Cas, suggests that Fps does not 

directly regulate the expression or activity of these proteins during lactation (Figure 2.6). 

Akt and Erk were also analyzed but a phosphorylation signal was not detected for either 

protein. 

 

2.4.7 The morphology of the fps-null mammary gland is normal. 

The lower rate of weight gain of pups reared by fps-null females suggested that 

mammary development might be compromised in the fps-null females. To explore this 

possibility, mammary glands from wild-type and fps-null mice were isolated at different 

stages of development and analyzed by whole mount hematoxylin staining. Analysis of 

tissues from virgin, day 14 of pregnancy and day 4 of lactation did not show any 

differences in the pattern or number of ductal extensions between the wild-type and fps-

null breast tissues (Figure 2.7A). A more in depth examination of the alveolar structures 

during lactation was performed on H&E stained sections from wild-type and fps-null 

tissue. No significant differences in the size, number or architecture were observed in the 

alveoli of fps-null tissue (Figure 2.7B). 

 



 

  82

 

 
 
 
 
Figure 2.6 Immunoblotting analysis of potential substrates of the Fps tyrosine 
kinase. Using 1mg of total protein lysate from wild-type and fps-null lactating mammary 
glands immunoprecipitations (IP) were performed with the indicated antibodies, followed 
by immunoblotting (IB) with the indicated antibodies. For direct immunoblotting 
analysis, 10 μg of soluble protein was probed with the specified antibodies.  
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Figure 2.7 Whole mount and histological analysis of wild-type and fps-null 
mammary glands.  (A) Whole glands from pregnant (Day 14) and lactating (Day 12) 
mice were stained with hematoxylin to visualize the ductal structures. (B) Paraffin 
sections of glands during lactation (Day 12) were stained with hematoxylin and eosin to 
compare the alveolar structures in wild-type and fps-null mice. Shown are low, medium 
and high magnifications in the top, middle and bottom panels. Scale bar (80 μm upper, 40 
μm middle, 20 μm lower).  
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2.4.8 The Fps and Fer tyrosine kinases are components of the E-cadherin-based 

adherens junction in the mammary gland during lactation. 

The Fps-related Fer kinase is known to be a component of both N- and E-cadherin 

based AJs 321, 334.  It was therefore possible that Fps might serve a similar function in the 

mammary gland, and this might also account for mammary gland dysfunction or a 

potential tumor suppressor function in the breast 55. We therefore examined the 

composition of the E-cadherin AJs in lactating breast. There were no differences in the 

steady state expression levels of E-cadherin, p120 catenin, β-catenin or α-catenin in 

lactating fps-null breast tissue relative to wild-type tissue (Figure 2.8A). When Fps/Fer 

IPs from wild-type and fps-null tissue were probed for E-cadherin, a prominent band 

corresponding to E-cadherin was observed in wild-type tissue, but was essentially 

undetectable in fps-null tissue (Figure 2.8B). A band corresponding to E-cadherin was 

observed in fps-null tissue in longer exposures.  Similar amounts of E-cadherin were 

detected in wild-type and fps-null breast by IP followed by immunoblotting. Therefore, in 

the wild-type lactating mammary gland, Fps is strongly associated with E-cadherin.  

Furtheremore, considering the relative levels of Fps and Fer that were found to be 

expressed in the lactating gland (Figure 2.1), we would also speculate that, in epithelial 

cells of the lactating breast, E-cadherin interacts to a greater extent with Fps than it does 

with Fer.  

To determine if the presence of Fps in the AJ was developmentally regulated, 

tissue from different stages of pregnancy and lactation were analyzed in a similar manner. 

Fps/Fer IPs probed for E-cadherin showed an intense E-cadherin band during stages of  
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Figure 2.8 The Fps tyrosine kinase is a component of the E-cadherin-based adherens 
junction in the mammary gland during lactation. (A) Soluble cell lysates of lactating 
breast tissue from wild-type (WT) or fps-null (N) mice were immunoblotted (IB) with the 
indicated antibodies specific for Fps/Fer, E-cadherin, β-catenin, p120-catenin and 
tubulin. (B) Fps/Fer and E-cadherin IPs of wild-type and fps-null lactating tissues were 
immunoblotted with an E-cadherin antibody. (C) The presence of Fps in the E-cadherin 
complex was analyzed during different stages of pregnancy and lactation. Lysates were 
subjected to Fps/Fer and E-cadherin IPs followed by immunoblot analysis with the 
reciprocal antibody. (D) Fps/Fer IPs of lactating wild-type and fps-null glands were 
immunoblotted for E-cadherin, β-catenin and p120-catenin. For controls, Fps/Fer and Fer 
IPs were probed with the Fps/Fer antibody. (E) Fps/Fer, Fer, E-cadherin, β-catenin and 
p120-catenin IPs of lactating wild-type and fps-null glands were immunoblotted with the 
Fps/Fer antibody.  
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lactation (Figure 2.8C upper panel), while faint bands were present during later stages of 

pregnancy after longer exposures (data not shown). E-cadherin IPs probed for Fps/Fer 

revealed a lactation-specific band corresponding to Fps, and there was also a faint signal 

corresponding to Fer (Figure 2.8C lower panel). β-catenin and p120-catenin were also 

present in Fps/Fer IPs from wild-type and fps-null samples; and each of these AJ proteins 

was more abundant in the Fps/Fer IPs from wild-type tissues (Figure 2.8D). Reciprocal 

IP immunoblotting experiments identified both Fps and Fer in IPs of E-cadherin, β-

catenin and p120-catenin from wild-type glands, while only Fer was observed in the IPs 

from fps-null tissue (Figure 2.8E). Together these data indicate that both Fps and Fer are 

components of the E-cadherin-based AJ in the lactating mammary gland, and may 

therefore have roles in regulating cell-cell adhesion and gland function.   

 

2.4.9 Co-localization of the Fps tyrosine kinase with E-cadherin in epithelial cells 

during lactation and altered E-cadherin and β-catenin staining in fps-null mammary 

glands.  

 We next examined co-localization between Fps and AJ proteins using 

immunofluorescence microscopy. Sections of lactating tissue from wild-type, fps-null 

and c-fes mice were probed with α-Fps/Fer and α-E-cadherin antibodies. Although Fps 

appeared to be distributed throughout the cytoplasm in the wild-type gland, a fraction of 

it was found to co-localize with E-cadherin along the basolateral surface of the epithelial 

cells. This was more apparent in the c-fes glands which express several fold more human 

Fps than endogenous mouse Fps protein (Figure 2.9A). The E-cadherin staining pattern in  
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Figure 2.9 Co-localization of the Fps tyrosine kinase with E-cadherin in the lactating 
mammary gland and the subcellular localization of E-cadherin and β-catenin in 
glands from fps-null mice. (A) Fps/Fer (red) and E-cadherin (green) were visualized in 
c-fes (upper), wild-type (middle) and fps-null (lower) glands during lactation. A distinct 
co-localization signal (yellow) of Fps and E-cadherin was observed in the c-fes and wild-
type overlay images. (B) Wild-type and fps-null samples were stained with Fps/Fer (red) 
and E-cadherin or β-catenin (green) to visualize differences in their subcellular 
localizations between the genotypes.  
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the fps-null tissues was similarly concentrated at the basolateral surfaces, but appeared 

less organized than in wild-type tissues. Analysis of Fps and β-catenin revealed a  similar 

pattern of co-localization at basolateral surfaces, and a relatively less organized β-catenin 

localization in fps-null tissues (Figure 2.9B). 

 

2.4.10 Protein-protein interactions between the components of the adherens junction. 

 The altered localization of E-cadherin and β-catenin in lactating fps-null breast 

tissue suggested that Fps might regulate interactions between the different AJ proteins. 

To investigate this possibility, AJ components were IPed from wild-type and fps-null 

lysates, and the amount of other associated AJ components were assessed by 

immunoblotting.  Although the interaction between E-cadherin and β-catenin was the 

same in wild-type and fps-null samples, there was a reduction in the amount of E-

cadherin and β-catenin that interacted with p120-catenin in the fps-null tissue (Figure 

2.10).  

 

2.4.11 Endogenous phosphotyrosine levels of AJ components. 

 The presence of Fps and Fer in the AJ suggested that one or more of the 

components was likely to be a kinase substrate. The in vivo phosphotyrosine levels of E-

cadherin, β-catenin and p120-catenin were compared between wild-type and fps-null in 

lactating breast tissue. There was no detectable in vivo tyrosine phosphorylation of any of 

these AJ proteins analyzed from either genotype (Figure 2.11). Even in the Fps/Fer IPs 
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Figure 2.10 Differences in the interactions between the adherens junction 
components from wild-type and fps-null mammary glands. Soluble cell lysates of 
lactating wild-type and fps-null glands were IPed for E-cadherin, β-catenin and p120-
catenin and then immunoblotted with specific antibodies as indicated. 
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Figure 2.11 Endogenous phosphotyrosine content of the adherens junction 
components. Fps/Fer, Fer, E-cadherin, β-catenin and p120-catenin were IPed from 
lysates of wild-type and fps-null glands during lactation and immunoblotted with α-pY99 
to observe their tyrosine phosphorylation (upper panel). Control immunoblots were 
performed to determine the amount of protein present in each IP (lower panel). 
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from wild-type tissue, except for phosphorylated Fps, there were no other 

phosphotyrosine bands observed. 

  

2.4.12 Fps and Fer kinase activities are associated with p120-catenin.   

 It was possible that our inability to detect differences in the in vivo 

phosphorylation status of wild-type and fps-null AJ components could be due to 

relatively low levels of phosphorylation during lactation. Phosphorylation in AJs has 

been reported to be reduced in tightly packed cells 370. We have determined that Fps itself 

is highly phosphorylated in vivo in lactating breast tissue (Figures 2.2 and 2.11) and that 

it is associated with AJ components (Figures 2.8 and 2.9).  We therefore performed 

immune-complex kinase assays to determine of Fps or Fer could phosphorylate co-IPed 

AJ components. IPs of Fps/Fer, Fer, E-cadherin, β-catenin, α-catenin, p120-catenin were 

incubated in the presence or absence of ATP and then subjected to anti-phosphotyrosine 

immunoblotting analysis. As expected, the appropriate sized phosphotyrosine bands for 

Fps or Fer were present in the Fps/Fer and Fer IPs after incubating with ATP (Figure 

2.12). Surprisingly, although we have shown that Fps and Fer co-immunoprecipitate with 

E-cadherin and β-catenin, phosphotyrosine bands were not reproducibly observed in 

these immune complex kinase assays. However, phosphotyrosine bands corresponding to 

the size of Fps and Fer were observed in the p120-catenin immune complex kinase assays 

from wild-type tissues but not fps-null tissues.  
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Figure 2.12 In vitro kinase assays of the adherens junction components. Fps/Fer, Fer, 
E-cadherin, β-catenin, α-catenin and p120-catenin were immunoprecipitated from lysates 
of wild-type and fps-null glands during lactation and incubated in the absence or presence 
of ATP. Tyrosine phosphorylation was detected by immunoblotting with α-pY99.  
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2.5 Discussion  

 A previous report that Fps mRNA levels were differentially regulated during 

pregnancy and lactation suggested that the Fps kinase may regulate some aspect of 

mammary development or function 107. More recently it was suggested that Fps may 

function as a suppressor of breast tumorigenesis, as either the loss or inactivation of Fps 

resulted in accelerated tumor growth 55. Together, these data indicate that Fps is an 

important regulator of the mammary gland. However, they do not provide insights into 

the molecular function of Fps. In this report, we further the understanding of the role for 

Fps within the mammary gland and identify some important interacting molecules. 

 Because mRNA and protein expression do not always correlate 371 it was 

important to determine if the RT-PCR data would translate to the level of the Fps protein. 

In agreement with the Chodosh report 107 we observed a concomitant increase in Fps 

protein levels as pregnancy progressed. This culminated at parturition, where Fps 

expression reached maximal levels and remained high throughout lactation. Based on its 

level of tyrosine phosphorylation, Fps was also highly activated during lactation. This 

result was quite surprising as the activation of Fps is known to be tightly regulated 86, 87, 

349, 351 and is typically found in an unphosphorylated/inactive state in both tissues and cell 

lines 349. The parallel between the increase in Fps expression and the progression of 

pregnancy indicated that Fps may be involved in mammary development, possibly as a 

positive regulator of cell proliferation, survival or differentiation. Several studies have 

shown that activation of Fps in myeloid progenitor cells promoted their survival and 

terminal differentiation into macrophage or granulocytic cells 94, 353-357, 372. Similarly, Fps 
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has been linked to neuronal outgrowth and differentiation 348. This led us to believe that 

Fps could be involved in epithelial expansion and maturation during pregnancy.  

 However, its highest expression and robust activation after parturition suggests 

that Fps may have a more prominent role in promoting the survival of the fully 

differentiated epithelial cells or regulating some aspect of milk production and secretion. 

Consistent with this premise was the observation that pups reared by fps-null females 

showed a slower rate of weight gain than wild-type counterparts. These results are 

suggestive of a lactation defect in the fps-null mammary gland. If lactation is 

compromised in the fps-null mice, then the milk should have qualitative or quantitative 

differences compared to milk from wild-type mice. Surprisingly, no differences in the 

milk proteins (either total protein or specific proteins) or triglycerides were observed. The 

total amount of milk produced over a given time was not determined. So, even though 

there were no qualitative differences between the two genotypes we could not rule out a 

role for Fps in regulating the rate of milk production. The concentration of milk lactose 

was also not quantified. The proper concentration of lactose is critical to milk quality and 

quantity. If the level of lactose is altered in fps-null milk then it could provide a possible 

explanation for the differences in the observed pup weights. However, a reduction in milk 

volume and an increase in protein and fat concentration are observed in the absence of 

lactose 373. Because no substantial differences in fat and protein levels were observed in 

fps-null milk it is unlikely that lactose levels would be altered. 

Previously, Fps has been shown to co-localize with the trans Golgi network 

proteins, γ-adaptin and TGN38, and the Rab GTP-binding proteins involved in 
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endocytosis (Rab5B and Rab7) or exocytosis (Rab1A and Rab3A) 52, 63, which is 

suggestive of a possible role for Fps in vesicle trafficking. Rab3A is known to be 

expressed in mammary gland epithelial cells, though its expression is not up-regulated 

during lactation 374. Increased expression of six other Rab proteins during lactation has 

been reported 219, suggesting that some Rab proteins are important to secretory events 

involved in milk release. Currently, it is not known if Fps can regulate the function of any 

Rab proteins.  

 The expression pattern of Fps is known to be restricted to certain types of cell. In 

addition to cells of the hematopoietic system, Fps is expressed in endothelial, neuronal 

and some epithelial cells 51, 52, 348. However, the cell-specific expression pattern of Fps in 

the mammary gland had not been addressed. As the increase in Fps expression coincided 

with massive epithelial cell proliferation during pregnancy it was likely that Fps would be 

found in epithelial cells.  By using antibodies that recognize Fps, an epithelial cell-

specific marker, Mucin-1 375, and a myoepithelial marker, smooth muscle actin (SMA) 

369, we have identified epithelial cells as the primary source of Fps expression in the 

mammary gland. Fps mRNA has been reported in Sp1 cells, a murine metastatic 

mammary tumor cell line 52. But to the best of our knowledge this is the first 

documentation of Fps expression in normal mammary epithelial cells. There was no co-

cellular expression between Fps and SMA indicating that Fps is not found in 

myoepithelial cells. Other cells, like endothelial cells, are known to express Fps but they 

are not thought to contribute a significant amount to the overall level of Fps expression 

found in the mammary gland during lactation.  
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To attempt to assess the biochemical role of Fps during lactation we examined the 

phosphotyrosine status of several potential Fps substrates. Fps can interact with and 

phosphorylate several Stat family members, including Stat1, Stat3 and Stat5 22, 376, 377. 

The importance of Stat5 to mammary development and expression of specific milk 

proteins is well established. Stat5 is known to be critical to epithelial proliferation, 

differentiation and survival during pregnancy and also to the maintenance of epithelial 

differentiation and survival during lactation 148, 378, 379. However, the tyrosine 

phosphorylation of Stat5 during lactation was not reduced in the fps-null tissue. Further 

evidence that suggested Fps was not a component of the prolactin-Stat5 pathway was 

provided by whole-mount analysis that showed there was no obvious difference in the 

number or morphology of the alveolar structures during pregnancy or lactation between 

the two genotypes.  

The report that examined Fps expression in the mammary gland also showed that 

Akt1 was maximally expressed during lactation 107. Akt1 is involved in lipid synthesis 165, 

166, glucose metabolism 165 and cell survival 380, 381 during lactation. Fps has been shown 

to activate Akt in vascular endothelial growth factor-A stimulated endothelial cells 382, 

and has been implicated in the activation of PI3K, an upstream regulator of Akt, in both 

endothelial and neuronal cells 348, 383-386. The fact that the expression patterns of Fps and 

Akt1 were markedly similar suggested that they may be components of a common 

pathway during lactation. However, when Akt and p85, the regulatory subunit of PI3K, 

were analyzed, there were no differences in their level of phosphorylation between the 
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genotypes. This suggests that Fps is unlikely to participate in PI3K-Akt regulated 

pathway(s) during lactation, or to have a role in glucose metabolism or lipid synthesis. 

We also examined the tyrosine phosphorylation status of other proteins involved 

in different aspects of exocytosis and endocytosis. Proteins such as N-ethylmaleimide-

sensitive fusion protein (NSF), Dynamin II and Pacsin-2 from wild-type and fps-null 

glands displayed no phosphotyrosine differences. Analysis of the signaling molecules 

Erk, FAK, cortactin, p130Cas, and p190RhoGAP, which are potential substrates or 

downstream effectors of Fps, also showed no differences. 

Although there were no obvious morphological differences that could be 

ascertained from the wild-type and fps-null whole-mounted mammary glands, this 

analysis was not useful to examine the alveolar microstructure. Thus, thin sections of 

each tissue were H&E stained and compared at the cellular level. There were no obvious 

differences in the size or number of alveoli, which provided further evidence that the 

development of the fps-null glands is not compromised. Higher magnification images 

showed that within individual alveoli, the lateral intercellular contacts between the 

epithelial cells were not significantly different between the genotypes. These data suggest 

that Fps does not have an important role in mammary gland development but may 

possibly regulate epithelial cells in terms of their ability to function at full capacity during 

lactation.  

In our quest to identify interacting partners and substrates of Fps, candidates were 

chosen whose altered function may promote tumorigenesis and result in abnormal 

mammary function. Components of the E-cadherin-based adherens junction complex 
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were analyzed based on these criteria. Also, Fer is a known component of both E- and N-

cadherin based AJs 334, 387 and some functional redundancy has been shown to exist 

between Fps and Fer 49. Thus, it was possible that in types of cells where Fps is much 

more highly expressed, like lactating epithelial cells, it could replace or compliment the 

function of Fer. Our initial experiments revealed that E-cadherin was indeed associated, 

either directly or indirectly, with Fps, and to a lesser extent with Fer. This result was 

particularly intriguing as it suggested that Fps may have a role in regulating cell-cell 

adhesion. 

By analyzing tissues from different developmental stages we next determined that 

Fps and E-cadherin were found in a complex predominantly during lactation and to a 

lesser extent during late stages of pregnancy. The connection between Fps and E-

cadherin was supported further by confocal microscopy where a distinct signal of co-

localization was observed. The presence of Fps in the AJ during lactation suggests that it 

may provide an important function to the AJ that is specifically required during this 

stage. At the onset of lactation most of the epithelial cells have stopped proliferating and 

have become fully differentiated 144. So, even though a low proportion of the AJ 

components are likely to be in a state of continual turn-over, the AJs are considered 

mature and stable during lactation. It is possible that Fps gets recruited to the AJ after the 

initial cell-cell contacts are established and the AJ has formed a stable structure. 

When the analysis was extended to β-catenin and p120-catenin, they too were 

found to be in a complex with Fps and Fer during lactation. It did not appear that Fps 

preferentially associated with one of the components over another which may be 
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indicative of an indirect interaction or a weak affinity for its interacting partner(s). Fer is 

known to associate directly with p120-catenin 321, 367. This interaction was mapped to a 

thirty amino acid sequence (331-360) in the second predicted coiled-coil motif of Fer 321. 

There is less than twenty percent homology between Fps and Fer in this region. Although 

this does not rule out a Fps/p120-catenin interaction it could mean that Fps binds to 

another AJ component.  

Nevertheless, because Fps and Fer are known to share some functional 

redundancy, it is possible that Fps serves a similar purpose in the AJ as Fer. Much more 

is known about the role of Fer in regulating the phosphorylation of AJ components. Its 

over-expression or loss of function has dramatic effects on cell-cell contacts in E-

cadherin and N-cadherin expressing cells, respectively 321, 334. Fer over-expression 

promotes its association with and phosphorylation of both p120-catenin and β-catenin. 

This leads to a decrease in the amount of α- and β-catenin associated with E-cadherin and 

a subsequent loss of intercellular adhesion 334. Interestingly, the absence of Fer results in 

the mislocalization of N-cadherin and β-catenin from fibroblast cell-cell contacts and the 

weakening, or loss, of intercellular adhesion 321, 388. In these cells, one of the biochemical 

functions of Fer is to phosphorylate the tyrosine phosphatase, PTP1B, on Y152 321 which 

promotes its association with N-cadherin 333. PTP1B then maintains the 

dephosphorylation of Y654 of β-catenin and prevents its dissociation from the cadherin 

complex 321. In this context it appears that the normal function of Fer is to strengthen 

cadherin-based cell-cell adhesion, but too much or too little Fer ultimately has a negative 

effect. 
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It is interesting that both Fps and Fer were detected in the AJ. Previous to this 

study, only Fer was believed to have a role in regulating AJ components. The presence of 

Fer in the AJ of these cells suggests that its traditionally accepted function could be 

preserved. However, the differences in the level of expression between Fer and E-

cadherin/β-catenin indicate that either Fer is not required in a 1:1 ratio with these proteins 

or additional kinases are present in the AJ. It is well established that other kinases such as 

members of the Src-kinase family are present in AJs and are important regulators of 

different AJ components. Src can phosphorylate p120-catenin under certain conditions 

335. p120-catenin can act as a docking protein for the recruitment of Yes and Fyn to the 

AJ and facilitates their activation 320. The activation of Fyn can directly lead to β-catenin 

Y142 phosphorylation and the dissociation of β-catenin from α-catenin 320. Thus, the 

presence of another kinase, like Fps, in the AJ should not be overly surprising. 

Despite the substantially higher levels of Fps when compared to Fer, it is difficult 

to believe that Fps substitutes for Fer in the AJ during lactation. If this were true, then the 

phenotype within the fps-null mammary gland should display some similarities to that 

observed in Fer-mutant fibroblasts 321. Specifically, unphosphorylated PTP1B would not 

be able to interact with E-cadherin, which would lead totyrosine phosphorylation of β-

catenin and its accumulation in the cytoplasm as it dissociates from the AJ. Clearly the 

data presented here do not reflect this scenario. In fact, β-catenin displayed no 

phosphorylation on tyrosine residues in wild-type or fps-null tissue, and was strongly 

associated with E-cadherin regardless of the genotype, meaning the mechanisms 

regulating its tyrosine phosphorylation are intact in the fps-null tissue. Tyrosine 
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phosphorylation also was not detected for either E-cadherin or p120-catenin. This is not 

considered unusual because tyrosine phosphorylation of E-cadherin is not thought to be a 

prominent event in normal stable tissues 285. Although tyrosine phosphorylation of p120-

catenin has been documented in response to multiple stimuli 317, it is believed to be 

greatly reduced in confluent cells 370 and likely in tissue as well. The data suggest that 

during lactation E-cadherin, β-catenin and p120-catenin are not substrates of Fps or Fer 

or other tyrosine kinases whose activity is counterbalanced by a Fps-dependent tyrosine 

phosphatase.  

Our results indicate that the loss of Fps does not affect the interaction between E-

cadherin and β-catenin. This is supported by the equal amounts of E-cadherin and β-

catenin observed in the reciprocal IPs in wild-type and fps-null tissue. In contrast to these 

results is the apparent reduction in the amount of E-cadherin and β-catenin that was 

present in p120-catenin IPs of fps-null tissue. Despite its reproducibility, there was not 

less p120-catenin pulled down in the IPs of either E-cadherin or β-catenin from fps-null 

tissue. This is perplexing and currently without a solid explanation. Typically, the 

uncoupling of p120-catenin from E-cadherin destabilizes the E-cadherin/catenin complex 

and results in its internalization with endocytic vesicles 255. Once internalized, the 

complex can be recycled to the surface if sufficient free p120-catenin is available 254, or it 

can be targeted for proteolytic degradation through ubiquitin-dependent or -independent 

processes 285, 389. p120-catenin is known to have a low affinity for cadherins 252 which 

may be a reflection of its ability to rapidly alternate between cadherin-bound and -

unbound states. This characteristic also may contribute to the dynamic nature and 
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continuous turnover of AJ components. Our results suggest that the loss of Fps causes a 

fraction of the total amount of E-cadherin-bound p120-catenin to become uncoupled from 

the complex. Theoretically, the likely effect of this would be an increase in the 

cytoplasmic pool of p120-catenin and a destabilization of E-cadherin that would get 

internalized. In support of this is the differences observed in the immunofluorescent 

staining patterns of E-cadherin and β-catenin in the wild-type and fps-null tissues. In the 

wild-type samples, both E-cadherin and β-catenin displayed a clear localization to the 

lateral and basal surfaces of the epithelial cells. In the fps-null tissue, E-cadherin and β-

catenin were also found at these surfaces but the staining appeared less distinct and less 

localized to the cell-cell junctions than in the wild-type tissues. Although an increase in 

cytoplasmic E-cadherin or β-catenin was not readily apparent, the overall pattern of 

staining was more disorganized in the fps-null tissues.  

How the loss of Fps would cause the dissociation of p120-catenin from E-

cadherin is currently unknown. The low affinity of p120-catenin for E-cadherin could 

make it susceptible to aberrant uncoupling from E-cadherin in the absence of Fps if it 

comes into contact with a higher affinity binding partner. p120-catenin is known to 

interact with multiple proteins, both within and outside the AJ 261. For instance, p120-

catenin is known to interact with activated (tyrosine phosphorylated) p190RhoGAP at the 

AJ, which then down-regulates RhoA GTPase activity 390. Despite the translocation of 

p190RhoGAP to the AJ, it interacts strongly only with p120-catenin but not other 

members of the cadherin complex 390. This suggests that interactions with non-AJ 

components may be sufficient to uncouple p120-catenin from the AJ. Regardless of the 
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biochemical function of Fps in the AJ, it is well established that the proper expression 

and normal function of the AJ components is critical to epithelial cell shape, polarity, 

differentiation and survival (reviewed in 360). If some aspect of AJ function is altered, 

then it could conceivably contribute to the suspected lactation defect observed in the fps-

null mice. 

In summary, our findings indicate that Fps regulates mammary gland function 

during lactation. The presence of Fps in the E-cadherin-based AJ specifically during 

lactation suggests that it may contribute to an aspect of cell-cell adhesion that is 

important to the full functional capacity of the gland. Further studies will be needed to 

elucidate the precise function of Fps in regulating the AJ and how its loss may negatively 

impact lactation. 
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Chapter 3 
 

Immortalization of murine mammary epithelial cells by targeting p53 expression 

with a lentivirus-mediated RNA interference system. 

 

3.1 Abstract  

 The Fps tyrosine kinase is expressed in murine mammary epithelial cells. 

Analysis of gene targeted and transgenic mice suggests that Fps functions as a tumor 

suppressor in the mammary gland and regulates lactation. To better understand the 

function of Fps in the mammary gland our initial studies focused on the analysis of 

primary cells from wild-type and fps-null tissues. With these cells we were able to induce 

Fps expression after treatment with lactogenic hormones. Subsequent to these studies we 

have developed a system to establish immortalized epithelial cells from fps-null mice. 

Using established methods, primary epithelial cell organoids were initially isolated from 

mid-pregnant mice and then enriched in culture. The highly purified epithelial cell 

population was then infected with a lentivirus expressing a mouse-specific p53 shRNA. 

A separate GFP reporter gene in the virus was used to assess viral transduction and, 

indirectly, the “knockdown” of p53 expression. In order to stimulate growth and maintain 

the epithelial phenotype the population of infected and uninfected cells was grown on 

collagen gels for several passages. By monitoring GFP expression there was an obvious 

enrichment of infected cells and a reduction of uninfected cells. Immunofluorescence 

analysis of early passage epithelial cells with antibodies to E-cadherin and β-catenin 

showed that their expression was maintained and they localized to cell-cell junctions. 
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With additional rounds of growth an immortalized cell line was established. Immunoblot 

analysis demonstrated that these cells express a combination of epithelial and non-

epithelial cell markers. Immunofluorescence analysis of the immortalized cells revealed 

that E-cadherin was internalized in vesicular structures, whereas N-cadherin and β-

catenin were observed at the cell periphery. Based on these data, it is likely that the fps-

null epithelial cells have acquired characteristics associated with an epithelial to 

mesenchymal transition. Their utility as a tool to investigate the normal function of Fps in 

the mammary gland is limited. However, they may be of use in determining the role of 

Fps in mammary tumorigenesis.   

 

3.2 Introduction 

Primary cells represent one of the most suitable model systems for biochemical 

and signal transduction studies in a controlled setting. However, primary cells are 

restricted by their limited proliferative potential in culture and can vary in their 

homogeneity between cell preparations 391. The limited growth of cells in culture can be 

accounted for in part by an increased susceptibility to apoptosis and an induction of 

senescence 392. Thus, if the conditions or factors that cause these two processes can be 

avoided, then primary cells could divide in culture to a point were they become 

immortalized, thereby establishing cell lines.  

One of the key proteins regulating the induction of both apoptosis and senescence 

is the p53 tumor suppressor protein 393, 394. It is well established that p53 is lost or 

functions incorrectly in many types of cancer 395, and that it plays a crucial role in the 
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prevention of tumor development by causing growth arrest or apoptosis of abnormal cells 

396. In vivo, the p53 signaling pathway is inactive under normal cellular conditions, but 

becomes activated in response to cellular stress signals that arise from such things as 

DNA damage, abnormal proliferation, loss of cell-cell adhesion, hypoxia and telomere 

shortening 397, all of which have been associated with tumorigenesis 398-400. Each stress 

causes the activation of one or more signaling pathway which, in turn, leads to the post-

translational modification and activation of p53 401. Primarily, p53 activation, involving 

an increase in both its stabilization and DNA binding ability 402, is controlled by 

phosphorylation 403 and acetylation 404. It is believed that the combination of post-

transcriptional events dictates the level of p53 activation which in turn activates the 

appropriate cellular response to the detected stress 401. Although p53 possesses functions 

separate from transcriptional regulation, its primary role is as an activator of 

transcription. The genes regulated by p53 can be divided into four general categories; 1) 

cell cycle inhibitors 405; 2) DNA repair 406; 3) apoptosis regulators 407; and 4) inhibitors of 

metastasis and angiogenesis 408, 409. Typically, the end result is the temporarily or 

permanent arrest of cell division, or self-removal by apoptosis if the damage is severe. 

The growth arrest or death which is experienced by primary cells in culture is 

caused by stresses that are different from those found in vivo. It is thought that these 

“tissue culture stresses” are the result of an inadequate culture environment which can 

involve an improper extra-cellular matrix, excessive bovine growth factors and non-

physiological oxygen concentrations 410. Nevertheless, the stress pathways activated by 

these culture conditions converge to activate p53, resulting in similar impaired growth or 
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death as that observed in in vivo systems 410. Through either mutation or deletion, the 

function of p53 is often disrupted in both immortalized and transformed cell lines 411. 

Because p53 is an important regulator of cell growth, and its activation is likely to occur 

in primary cells, targeting its expression is likely to facilitate the transition from the 

primary cell stage to the immortalized stage 411, 412. 

The use of RNA interference has become a useful tool to silence gene expression 

and study protein function 413, 414. It was anticipated that the “knockdown” of p53 

expression would be a useful approach to allow primary cells to become insensitive to the 

stress signals that lead to senescence or apoptosis. And, it would enhance our ability to 

establish immortalized cell lines without using a viral or cellular oncogene. To 

accomplish this, we elected to use a lentivirus based system to express a p53 mouse-

specific short hairpin (sh) RNA 415. There are several advantages with the lentiviral 

system, including the ability to infect non-dividing cells, the stable integration into the 

host genome and the sustained high-level transgene expression. This type of system has 

been used extensively to silence many different genes (reviewed in 416). 

 With this method we chose to immortalize mammary epithelial cells from fps-null 

mice. The Fps/Fes protein tyrosine kinase was originally thought to be restricted to cells 

of the hematopoietic system, and numerous studies have shown that it is involved in 

several different signaling pathways in the hematopoietic system (reviewed in 5). Fps 

expression has also been observed in endothelial, neuronal and some epithelial cells 52. 

fps transcripts have been detected in the mammary gland 107.  We have confirmed and 

extended this observation at the protein level showing that Fps is highly induced during 
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lactation and is expressed in epithelial cells of the mammary gland (Truesdell and Greer, 

unpublished). Additional studies have shown that in a MMTV/PymT breast cancer mouse 

model the absence of the Fps protein caused tumors to develop with an earlier onset than 

in the presence of Fps, suggesting that Fps may function as a tumor suppressor in breast 

epithelial cells 55. However, because Fps regulates the innate immune system 26, 102, 103 

and the vascular system 51, 52, 99 both of which can influence tumorigenesis, it is unknown 

whether the absence of Fps in cell types other than breast epithelial cells might contribute 

to this apparent tumor suppressor effect. 

To further characterize the function of Fps tyrosine kinase in the mammary gland 

we have established a procedure whereby primary fps-null mammary epithelial cells were 

infected with a lentivirus encoding p53 shRNA and allowed to proliferate on a collagen 

gel substratum for several passages.  From the mixture of primary cells, transduced 

epithelial cells continued to proliferate as nontransduced cells declined in number. After 

several passages, only the transduced cells remained. As the mixture of cells was 

continually expanded, clonal cell populations emerged that appeared epithelial in nature. 

These cells were isolated, expanded and analyzed with respect to their epithelial 

characteristics. 

 

3.3 Materials and Methods 

3.3.1 Materials 

Rat tail collagen, collagenase A and BSA fraction V were purchased from Roche 

Applied Science. Insulin, DMEM/F12, hyaluronidase, nystatin, DMEM, linoleic acid, 
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dexamethasone and prolactin were purchased from Sigma-Aldrich. Human EGF was 

from R&D Systems and FBS was from Hyclone. The antibiotics/antimycotic solution and 

RPMI-1640 were obtained from Invitrogen. The 70 µm cell strainers were supplied by 

BD Biosciences.  

 

3.3.2 Antibodies 

 The anti-Fps/Fer antibody was generated as described previously 52. The primary 

antibodies (company) were: E-cadherin, N-cadherin, β-catenin (BD Biosciences); SMA 

(Sigma-Aldrich); p53 and EGFR (Santa Cruz Biotechnology); Vimentin (gift from Dr. 

Bonnie Asch). The secondary antibodies were: Alexa Fluor 488- and 633-conjugated IgG 

F(ab)2 fragments (Molecular Probes); goat anti-rabbit horseradish peroxidase IgG (Vector 

Laboratories) and goat anti-mouse horseradish peroxidase IgG (GE Healthcare). 

 

3.3.3 Lactogenic hormone induction  

 Primary mammary epithelial cells from both fps-null and wild-type mice were 

grown to confluency on collagen-coated surfaces. The cells were washed in PBS and then 

grown in DMEM/F12 with 10 % FBS, dexamethasone (1.0 µM), insulin (5 µg/ml), and 

prolactin (5 µg/ml) for 4 days.  

 

3.3.4 Generation of p53 RNAi lentivirus and MSCVpac/Fpsmyc virus 

The Cla I/Eco RI fragment from the pSuper-p53 shRNA plasmid (kindly provided 

by Rene Bernards) containing the H1 promoter and murine p53 shRNA sequence was 
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cloned into the lentivirus vector pLVTHM using the same restriction sites. The resulting 

vector plasmid, pLVTHM-shp53, along with the pCMVΔR8.91 packaging plasmid, and 

the pMD.G envelope plasmid, were used to produce non-replicating lentivirus following 

transfection of 293T packaging cells. The 293T cells were transfected with the three 

plasmids using a calcium phosphate transfection method developed by the Didier Trono 

Lab (http://tronolab.epfl.ch). The lentiviral medium was collected at 48 and 72 hrs post-

transfection, combined, filtered through a 45 µm filter and then used for infection or 

frozen at -80oC.  Infection of epithelial cells involved overlaying the cells with the virus 

medium and incubating overnight at 37oC. 

 The MSCVpac/Fpsmyc virus was produced in 293T cells which were transfected 

with MSCVpac/Fpsmyc and EcoPac plasmids using a standard calcium phosphate 

transfection protocol. After 48 hours the supernatant was collected, filtered, 

supplemented with 10 µg/ml Insulin, 5 ηg/ml EGF and 5 µg/ml polybrene, and then 

added to the cells for 24 hrs. Puromycin selection (2 µg/ml) was performed over a 7 day 

period. 

 

3.3.5 Transgenic mice and isolation of epithelial cells 

 The generation of in-bred SVJ/129-CD1 hybrid wild-type and fps-null mice has 

been described previously 26.  Female mice were paired with males for mating and 

vaginal plug dates were recorded. At day 12-14 of pregnancy, mammary glands were 

aseptically removed and tranferred to a culture dish. The digestion of tissue and epithelial 

growth was adapted from 446. The tissue was minced with scissors into a fine paste and 
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then added to digestion medium (DMEM/F12, 1 % antibiotics/antimycotics, 60 U/ml 

nystatin, 2 mg/ml collagenase A and 100 U/ml hyaluronidase) at 1 g of tissue per 10 ml 

medium. The homogenate was incubated in a 37oC water bath shaker at 120 rpm for 2 hrs 

with gentle pipetting every 30 minutes to ensure complete digestion. After filtration 

through a 70 µm cell strainer the epithelial cells and organoids were washed extensively 

with 5 % FBS in PBS. The cells were then resuspended in a neutralized collagen solution 

(1.7 mg/ml collagen, 0.02 N NaOH, 1 x DMEM), plated onto a pre-solidified collagen 

gel and allowed to solidify for 1 hr. The imbedded cells were overlaid with epithelial 

medium (DMEM/F12, 1 mg/ml BSA Fraction V, 5 µg/ml linoleic acid, 10 µg/ml insulin, 

5 ηg/ml EGF, 1 % antibiotics/antimycotics, 20 U/ml nystatin) and grown for 1 to 2 weeks 

until the gel contracted away from the plate perimeter.  To digest the gel, collagenase A 

was added to the growth medium at 2 mg/ml and incubated at 37oC until all the gel was 

solubilized. The cells were washed in 5 % FBS in PBS as before, resuspended in growth 

medium and then allowed to adhere to a pre-solidified gel and recover for 24 hrs.  The 

majority of the cells were in small clusters of approximately 40-100 cells which would 

adhere and then spread out onto the gel surface.  

Supernatant containing the pLVTHM lentivirus encoding mouse-specific p53 

shRNA was supplemented with 10 µg/ml Insulin, 5 ηg/ml EGF and then added to the 

cells for three consecutive days, with fresh virus added each day. Plates were grown for 

three additional days before assessing infection efficiency based on GFP expression. The 

mixture of cells was grown until the cells had expanded to approximately 70-80 % of the 

plate.  To passage the cells, the plate was treated with 5 mM EDTA in PBS at 37oC until 
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cell-cell contacts began to dissociate. The gel was then digested with collagenase A and 

washed as before. Usually the cells were re-plated onto new collagen gels at 1/2 to 1/3 of 

their original density for additional growth. This cycle was repeated approximately eight 

to ten times until a population of cells that retained an epithelial morphology eventually 

became the prominent cell type. Occasionally during this process small groups of cells 

that possessed a non-epithelial morphology would begin to grow. The location of these 

cells was marked and the cells were gently scraped off the surface of the gel with a pipet 

tip and removed by aspiration. After it appeared that an immortalized cell population was 

present the cells were transferred to collagen coated culture plates for expansion and 

analysis. Plates were coated with 50 µg/ml collagen for 1 hr at 37oC, washed with PBS 

and then used or stored at 4oC for up to 1 week. At this stage the epithelial medium was 

changed where 10 % FBS was used in place of 1 mg/ml BSA. 

 HC11 cells were grown in RPMI-1640 supplemented with 10 % FBS, 5 µg/ml 

insulin and 10 ηg/ml EGF. Cells were infected with the p53 shRNA virus with the same 

protocol used for primary cell infection. 

 

3.3.6 Immunofluorescence 

 Cells grown on collagen coated coverslips were fixed with 3 % paraformaldehyde 

in PBS for 15 minutes and then permeabilized with 0.2 % Triton-X 100 in PBS. After 

blocking in 3 % BSA in PBS for 30 minutes, the cells were overlayed with primary 

antibody and incubated at RT for 1 hr. All primary antibodies were diluted 1:100 in 

blocking buffer. The cells were then washed 3 times in blocking buffer with 0.01 % 
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Triton-X, followed by incubating with the appropriate Alexa fluor-conjugated secondary 

IgG F(ab)2 fragment (1:200 dilution in blocking buffer) for 1 hr at RT. Nuclei were 

stained with 2 mM Hoechst 33258 for 10 minutes in PBS. Cells were washed 3 times for 

10 minutes each with PBS and then mounted with Mowiol (Calbiochem). Images were 

captured on a Leica SP2 true scanning confocal microscope.  

 

3.3.7 Western analysis 

 Cells were lysed in 4oC RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 

1mM EDTA, 1mM NaF, 1 % NP-40, 1 % Na-deoxycholate, 0.1 % SDS,  10 µg/ml 

aprotinin, 10 µg/ml leupeptin, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl 

fluoride) for 30 minutes. Whole cell lysates were mixed with 1/5th volume 6x SDS 

sample buffer (70 % Tris/SDS stacking gel buffer, 30 % (v/v) glycerol, 10 % (w/v) SDS,  

DTT, bromophenol blue) and heated to 95oC for 5 minutes. Protein aliquots of 10 µg 

were separated by SDS-PAGE and transferred to Immobilon P membranes (Millipore) 

using a semidry transfer apparatus (Bio-Rad). Membranes were blocked with 5 % 

skimmed milk in TBST buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1 % Tween-

20) for rabbit antibodies and 5 % BSA in TBST for mouse antibodies, and then incubated 

overnight at 4oC with the specified antibody. After washing in TBST, membranes were 

incubated with a 1:10,000 dilution of secondary antibody in TBST for 1 hour at RT. After 

washing with TBST, reactive proteins were detected by using enhanced 

chemiluminescence reagents (NEN Life Science Products). 
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 3.4 Results  

 In order to further explore the potential functions of the Fps tyrosine kinase in 

murine mammary epithelial cells we sought to establish cell culture models appropriate 

for both biochemical and cell biology analyses. We began by establishing conditions for 

growth of primary murine mammary epithelial cells in a collagen gel matrix that has been 

reported to support epithelial cell survival and expansion, while limiting fibroblastic cell 

growth 446. Colonies of cells grown under these conditions displayed tubule-like 

morphologies reminiscent of branching ductal structures in the mammary gland (Figure 

3.1A). When isolated from these collagen gel matrices and grown on collagen-coated 

plates, the resulting cultures displayed typical cuboidal epithelial cell morphologies 

characteristic of normal mammary cells, and these cultures were highly enriched for these 

cell types (Figure 3.1B). 

  We next examined the expression of Fps and the related Fer kinase in these 

primary cultures.  Immunoblotting analysis using an antibody that is cross-reactive for 

Fer and Fps revealed that both kinases were expressed at approximately the same levels 

in wild-type cultures.  As expected, only Fer was detected in cultures from fps-null 

mammary tissues (Figure 3.2).  Interestingly, Fps expression was significantly up-

regulated after four days of culture in lactogenic hormones (dexamethasone, insulin and 

prolactin) (Figure 3.2).  This observation is consistent with our in vivo analysis showing 

up-regulation of Fps in the mouse breast during pregnancy and lactation, as described in 

Chapter 2.   
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Figure 3.1 Growth of primary murine epithelial cells in a collagen gel matrix and on 
collagen-coated surfaces. Epithelial cell organoids were isolated from mid-pregnant 
mouse mammary glands and suspended in a collagen solution that solidified to form a 
gel. After one to two weeks of proliferation the cells had developed into three 
dimensional structures (A) that were then purified from the collagen gel and grown as 
primary epithelial cell cultures on collagen-coated surfaces (B). Magnification was 40 x 
for (A) and 200 x for (B). 



 

  118

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2 Induction of Fps expression in wild-type epithelial cells in response to 
treatment with lactogenic hormones. Wild-type and fps-null primary epithelial cell 
cultures were grown on collagen-coated surfaces in the presence of dexamethasone (1.0 
µM), insulin (5 µg/ml), and prolactin (5 µg/ml) for 4 days. Equal amounts (10 µg) of 
protein lysates from untreated and treated cells were analyzed by immunoblotting with 
the Fps/Fer antibody. 
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While cultures of highly enriched epithelial cells could be achieved using this 

protocol, we found that yields were inconsistent, making it difficult to expand the 

cultures up to amounts needed for biochemical studies. To circumvent these problems we 

endeavored to produce immortalized mammary epithelial cell lines that would retain 

characteristics of their normal in vivo counterparts. Since loss of p53 expression has been 

correlated with establishment of immortalized cells 415 we next attempted to immortalize 

these mammary epithelial cells by knocking down p53 expression using RNA 

interference. Primary cells obtained as described above were grown on collagen gels and 

transduced with lentivirus encoding a shRNA p53 sequence (Figure 3.3) The initial 

extent of infection, based on GFP expression, was quite low (< 20 %) (Figure 3.4A). 

However, as the population of cells proliferated and was expanded onto fresh collagen 

gels several times, the GFP-positive cells became the predominant cell type (Figure 3.4B, 

C and D). In parallel experiments involving the use of lentivirus which lacked the shRNA 

p53 sequence, cells expressed GFP after infection but quickly died after a couple of 

passages (data not shown). 

 During their expansion and enrichment, some of the transduced cells were 

transferred to collagen-coated coverslips and tested for expression of epithelial cell 

markers. The cells were positive for both E-cadherin and β-catenin, both of which 

showed concentrated localization at cell-cell boundaries, consistent with their presence 

within adherens junctions (Figure 3.5, panels A and B).  In contrast, there was no specific 

staining for the myoepithelial cell marker, smooth muscle actin (SMA) (Figure 3.5, panel
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Figure 3.3 Schematic representation of the lentiviral p53 shRNA construct used to 
target p53 expression.  The p53 shRNA sequence, along with the H1 promoter, was 
excised from pRETRO-SUPER-p53 and ligated into the pLVTHM lentivirus vector as an 
EcoRI/ClaI fragment. The p53 shRNA sequence is shown as a p53-loop-p53. The 
expression of GFP, shown in green, is controlled by the elongation factor-1 alpha (EF-1 
alpha) promoter. Other components to the integration construct include the long terminal 
repeat (LTR), the central polypurine tract (cPPT) and the woodchuck promoter response 
element (WPRE). 
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Figure 3.4 Enhanced survival of primary mammary epithelial cells infected with the 
p53 shRNA lentivirus. Enriched primary epithelial cells grown on a collagen gel layer 
were infected with the p53 shRNA lentivirus and then monitored for GFP expression. 
After the initial viral infection a relatively low number of GFP-positive cells were 
observed (A). After continual growth and passaging on a collagen gel layer, the 
percentage of GFP-positive cells increased (B and C) until all of the cells were positive 
for GFP (D). Magnification was 400 x for (A,B,C), and 200 x for (D).  
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Figure 3.5 Retention of epithelial cell properties during the establishment of the fps-
null mammary cell line. During the propagation of the p53 shRNA fps-null cells they 
were examined in terms of their morphology and epithelial marker expression. From (A) 
and (B) the shape of the cells is cuboidal or polygonal that is characteristic of epithelial 
cells. When these cells were examined for expression and localization of E-cadherin and 
β-catenin a distinct red fluorescent signal (Alexa-633) was observed at cell-cell contacts. 
Cells that had a fibroblast cell shape were examined for SMA expression (C). Nuclei are 
stain with Hoechst 33258 (blue). Magnification was 400 x. 
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C). These observations suggested that the transduced primary cultures retained epithelial 

characteristics.  

Although maintaining the cells on a collagen gel served as a good method to 

promote epithelial growth, maintain their morphology and limit fibroblast growth, it was 

not a convenient way to routinely grow cells in sufficient quantities for biochemical 

analysis. Thus, as the cells expanded they were tested for their ability to maintain their 

epithelial shape and grow on collagen-coated culture dishes. During early passages on 

collagen gels, the shape and growth of the cells was often altered when they were 

transferred to collagen-coated surfaces (Figure 3.6A, left panel). However, after 

continuous growth on the collagen gel matrix for several (8 to 10) passages, a clonal 

population of cells emerged that retained the typical cuboidal epithelial cell shape when 

grown on collagen-coated dishes (Figure 3.6B). These cells were isolated and expanded 

for analysis. 

 The expression of specific markers that are associated with either epithelial or 

fibroblastic cells were used to evaluate the phenotype of these cells. The fps-null 

immortalized cells were compared with lactating breast tissues from wild-type and fps-

null mice, and a normal mouse mammary epithelial cell line, HC11, which is known to 

express an inactivated p53 protein 417, or HC11 cells which were infected with the p53 

shRNA lentivirus. Immunoblotting analysis with an anti-p53 antibody confirmed that the 

transduced fps-null cells lacked p53 expression. For comparison, a p53 signal was 

detected in the uninfected HC11 cells but not in HC11 cells transduced with the p53 

shRNA lentivirus, or in mammary tissues (Figure 3.7). Additional analysis revealed that 
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Figure 3.6 Growth of epithelial cells at different steps of immortalization. During the 
establishment of the fps-null cell line the cells were assessed for their ability to grow on 
collagen coated dishes. The shape and growth characteristics of the cells from early 
passages would often change when placed on collagen coated dishes. For comparison, a 
group of cells that retained epithelial properties is shown (A, right panel) along with a 
group displaying more differentiated morphologies (A, left panel). Eventually a clonal 
population of cells emerged from the cell mixture. Images of the immortalized cells are 
shown at low (B, left panel), medium (B, middle panel), and high (B, right panel) 
densities. Magnification was 200 x. 
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Figure 3.7 Expression of epithelial and non-epithelial markers in the fps-null 
immortalized cells. Immunoblot analysis was performed on protein lysates from the p53 
shRNA immortalized fps-null cells (lane 1), HC11 cells (lane 2), HC11 cells infected 
with the p53 shRNA lentivirus (lane 3), and wild-type and fps-null mammary glands 
(lane 4 and 5) using antibodies to p53, E-cadherin, β-catenin, N-cadherin, SMA and 
EGFR. For the vimentin and Fps/Fer immunoblots, only the fps-null cells (lane 1), HC11 
cells (lane 2), and wild-type and fps-null mammary glands (lane 3 and 4) were analyzed. 
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the immortalized fps-null cells retained expression of E-cadherin, but this was 

significantly less than the levels seen in HC11 cells and lactating tissues (Figure 3.7). 

Similar levels of β-catenin expression were seen in the fps-null and HC11 cells, and these 

levels were considerably higher than in the mouse breast tissues (Figure 3.7). The 

retention of β-catenin and reduction in E-cadherin expression led us to examine whether 

another type of cadherin had been up-regulated during the establishment of these 

epithelial cells. A relatively high level of N-cadherin expression was observed in the fps-

null cells. In comparison, HC11 cells expressed a significantly lower level of N-cadherin, 

while it was not detected in the breast tissues (Figure 3.7). Expression of vimentin, an 

intermediate filament protein commonly found in fibroblast-like cells, was also up-

regulated in the fps-null cells compared to the HC11 and breast tissues (Figure 3.7). In 

contrast, very little SMA was detected in the fps-null cells whereas both HC11 and 

lactating breast tissues expressed this marker (Figure 3.7). Because the fps-null and HC11 

cells depend on EGF for survival we also examined EGFR expression. The EGFR was 

absent or below the level of detection in lysates from the lactating tissues. However, the 

fps-null cells expressed several fold more EGFR than the HC11 cells (Figure 3.7). 

Finally, we assessed the level of Fps and Fer expression in the different cells and tissues. 

As expected in the wild-type and fps-null breast tissues, signals were detected 

corresponding to Fps and Fer, or just Fer, respectively. The HC11 cells expressed Fer, but 

no detectable Fps. Likewise, the fps-null cells expressed only Fer (Figure 3.7). 

 Due to the apparent reversal in N- and E-cadherin expression in the immortalized 

fps-null cells relative to breast tissues, we next investigated the subcellular localization of 
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these cadherins as well as β-catenin. E-cadherin was visualized in cytoplasmic vesicular 

structures within the fps-null cells (Figure 3.8A). In contrast, N-cadherin and β-catenin 

localized to the periphery of the cells (Figure 3.8B and C), consistent with their being 

involved in adherens junctions. During this analysis it was realized that the cells no 

longer expressed GFP which had been used as an indicator for the presence of the 

lentiviral transgene. However, based upon immunoblotting analysis (Figure 3.7), p53 

expression was not detected. Cells were treated with 5-azacytidine, an inhibitor of DNA 

methylation, or trichostatin A, a histone deacetylase inhibitor, but neither induced GFP 

expression (data not shown). Thus, the integrated lentiviral vector may have been lost 

during the immortalization of the cells.  

In order to determine if loss of Fps expression might have influenced the relative 

expression or localization of N- and E-cadherin in these immortalized fps-null cells, we 

rescued Fps expression using a murine stem cell virus (MSCV)-based retrovirus encoding 

a myc-epitope tagged Fps fusion protein (Fps-myc). Immunoblotting analysis showed 

that the infected cells expressed a distinct band that corresponded to the Fps-myc protein 

(Figure 3.8D). However, subsequent immunofluorescence analysis of these rescued cells 

revealed the same localization of N- and E-cadherin (data not shown), suggesting that 

disrupted localization of these cadherins was not caused by loss of Fps expression. 

 

3.5 Discussion 

 Fps expression in the mammary gland increases during pregnancy and then 

reaches a maximum during lactation 107 (Truesdell and Greer, unpublished). Based upon 
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Figure 3.8 Confocal immunofluorescence microscopy analysis of the fps-null 
immortalized cells. A confluent monolayer of fps-null cells was stained with an antibody 
to E-cadherin (A), N-cadherin (B), and β-catenin (C) and detected with an Alexa-488 
(green) or Alexa-633 (red) conjugated secondary antibody. Nuclei were stained with 
Hoechst 33258 (blue). In (D) lysates from fps-null cells infected with the MSCV-Fpsmyc 
retrovirus were immunoblotted with Fps/Fer antibody.  
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in situ analysis, this expression is primarily specific to epithelial cells (Truesdell and 

Greer, unpublished). Recently it was demonstrated that the loss or inactivation of the Fps 

tyrosine kinase resulted in earlier mammary tumor onset when compared to control mice 

55, suggesting that Fps has a tumor suppressor function in the mammary gland. Therefore, 

there is evidence that implicates Fps as a regulator of both normal mammary function and 

tumorigenesis. 

 Many common cell lines of mammary origin that are used in biochemical studies 

express either very little or undetectable amounts of the Fps protein (Truesdell and Greer, 

unpublished). To study the function of Fps in the mammary gland our initial studies 

involved the isolation of primary epithelial cells. However, primary cells have a finite 

lifespan when grown in culture and typically enter senescence or die after a certain 

number of generations 391, 410. One of the important regulators of these events is the p53 

tumor suppressor. In vivo, p53 induces growth arrest or apoptosis of abnormal or 

damaged cells, thereby preventing the development of cancerous cells. Due to this fact, 

the p53 pathway is often inactivated in cancer cells through mutation or deletion 418. In 

primary cell culture systems, the non-physiological growth conditions can similarly result 

in the activation of the p53 pathway and inhibit growth or induce apoptosis 391, 410. Thus, 

p53 is a logical, and likely a critical target in the generation of established cell lines from 

primary cell cultures. In support of this hypothesis, the p53 knockout mouse has been 

used to generate a number of different cell lines 419-421, suggesting that the loss of p53 is 

important to extending the proliferative potential of cultured cells. 
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 Using a lentiviral vector system that encodes a murine p53 shRNA, we provide 

evidence that suppression of p53 expression in primary murine mammary epithelial cells 

expands their growth potential in culture and leads to immortalization. A similar 

lentiviral system that was employed in our study has previously been used to “knock-out” 

p53 expression in senescent mouse embryo fibroblasts, resulting in cell cycle re-entry and 

immortalization 415. This suggests that the use of shRNA is a convenient and efficient 

strategy to suppress p53 expression.  

Based on the expression of the GFP reporter, the initial percentage of cells that 

could be infected in primary mammary gland cultures was low (less than 20 %). This was 

surprising due to the documented ability of lentiviruses to infect non-dividing cells 422. 

Using the same sample of virus, a very high percent of mouse embryonic fibroblasts 

expressed GFP after infection, proving that the virus was produced at a relatively high 

titer. In our experiments, the primary epithelial cells generated in the collagen gel were 

isolated and plated on a fresh collagen gel as compact clumps. It appeared that densely 

compacted cells were less susceptible to infection. If the cells had been less compact and 

better dispersed there may have been a higher rate of infection. Despite the low level of 

initial infection, within a few population doublings the majority of the remaining cells 

were GFP positive. Although this is an indirect measure of the transcription of the p53 

shRNA construct, and therefore the suppression of p53 expression, the fact that all cells 

that survived several passages were positive for GFP indicates that p53 levels were 

probably targeted as expected. When other primary cell preparations were maintained as 

uninfected cells or infected with a control GFP-expressing lentivirus there was very little 
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epithelial cell survival beyond two or three passages. This further supports our belief that 

cell survival was related to the lentiviral shRNA-mediated suppression of p53 expression. 

 The growth of primary cells in culture can lead to phenotypic and gene expression 

changes. To assess whether the fps-null cells possessed epithelial characteristics, they 

were examined for cell shape and protein biomarker expression. Occasionally small 

groups of cells that appeared to have an elongated shape would grow within the epithelial 

cells. These cells were never analyzed but their shape was indicative of a non-epithelial 

phenotype. Accordingly, efforts were made to remove these cells from the remaining 

cuboidal shaped epithelial cells. Confocal analysis with an E-cadherin antibody 

confirmed that an important epithelial marker was still expressed and found in its normal 

subcellular location. Similarly, β-catenin localized to cell-cell junctions. The cells were 

negative for SMA, a marker for myoepithelial cells. These results suggest that the cells 

have retained some of their epithelial features during their isolation and propagation. 

 With continued growth, an immortalized cell population eventually grew out of 

the mixture of epithelial cells. These cells displayed a cuboidal shape which was 

suggestive of an epithelial-like phenotype. When grown to 100 % confluence the 

cuboidal shape was even more obvious and the cells displayed contact inhibition. Despite 

the normal appearance of the cells, immunoblotting analysis revealed that in addition to 

E-cadherin the cells also expressed N-cadherin. When epithelial cells undergo an 

epithelial-to-mesenchymal transition (EMT) there is often a switch in cadherin expression 

423. During an EMT, cells can eventually become transformed where their morphology 

changes to a more spindal shape. The N-cadherin expression in the fps-null cells suggests 
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that, to some extent, such a transition may have occurred. The aberrant expression of a 

second cadherin can competitively deplete the amount of p120-catenin that is able to 

associate with the endogenous cadherin 261. The uncoupling of p120-catenin from E-

cadherin can result in its internalization and degradation 255.The examination of E-

cadherin by immunofluorescence revealed that the majority is located in cytoplasmic 

vesicles. This observation coupled with the reduction in E-cadherin expression, when 

compared to that in HC11 cells, implies that this process is likely taking place. 

 It was interesting that the HC11 cells expressed a significant amount of the 

myoepithelial marker, SMA, while it was minimal in the fps-null cells. Conversely, the 

expression of vimentin was abundant in the fps-null cells. Vimentin is the major 

intermediate filament (IF) protein of mesenchymal cells 424, and its expression is a strong 

indication that the cells have acquired fibroblast features. 

 If the p53 shRNA lentivirus functioned as predicted then p53 levels should be 

reduced or absent in the transduced fps-null cells. HC11 cells are known to express an 

inactive form of p53 186, and by immunoblotting, a single 53 kDa band was observed in 

lysates from uninfected cells; whereas this band was not detected after transduction of 

HC11 cells with the p53 shRNA lentivirus. Similarly, no band corresponding to p53 was 

observed in the transduced fps-null cells. However, when the later passage fps-null cells 

were examined by immunofluorescence, no GFP was detected. Expression of transgenes 

can be down-regulated though epigenetic processes such as DNA methylation and 

histone deacetylation 425. Therefore, the cells were treated with methylase and 

deacetylase inhibitors in attempts to reactivate GFP expression. Neither drug was able to 
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do so. Currently we are unsure if the transgene is present in the fps-null cells. Although 

the GFP and p53 shRNA sequences are within the same lentivirus integration cassette, 

each is transcribed independently from different promoters. Despite the inactivation or 

loss of GFP, it is possible that the p53 shRNA is still produced and functioning to 

knockdown p53 expression. Indeed, immunoblotting analysis showed that these cells did 

not express detectable levels of p53. The end result of this process was the generation of 

a fps-null mammary cell line. And, with the use of the MSCV retroviral system we were 

able to generate derivative cells that stably expressed a myc-epitope tagged Fps protein. 

Both cell lines were tested for their ability to undergo terminal differentiation in the 

presence of lactogenic hormones. However, based on the absence of casein production, 

we conclude that neither cell line retained the ability to differentiate into functional 

casein-producing epithelial cells in culture (data not shown).  In contrast, HC11 cells did 

form characteristic dome-like structures and produced casein proteins in comparable 

cultures (data not shown). 

 Because the cells have probably undergone an EMT process, it was possible they 

possessed properties that were acquired during this phenotypic change. Epithelial cells 

that have acquired a fibroblast-like phenotype can be more motile and display anchorage 

independent growth 426. To test the migration of the cells the Boyden chamber method 

was used. No migration was observed when the attractant was 10 % FBS supplemented 

with 20 ηg/ml EGF. Minimal migration was induced when the cells were stimulated with 

1 ηg/ml HGF, but it was a very low fraction of the plated cells (< 0.01 %) (data not 

shown). Therefore, despite the presence of EMT markers including N-cadherin and 



 

  134

vimentin, the cells were not migratory. Similarly, no colony formation occurred when the 

cells were grown in soft agar (data not shown). Thus, despite the apparent mesenchymal 

transition of these cells, they were not invasive or transformed. 

 The lack of normal mammary cell characteristics observed in the cells suggests 

that they will have limited use for studying the role of Fps in the context of normal 

mammary gland functions associated with lactation. However, Fps also has a role in 

tumor development which may be unlinked to functions in lactation. The continued 

growth or introduction of appropriate oncogenes may be sufficient to promote the 

transformation of the cells such that they become a suitable model system to investigate a 

potential intrinsic tumor suppressor role of Fps. 
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Chapter 4 

General Discussion 
 

 The main objective of my thesis was to determine the function(s) of the Fps 

tyrosine kinase in the mouse mammary gland. There were two lines of evidence 

indicating that Fps had a function in the mammary gland. First, fps transcripts were 

shown to be differentially regulated during mammary development. Specifically, 

expression was up-regulated during later stages of pregnancy and then reached a maximal 

level during lactation 107. Second, in a MMTV/PymT breast tumor mouse model the 

targeted deletion or inactivation of Fps correlated with a significantly earlier tumor onset 

than in wild-type counterparts 55. Together, these results led us to investigate the 

biochemical and physiological roles of Fps in mammary gland homeostasis and function. 

In this study, we have chosen to investigate the role of Fps in the mammary gland with 

the use of the fps-null mouse line which lacks Fps protein expression due to a deletion of 

exons 15-18 26.  

 Chodosh et al., provided some interesting information on the changing levels of 

Fps expression in the mammary gland during the reproductive cycle but the data shown 

were far from conclusive 107. Because of the faint northern blot signal and the fact that 

transcript levels do not always directly correlate with protein expression level a more in 

depth analysis of Fps expression was warranted. To provide more definite information on 

Fps expression we examined Fps protein levels in wild-type animals at different 

developmental stages. In agreement with the pattern of fps mRNA expression, we have 

shown that the Fps protein was expressed at all stages of mammary development. It then 
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became up-regulated at later stages of pregnancy and most highly expressed during 

lactation. These results and those from the Leder lab are the only reports describing the 

expression of Fps in the mammary gland 107.   

 The phosphorylation of Fps and presumptive kinase activation observed in the 

mammary gland during lactation was quite surprising and intriguing. This level of Fps 

phosphorylation was compared to that in; 1) other tissues, 2) other stages of mammary 

development, or 3) two cell lines that over-express the wild-type Fps or an activated 

myristoylated Fps variant. While there was no apparent Fps activity in any of the other 

tissues tested, Fps phosphorylation was detected in the cell lines, with more activity 

associated with activated Fps. However, it was still significantly below the level observed 

in the lactating mammary gland. This suggests that Fps becomes robustly phosphorylated 

during lactation and its activation exceeds the level that can lead to transformation in 

some types of cells 51. The significance of this is not known but it is likely to be 

important to its normal function in the mammary gland during lactation. 

The activity of Fps is believed to be tightly repressed under normal physiological 

conditions 349. However, it can become abundantly autophosphorylated when over-

expressed in cultured cells, which would indicate that the level of expression may be a 

factor in Fps activation. This may be true in certain circumstances but the relatively 

higher level of activation in the mammary gland compared to Fps-expressing cultured 

cells suggests that other unknown factors are involved.  

 The kinase activity of Fps is thought to be dependent on its ability to oligomerize 

in a homotypic fashion 85. Oligomerization is believed to occur via the second predicted 
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coiled-coil (CC) motif which, in turn, leads to in trans autophosphorylation 86, 351. 

Conversely, the first CC motif within the putative F-BAR domain may have a role in 

negatively regulating the activity of Fps, which is supported by the observed increase in 

activity when a point mutation was introduced into it 351. These authors have suggested 

that the first CC motif may interact with the second CC motif and, in doing so, block the 

ability of the second CC motif to mediate oligomerization 87. Assuming this model is 

correct, then upstream effectors of Fps kinase activation must somehow cause the release 

of the negative effects of the first CC motif. The recruitment of Fps to sites of activation, 

such as cytokine or growth factor receptors or membrane surfaces, may be sufficient to 

bring multiple molecules of Fps into close proximity and lead to activation. The ability of 

the Fps F-BAR domain to preferentially interact with specific forms of membrane lipid 

molecules could also be involved in its activation. Different phosphoinositides can be 

localized to specific regions of a membrane 427 and could theoretically regulate the extent 

that Fps molecules come into contact with one another. If inactive Fps exists as a 

monomer in a closed configuration, then the accumulation of monomers in close 

proximity could promote the interaction of F-BAR domains in trans, causing a 

conformational shift within Fps and relieving the inhibitory effects of the first CC motif. 

A similar model has been proposed to explain how the binding of the Fps SH2 domain to 

pY-containing substrates generates a shift in the relative position of the kinase domain, 

enabling it to bind and phosphorylate the substrate (Tony Pawson, unpublished). 

Regardless of the precise mechanism that leads to Fps activation, it is almost certain to 

involve the N-terminal domain. This is supported by the observations that N-terminal 
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myristoylation or fusion to the viral Gag protein results in deregulated kinase activity 12, 

13, 51.  

 Fps is known to have a relatively restricted expression pattern. It has been found 

in a variety of cell types within the hematopoietic system including platelets, 

erythrocytes, mast cells, macrophage and granulocytic cells (reviewed in 5). Early studies 

suggested that Fps expression was restricted to the myeloid lineage hematopoietic system 

but it is now known to be expressed in endothelial, neuronal and various types of 

epithelial cells 52, 54, 99, 347, 428. The presence of fps transcripts has been reported in a 

transformed murine mammary epithelial cell line 52, but immunoblot analysis failed to 

detect any Fps protein (Waheed Sangrar, unpublished). 

To gain some insight into the types of cells that expressed Fps we performed 

immunofluorescence microscopy analysis on lactating mammary gland tissue using cell-

type specific antibodies in conjunction with anti-Fps antibodies. By comparing the cells 

that expressed an epithelial-specific (Mucin-1) or myoepithelial-specific (smooth muscle 

actin) protein to Fps-positive cells, we have shown that Fps is prominently expressed in 

mammary epithelial cells. That Fps was detected in the epithelial compartment of the 

mammary gland was not an unrealistic expectation. However, the fact that the level of 

Fps expression increased throughout pregnancy and then increased dramatically as the 

mammary gland transitioned to the lactation phase was surprising. This suggests that the 

changes in expression levels are actively regulated and are likely a reflection of the 

differentiation and functional state of the gland. In the hematopoietic system, Fps is also 

preferentially more highly expressed in differentiated myeloid cells, eg. monocytes and 
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granulocytes, than in less differentiated cells 429. The transcription factors, Sp1 and PU.1, 

have been identified as transactivators of fps expression in these cell types 30, 31. Whereas 

PU.1 is specific to the hematopoietic system, Sp1 is ubiquitously expressed, participates 

in the transcriptional regulation of hundreds of genes, and may participate in activating 

fps expression in the cells where fps is normally expressed 34. Sp1 is known to regulate 

the transcription of some genes, such as connexin 26, in the mammary gland that are up-

regulated during pregnancy and lactation 430. Connexin 26 is also regulated by the AP-2 

transcription factor 431. Interestingly, the fps promoter contains at least three predicted 

AP-2α binding sites (Zirngibl, unpublished). It is not known if AP-2α actually can bind 

these sites or activate fps expression but its presence in the mammary gland at least 

makes it a possibility 432. However, although AP-2α is expressed throughout the 

developmental cycle of the mammary gland 432, its temporal pattern of expression seems 

to inversely correlate with that of fps. It is possible that AP-2α functions to negatively 

regulate fps expression, and its reduction during lactation enables the increase of fps 

expression.   

There are also three predicted nuclear factor (NF)-1 binding sites in the fps 

promoter (Zirngibl, unpublished). Again, nothing is definitively known about this 

transcription factor influencing fps expression but some members of the NF-1 family are 

expressed in the mammary gland and NF-1-C2 can activate gene-specific expression at 

mid-pregnancy 433, which is also the approximate time when fps expression begins to be 

up-regulated. None of the transcription factors that are known or predicted to bind the fps 
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promoter have been shown to be more active during lactation, so the factors that regulate 

the increase in fps expression during this stage remain a mystery. 

 When comparing the types of cells that express abundant levels of Fps, it is 

apparent that each possesses prominent secretory capabilities 52. Interestingly, milk-

producing mammary epithelial cells, where Fps is most highly expressed, are probably 

one of the most highly active secretory cells. The expression of fluorescently tagged Fps 

proteins has been used to visualize Fps in a perinuclear region that was consistent with 

the Golgi apparatus 63. Molecular Markers for the trans Golgi network (TGN38 and γ-

adaptin), the ER-Golgi intermediate compartment (Rab1), the exocytic pathway (Rab3A), 

and the early and late endocytic pathways (Rab5B and Rab7, respectively) were found to 

co-localize with Fps 52, 63. This suggests that Fps may be involved in regulating multiple 

components of the secretory and endocytic pathways. Additional evidence for this theory 

has recently been generated in our lab using time-lapse fluorescence microscopy where a 

transiently expressed Fps-dsRed fusion protein was localized to multiple vesicular 

structures in different compartments of the cell (Jonathan Zipursky, unpublished). In the 

mammary gland, Fps displayed a similar punctate pattern seen in other cell types, though 

it was not concentrated perinuclearly as previously described. This may be related to the 

tremendous expansion of cytoplasmic secretory organelle content of mammary epithelial 

cells that accompanies the onset of lactation 175, 176. 

The mechanism by which Fps associates with secretory structures is not known. 

However, it is tempting to speculate that the putative N-terminal F-BAR domain could be 

involved. The F-BAR domain is believed to be responsible for membrane binding and the 
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generation of membrane curvature during such biological processes as filopodia 

formation and endocytosis 80. This is true for several of the F-BAR domain proteins but 

may not be the case with respect to the Fps or Fer kinases, as over-expression of the 

putative Fer F-BAR domain failed to induce substantial tubulation 67. However, putative 

Fps and Fer F-BAR domains are capable of binding lipids and selectively interacting with 

different lipid species (Andrew Craig and Michelle Scott, unpublished) 67. Specifically, 

Fps preferentially binds to PI3P, PI4P, PI5P, and PI(4,5)P2. These compounds have been 

identified on distinctive intracellular organelles due to their finely controlled synthesis 

and metabolism by PI-kinases and PI-phosphatases 434. For instance, PI4P has been 

shown to be more prominent in the Golgi than at the plasma membrane and, even within 

the Golgi, there is twice as much in early Golgi compartments compared with that of the 

trans Golgi network 435. PI(4,5)P2, although not more prominent, has been implicated in 

Golgi intracisternal transport and vesicle formation from the trans Golgi network 434, 436. 

The ability of the different PIPs to interact with PI-binding domains enables them to 

serve as docking sites for specific proteins. The non-uniform distribution of the different 

PIP species provides a mechanism for the targeted recruitment and activation of protein 

effectors. It is possible that Fps gets recruited by localized concentrations of specific PIPs 

to different secretory or endocytic compartments where it can undergo homotypic 

oligomerization and autophosphorylation, followed by interaction with and 

phosphorylation of downstream effectors. 

The differences in the weights of the pups reared by fps-null and wild-type 

females is probably the most compelling evidence to suggest that Fps has a biological  
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function in the mammary gland. As it is unlikely that Fps contributes to mammary 

development or differentiation it is possible that Fps regulates a lactation function of the 

mammary gland which is compromised in the fps-null females. When trying to ascribe a 

function to Fps in milk production it is important to recognize that there are two primary 

routes of secretion that account for most of the milk components 203. The exocytotic 

pathway is the primary route of secretion for such compounds as proteins, water, lactose, 

oligosaccharides, phosphate, citrate and calcium; whereas the milk fat, primarily 

triacylglycerides, is secreted by the lipid pathway.  

Once the molecules that are to be secreted via the exocytotic pathway enter, or are 

produced in, the Golgi lumen, they transition through the Golgi network where they are 

gradually modified, sorted and concentrated before being released in a secretory vesicle. 

This process involves a series of vesicle formations and fusions between adjacent Golgi 

cisternae and the eventual release of the secretory vesicle toward the plasma membrane. 

Vesicle formation involves both the curvature and severing of the donor membrane 437, 

438. The presence of a number of BAR and F-BAR domain-containing proteins in the 

Golgi network has been demonstrated. In conjunction with other lipid-binding and 

membrane-deforming proteins, they participate in the vesiculation of sequestered cargo in 

the Golgi network 73. Additionally, many of the proteins, or variants of these proteins, 

that are involved in the severing or pinching of the vesicle from the plasma membrane 

during endocytosis localize to the Golgi and probably provide a similar function. 

Tyrosine phosphorylation of a number of these proteins is known to occur and may 

influence their activity and/or ability to bind interacting partners. Co-expression studies 
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have shown that Fps can phosphorylate members of the PACSIN family (Yan Gao, 

unpublished), a group of F-BAR domain-containing proteins that have been implicated in 

vesicular trafficking and regulation of dynamin-mediated endocytosis 70. This shows that 

some of the molecules that are involved in vesicular formation are potential in vivo 

substrates for tyrosine kinases like Fps. Whether Fps contributes to the exocytotic 

pathway is not known, but it is an interesting possibility worthy of future study. 

The process by which milk lipid globules are secreted by epithelial cells is 

believed to be a unique pathway for lipid secretion 439. Milk fat globules originate as 

small droplets of triacylglerides that are enzymatically produced on or in the membrane 

of the smooth endoplasmic reticulum (SER). The lipids are released from the SER 

through an unknown mechanism into the cytoplasm as microlipid droplets that are coated 

with protein and polar lipid from the outer half of the SER membrane 175. A range of lipid 

droplet sizes is found in the cytoplasm due to their ability to fuse with one another. 

Independent of their size, the droplets transit to the apical membrane, interact with and 

become enveloped by the plasma membrane before being released into the milk. Because 

so little information is known about the molecular mechanisms involved in milk fat 

globule formation and secretion it is difficult to propose a specific biochemical role for 

Fps in this process. 

A feature that is shared by both the exocytotic and lipid pathways is the 

dependence on the cytoskeleton for transporting vesicles and lipid droplets to the 

membrane for secretion. Here again, not much is known about the details of each process 

in mammary epithelial cells but both the microtubule and microfilament systems are 
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likely to be involved 206, 208. Secretion via the exocytotic pathway can be blocked by 

treatment with cytochalasin B, a microfilament-altering drug 211, or nocodazole and 

colchicine, microtubule depolymerizing agents 209, 210. Indirect evidence suggests that the 

lipid pathway also depends on the microtubule system. An analysis of the proteins that 

were associated with cytoplasmic lipid droplets identified several components of the 

microtubule motors and cytoskeletal-interacting proteins, including dynein intermediate 

chain, motor protein, gelsolin and gephyrin 219. These proteins are associated with the 

transport of cargo towards the microtubule minus-end. Because of this fact, it is likely 

that the lipid droplets are transported along microtubules which have their minus-ends 

oriented toward the apical surface. The significance of this is not completely understood, 

in part because much of the framework for considering how microtubule organization is 

regulated is based on results from cells where microtubule minus-ends are organized 

around the centrosome and the plus-ends are directed towards the cell periphery 440. 

However, it appears that acentrosomal microtubule minus-end orientation toward the 

apical surface is common in epithelial cells 222, 441, 442. Moreover, apical cargo transport in 

Madin-Darby canine kidney cells has been shown to involve both the dynein and kinesin 

motors 208, suggesting that a combination of minus-end and plus-end directed 

microtubule-associated motors are involved in secretion. In general, microtubules in 

epithelial cells are considered more stable than those in fibroblast-like cells 443, with a 

slower rate of growth and shortening, and a lower overall dynamicity 441. 

There is evidence to suggest that Fps, and possibly Fer, have a role in regulating 

the microtubule system, at least in some cell types. Little is known about the role of Fer, 
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but in polarized endothelial cells it has been found associated with microtubules growing 

toward cell-cell contacts 444. Conversely, more is known about the role of Fps. 

Specifically, Fps can interact with and phosphorylate α-tubulin 82, 83, 347, which contains a 

tyrosine residue within the sequence (YEEV) that conforms to the Fps kinase consensus 

sequence. The binding of Fps to soluble tubulin requires the FCH domain 82, 83. Similarly, 

Fps can bind stable microtubules but this interaction is dependent on kinase activity and 

an intact SH2 domain 82, 83. These studies have also revealed that Fps may be involved in 

microtubule nucleation and bundling, as suggested by the co-localization of Fps with γ-

tubulin and the Fps-mediated tubulin polymerization in vitro 82, 83. Despite the expected 

low level of fps expression in fibroblast cells, mouse embryonic fibroblasts from fps-

deficient mice displayed reduced stable microtubules, as well as decreased bundling and 

nucleation 82, 83. Together, these results implicate Fps as a regulator of the tubulin 

cytoskeleton.  

The fact that an intact microtubule system is important for the secretion of milk 

components and Fps is highly expressed in mammary epithelial cells during lactation 

evokes the possibility that Fps may have a role in microtubule regulation. The ability of 

Fps to phosphorylate tubulin and induce microtubule bundling suggests that in mammary 

epithelial cells it could contribute to the establishment and/or maintenance of the 

microtubule system. Thus, fps-null mammary epithelial cells may contain an altered or 

reduced system of microtubules that leads to a decreased secretion rate for components of 

both the exocytotic and lipid pathways. Despite this possibility, a functional microtubule 

system must still exist in these cells because milk is produced for the pups to grow and 
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survive. But microtubules are dynamically unstable structures that are proposed to never 

reach a steady state 440; instead existing in alternating states of polymerization and 

depolymerization for various times depending on the conditions. If the mechanisms 

controlling the microtubule length or rate of generation/breakdown become deregulated, 

then the biological processes that depend on proper function of these structures could be 

negatively affected. Thus, in the absence of Fps it is possible that microtubules form at a 

slower rate or get broken down more quickly. This would result in a slower or delayed 

movement of secretory vesicles toward the apical plasma membrane and a reduction in 

the total amount of milk produced over a given time period. Thus, even in the absence of 

obvious differences in milk protein or fat content, this type of defect could contribute to 

the weight differences observed in pups reared by fps-null and wild-type mothers. 

 The dramatic increase in Fps kinase activity during lactation suggested that it 

likely interacted with and phosphorylated one or more proteins in the mammary gland 

during this stage of development. To identify interacting partners and potential substrates, 

protein candidates were chosen whose altered function could promote tumorigenesis and 

result in abnormal mammary function. Initial experiments focused on E-cadherin and 

other components of the adherens junction (AJ) complex. Because the Fer kinase is 

known to be a component of both N- and E-cadherin based AJs 321, 334 it led to the 

speculation that Fps could also regulate the AJ in the mammary gland. The role of Fer in 

AJs has been extensively studied in the context of N-cadherin-based AJs but it is not 

known whether Fer is an AJ component for all classical cadherins or in all cell types 321. 

Additionally, Fps and Fer are known to have some functional redundancy in other cell 
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systems 49. Thus, it was possible that Fps could replace or compliment the function of Fer 

in the mammary gland. Analysis of tissues from different developmental stages showed 

that Fps was a component of the E-cadherin-based AJ complex. This interaction was 

observed in different stages of pregnancy but was most obvious during lactation. Not 

surprising, Fps was identified in association with β-catenin and p120-catenin. Although 

Fer was also present in the AJ complex, Fps was more predominant; suggesting that Fps 

may have a more prominent role than Fer in regulating mammary epithelial cell-cell 

adhesion. It is interesting that both Fps and Fer were found in the AJ, and may be 

indicative of unique function(s) for each kinase. 

 The decision to focus on the components of the AJ as possible Fps substrates was 

partially due to the fact that Fer has a well established role in regulating the 

phosphorylation of multiple AJ proteins, and we speculated that Fps could compliment or 

replace the function of Fer in mammary epithelial cells. The presence of Fer in the AJ is 

important to the overall stability of the cadherin complex and is dependent on its 

interaction with p120-catenin 321, 334. When bound to p120-catenin Fer is then able to 

directly phosphorylate β-catenin on Y142 causing its interaction with α-catenin to be 

disrupted 320. Fer has also been identified as an important regulator of the 

PTP1B/cadherin interaction 321. The phosphorylation of PTP1B on Y152, which is 

required for its ability to interact with cadherins, is dependent on Fer activity 321. In turn, 

PTP1B acts on Y654 of β-catenin to maintain its dephosphorylation and preserve the β-

catenin/cadherin interaction. In cells that lack Fer kinase activity, PTP1B and β-catenin 
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become uncoupled from N-cadherin, with N-cadherin and β-catenin being lost from cell-

cell contacts 321.  

 It is doubtful that Fps assumes the role of Fer in the E-cadherin-based AJ. In 

support of this is the fact that the interaction between E-cadherin and β-catenin was 

normal in fps-null tissue, and they localized to cell-cell junctions. Also, there was no 

tyrosine phosphorylation of β-catenin detected in the fps-null tissues. In fact, none of the 

AJ core components displayed any tyrosine phosphorylation regardless of the presence or 

absence of Fps. This is probably the strongest evidence that eliminates E-cadherin, β-

catenin, p120-catenin and PTP1B as substrates of Fps, at least in the lactating mammary 

gland. A puzzling aspect of the presence of Fps in the AJ is that it is not tyrosine 

phosphorylated, or it is below the level of detection. This result is difficult to explain but 

may indicate that Fps possesses non-kinase activities. It is also possible that in mature 

AJs, where very little turnover is occurring at a given time, only a small fraction of the 

total Fps is transiently activated at a given time. This would likely make detecting Fps 

phosphorylation very difficult. 

 The ability of p120-catenin to act as a docking protein for Fer and the Src-family 

kinases, Yes and Fyn 320, suggests that it could recruit other cytoplasmic kinases to the 

AJ. However, when the interaction of Fps with the individual components was examined, 

it did not seem to be more strongly associated with p120-catenin. Surprisingly, a similar 

pattern was observed for Fer. Thus, we cannot exclude the possibility that Fps directly 

interacts with p120-catenin but it remains to be conclusively determined with which 

protein(s) Fps directly binds in the AJ. Nevertheless, we have provided evidence that 



 

  149

implicates Fps in regulating the interaction between p120-catenin and E-cadherin/β-

catenin. Specifically, less E-cadherin and β-catenin are associated with p120-catenin in 

the absence of Fps. These data have led to our proposed model where the presence of Fps 

in the E-cadherin-based AJ serves to stabilize the interaction of p120-catenin with E-

cadherin/β-catenin (Figure 4.1). One of the important functions of p120-catenin in the AJ 

is the stabilization of the cadherin complex at the cell surface 254, 255. When p120-catenin 

is reduced or deleted the AJ complex undergoes targeted internalization, where it may get 

recycled or degraded 254, 255. Typically, cadherin staining is lost or mislocalized in p120-

catenin deficient cells 254, 255. In fps-null cells, E-cadherin and β-catenin are still found at 

cell-cell junctions somewhat similar to wild-type cells but the staining pattern seems to 

be more disorganized and less focused.  

The affinity of p120-catenin for cadherin has been shown to be relatively weak 

252. Our results that show low levels of p120-catenin in IPs of either E-cadherin or β-

catenin support this idea. This characteristic of p120-catenin is likely important to its 

ability to rapidly alternate between cadherin-bound and -unbound states. It could also be 

required as part of a cells response to different stimuli where stable AJs are disassembled 

and levels of free p120-catenin increase. Any alteration to the make-up of the AJ could 

theoretically shift the balance toward increased levels of unbound p120-catenin. The 

ability of p120-catenin to interact with multiple binding partners 261 could make it 

susceptible to aberrant protein interactions where, in the absence of Fps, p120-catenin is 

competitively removed from the AJ.  
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Figure 4.1 Proposed model for the role of Fps in E-cadherin-based AJ in the mouse 
mammary gland during lactation. In the presence of Fps, the AJ components form 
stable complexes at distinct regions of cell-cell contacts between adjacent cells. In the 
absence of Fps, p120-catenin becomes uncoupled from E-cadherin and β-catenin and 
destabilizes the complex.  
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If it can be established that Fps has a more general role in the regulation of AJ function, 

then this may have important implications in the development of cancer. Our lab has 

previously shown that mammary tumor development occurs earlier in the absence of Fps 

55. Also, Fps mutations have been identified in several colon cancer samples 53 that were 

subsequently shown to cause kinase inactivation 54, 55. These data suggest that Fps may 

act as a tumor suppressor in certain cell types. When AJs from adult unmated mice were 

examined for the presence of Fps, the results were inconsistent but with immunoblot 

analysis we were able to detect a faint 92 kDa band that corresponded to Fps (data not 

shown). If this result can be substantiated then it would provide evidence that Fps 

interacts with tumor suppressor proteins with well established functions. 

 Each of the core components of the AJ has an important role in maintaining 

proper cell-cell adhesion (reviewed in 445. AJ components can be disrupted through a 

number of different mechanisms, including post-translational modification, mutation, 

deletion, reduced or lost expression and mislocalization 280-285. If the loss of Fps is 

responsible for disrupting the interaction between p120-catenin and E-cadherin then this 

may be a possible explanation for the earlier occurrence of mammary tumors in the mice 

with fps-null and fps-inactivating mutations. It has been suggested that because of the 

role of p120-catenin in stabilizing E-cadherin at the membrane, the loss of p120-catenin 

function may have a more prominent role in disrupting the AJ than previously realized; 

especially in the cancer cases which display an apparent lack of alteration in E-cadherin 

expression 261. 



 

  152

 In summary, the results presented in this thesis suggest that Fps has an important 

function in the mammary gland in which, in its absence, an aspect of lactation is 

compromised. The increase in Fps expression and activation during lactation, along with 

the reduced weight of pups reared by fps-null females, implicate Fps as a regulator of 

milk production and/or secretion. During lactation, there is a strong association between 

Fps and components of the E-cadherin-based AJ. It appears that the normal stoichiometry 

of the AJ is altered in fps-null cells. The effect that this difference has on the phenotype 

of the mammary gland is not yet fully understood. But the role of the E-cadherin-based 

AJ in normal mammary function should not be underestimated, as it is critical to 

epithelial cell shape, polarity, differentiation and homeostasis 360. The results presented 

here should provide a foundation for future studies that will identify the specific 

biological and molecular function(s) of Fps in the mouse mammary gland. 
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