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ABSTRACT 
 

 Mammary gland development is a complex process requiring numerous systemic hormones as 

well as local regulatory factors. Expression of the heparin-binding growth factor, pleiotrophin 

(PTN) in the mouse mammary gland and in normal human breast has been reported but its 

function during mammary gland development is not known. Our lab has found that PTN 

expression is hormonally regulated in a tissue-specific manner in the mouse mammary gland 

during pregnancy suggesting that PTN might play a role during mammary gland development. 

We observed that both PTN and its receptor ALK are expressed in mouse mammary epithelial 

cells and their expression is regulated in parallel during pregnancy. During mid-pregnancy, a 30-

fold down-regulation of PTN mRNA expression was measured, which coincides with beginning 

of lobular-alveolar differentiation of mammary epithelial cells suggesting that PTN expression in 

mammary epithelial cells regulates the differentiation state of the mouse mammary gland. We 

also found a significant decrease of PTN expression in mammary glands of multiparous mice and 

enrichment in differentiated mammary epithelial cells after repeated pregnancy has been 

previously suggested. We thus employed treatments of mice with an anti-PTN mouse 

monoclonal blocking antibody to investigate PTN function during mammary gland development. 

The maturation of mammary glands was inhibited by PTN activity as seen by the decrease in 

ductal elongation and branching via the inhibition of phospho ERK1/2 signaling. To further 
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investigate PTN function in mammary epithelial cells (MECs), we employed treatment with the 

PTN blocking antibody of cultured MECs. Treatment of MECs in 3D culture with the anti-PTN 

blocking antibody suggests that PTN maintains the progenitor phenotype of MECs by impairing 

their organization and the expression of mammary progenitor cell markers. The findings from 

MECs cultured on a plastic surface (2D) suggest that PTN activity in MECs is dependent on the 

proper growth conditions provided in vivo by the surrounding stroma. We propose that PTN 

paracrine activity has inhibitory functions towards the differentiation of epithelial cells during 

mouse mammary gland development and maintains their progenitor phenotype. 
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CHAPTER I. INTRODUCTION 
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A. PTN Biological Activity 

Pleiotrophin (PTN; also known as HB-GAM or HARP) is an 18kDa heparin-binding, 

secreted growth factor named for its pleiotrophic effects on different cell types ((1); for a review 

see (2)). Within the heparin-binding growth factor family, PTN shares the highest homology 

with Midkine (MK) (3). Our lab has identified the full length Anaplastic Lymphoma Kinase 

(ALK) as a receptor for PTN and the related factor MK (4, 5). PTN mRNA expression was 

initially identified in the rat brain, in the bovine uterus and in human placenta (1, 6, 7). In the 

adult, PTN and ALK expressions are down-regulated in most tissues, with the exception of the 

nervous system (8, 9).  

The biological effects of PTN-mediated signaling include neurite outgrowth, 

angiogenesis and mitogenesis of fibroblast, endothelial and some tumor cell lines (10-14). PTN 

can induce the activation of both the MAPK and PI3 kinase pathways in epithelial cells (5, 15) 

and a direct role for PTN in the mitogenesis and anti-apoptotic signaling was previously reported 

(12, 16-19). PTN activity has recently been shown to stimulate the differentiation and expansion 

of neuronal stem cells, osteoprogenitors and bone marrow stem cells (20-22). 

B. PTN Function in Breast Cancers 

The PTN protein was first purified from the supernatants of human breast cancer cells (23). PTN 

mRNA expression has been shown in different estrogen receptor negative breast cancer cell lines 

and in primary breast cancers derived from different patients (12). It has been reported that PTN 

can stimulate angiogenesis during tumor growth and that its expression can promote invasion 

and metastasis of different tumor types including breast cancers, melanoma and choriocarcinoma 

(12, 14, 24, 25). Importantly, in carcinogen induced mammary carcinoma in rats, 100% of 

tumors exhibited elevated levels of PTN expression (12). It has been shown that overexpression 
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of PTN in NIH3T3 fibroblasts leads to transformation whereas overexpression of a dominant 

negative PTN mutant protein can lead to a reversal of the transformed phenotype of a variety of 

cancer cell lines including several breast cancer models (16, 26). 

A role for the PTN-mediated signaling activation through ALK and the protein tyrosine 

phosphatase receptor zeta (PTPRζ) has been suggested in breast cancers (27-29).  

C. PTN Expression in the Mouse Mammary Gland and in the Human Breast  

In mice, PTN and ALK are prominently expressed during embryonic and early postnatal 

development of the central and peripheral nervous system (1, 9, 30-32). PTN function has also 

been described to stimulate organ morphogenesis and tissue remodeling in organs such as the 

prostate, the lungs, and the ureteric buds (33-36). A hormonal regulation of PTN by androgens 

has been proposed in the prostate (35).  PTN knockout mice have been described as being 

normally developed with the exception of a higher activity of the hippocampus (37). Similarly to 

PTN knockout mice, MK and ALK knockout mice have being described to develop normally 

with the exception for some behavioral alteration (38, 39). No mammary gland phenotype was 

described in these mouse models. 

PTN expression has been described during postnatal development of the human breast 

and of the mouse mammary gland (40-42). In the human breast, PTN expression was found in 

the epithelial, myoepithelial and endothelial cells but was not detected in the stroma (41). In the 

mouse mammary gland, PTN expression was detected in the epithelial cells and in the adipocytes 

(40, 42). In differentiated adipocytes, PTN expression has been shown to be regulated by the 

Retinoic Acid Receptor (RAR) pathway and suggested to stimulate the migration of the 

mammary epithelial cells that express the protein tyrosine phosphatase receptor zeta 1 (PTPRζ1) 

(40). Previous data suggest a temporal regulation of PTN expression during pregnancy and a 
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permanent downregulation of this growth factor in the mammary gland induced by parity (43). A 

protective effect of early parity from breast cancer has been suggested by epidemiological 

studies (44, 45) and in a carcinogen-induced breast cancer model in rats (46-48). Preliminary 

data in our lab confirmed the previous studies on PTN regulation due to parity and suggested a 

stringent-tissue regulation of PTN during pregnancy by an indirect combinatory effect of 

estrogen and progesterone in the mammary epithelial cells (49). A better understanding of PTN 

function and regulation during mammary gland development could help to understand the role of 

PTN/ALK during breast cancer initiation and progression. 

D. Mammary Gland Development: A Brief Overview 

Mammary gland development is a complex process that not only involves hormonal 

stimuli but also growth factor signaling, transcription factors and cell cycle molecules and the 

interaction of epithelial and stromal cells (41, 50). 

The development of the mammary gland starts with the formation of a primary streak 

during day 10 of embryo development (51). At embryonic day 16, the primary streak develops 

into the primary sprout by increased proliferation of epithelial cells (51). At embryonic day 17, 

the primary sprouts initiate a first phase of invasion of the primitive mammary fat pad and grows 

until birth to form a primordial ductal tree with few branching ducts (51).  

During the first 3 weeks of postnatal life, the mammary gland tissues are quiescent and 

characterized by a few narrow ducts that end in club-shaped structures called terminal end buds 

(TEBs) (52). TEBs are composed of a multilayer of highly proliferating cells including the 

pluripotent stem cells called cap cells (51). TEBs reach the highest density in the first 3 weeks of 

postnatal life (52). It is only during puberty (approximately 3-6 weeks) under hormonal stimuli 

that the TEBs starts to divide forming new ductal branches, elongate and fully invade the 
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mammary fat pad (9-12 weeks) (51).  At about 9-12 weeks of postnatal life, the TEBs turn into 

resting Terminal Ends (TE) by either the contact with other epithelial cells or with the edge of 

the fat pad (51, 52). 

During post-pubertal life, the mammary gland ducts go through additional branching 

morphogenesis that gives rise to undifferentiated lateral and alveolar buds with each estrous 

cycle (51). The alveolar buds will only complete their full differentiation into milk secreting 

units during pregnancy (50, 51).  

During the first half of pregnancy, the mammary alveolar ducts go through intense 

proliferation and the epithelial cells outgrown the number of adipocytes (51). The alveolar buds 

then develops into milk-secreting lobules in preparation for lactation trough the lobular-alveolar 

differentiation process during the second half of pregnancy (51).  

The involution phase starts a couple of days after weaning of the pups and is a process 

through which the mammary gland regresses to the undifferentiated state of the mammary gland 

before pregnancy by apoptosis of the alveolar epithelial cells (approximately after 20 days) (51).  

E. Growth Factor Signaling During Mouse Mammary Gland Development 

As mentioned above, mammary gland development is a complex process that involves 

not only hormonal stimuli i.e. estrogen, progesterone, growth hormone and prolactin but also 

growth factors and their receptors. Growth factor/receptor signaling such as the epithelial growth 

factor and its receptor (EGF/EGFR), amphiregulin and its receptor (AR/EGFR), insulin growth 

factor 1 and its receptor (IGF1/IGF1R), and fibroblast growth factors and their receptor 

(FGFs/FGFR) and Jagged1, Dll3/Notch receptors regulates ductal outgrowth and differentiation 

and are important mediators for the interaction between the mammary epithelial cells and the 

stroma (53). The expression of the EGF family of ligands and their receptors has been shown in 
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the mammary gland during pubertal development, adulthood, pregnancy and lactation (54).  

Grafts of epithelial cells that are null for amphiregulin (AR), a member of the EGF growth factor 

family, into the mammary fat pad of wild type mice were not able to grow and invade the 

mammary fat pad suggesting that AR expression in the mammary epithelium is necessary for 

ductal outgrowth (54). Sternlicht et al. (55) proposed a model of AR/EGFR signaling of the 

crosstalk between the epithelial cells and the stroma where under estrogen stimulation AR is 

processed by ADAM17, a metalloprotease, and released from the epithelial cells into the stroma 

where it binds to EGFR expressed by stromal cells. The activation of AR/EGFR signaling in 

stromal cells results in the release from stromal cells of growth factors such as FGFs that act on 

the epithelial cells and of Matrix Metalloproteinases (MMPs) that degrade the surrounding 

extracellular cellular matrix (55). Although both the mammary epithelium and the stroma 

express EGFR, only the expression of EGFR in the stromal cells is necessary for the 

development of the ductal tree (56). The ligand EGF has been shown to stimulate the expansion 

of primary epithelial cells and the reappearance of terminal end buds in the growth arrested 

mammary gland of ovariectomized mice (57-60). 

IGF1, another growth factor whose activity is essential for ductal outgrowth, has been 

shown to be temporally and spatially regulated during mammary gland development (61). The 

expression of IGF1 in the mammary gland is detectable in both the epithelium and in the stroma 

during puberty and a downregulation of IGF1 in the stroma has been described during pregnancy 

(61-63). Using an inducible MMTV-Cre/igf1/loxP transgenic mouse model, Loladze et al. (61) 

showed not only that the expression of IGF1 is necessary for ductal branching, alveolar budding 

and cell cycle progression of mammary epithelial cells but also for the formation of alveoli and 

the expression of ß-casein during mid pregnancy. 
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         Other factors that play a role during mammary development are the FGFs and their 

receptors  (FGFR1 and FGFR2). The level of expression of FGFR2 in the TEBs regulates ductal 

outgrowth as shown by the delay in ductal elongation and less branching in FGFR2 null 

mammary glands relative to FGFR2 wild type glands (64). Among the FGFs, FGF-1 is expressed 

in the luminal epithelial cells, FGF-2 is expressed in both the stroma and in the myoepithelial 

cells and FGF-7 is expressed in the stroma (65). A down regulation for FGF-1 and FGF-2 but not 

for FGF-7 has been described during pregnancy and lactation (65). 

        The expression of the Notch ligands, Jagged1 and Dll3, and their receptors, in particular 

Notch-3A, has been described as temporally regulated in the mammary gland during pregnancy 

(66). The peak of expression for Jagged1, Dll3 was during early pregnancy while for Notch3 was 

during late pregnancy (66). Mammary glands from transgenic mice overexpressing Notch1 and 

Notch3 presented abnormal ductal and lobular-alveolar development and lack of ß-casein 

expression (67). Finally, the expression of Notch receptors and its ligands is mostly confined to 

the epithelia cells and Notch3 expression has been detected in the TEBs (66). An inhibitory role 

of mammary stem cell population by Notch activity has been shown by the increase in mammary 

stem cells when Notch is deleted (68).  
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A.Mice 

C57BL/6 and FVB mice were purchased from Jackson Laboratory. All procedures using animals 

were approved by the Georgetown University IACUC and were conducted according to the NIH 

guidelines for the care and use of laboratory animals.  

B. qRT-PCR 

Total RNA was extracted from homogenized thoracic mammary glands #3 from C57BL/6 mice 

and from mammospheres grown in Matrigel using RNA-STAT60 (Tel-Test, Inc) according to 

manufacturer’s procedure (Tel-Test, Inc). Mammary glands from pseudopregnants were 

harvested 12 days after the plug date.  In the case of exbreeders, pups were removed from the 

mother three weeks after parturition and the minimum recovery time of the mother were 4 

weeks. Invol D3 and D5 represent the number of days from weaning of pups that were 21 days 

old. Mammospheres treated with either elution buffer (control) or anti-PTN blocking antibody 

were harvested at day 5 from three-dimensional cultures and Matrigel was removed as described 

elsewhere (69). RT of 1 µg of total RNA was performed using the iScriptTM cDNA Synthesis Kit 

and gene expression was quantified by RT-PCR using SYBR green (BioRad) according to 

manufacturer’s instructions (Biorad). The following primers were used for the amplification: 

PTN (Forward) TGGAGAATGGCAGTGGAGTGTGT 

PTN (Reverse) TGGTACTTGCACTCAGCTCCAAACT 

K18 (Forward) CAAGTCTGCCGAAATCAGGGACG 

K18 (Reverse) TCCAAGTTGATGTTCTGGTTTTTCATGG 

ALK (Forward) GGACGGGACACAGCTCCATG 

ALK (Reverse) GCACTCCAGACCATATCGACTGCG 

GAPDH (Forward) TGCACCACCAACTGCTTA  
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GAPDH (Reverse) GGATGCAGGGATGATGTT 

CD10 (Forward) CTCTCTGTGCTTGTCTTGCTC 

CD10 (Reverse) GACGTTGCGTTTCAACCAGC 

CD29 (Forward) ATGCCAAATCTTGCGGAGAAT 
 
CD29 (Reverse) TTTGCTGCGATTGGTGACATT 

CD49f (Forward) TGCAGAGGGCGAACAGAAC 
 
CD49f (Reverse) GCACACGTCACCACTTTGC 

SCA-1 (Forward) AGGAGGCAGCAGTTATTGTGG 
 
SCA-1 (Reverse) CGTTGACCTTAGTACCCAGGA 

Primers for Vimentin were designed as described in Ref. (70). 

C. Immunohistochemistry  

Abdominal mammary glands were excised from C57BL/6 mice, fixed in formaldehyde and 

embedded in paraffin. Immunohistochemical analysis of 5 µm section was done using the 

Vectastain ABC Elite System (Vector Labs). The primary antibody, goat anti-human PTN 

(R&D) diluted 1:500 was incubated at 4°C overnight. The slides were counterstained with 

hematoxylin (Sigma Aldrich). Tissue sections are representative of 3-4 mice. Image capturing for 

stained sections was performed with a Nikon E600 Epifluorescence Microscope.  

D. Whole Mount Analysis 

Mammary gland #4 was excised from 6-week-old FVB mice and used for morphological studies 

with whole mount staining as previously described (71). Image capturing was performed using 

0.5 X 0.75 zoom Plan Apo objective using a Hamamatsu Orca-100, 12-bit cooled CCD digital 

camera mounted on a Nikon SMZ-1500 EPI-Fluorescence and Transmitted Light Stereoscope 
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System. Ductal penetration and branching points were quantified as described in (64). Briefly, 

ductal penetration was expressed as the average length of the three longest epithelial ducts in 

each mammary gland. Branch points of the measured ducts were counted and divided by the 

average duct length (mm) in each mammary gland. Terminal End Buds (TEBs) were defined as 

having a largest diameter ≥ 100µm as described in (52). Terminal Ends (TEs) were defined as 

having a largest diameter < 100µm. This included terminal ducts and alveolar buds described in 

(52). TEBs and TEs numbers are given per duct. The percentage of TEBs was calculated relative 

to the total number of ductal ends, i.e. TEBs plus TEs, as described in (72, 73). 

E. Anti-PTN Antibody Production and in vivo Administration 

The hybridoma cell line producing anti-PTN mouse monoclonal antibody (3B10 clone) 

previously described in (74) was cultured in DMEM (Invitrogen) media supplemented with 10% 

fetal bovine serum in a CELLine Device (BD Biosciences) according to the manufacturer’s 

instructions. Media containing the antibody was collected every 7 days, pooled and purified 

using a 5 ml HiTrap Protein G HP Column (GE Healthcare) according to manufacturer’s 

instructions. Antibody concentration (20 µM) was assessed against a BSA standard by loading 

10 µl aliquots on a 4-20% Tris-Glycine NOVEX gel (Invitrogen) and by Coomassie Blue gel 

staining. Antibody binding affinity to PTN was measured generating a titration curve using 

ELISA binding technique with immobilized PTN. FVB mice (3 weeks old) were injected 

intraperitoneally three times per week during the first week of treatment and then twice a week 

for the rest of the treatment with 100 µl of anti-PTN antibody (approximately 3 mg/ml; total dose 

of 2 mg/kg). Treatment was terminated at 5 weeks of age. Animals were sacrificed at 6 weeks of 

age. FVB mice (3 weeks old) were injected intraperitoneally three times per week during the first 

week of treatment and then twice a week for the rest of the treatment with 100 µl of anti-PTN 
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antibody (approximately 3 mg/ml; total dose of 4 mg/kg). Treatment was terminated at 8 weeks 

of age. Animals were sacrificed at 9 weeks of age. An equal volume of PBS was used as a 

control. 

F. ELISA to Measure anti-PTN Blocking Antibody Concentration 

The serum samples from control and treated 6-week-old and 9-week-old FVB mice diluted 1:100 

in PBS were tested in an ELISA assay with immobilized recombinant human Pleiotrophin (PTN) 

at 25 ng/well (R&D; 96 well Maxisorb Nunc plate). Wells were blocked with 5% (w/v) non-fat 

dry milk. Wells were washed 3 times with 0.05% Tween20 (Fisher Scientific) in PBS 

(Invitrogen) (PBST). The samples were loaded onto the plate and incubated with gentle agitation 

at room temperature for one hour. A 10-fold serial dilution of PTN blocking antibody stock 

(100nM) was used as a positive control. Wells were washed 5 times with PBST. A horseradish 

peroxidase linked sheep anti-mouse immunoglobulin G was added for 1 hour at room 

temperature with gentle agitation as a secondary antibody (Amersham Biosciences, GE 

Healthcare). Wells were then washed 3 times with PBST and 2 times with double distilled H20. 

1-Step Turbo TMB ELISA Substrate (Thermo Scientific) was used as a detection reagent and 

sulfuric acid was used as the stop solution. The absorbance was read at 450 nm using a Wallac 

VICTOR2 96-Well Plate Reader. 

G. Western Blot and Phosphorylation Studies. 

Whole mammary glands #3 from 6-week-old FVB mice were harvested and homogenized in 

lysis buffer. Lysates (5 µg/well) were analyzed either using a MS6000 MAP Kinase Whole Cell 

Lysate kit (Phospho protein) or a MS6000 MAP Kinase (Total Protein) Whole Cell Lysate kit 

(Meso Scale Discovery) according to the manufacturer’s instructions or were run (75 µg/lane) on 
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a 4-20% Tris-Glycine NOVEX gel (Invitrogen) and transferred to PVDF membranes using IBlot 

Dry Blotting System (Invitrogen). Immunoblot studies for phospho-MAPK and total MAPK 

were performed with the respective rabbit polyclonal antibodies (1:1000 dilution; Cell 

Signaling). Visualization was performed using Immobilon Western HRP substrate Peroxide 

Solution (Millipore) with horseradish peroxidase-linked sheep anti-rabbit immunoglobulin G as 

a secondary antibody (Amersham Biosciences, GE Healthcare). Protein band intensity was 

quantified using Adobe Photoshop CS3. 

 

H. Primary Mammary Epithelial and Fibroblast Cell Harvest and Culture Mammary glands 

#3 and #4 were dissected from 7 to 9-week-old FVB mice carefully removing muscles, lymph 

nodes and nipples. Glands were minced and digested in 1 mg/ml collagenase (Sigma-Aldrich) 

solution for 90 minutes at 37°C on a shaker at 150 rpm. The digested tissue was centrifuged for 

10 minutes at 600xg and washed 4 times. DMEM/F12 (Invitrogen) media supplemented with 

Penicillin/Streptomicin (Invitrogen) 1X and 50 µg/ml Gentamicin (Invitrogen) was used to 

prepare the collagenase solution and to wash the digested tissues. Cells were resuspended and 

plated on collagen-coated plates (Costar) in MEC growth media [Ham’s F12 (Invitrogen) 

supplemented media with 10% fetal bovine serum, 16 µg/ml insulin (Invitrogen), 10 ng/ml EGF 

(Roche Applied Biosciences), 1 µg/ml hydrocortisone (Sigma-Aldrich), 50 µg/ml gentamicin 

(Invitrogen), 4 ng/ml cholera toxin (Sigma-Aldrich) and 1X penicillin/streptomycin]. To avoid 

fibroblast contamination, cells in the supernatant were transferred to uncoated plates 20 minutes 

after initial plating. Fibroblasts growing on collagen coated plates (BD Biosciences) and 

epithelial cells were incubated at 37°C and 5% CO2 and cultured up to passage #3 and then used 

for RNA extraction and qRT-PCR experiments. Epithelial cells at passage #2 were used for 
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migration and proliferation assays by ECIS. Epithelial cells at passage #3 were used for 

immunofluorescence and mammosphere three-dimensional culture. 

I. MECs Proliferation and Migration. 

MECs at passage #2 were resuspended in MEC growth media described above and seeded at 

4,000 cells/well in E-plate 16 (Roche) for cell proliferation monitoring. MECs were stimulated 

20 hrs from plating with either anti-PTN IgG  (2 µM) or an equal volume of antibody elution 

buffer (Control) or FGF2 (30nM; Invitrogen)) or MEC media only (Control for FGF2). Cells 

proliferation was monitored for up to 96 hrs. MECs at passage #2 were resuspended in MEC 

serum free growth media and seeded at 60,000 cells/well in the CIM-plate 16 (Roche) top 

chamber for cell migration monitoring. The anti-PTN IgG  (2 µM or 2nM) or an equal volume of 

antibody elution buffer (Control) was added to the lower chamber. Cell migration was monitored 

for 6 hours. 

J. Mammosphere Three-Dimensional (3D) Culture of MECs 

3D culture was performed as described in (75). Briefly, cells were resuspended in HAM’s F12 

supplemented media containing EGF at 20 ng/ml, 1.25% FBS, 2% Matrigel (BD Bioscience) and 

either blocking PTN antibody or Glycine/Tris-HCl pH 7.5 antibody elution buffer. 400 µl of the 

cells/media mix was added per well in an 8 well Nunc Lab-Tek II Chamber Slide System 

precoated with Matrigel. Cells were seeded at 8,000 cells/well. The blocking PTN antibody was 

added at 0.6 µM and PTN recombinant protein (R&D) was added at 0.5 µM. Media containing 

either the antibody, the antibody with PTN recombinant protein or the elution buffer was 

replenished every two days. Pictures of the wells were taken at day 1, 3 and 5 with Olympus 

DP70 Color / Black and White camera mounted on a Olympus IX71 Inverted Epi-Fluorescent 

Microscope using a LCPlanFL, 20X N.A. 0.40, Ph1 objective.  
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K. Immunofluorescence 

Primary mammary epithelial cells passage #3 grown in poly-D-lysine coated 8 well Lab-Tek II 

Chamber Slide System (Nunc) were fixed and permeabilized twice with 4% formaldehyde, 0.2% 

Triton X in cold PBS for 10 minutes at room temperature, washed with ice-cold PBS, blocked 

with 1% BSA in PBS and incubated with a goat anti-human PTN (1:100; R&D) antibody for 1h 

at room temperature. After three washings with PBS, cells were incubated with Alexa Fluor 488 

anti -goat IgG (1:1000; Invitrogen) and with Alexa Fluor 568 Phalloidin (1:50; Invitrogen) for 1h 

at room temperature. After three washings with PBS, cover slips were mounted with ProLong 

Gold Antifade with DAPI (Invitrogen) and fluorescence was analyzed on an Olympus FluoView 

FV300 Laser Confocal Microscope (Olympus, Hamburg, Germany) using the 20X oil objective 

lense. Immunostaining of mammospheres was performed as described in Ref. (69). Briefly, 

Matrigel was dissolved with PBS-EDTA and mammosphere suspension was transferred to poly-

D-lysine coated slides. Mammospheres were fixed in 4% formaldehyde for 20 minutes at room 

temperature. Fixative solution was then aspirated and 100 µl/sample of 50 mM NH4Cl was added 

to samples for 5 minutes. Samples were washed 3 times with PBS and then immunostained as 

described in Ref. (69). Spheres were stained using as primary antibody mouse anti-human 

laminin γ2 (D4B5 clone) (1:200; Millipore) and goat anti-human PTN (1:100; R&D) diluted in 

blocking buffer and incubated with Alexa Fluor 488 anti-mouse IgG (H+L) (1:1000; Invitrogen). 

Cover slips were mounted with ProLong Gold Antifade with DAPI (Invitrogen) and fluorescence 

was analyzed on an Olympus FluoView FV300 Laser Confocal Microscope (Olympus, 

Hamburg, Germany) using the 60X oil objective lense. 



 

 
 
 

16 

L. Statistical and Image Analysis 

Prism 5 for Mac (GraphPad, San Diego, CA) was used for all statistical analysis. Adobe 

Photoshop CS3 was used to process the pictures for immunohistochemistry, whole mounts, 

Western blot, mammosphere three-dimensional culture and immunofluorescence. 

Brightness/Contrasts and Levels adjustments were applied to the whole image. All images were 

adjusted to the same level. Image J was used to measure the ductal length and mammosphere 

surface area. Immunofluorescence images were overlaid using Metamorph Software. The 

balance overlay image for mammosphere control cells staining was set to 40% Blue and 60% 

Green while for the treated cells it was 50% Blue and 50% Green. Images for PTN expression in 

mammospheres were converted to gray-scale and inverted using Adobe Photoshop CS3. 
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A. Analysis of PTN Expression in the Mouse Mammary Gland. 

Unpublished data from our lab generated prior to my arrival suggests that PTN expression is 

hormonally regulated in a tissue specific manner in the mouse mammary gland during pregnancy 

and that PTN mRNA expression is confined to the epithelial ductal cells (49) . These findings 

suggested that PTN may play a role during mammary gland development but more work was 

needed to determine its function in the mammary epithelial cells. Our hypothesis is that PTN 

signals towards proliferation, cell-survival, migration and invasion of the mammary epithelial 

cells during mammary gland development. 

1. Regulation of PTN and ALK expression in the mouse mammary epithelial cells during 

pregnancy 

During pregnancy, the mammary gland goes through an intense remodeling process that includes 

an increase in proliferation of mammary epithelial cells till mid-pregnancy, lobular-alveolar 

differentiation of mammary epithelial cells after mid-pregnancy and then apoptosis of mammary 

epithelial cells to restore the undifferentiated epithelial structure during involution (51). 

      We analyzed PTN expression in mammary gland tissues of virgin, pseudopregnant and 

pregnant mice during early pregnancy, mid-pregnant, and involution. The previous studies on 

PTN expression regulation in the mouse mammary gland were performed by Northern Blot using 

the balb/c mouse strain. We quantified PTN mRNA expression during pregnancy by qRT-PCR 

and tested whether the previous findings were reproducible in another commonly used mouse 

strain C57Bl/6. We found a 30-fold downregulation of PTN mRNA expression during mid-

pregnancy when the epithelial ductal cells start undergoing lobular-alveolar differentiation (Fig. 

1). These data were in agreement with the previous findings by Northern Blot using the balb/c 

mouse strain (49). 
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Since we previously found by in situ hybridization that PTN mRNA is expressed 

primarily in the epithelial compartment of the mammary gland, we depicted the qRT-PCR data 

results relative to the epithelial marker keratin 18 (K18).  

 

 

 

 

 

 

 

 

 

 

 

 

Interestingly, we found that the expression of ALK mRNA, the PTN receptor, is 

regulated similarly to PTN in the mouse mammary gland during pregnancy (Fig. 2).  

 

 

 

 

 

 

Figure 1: qRT-PCR Showing PTN 
Expression in the Mammary Gland 
During Pregnancy. PTN mRNA expression 
in the mammary glands of the following 
groups: 9 weeks old virgin, 2 to 8 months old 
pseudopregnant (PsPreg), 2 to 8 months old 
pregnancy day 7 (Preg D7), 2 -3 months old 
pregnancy day 10 (Preg D10), 3-4 months 
old pregnancy day 15 (Preg D15), 4-10 
months old involution day 3 (Invol D3) and 
4-5 months old involution day 5 (Invol D5) 
mammary glands. Expression is given 
relative to keratin 18. Data are means ±SE 
(n= 4; PsPreg n=2); ns=not significant. **P 
<0.01; ***P <0.001 versus virgin; One-way 
ANOVA Dunnett’s post test analysis 
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While PTN and ALK expression are down-regulated during mid-pregnancy the expression of 

control gene GAPDH did not show a significant change during mid-pregnancy suggesting that 

Figure 2: ALK mRNA Expression 
During Mammary Gland 
Development. Expression is given 
relative to keratin 18. Data are means 
±SE (n= 4; PsPreg n=2); ns=not 
significant. ***P <0.001 versus virgin; 
One-way ANOVA Dunnett’s post test 
analysis.  

Figure 3: GAPDH mRNA Expression 
During Mammary Gland 
Development. Expression is given 
relative to keratin 18. Data are means 
±SE (n= 4; PsPreg n=2); ns=not 
significant. *P <0.05 versus virgin; 
One-way ANOVA Dunnett’s post test 
analysis.  
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the downregulation of PTN and ALK mRNA expression in the mammary gland during mid-

pregnancy was specific for these genes (Fig. 3).  

 

2. PTN protein expression in mouse mammary epithelial cells during pregnancy 

In parallel with the regulation of PTN mRNA expression, we analyzed PTN protein expression. 

We could not detect PTN expression by Western Blot analysis of homogenized whole mammary 

gland (data not shown). This was not surprising since the mammary epithelial cells represent a 

small portion of the whole mammary gland structure filled mainly by adipocytes. 

Immunohistochemistry of mammary gland tissue sections for PTN protein confirmed previous 

data by in situ hybridization for PTN mRNA in the mammary gland, i.e. that PTN is mostly 

expressed in the epithelial ductal cells (49). Also it showed that the downregulation of PTN 

mRNA is reflected at the protein level during mid-pregnancy (Fig. 4). PTN expression was still 

detected by Immunohistochemistry in the undifferentiated ductal epithelial cells but not in the 

alveolar cells (Fig.4). 
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Figure 4: IHC Staining Showing PTN Protein Expression in Mammary Gland 
Ducts of Virgin Mice Compared to Pregnant Day 15 (Preg D15) Age Matched 
Mice. Mammary glands tissues are shown at 20X objective magnification. Scale Bar = 
50 µm. Red squares indicate the mammary glands tissues area shown at 100X objective 
magnification. Scale Bar = 25 µm. Arrowheads indicate the area of epithelial ductal 
(black) and alveolar cells (white) shown at higher magnification. Scale Bar = 10 µm. 
Secondary antibody only was used as negative control (Sec. Only). 
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3. PTN regulation in the mouse mammary epithelial cells by multiparity 

Previous work done in our lab suggested that PTN expression in the mammary gland is regulated 

by the combinatorial effect of estrogen and progesterone treatment but not by each hormone by 

itself and that this regulation was tissue specific to the mammary gland (49).  A time course 

study suggested that PTN expression remained down-regulated even 20 days after the treatment 

for 9 days was terminated (49). These findings together with the data on PTN expression in vivo 

suggest that gestational hormones regulate PTN expression.  

        To verify this hypothesis, we analyzed PTN mRNA expression in the mammary gland of 

pseudopregnant mice. We did not detect a statistically significant difference in PTN mRNA 

expression levels between mammary gland of virgin and pseudopregnant mice suggesting that 

the hormonal changes due to breeding do not affect PTN expression unless the breeding leads to 

pregnancy (Fig.1).  

        Parity has been previously shown to affect the mammary gland structure and to provide 

protective effect towards breast cancer (43, 48). D’Cruz et al. also suggested that parity affects 

the regulation of growth factors such as PTN (43). We found that PTN mRNA expression was 

restored to the level of the mammary gland of virgin mice during involution after the pregnancy 

but not after repeated pregnancies as seen in the mammary gland of multiparous mice (Fig. 5). It 

is important to notice that involution is a stage of pregnancy when the mammary epithelial cells 

go through apoptosis to restore the undifferentiated state of the mammary gland.  
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       Altogether these findings suggest that PTN expression is hormonally regulated during 

pregnancy in the mammary gland and that its downregulation coincides with a more 

differentiated state of the mammary epithelial cells as seen during mid-pregnancy and after 

multiparity.  

B. PTN Activity During Mammary Gland Development 

1. PTN blocking antibody production, purification, and testing 

To investigate PTN function during mammary gland development, we used a mouse monoclonal 

PTN blocking antibody previously designed and tested in our lab (76). We first collected PTN 

blocking antibody-conditioned media from an established hybridoma cell line. We purified the 

antibody using HiTrap Protein G column by FPLC and tested the purified fractions for activity 

against immobilized recombinant PTN by ELISA (Fig. 6-7). 

Figure 5: Down-regulation of PTN 
Expression in the Mammary Gland by 
Multiple Pregnancies. qRT-PCR 
showing PTN mRNA expression in the 
mammary gland of 13 to 22 weeks old 
virgin and 8 to 10 months multiparous 
FVB mice (Exbreed). **P=0.004; two-
tailed student-t test, n=4-5 mice per 
group. Expression is given relative to 
keratin 18. 
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Figure 6:  Representative Coomassie Stained Gels of  anti-PTN IgG Antibody 
Purification Analysis. M, Protein Standard. FT, Flow Through. W, Wash. 

  

Figure 7: Representative anti-PTN 
Blocking Antibody (clone 3B10) 
Binding Activity to PTN. Sec. ab. 
only, secondary anti-mouse antibody 
only. Media only, hybridoma media 
supplemented with 10%  fetal bovine 
serum. Binding affinity curve was 
obtained by making 10-fold serial 
dilutions of either antibody stock at 
100nM (Purified Ab) or hybridoma 
3B10 conditioned media (unpurified 
Ab).   Antibody   KD=1 nM.  
 
 

Ab 

Ab 
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2. PTN activity inhibits the maturation of the mouse mammary gland during puberty 

To investigate PTN function during mouse mammary gland development, we set up two sets of 

experiment employing the PTN blocking antibody where mice were treated from 3 to 6 or 3 to 9 

weeks of age. One set included mice (3 weeks old) that were injected intraperitoneally three 

times per week with 100 µl of anti-PTN antibody (approximately 3 mg/ml; total dose of 2 

mg/kg) or 100 µl of PBS (Control group) and sacrificed at 6 weeks of age; in the second group, 

mice (3 weeks old) were treated three times per week for the first two weeks of treatment and 

then twice a week for the rest of the treatment period with 100 µl of anti-PTN antibody 

(approximately 3 mg/ml; total dose of 4 mg/kg) or 100 µl of PBS (Control group) and sacrificed 

at 9 weeks. Treatment was ended one week before sacrificing the mice. 

We observed that anti-PTN antibody treatment increased the maturation of the mammary 

gland during puberty as seen in the mammary glands of treated versus control 6 week-old mice 

(Fig. 8). However, the overall maturation of the mammary gland was not affected by the anti-

PTN as seen in the mammary glands of treated versus control 9 week-old mice (Fig. 9). This 

suggests that PTN causes a delay of the final maturation of the mammary gland. 

To quantify the maturation of the mammary gland, we measured the ductal penetration of 

the mammary fat pad, ductal branching and the size of the terminal end buds (TEBs) following 

previously described methods (64, 73). From the quantification analysis, we conclude that PTN 

activity inhibits the elongation and branching of the epithelial ducts up and the maturation of 

TEBs into terminal ends (TEs) to 6 weeks during puberty but not at 9 weeks after maturation in 

the adults (Fig. 8 and 9).  

        To determine if we used the proper dose of the PTN blocking antibody, we analyzed the 

serum collected at the time when the animals were sacrificed (one week after the last dose of 
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PTN blocking antibody) against recombinant PTN protein immobilized by ELISA. We found 

that for both sets of experiments (6 and 9 weeks old treated mice), we were able to detect the 

PTN blocking antibody in the serum (Fig. 8D, 9D). We estimated that the PTN blocking 

antibody concentration in serum of the 6-week-old mice was between 1-10 µM and that of the 9-

week-old mice was approximately 1 µM and thus above the range used to block activity in vitro 

(see Fig.13, 14, 15). 
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Figure 8: PTN Activity on Ductal Outgrowth and Branching in the Mammary Gland 
During Puberty (6 weeks). A: Whole mounts of a representative mammary gland from a 
mouse treated with PTN blocking antibody versus control. White arrowheads indicate a 
representative duct whose distance from the middle point of the lymph node was used to 
quantify ductal penetration. Black arrowheads indicate representative branch points. Whole 
mount scale bar = 1.5 mm; control n=9; treated n=10 mice. B-G: White bars represent control 
mice; grey bars represent anti-PTN treated mice. B-C: Ductal length is expressed in mm. The 
number of branch points is given per mm of duct. *P= 0.0402; ** P= 0.0064; two-tailed 
student-t test; n= 3 ducts per mouse; control n=9; treated n=10 mice. D: Detection of anti-
PTN antibody in serum of mice by an ELISA assay with immobilized PTN. Absorbance at 
450 nm is shown as arbitrary units. ***P=0.0004; two-tailed student-t test; control n=5; 
treated n=9 mice. E-G: Quantization of Terminal Ends (TE) and Terminal End Buds (TEBs) 
of mammary ducts in treated mice versus age-matched control mice. E: TEBs per duct. ns= 
not significant. F: TEs per duct. * P= 0.03; two-tailed student-t test. G: TEBs per total 
number of duct ends (TEBs + TEs). *P= 0.027; two-tailed student-t test; n= 6 ducts per 
mouse, control n=9; treated n=10 mice. B-G: Data are means ± SE. 
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 A. 

Figure 9: PTN Activity on Ductal Outgrowth and Branching in the Mammary 
Gland During Adulthood (9 weeks). A. Whole mounts of a representative mammary 
gland from a mouse treated with PTN blocking antibody versus control. Treatment 
started when mice were 3 weeks old and was terminated when mice were 8 weeks old. 
Mice were sacrificed at 9 weeks old. Scale bar = 2 mm; n=3 mice. B-C. Ductal length 
and branch point number in treated mice versus age matched control mice. Branch point 
number is expressed as number of branch point per average duct length (mm). No 
statistically significant difference between groups. D. PTN blocking antibody detection 
from serum diluted 1:100 of treated mice versus control by ELISA using immobilized 
PTN. *P=0.0024; two-tailed student-t test; n=3 per group. 

B. C. D. 
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3. PTN activity inhibits the activation of the ERK1/2 pathway during mammary gland 

development 

Since we saw that the treatment with the PTN blocking antibody induced branching and 

elongation of the mammary epithelial ducts during puberty, we investigated if the increase in 

maturation was accompanied by an alteration of signaling pathway activation. The ERK1/2, p38 

and JNK Mitogenic Activating Protein Kinase (MAPK) pathways have been described to play 

important roles during the mouse mammary gland development (77). In particular, the activation 

of the ERK1/2 MAPK pathway has been shown to impact the organization of the Mammary 

Epithelial Cells (MECs) in tissues by inhibiting cell polarization, adhesion and apoptosis of 

luminal cells and to increase their invasion and migration (77).  

As an initial screening for multiple signaling pathway activation, we used a multi-spot 

ELISA (Meso Scale Discovery). This allows the screening of multiple signaling activation 

pathways in the same sample utilizing small amount of total protein (1 to 20 µg). We analyzed 

the whole mammary gland lysates of treated versus control mice and found an increase in the 

activation of ERK1/2 but not of p38 and JNK pathways (Fig.10). We then verified the increase in 

the activation of ERK1/2 pathway by Western Blot (Fig.11). 
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 A. B. C. 

Figure 10: PTN Activity Inhibits ERK1/2 Pathway Activation During Mammary 
Gland Development.  Analysis of phosphorylated ERK1/2 (phospho ERK1/2 (A)), p38 
(phospho p38 (B)), and JNK (phospho JNK (C)) in whole mammary gland from 6- 
week-old anti- PTN treated mice versus control. Data is shown as the ratio of phospho 
to total protein signal. *P<0.05; ns, not significant; control n=9; treated n=10. 

 A.  B. 

Figure 11: ERK1/2 Pathway Activation in Mice Treated with PTN Blocking 
Antibody Assessed by Western Blot Analysis. A.Western Blot analysis for 
phosphorylated ERK1/2 and total ERK1/2. Protein extracts from whole mammary 
gland represents different 6- week-old mice (1 to 6). The data are representative of 
samples from 3 independent experiments. B. Western blot analysis quantification of 
the ratio of phosphorylated ERK1/2 to total ERK1/2 in 6- week-old mice treated with 
PTN blocking antibody versus controls from 3 independent experiments. *P<0.05; 
two-tailed student-t test; n= 9-10. 
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C. PTN Activity Maintains The Primary Mammary Epithelial Cells In An Undifferentiated 

state 

1. PTN expression in primary mammary epithelial cells (MECs) 

PTN is expressed mostly in the mammary epithelial cells and, as shown above, its activity 

inhibits the elongation and branching of the epithelial ducts during mouse mammary gland 

development. Here, we extended these studies to investigate PTN function in cultured mouse 

mammary epithelial cells. We first confirmed PTN expression in the MECs by 

Immunofluorescence to make sure that PTN is still expressed after the harvesting and culturing 

procedures (Fig. 12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 12: PTN Protein Expression in Primary Mammary Epithelial Cells (MECs). 
Immunofluorescence showing PTN expression in MECs grown on Poly-D-Lysine 
coated slide chambers. PTN (green), DAPI (blue), Phalloidin (red). Scale Bar = 20µm. 
Insets Scale Bar = 10µm. Secondary antibody only was used as negative control (Sec. 
Only).  
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2. Blocking PTN activity on MECs proliferation and migration 

Since we found that treatment with the PTN blocking antibody in vivo caused an increase in 

ductal elongation and branching of the mammary ducts, we hypothesized that PTN affects the 

MEC proliferation and migration. To test our hypothesis, we used the Xcelligence system by 

Roche. This system offers real time and label-free monitoring of attachment, spreading, 

proliferation, migration and invasion of cells by detecting changes in the impedance of the 

electrodes that coat the wells (defined as cell index).  To our surprise, we did not detect 

differences in the growth of MECs treated with the anti-PTN blocking antibody compared to the 

elution buffer (Fig.13A). As a positive control, we saw that the MECs were still responsive to 

FGF2, another growth factor (Fig.13B).  These findings were also confirmed by Cell-Titer Glow 

assay, another standard procedure used to monitor cell proliferation of cells grown on a plastic 

surface (data not shown). 
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      We then investigated if treatment with the PTN blocking antibody was affecting the MECs 

migration using the CIM-plate array Xcelligence System.  In this system, changes in electrode 

impedance are measured as the cells move through a membrane towards a chemoattractant (in 

our case the PTN blocking antibody or the elution buffer). This system is comparable to the use 

of Boyden chambers but with the advantage of monitoring and analyzing the cell migration in 

real-time and not just at the end point.  Since we found that treatment with the PTN blocking 

antibody increased ductal branching and elongation, we hypothesized that treatment of MECs 

with the PTN blocking antibody would impact MECs migration. We were surprised to find that 

 A.  B. 

Figure 13: PTN Activity on MECs Proliferation in vitro. Representative real time 
curve of MECs proliferation using E-plate 16, xCELLigence Instrument. A. The 
blocking anti-PTN antibody (anti-PTN IgG) or the elution buffer (Control) was added 
20 hrs from plating at 2µM. B. MECs growth stimulation by FGF2 (30nM) compared to 
control (20% serum). The Y axis represents Cell Index relative to 20 hours.  X Axis 
represents Time in hours.  
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MEC treatment with the PTN blocking antibody caused a statistically significant inhibition 

(p<0.001) of migration compared to control in a dose-responsive manner (Fig.14). 

 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

 

 

 These findings suggest that PTN stimulates the migration but not the proliferation of cultured 

MECs.  

 

Figure 14: PTN Activity on MECs Migration in vitro. Representative real time 
and dose-response curve of MECs migration using CIM-plate 16 and xCELLigence 
Instrument. The lower chamber was filled with serum free MEC media containing 
either the blocking anti-PTN antibody (anti-PTN IgG at 2µM or 2nM) or the elution 
buffer (Control;  in equal volume to anti-PTN IgG  at 2µM and 2nM). The Y axis 
represents Cell Index.  X Axis represents time in hours.  ***P<0.001 versus Control 
(2µM) for the time interval indicated; two-way ANOVA Bonferroni’s post test 
analysis.  
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3. Blocking PTN activity causes an increase in mammosphere formation of MECs 

We then employed MECs cultured in a three-dimensional (3D) matrix treated with either the 

PTN blocking antibody or the elution buffer. Growing MECs in a three-dimensional mesh has 

been shown to maintain the signaling cues for cellular organization and differentiation that are 

more representative of in vivo conditions than when grown on a plastic surface (75, 78-80). 

MECs at passage #3 were grown in Matrigel in the presence of the PTN blocking antibody or the 

antibody elution buffer as control.  On day 5, we observed that MECs treated with the PTN 

antibody showed a significant, 1.8 fold-increase in mammosphere formation compared to control 

cells that were treated with the antibody elution buffer (Fig. 15).  
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We observed that both the control and the anti-PTN treated MECs were able to form regular 

mammosphere structures with a lumen surrounded by a monolayer of polarized cells and laminin 

secreted to the extracellular matrix (Fig. 16A) (81). However, approximately 90% of anti-PTN 

treated mammospheres compared to only 20% of controls show laminin deposition suggesting 

Figure 15: Blocking PTN Activity with anti-PTN Antibody Increases 
Mammospheres Formation of MECs. A. Time course experiment of mammosphere 
formation at day 1, 3 and 5 of MECs treated with PTN blocking antibody (anti-PTN) 
at 0.6 µM versus MECs treated with an equivalent volume of antibody elution buffer 
(Control). The arrowhead indicates the threshold size (approximately 900 µm2) to 
define mammospheres. Pictures are representative of 1 well from 3 independent 
experiments. Scale bar=50µm. B. Quantification of the percent mammospheres greater 
than 900 µm2 per field. Quantification was done at day 5 counting the mammosphere 
area in 20 fields/well; 2 wells per condition. The threshold of 900 µm2 was chosen as 
the smallest area for a mammosphere with a monolayer of cells polarized around the 
center. Data are representative of 3 independent experiments, each in duplicate. Data 
are means ± SE; ***P<0.001; two-tailed student-t test. 
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that PTN activity is required for cell adhesion to the extracellular matrix and for laminin 

deposition. Immunofluorescence of PTN staining of the mammospheres at day 5 also showed 

PTN expression in the control mammospheres at Day 5. We could not detect PTN staining in the 

treated mammospheres suggesting a depletion of PTN by the blocking antibody. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The immunofluorescence analysis of PTN staining in control versus treated mammospheres 

(Fig.16B) suggests that the blocking PTN antibody binds to PTN expressed on the MEC. As a 

further control, MECs at passage #3 were grown in Matrigel in the presence of the PTN blocking 

 A.   B. 

Figure 16: Mammosphere Structure of Control and anti-PTN Antibody Treated 
MECs and PTN Expression in Mammospheres at Day 5. A. Immunofluorescence 
showing laminin gamma 2 (green) and DAPI (blue) staining of mammospheres treated 
with the PTN blocking antibody or control at day 5. Scale bar=20µm. B. PTN staining 
of mammospheres treated with 0.6 µM of PTN blocking antibody (anti-PTN) or elution 
buffer (Control). The data are representative of 2 independent experiments. Sec 
Only=secondary antibody only. Scale bar=20 µm. 
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antibody with or without the recombinant human PTN protein at an approximate equimolar ratio 

or the antibody elution buffer as control. On day 5, we observed that MECs treated with the PTN 

antibody showed 20% increase in mammosphere formation while MECs treated with the PTN 

antibody in the presence of recombinant PTN caused a smaller (10%) increase in mammosphere 

formation (Fig. 17). These findings confirm that the increase in mammosphere formation 

potential of MECs treated with the blocking PTN antibody is due to an inhibition of PTN 

activity. 
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A.            B.    

Figure 17: PTN Reduced Antibody Efficacy. A. Time course experiment of 
mammosphere formation at day 1, 3 and 5 of MECs treated with either PTN blocking 
antibody (anti-PTN) at 0.6 µM with  (+rhPTN) or without recombinant human PTN (-
rhPTN) at 0.5 uM versus MECs treated with antibody elution buffer (Control). Black 
arrowheads indicate representative spheres with areas of at least 900 µm2 used for 
quantification analysis (B). Pictures are representative of 4 wells. Scale bar=50µm. B. 
Quantification of the percent mammospheres greater than 900 µm2 per field. 
Quantification was done at day 5 counting the mammosphere area in 5 fields/well; 4 
wells per condition. The threshold of 900 µm2 was chosen as the smallest area for a 
mammosphere with a monolayer of cells polarized around the center. Data are 
representative of 3 independent experiments.  Data are means ± SE; **P<0.01; versus 
anti-PTN treated cells; ***P<0.001 versus control; One-way ANOVA Bonferroni’s 
multiple comparison test; n= 5 fields/well; 4 wells for each condition. 
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In conclusion, our data show that PTN activity in MECs inhibits cell adhesion to the extracellular 

matrix and cell polarization as seen by the decreased in laminin deposition and in 

mammospheres formation. PTN inhibitory activity on cell adhesion and cell polarization could 

cause increased migration as seen in vitro (Fig.14).  

4. PTN regulates the expression of progenitor epithelial markers in MECs  

Mammosphere formation in three-dimensional cultures has been used to measure the potential of 

self-renewal of MECs.  Since blocking PTN activity caused an increase in mammosphere 

formation, we hypothesized that PTN expression may regulate the expansion of epithelial 

progenitor cells.  

We harvested control and anti-PTN treated mammospheres at day 5 for RNA extraction 

and quantified the expression of the previously reported progenitor epithelial cell markers CD10, 

CD29, CD49, SCA-1, Keratin 18 and Vimentin by qRT-PCR (Fig. 18-19) (82-88). We show the 

qRT-PCR results relative to MECs harvested at passage #1. This allowed us to identify changes 

in expression levels of the epithelial progenitor markers due to cell growth in three-dimensional 

conditions. We did not find a significant difference in the mRNA expression levels of the 

luminal epithelial marker K18 or the mesenchymal marker Vimentin across the different MEC 

samples (Fig. 19). Both the control and the anti-PTN antibody treated MECs at passage #3 

showed higher expression of PTN mRNA than MECs at passage #1.  

        We also confirmed that the MECs were not contaminated by primary mammary fibroblasts. 

Since the mRNA expression of Vimentin in the mammary fibroblasts was 10-fold higher than in 

the MECs at passage #1, we can exclude the possibility of mammary fibroblast contamination of 

the MECs (Fig. 19). Also, PTN mRNA expression levels in the fibroblasts were 10-fold lower 
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than in MECc at passage #1 by qRT-PCR (Fig. 20).  These findings confirmed that PTN is 

expressed mostly in the epithelial cell compartment of the mouse mammary gland. 

        We observed that the expression of CD29 and CD49f increased while that of SCA-1 and 

CD10 decreased in control mammospheres when compared to MECs passage #1 (Fig. 18). We 

concluded from this that the growth in culture of MECs favored the selection of a cell population 

that was enriched in cells that expressed higher levels of CD29 and CD49f and lower levels of 

SCA-1 and CD10.  

        Mammospheres characterized by MECS with high expression of both CD29 and CD49f and 

low expression of SCA-1 have been previously shown to contain Mammary Stem Cells (MaSC) 

with in vivo repopulating potential (84, 85). A single MaSC is able to develop into a functional 

mammary gland (84). CD29 and CD49f belong to the integrin family and their activity is 

important for the attachment of the cells to the extracellular matrix (89).  CD10 has been 

proposed as a myoepithelial progenitor cell marker with peptidase activity and has been shown to 

regulate the differentiation of mammary epithelial cells by cleaving signaling molecules that 

induce differentiation (85). We found that MEC treatment with the PTN blocking antibody 

brought back the mRNA expression of the progenitor mesenchymal markers CD29, CD49f, 

SCA-1 and CD10 to levels similar to that of MECs at passage #1. A role for PTN as a stem cell 

regulator has already being described in the brain, bone and bone marrow (20, 22, 37). Our 

results suggest that PTN promotes the progenitor phenotype of the MECs and blocking PTN 

activity stimulates the expansion of mammary progenitor cells with a more committed 

differentiation phenotype as indicated by the CD29, CD49f, SCA-1 and CD10 expression profile 

(Fig. 18). 
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Figure 19: Effect of Treatment with PTN 
Blocking Antibody on PTN, Luminal 
(K18) and Mesenchymal (VM) Markers 
mRNA Expression in MECs Assessed by 
qRT-PCR at Day 5. Expression of control 
and treated MEC at passage #3 (#3) is given 
relative to MEC passage #1 cells (#1). 
K18=keratin18; VM=Vimentin. **P <0.01; 
***P <0.001 versus MEC passage #1 cells 
(#1); One-way ANOVA Dunnett’s post test 
analysis; n=4; n=2 for Vimentin and Keratin 
18. 
 

Figure 18: Effect of Treatment with PTN 
Blocking Antibody on Progenitor MEC 
Markers mRNA Expression Assessed by 
qRT-PCR at Day 5. Expression of control and 
treated MEC at passage #3 (#3) is given 
relative to MEC passage #1 cells (#1). **P 
<0.01; ***P <0.001 versus MEC passage #1 
cells (#1); One-way ANOVA Dunnett’s post 
test analysis; n=4. 
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Figure 20: Effect of Treatment with 
PTN Blocking Antibody on PTN, 
Luminal (K18) and Mesenchymal 
(VM) Markers mRNA Expression in 
Primary Fibroblasts Assessed by 
qRT-PCR at Day 5. Expression of 
primary fibroblasts passage #3   is 
given relative to MEC passage #1 cells. 
K18=keratin18; VM=Vimentin. **P 
<0.01; ***P <0.001 versus MEC 
passage #1 cells (#1); One-way 
ANOVA Dunnett’s post test analysis; 
n=4; n=2 for Vimentin and Keratin 18. 
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CHAPTER IV. DISCUSSION 
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A. Downregulation of PTN in the Differentiated Mammary Epithelial Cells 

The regulation of PTN expression in the mammary gland during pregnancy and its 

expression in mammary epithelial cells has been previously suggested (41-43). These findings 

suggest that PTN may have a role during mammary gland development. By Northern blots, our 

lab has previously found that the regulation of PTN mRNA is hormonally regulated in a tissue 

stringent manner in the mammary gland during pregnancy (49). The mammary gland is an organ 

composed of different cell types that include epithelial cells, adipocytes, endothelial cells and 

fibroblasts.  By cell fractionation and in situ hybridization our lab confirmed previous reports 

that PTN is mostly expressed in the epithelial compartment of the mammary gland and not in the 

stroma (41, 42, 49).  

We observed a 30-fold downregulation in PTN expression by qRT-PCR during mid-

pregnancy which coincides with the beginning of the lobular-alveolar differentiation of 

mammary epithelial cells. We were surprised to find PTN expression down-regulated in the 

mammary gland during mid-pregnancy because PTN has been shown to be a growth factor for 

different types of cells and the mammary epithelia cells are still proliferating at this point (12, 

51). Our data suggest that PTN is expressed during the first wave of proliferation of the 

mammary epithelial cells while the cells are still undifferentiated and not during the second wave 

of proliferation when the epithelial cells are undergoing lobular-alveolar differentiation. We 

conclude that the sustained expression of PTN in the undifferentiated mammary epithelial cells 

contributes to the homeostasis of the mammary gland in its undifferentiated state.   

The expression of growth factors such as IGF1, Jagged1, Dll3A and FGFs has been 

described as temporally regulated during pregnancy (53). Interestingly, the expression of FGF2, 
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another heparin binding protein, was regulated similarly to PTN during pregnancy and lactation 

(65).  

Hormonal changes due to breeding have been linked to changes in the mammary gland 

composition (90). We did not find a statistically significant difference in PTN mRNA expression 

levels between mammary gland of virgin and pseudopregnant mice. This suggests that changes 

in the mammary gland composition due to breeding do not impact on PTN expression unless the 

breeding results in pregnancy.  

Parity has been shown to change the differentiation state of the mammary gland and the 

regulation of local growth factors and thus to be protective against breast cancer (43, 48). The 

next question we addressed was whether PTN expression in the mammary gland changes due to 

parity. PTN has been previously proposed to be one of the local regulatory factors whose 

expression changed due to pregnancy (43). We found that PTN expression in the mammary 

gland was restored to the level of expression of the mammary gland of virgin mice by the first 

pregnancy but not after multiple pregnancies. It is plausible to assume that decrease in PTN 

expression in the mammary gland of multiparous mice could be due to enrichment in 

differentiated epithelial cells and a loss of mammary epithelial progenitor cells by each 

consecutive pregnancy. Furthermore, PTN overexpression was found in approximately 60% of 

human breast carcinoma and in chemically-induced rodent models (12, 91). We speculate that 

the downregulation of the anti-differentiation factor PTN has a critical role towards the 

protective effect of parity, specifically because its overexpression has also been associated with 

human breast cancers. 
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B. PTN Inhibits the Maturation of the Mammary Gland During Puberty 

We wished to identify PTN function during mammary gland development. Treatment with a 

PTN blocking antibody has helped in identifying the PTN inhibitory function towards the 

maturation of the mammary gland as seen by the inhibition of the elongation and branching of 

the mammary epithelial ductal cells and of the activation of the ERK1/2 signaling pathway. We 

were surprised to find that PTN activity inhibits the maturation of the mammary gland and the 

activation of ERK1/2 signaling pathway because PTN has been described as a proliferation 

factor for different cell types as previously mentioned and as a promoter of cell-survival by 

activating MAPK kinase signaling in fibroblasts (12, 19).  

As mentioned in the “Results” section, the activation of the ERK1/2 MAPK pathway 

during mammary gland development as been shown to impact mammary epithelial cells (MECs) 

by inhibiting the polarization, adhesion and apoptosis of luminal epithelial cells and by 

stimulating their migration and invasion (for a review see (77)). Our findings that PTN decreases 

the elongation and branching of mammary epithelial ducts and the activation of the ERK1/2 

signal suggest that PTN may play a role in maintaining the organization of MECs during puberty 

by increasing the polarization and the adhesion of the luminal cells and inhibiting the migration 

of mammary epithelial cells.  

We also observed that PTN regulates the maturation of the mammary gland during the 

puberty but that the overall maturation of the gland is not impaired by treatment with the PTN 

blocking antibody. This suggests that PTN causes a delay of the final maturation of the 

mammary gland. 
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C. PTN Activity Inhibits the Expansion of MECs that are Further Along in the 

Differentiation Process by Inhibiting Cell Adhesion, Cell Polarization  and Regulating 

Progenitor Cell Marker Expression  

As discussed above, PTN expression in the mammary gland is mostly confined to the 

mammary epithelium and its activity inhibits the expansion of the mammary epithelial ducts 

during development. We thus investigated PTN activity in the proliferation and migration of 

MECs grown in culture.  

We found that PTN did not affect the proliferation but increased the migration of MECs 

when grown on plastic surface. These findings appear to contradict the results from the in vivo 

studies. However, mammary gland development is a complex process that involves the 

interaction of clues from the mammary epithelia cells and the stroma. It is plausible to assume 

that PTN activity in MECs is dependent on the cell growth environment. We thus employed 

three-dimensional growth conditions.  

MECs grown in a three-dimensional mesh have been shown to maintain the signaling 

cues for cellular organization and differentiation that are more representative of in vivo 

conditions than when grown on a plastic surface (75, 78-80). Three-dimensional cultures of 

MECs treated with the PTN blocking antibody showed an increase in mammosphere formation 

suggesting that PTN regulates the expansion of mammary epithelial progenitor cells. The 

expression analysis of progenitor mammary epithelial cell markers such as CD29, CD49f, SCA-1 

and CD10 showed that PTN activity maintains the mammary epithelial cells in a more 

undifferentiated state. PTN has been previously shown to regulate the expansion of stem and 

progenitor cells in other tissues (20, 22, 37).  

A model for the cooperation between CD10 and CD29 in maintaining the homeostasis of 
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mammary epithelial stem cells by inhibiting differentiation has been proposed where CD29 is 

responsible for keeping the stem cells anchored to the extra-cellular matrix and CD10 for 

creating a gradient of cleaved protein with differentiation activity (88). The mRNA expression 

profile of the progenitor cell markers suggests that the anti-PTN antibody treated MECs have a 

less progenitor like phenotype than the control cells and are more similar to the MEC at passage 

#1.  

The fact that the anti-PTN antibody treated MECs formed a higher number of mammospheres 

with correct apical polarity and laminin basement membrane deposition than control MECs in 

3D cultures suggests that PTN activity may have inhibitory functions in the polarization and 

adhesion of MECs. We proposed that the increase in mammosphere formation of the anti-PTN 

antibody treated MECs is due to an expansion of a more committed lineage of progenitor 

epithelial cells that have appropriate polarization and adhesion, less progenitor phenotype and 

higher expression of the protease CD10.  

Others have found that mammary stem cells lack of hormonal response and hormonal 

receptor expression and that the paracrine expression of factors from the luminal epithelial 

hormonal responsive cells regulates the homeostasis of the mammary epithelial progenitor cells 

(92). We suggest that PTN is one of these regulatory factors of progenitor cells that are 

expressed by the mammary epithelial cells under hormonal stimuli (Fig.21) 
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Figure 21. Scheme of PTN Function During Mouse Mammary Gland Development. 
A. Hierarchy of mammary luminal and myoepithelial cells and their progenitors in the 
mammary epithelial duct. ME=myoepithelial cells; LE= luminal epithelial cells. B. PTN 
expression and secretion from the undifferentiated mammary epithelial ductal cells 
inhibits ductal elongation and branching and the expansion and differentiation of 
mammary epithelial progenitor cells. PTN inhibits MEC adhesion and polarization. C. 
Blocking PTN activity with anti-PTN antibody (anti-PTN Ab) stimulates the maturation 
of the mammary gland as seen by an increase in ductal elongation, branching, TE 
formation and ERK1/2 activation and the expansion and differentiation of mammary 
epithelial progenitor cells by promoting cell adhesion and polarization. D. PTN 
maintains the mammary epithelial cells in an undifferentiated state as seen by the 
increase in maturation of the mammary gland during puberty in the anti-PTN antibody 
treated mice versus controls and by the downregulation of PTN expression during late 
pregnancy which coincides with an increase of the lobular-alveolar differentiation of the 
MECs. 

A. B. 

C. D. 
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D. Future studies 

As mentioned in the Introduction, our lab has found PTN to be a ligand that binds to the 

extracellular domain of the full-length tyrosine kinase receptor ALK (5). Others have suggested 

the involvement of the protein tyrosine phosphatase receptor ζ1 (PTPRζ1) in the activation of 

the PTN/ALK signaling (93). A role for the PTN-mediated signaling activation through ALK 

and PTPRζ1 has been suggested in breast cancers (27-29) but its function remains unexplored. 

We found PTN expression in the mammary gland regulated in parallel with ALK mRNA. These 

data suggest that the activation of PTN/ALK signaling is important during mammary gland 

development. We believe that investigating PTN/ALK during normal mammary gland 

development will aid in a better understanding of the PTN/ALK signaling in breast cancer. As a 

next step for future studies, we propose the employment of an ALK blocking antibody designed 

and tested in our lab to further investigate PTN/ALK signaling during mammary gland 

development.  

Other studies that could be useful in gaining a better understanding of PTN and ALK 

function during mammary gland development is the transplants of mammary epithelial cells with 

PTN and/or ALK knockdown by shRNAs into the cleared fat pad of syngeneic mice. 

Our results on MEC proliferation and migration in vitro suggest that the stroma impact on 

PTN activity during mammary gland development. Transplants of mammary epithelial cells 

harvested from PTN wild type mice into the cleared mammary fat pad of PTN knockout mice 

could help understand the stromal contribution to PTN activity during mammary gland 

development.  

 

 



 

 
 
 

53 

 

 

 

 

 

 

 

 

CHAPTER V. APPENDIX A 

PTN Function in PyMT Mouse Breast Cancer Model 
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A1. RESULTS 

1. PTN Expression in MMTV-PyMT (Polyoma Middle T) breast tumors 

As mentioned in the Introduction, PTN and ALK have been shown to be expressed in human 

breast cancers and to be poor prognosis markers for survival. We hypothesized that PTN/ALK 

signals towards the invasion and metastasis of breast cancer cells. To investigate PTN and ALK 

function in the progression of breast cancers, we used the MMTV-PyMT breast cancer 

transgenic mouse model. The overexpression of the Polyoma virus Middle T antigen (PyMT) 

under the control of the MMTV promoter results in the formation of spontaneous focal 

mammary tumors (94). This mouse model offers several advantages over other commonly used 

breast cancer models such as MMTV-Her2/neu. Palpable tumors appeared at early age of the 

mouse (around 8-10 weeks of age) with 90% metastasis rate to the lungs (95).  Although the 

PyMT is not expressed in human breast cancers, the PyMT breast tumors progression 

recapitulates the histological, cell morphology and biomarkers expression changes of the to the 

progression of human invasive breast cancers (95). The PyMT tumors as well as the Her2/neu 

tumors are classified as luminal type breast cancers (95). 

We first analyzed PTN expression in PyMT tumors compared to normal mammary gland 

tissues of the parental strain (Fig. A1). We were surprised to find a statistically significant 

decrease (p<0.001) in PTN expression levels in PyMT tumors compared to normal mammary 

gland of the parental strain (Fig. A1). The expression of the luminal marker Keratin 18 increased 

in PyMT tumors as expected since PyMT tumors are derived from luminal epithelial cells (Fig. 

A2).  
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Figure A2: K18 mRNA Expression is 
Upregulated in PyMT Mammary Gland 
Tumors Compared to Normal Mammary 
Glands of the Parental Mouse Strain FVB. 
***P<0.0001; two-tailed student-t test, n=4-5 
mice. Expression is given relative to 
GAPDH. 
 

Figure A1: PTN mRNA Expression is 
Downregulated in PyMT Mammary 
Gland Tumors Compared to Normal 
Mammary Glands of the Parental Mouse 
Strain FVB. ***P<0.0001; two-tailed 
student-t test, n=4-5 mice. Expression is 
given relative to GAPDH. 
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We also observed that the expression of the ALK receptor was slightly but not significantly 

decreased in PyMT tumors compared to the normal mammary gland of the parental strain (Fig. 

A3). Further studies are needed to determine if ALK expression is altered in more advanced 

stages of PyMT tumor progression such as in metastasis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The downregulation of PTN mRNA expression in PyMT tumor cells was also reflected at 

the protein level. Immunohistochemistry shows PTN staining in normal mammary epithelial 

ductal cells adjacent to the tumor but not in tumor cells (Fig. A4). These data suggest that PTN 

may play a role in the tumor environment during PyMT tumorigenesis. 

Figure A3: ALK mRNA Expression is 
Downregulated in PyMT Mammary 
Gland Tumors Compared to Normal 
Mammary Glands of the Parental 
Mouse Strain FVB. ***P<0.0001; two-
tailed student-t test, n=4-5 mice. 
Expression is given relative to GAPDH. 
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      We then investigated PTN expression regulation during PyMT tumor progression by 

analyzing PTN expression in the mammary gland of PyMT mice at different stages of tumor 

progression (6 and 7 weeks old) compared to PyMT tumors of approximately 1 cm in diameter. 

Age-matched FVB mice were used as controls. We found that PTN mRNA expression in the 

mammary gland of 6 week-old PYMT mice was at levels similar to PTN expression in the 

Figure A4: PTN Protein Expression in PyMT Mammary Gland and Tumor. PTN 
expression in a representative mammary gland tumor of 7 week-old PyMT mice. 
Tissues are shown at 40x objective magnification. PTN staining is detected only in 
normal epithelial ducts adjacent to tumor initiating cells (yellow inset) and not in the 
tumor cells (Red Inset). Scale Bar = 50µm. Insets show the areas indicated by the boxes 
of respective colors. Scale Bar = 25µm.  
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mammary gland of age-matched FVB mice. PTN expression in the mammary gland of PYMT 

mice decreased significantly (P<0.001) during tumor progression compared to PTN expression in 

the mammary gland of 6 week-old PyMT mice (Fig. A5).  

 

 

 

 

 

 

 

 

 

 

 

The luminal marker K18 increased during tumor progression as expected while that of the 

mesenchymal marker Vimentin did not change suggesting that PyMT tumors are enriched in a 

cell population with luminal epithelial origin (Fig. A6, A7). 

 

 

 

 

 

 

Figure A5: PTN mRNA Expression 
Downregulation During PyMT 
Tumorigenesis. PyMT Adult= 
tumor. Expression is given relative to 
GAPDH. **P <0.01; ***P <0.001 
versus 6 weeks; One-way ANOVA 
Dunnett’s post test analysis; n= 4-5. 
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Figure A7: Vimentin (VM) mRNA 
Expression During PyMT 
Tumorigenesis. PyMT Adult= tumor 
Expression is given relative to 
GAPDH; n= 4-5. 
 

Figure A6: K18 mRNA Expression 
Upregulation During PyMT 
Tumorigenesis. PyMT Adult= tumor 
Expression is given relative to 
GAPDH. *P <0.05 versus 6 weeks; 
One-way ANOVA Dunnett’s post test 
analysis; n= 4-5. 
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2. PTN Expression in Invasive Breast Cancers May Be Subtype Dependent 

We observed that the decrease in expression of PTN and ALK in the PyMT tumors coincided 

with the increased expression of the luminal marker Keratin 18 (K18). An increase in expression 

of the luminal marker K18 was expected since the PyMT tumors have been previously suggested 

to be derived from differentiated luminal epithelial cells (for a review see (96)). 

We then studied if these findings were confirmed in invasive human breast cancers. We 

searched the Oncomine database for studies that compared invasive and ductal breast carcinoma 

to normal breast. We observed that in the invasive ductal carcinomas where PTN was expressed 

at a significant level (P=0.004) compared to normal breast, Keratin 18 was not expressed at a 

significant level (P=0.733) (Table A2.1). On the other hand, in the studies where Keratin 18 was 

expressed at a significant level (P=0.005), PTN expression was not expressed at a significant 

level (P=0.931) (Table A2.2). 
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Gene 

 

P-Value 

PTN 0.004 

K18 0.733                       

 

Gene 

 

P-Value 

PTN 0.931                        

K18 0.005                        

Table A2.2. PTN Is Not Expressed In Invasive Breast Cancers Where K18 
(Luminal Epithelial Marker) Is Expressed. The expression analysis was done using 
the Oncomine database. Studies included in the analysis: Invasive Ductal Breast 
Carcinoma vs. Normal. Radvanyi Breast, Proc Natl Acad Sci USA, 2005; Invasive 
Lobular Breast Carcinoma vs. Normal. Radvanyi Breast, Proc Natl Acad Sci USA, 
2005; Invasive Mixed Breast Carcinoma vs. Normal. Radvanyi Breast, Proc Natl Acad 
Sci USA, 2005; Ductal Breast Carcinoma vs. Normal. Sorlie Breast 2, Proc Natl Acad 
Sci USA, 2003; Invasive Ductal Breast Carcinoma vs. Normal. Zhao Breast, Mol Biol 
Cell, 2004. 
 

Table A2.1. PTN Is Expressed in Invasive Breast Cancers Where K18 (Luminal 
Epithelial Marker) Is Not Expressed. The expression analysis was done using the 
Oncomine database. Studies included in the analysis: Invasive Breast Carcinoma vs. 
Normal. Finak Breast, Nat Med, 2008; Ductal Breast Carcinoma vs. Normal. 
Richardson Breast 2, Cancer Cell, 2006; Invasive Ductal Breast Carcinoma vs. 
Normal. Turashvili Breast, BMC Cancer, 2007; Invasive Lobular Breast Carcinoma 
vs. Normal. Turashvili Breast, BMC, 2007. 
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A2. DISCUSSION AND CONCLUSIONS  

Breast cancer can be classified in different subtypes such as luminal A, luminal B, ERBB2+ and 

basal type by looking at their molecular signature (97). The different subtypes are predictive of 

survival (97). An unsupervised cluster analysis that compared 232 human breast cancers to 122 

mouse mammary tumors from 13 different genetic engineered models (GEM) shows that the 

molecular profile of tumor samples from different GEM can be either heterogeneous or 

homogeneous within each model and thus can either fall into several types or one unique type of 

breast cancer when compared to the molecular profile of human breast cancers (97). The PyMT 

breast cancer model is an example of an homogeneous molecular profile compared to human 

breast cancers that falls into the luminal type of breast cancer (97). We found that PyMT tumors 

express K18 but not PTN. This could be a unique feature of the molecular profile of some of the 

luminal breast cancer models.  

Since our lab has previously found that PTN play a role in breast cancers, future studies 

should be done to analyze PTN expression in different breast cancer mouse models such as 

MMTV-Wnt1 that have a more heterogeneous molecular profile when compared to the 

molecular profile of human breast cancers to investigate if PTN expression is specific for 

different subtypes.    
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CHAPTER VI. APPENDIX B 

The Interaction  of Anaplastic Lymphoma Kinase and Uncoordinated5 (UNC5)  

Receptors and Preliminary Results on its Biological Significance 
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B1. MATERIAL AND METHODS 

1. Construction of expression plasmids 

The full length mouse UNC5D was inserted into the mammalian expression vector N-terminal 

pFLAG CMV vector (Invitrogen) (cloning was done by Stefanie Flunkert). The full length myc-

tagged human ALK and mutant constructs (ALK-∆ATP K1150A, ALK-∆IRS1Y1096F, ALK-

∆IRS1∆5, ALK-TM) constructs were generated as previously described (98).  

2. Cell lines and transfections  

HEK293T was obtained from ATTC. HEK293T was cultured in DMEM medium supplemented 

with 10% fetal bovine serum (FBS). Transient transfections of HEK293T were carried out using 

FuGENE 6 Transfection Reagent (Roche) following the manufacturer’s protocol (Roche). Cells 

were seeded at 50% confluency and transiently transfected after 24h.  

3. Immunoprecipitation 

Whole cell lysates of transfected HEK293T were prepared in NP-Tris lysis buffer (20mM Tris-

CL, pH 7.5, 150mM NaCl, 1% NP-40, 2.5mM EDTA, 10mM NaF and 10nM NaPPi) containing 

freshly added protease inhibitor (Roche). IP’s were performed using 1-2 mg of total lysates with 

an agarose-conjugated mouse monoclonal anti-FLAG antibody (Sigma).  
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4. Western Blotting 

For immunoblot analysis, mouse monoclonal α-UNC5D (MO1) (Abnova), mouse monoclonal 

α-myc (9E10) (Sigma) or mouse monoclonal α-Phospotyrosine (4G10) (Millipore) was used. 

5. Protein identification by mass spectrometry 

293T cells were transfected with either UNC5D (FLAG tagged) alone or in combination with 

ALK (myc tagged) construct. 20 mg of total protein from whole cell lysates was 

immunoprecipitated with an agarose-conjugated mouse monoclonal anti-FLAG antibody 

(Sigma). Proteins were resolved on a 4% Tris-Glycine gel (Invitrogen) and visualized by a 

Coomassie Blue Stain. Protein bands were manually excised from the gel. Protein identification 

was performed as previously described (99). 

 

6. Soft Agar Colony Formation Assay 

For colony formation assay, SW13 and SW13/NTN1 were trypsinized and 3500 cells were 

plated in white-walled 24 well plate (Perkin Elmer) in triplicates containing 0.8% agar, IMEM 

supplemented with 10% Fetal Bovine Serum and either PTN (15ng/ml; R&D) or FGF2 

(11ng/ml; Invitrogen). PTN elution buffer was used as control. Soft agar colony formation was 

evaluated day 10 after incubation using CellTiter-Glo Luminescent reagent (Promega).  
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B2. RESULTS 

1. The Interaction of the Receptor ALK with the Dependence Receptor UNC5D 
 
Based on unbiased proteomic analysis, our lab found the dependence receptor UNC5D as an 

interaction candidate of ALK when ALK is activated (Flunkert et al. manuscript submitted). 

Since the UNC5 receptors share high homology and conserved domains within the family, we 

hypothesized that not only UNC5D but also UNC5A-C would interact with ALK.  The UNC5s 

(A-D) belongs to the family of dependence receptors that have tumor suppressor activity in 

cancer as they induce apoptosis in the absence of their ligand (100). The only known ligand for 

the UNC5 receptor is Netrin1 (101). A role for PTN/ALK and for NTN1/UNC5 signaling in 

breast cancer has been previously suggested (12, 102) but their role is still unexplored.  

Our hypothesis is that the interaction between the ALK/UNC5s interaction modulates 

PTN/NTN1 signaling towards apoptosis, proliferation, invasion and metastasis in breast cancer. 

We investigated the role of NTN1/UNC5 and its interaction with PTN/ALK in normal mammary 

gland development to better understand how the ALK/UNC5s interaction modulates PTN/NTN1 

signaling in breast cancer. 

We first confirmed the UNC5D interaction with activated ALK by immunoprecipitation 

and Western blot analysis of HEK293T transfected with either UNC5D (FLAG-tagged ) alone or 

cotransfected with ALK (myc- tagged) or with mutant constructs.  

The intracellular domain of ALK (amino acid 1158 to 1620) contains different tyrosine 

residues that, once phosphorylated, become binding sites for IRS1, PI3 kinase, SHC and PLC-

gamma and are crucial for ALK signaling (103-105). Our lab has generated ALK constructs with 

mutations in the kinase domain of ALK (ALK-∆ATP, ALK-∆IRS, ALK-∆IRS1∆5) and deletion 

of the extracellular domain (ALK-TM) but intact intracellular (ICD) and transmembrane domain 
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(TM) (Table A1). The ALK-∆ATP (K1150A) mutant is an ALK construct without kinase 

activity (98).  The ALK-∆IRS1 contains a mutation at Y1096 (Y1096F) outside the kinase 

domain of ALK that inhibits the IRS1 protein binding upon ALK phosphorylation (98). The 

ALK-∆IRS∆5 contains mutations in the IRS1 binding site (Y1096F) plus 5 mutations in the Y 

residues within the kinase domain. This last mutant still retain some kinase activity (this mutant 

was generated by Dora Stylianou; unpublished data).  
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Table A1. Schematic of ALK Structure and Mutation Sites. SP, Signal peptide; 
LBD, ligand binding domain; MAM, MAM domain; TM, transmembrane domain; 
TK, tyrosine kinase domain; aa, amino acids; numbers indicate amino acid position. 
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We observed that the UNC5D/ALK interaction was lost when UNC5D was coexpressed 

with kinase-dead ALK-∆ATP while it was maintained when UNC5D was coexpressed with 

ALK-∆IRS1 and ALK-∆IRS∆5 (Fig. B1.A). Interestingly, we also observed that the 

UNC5D/ALK interaction was lost when UNC5D was coexpressed with ALK-TM suggesting 

that the UNC5D/ALK interaction requires the intact extracellular domain of ALK (Fig. B1.A).    

The anti-myc Western blot for ALK expression in the whole cell lysates shows ALK as a 

doublet (Fig. B1.C, top panel).  We observed that UNC5D interacts with the top band but not 

with the lower band of the doublet ALK (Fig. B1.A). Others have recently described that the 

lower band of the ALK doublet is located intracellularly and not at the cellular surfaces like the 

top band and have suggested that the different localization of the lower band of ALK is due to an 

incomplete glycosylation (106). The incomplete processing of the lower band of ALK would 

then inhibit the activation of ALK signaling by inhibiting the proper receptor dimerization (106). 

Our data suggest that the UNC5/ALK interaction is not only dependent on the activation but also 

on the glycosylation state of ALK.  

The FLAG-tagged UNC5D protein appears as a doublet when transfected into HEK293T 

cells and immunoprecipitated using an anti-FLAG antibody (Fig.B1.B) However, we observed 

additional lower bands of approximately 110-100 kDa in addition the UNC5D doublet when 

UNC5D is co-transfected with activated ALK and the less activated mutants ALK-∆IRS1 and 

ALK-∆IRS∆5 (Fig. B1.C, bottom panel; lane 3, 5, and 6). We thus hypothesized that the 

UNC5D receptor is differentially processed when it interacts with activated ALK.  
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Figure B1. UNC5D Interaction with Activated ALK.   Interaction of transiently 
transfected ALK (myc tagged) and ALK mutant constructs (myc tagged)  with UNC5D 
(FLAG-tagged). A, B. Representative Immunoprecipitation with anti-FLAG antibody 
followed by Western Blot analysis for ALK (A) and UNC5D (B). C. Western Blot 
analysis for ALK (top panel) and UNC5D (bottom panel) expression in the  lysates. 
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We first investigated if the lower bands of 110-100 kDa were either cleaved or post-

translationally modified forms of the UNC5D receptor by proteomic analysis (Fig. B2).  The 

HEK 293T cell line is easily transfectable and yields high protein expression. It is thus a good 

model for preliminary proteomic analysis studies. HEK293T were transfected with either 

UNC5D (FLAG tagged at N-terminal; lane 1) or UNC5D (Flag tagged) and ALK (myc tagged; 

lane 2). Immunoprecipitated lysates with the anti–FLAG agarose conjugated antibody were 

analyzed by Comassie Blue Gel Staining (Fig. B2). Proteomic analysis by MS/ Q-star confirmed 

the presence of ALK in band 3 but not in band 5 and of UNC5D in bands 1, 2 and 6 (Fig. B2) 

and revealed the presence in band 1 of peptides belonging to the N-terminal and to the C-

terminal domain of UNC5D. These findings suggest that the apparent band of 110 kDa is not a 

cleaved but a post-translationally modified form of UNC5D. 
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       Western blot analysis with anti-phospho tyrosine antibody suggests that UNC5D is tyrosine 

phosphorylated when interacting with activated ALK (Fig. B3). Western blot analysis with anti-

myc and anti-UNC5D antibodies confirmed the presence of ALK in band 3 and of UNC5D in 

 

Figure B2. UNC5D Receptor is Differently Processed when Cotransfected with the 
ALK Receptor in HEK 293T Cell Line. A. Representative Comassie Blue Staining gel 
showing that UNC5D is processed as a triple band (bands number 2 and 1) when 
cotransfected with ALK receptor (band 3). Band 6 represents UNC5D when expressed 
with mock vector pcDNA3.1. Bands 4 and 5 contained no specific binding proteins to 
the ALK/UNC5D interaction. B. Mass Spectrometry (MS) results for ALK and UNC5D 
peptides identification. 
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band 1 and 2. We thus employed further proteomic analysis by Q-star of the previously described 

bands to investigate if UNC5D bands were differentially phosphorylated or if they were subject 

to other modifications. We could not detect tyrosine phosphorylation of the UNC5D probably 

due to the low abundance of UNC5D. Proteomic analysis suggested possible changes in the 

glycosylation state of UNC5D. Further studies are needed to increase the total amount of protein 

yield in order to identify the post-translationally modification of UNC5D upon binding to 

activated ALK. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B3. UNC5D Receptor is Tyrosine Phosphorylated when Cotrasfected with 
the ALK Receptor in the HEK 293T Cell Line. Immunoprecipitation with anti-FLAG 
antibody followed by Western Blot analysis for  tyrosine phosphorylation (A), UNC5D 
(B) and ALK (using myc antibody) (C) suggesting that UNC5D is tyrosine 
phosphorylated when cotransfected with ALK (bands 2 and 1). Band 3 is representative 
of phosphorylated ALK. The black arrow indicates ALK. 

A. B. 

C. 
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2. Biological Significance of the PTN/ALK and NTN1/UNC5 Crosstalk: Preliminary 

Results 

Previous unpublished data in our lab showed that SW13 cells express low levels of PTN, ALK, 

NTN1, and UNC5 receptor mRNA measured by qRT-PCR. We thus decided to overexpress 

NTN1 in the SW13 cells to evaluate if the ALK/UNC5 interaction had a biological impact on 

PTN/ALK and NTN1/UNC5 signaling. Our lab has previously shown that SW13 cells acquire 

anchorage independent growth when stimulated with exogenous PTN (12). A soft agar colony 

formation assay shows that SW13 cells stably expressing NTN1 (SW13/NTN1 stable) are not 

responsive to PTN stimulation while they maintain the response to FGF2 stimulation (Fig.B4). 

These data suggest that the ALK/UNC5 interaction may have a biological impact on the 

PTN/ALK and NTN1/UNC5 signaling.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B4. Soft Agar Colony 
Formation Assay Showing a Reduction 
in PTN Stimulation of SW13/NTN1 
Cells That Are Stably Transfected 
With NTN1 Compared to Wildtype 
(WT) SW13 Cells. FGF2 was used as 
positive control. Data is representative of 
2 independent experiments done in 
triplicates and is expressed in 
luminescence relative units (arb.u.) to 
measure the number of colonies formed. 
*P <0.05; ***P <0.001 versus  untreated 
SW13; ns=not significant; Two-way 
ANOVA Bonferroni’s Multiple 
Comparison test analysis; n= 3. 
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CHAPTER VII. APPENDIX C 

The Role of Anaplastic Lymphoma Kinase and Uncoordinated5 (UNC5) Receptors  

During Mouse Mammary Development 
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C1. INTRODUCTION 

1. Netrin1 and UNC5s Functions During Mouse Mammary Gland Development 

The UNC5s (UNC5A to UNC5D in human; UNC5H1 to UNC5H4 in mouse (107) are a family 

of type I transmembrane receptors mostly known for their function in axonal-guidance and cell 

migration during the development of the nervous system  (107-110). Sequence analysis of the 

human UNC5 show that the receptors share about 40-50% identity in their amino acid sequences 

and have conserved domain structures (111).The UNC5D receptor is the most recently identified 

member of this family and its function is still under explored (111). 

The only known ligand for the UNC5 receptors is Netrin1 (101). Netrin1 is a secreted 

factor belonging to the family of netrins (Netrin1 to Netrin4 and NetrinG1 to NetrinG2) that have 

conserved domains similar to the laminins (112-117). Netrin1 has been proposed as a ligand not 

only for the UNC5s but also for other receptors such as DCC, Neogenin, integrins, and the 

adenosine 2b (A2b) receptor (for a review see (118)). Netrin1 plays a bi-directional role in 

guidance signaling of neurons depending on the complement of receptors DCC or UNC5s 

expressed (119). 

In addition to its role in the nervous system, Netrin1 and UNC5B has been shown to play 

a role in regulating the morphogenesis of the vascular system as well as vessel sprouting in the 

adult vasculature (120, 121). During development, NTN1 has also been described during 

morphogenesis and branching of organs such as the lungs, the pancreas, and the mammary gland 

(118).  

In the mouse embryo, the expression of the UNC5H2 and UNC5H4 receptors and their 

ligand Netrin1 has been described during the primitive bud formation of the mammary gland 
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when UNC5H2 expression is confined to the undifferentiated epithelial cells and the UNC5H4 

and Netrin1 expression is confined to the surrounding mesenchyme (111).  

NTN1 and UNC5s knockout mice are not viable due to numerous malformations during 

the development of the nervous system (122). During postnatal mammary gland development, 

Netrin1 has been shown to play a role through the interaction with Neogenin in the 

morphogenesis of the mammary epithelial ducts by maintaining the adhesion of the luminal 

progenitor cells to the cap cells in the terminal end buds (TEBs) (123). A synergistically activity 

of Netrin1 and SLIT2 in maintaining the adhesion between the myoepithelial and luminal 

epithelial cells has been reported during ductal morphogenesis (124). NTN1 has also been 

described to inhibits Cripto-1 function on the invasion and migration of mammary epithelial cells 

in vitro and to impair the mammary ductal outgrowth in vivo (125).  

 Netrin1 has been shown to stimulate the formation of alveolar structures within the 

terminal end buds during early pregnancy and to stimulate together with lactogenic hormones the 

secretion of beta-casein in HC-11 mammary epithelial cells (126). Moreover, an increase in 

NTN1 expression during lactation coincides with a decrease in the expression of the embryonic 

stem cells markers Nanog and Oct4 (126). Overall, these findings suggest that NTN1 may be a 

differentiation factor of mammary epithelial cells (126). Further studies are needed to investigate 

the NTN1/ UNC5s role during mammary gland development. 

2. Netrin1 and UNC5s in Cancers 

The UNC5s and DCC have been described as members of the family of “dependence receptors” 

as they induce cell apoptosis through the activation of the caspase-dependent pathway in the 

absence of their ligand NTN1 (100, 127, 128). In the presence of their ligand, these receptors 

signal towards cell proliferation, survival and differentiation (100). 
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  Based on their function as dependence receptors both UNC5s and DCC have been 

suggested to have tumor suppressor activity by stimulating cell death and thus limiting tumor 

progression and spreading in the absence of their ligand (129). It has been suggested that during 

tumor development and progression, the expression of dependence receptors is either lost, the 

receptors are mutated and/or the expression of their ligand NTN1 is up-regulated (for a review 

see (130)). UNC5s have been shown to be down-regulated in different cancers and their 

inactivation has been described as a promoter for colorectal tumor progression in mice (131, 

132). Moreover, the upregulation of NTN1 expression has been described in different types of 

tumors including metastatic breast cancers where NTN1 has stimulatory functions towards the 

cell invasion and metastasis (102, 130, 133-136). The NTN1 overexpression in the gut in 

NTN1+/- transgenic mice leads to an increase in hyperplasia and adenocarcinoma formation 

(137). Interestingly, while the expression of NTN1 varies with respect to the stages of breast 

cancer, the expression of the UNC5s receptors was not different amongst the different stages of 

breast cancer (102). Overall, the NTN1/UNC5 role in breast cancer development and progression 

is still unexplored.  

 The functions of NTN1 during mammary gland development and of NTN1/UNC5s in 

blood vessel development suggest a potential involvement in breast cancers (121, 125, 126). A 

better understanding of NTN1/UNC5 expression and function during mammary gland 

development could help understand the role of NTN1/UNC5 during breast tumorigenesis. We 

found that UNC5s interacts with ALK and that NTN1 (see above Appendix B and Flunkert et al. 

manuscript submitted) contributes to the ALK/UNC5s interaction in intact cells. Our above 

findings suggest a role for PTN and ALK during mammary gland development (as seen in 

Chapter III). We hypothesize that the NTN1/UNC5 interaction with PTN/ALK has a functional 
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impact during mammary gland development. We initiated studies to explore this hypothesis. 
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C2. MATERIAL AND METHODS 

1. Mouse Primer sequence used for qRT-PCR 

NTN1 Forward (CCACTGCCACTACTGCAAGGA) 

NTN1 Reverse (GGCAATCACAGGCTTTGCAAGC) 

UNC5H1 Forward (ACATGGCCTATGGGACCTTCAACT) 

UNC5H1 Reverse (TTCTGGCTTGTGCAGAGTGAGGTA) 

UNC5H2 Forward (TCTTTGTGGTGGTAGCGGTTCTCA)  

UNC5H2 Reverse (GTTGTTGGGCCTTGCAGTCTTGAA) 

UNC5H3 Forward (TGCTCAGGTTTCCATCTGGGAAGT) 

UNC5H3 Reverse (AAACAAGAGGCCATGACTGGAGGA) 

UNC5H4 Forward (TCTGTGCGCATAGCCTATTTACGGAA) 

UNC5H4 Reverse (GCCATTCCACCTCTGCTGCT) 
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C3. RESULTS 

1. Netrin1 and UNC5s Expression Regulation During Mouse Mammary Gland 

Development 

A role for NTN1 in the differentiation of the mammary epithelial cells has been previously 

suggested due to high expression of NTN1 during lactation, NTN1 stimulation of alveolar 

structure formation and of secretion of beta-casein by mammary epithelial cells (126). We found 

a 3-fold upregulation of NTN1 mRNA expression during mid-pregnancy compared to the 

mammary gland of virgin mice. This coincides with the beginning of the lobular-alveolar 

differentiation of the mammary epithelial cells (Fig. C1.A). These data are in agreement with a 

previous report that suggested that NTN1 stimulates the mammary epithelial differentiation 

(126). Since NTN1 expression has been described primarily in the epithelial compartment of the 

mammary gland, we showed the qRT-PCR data results relative to the epithelial marker keratin 

18 (K18) (123).              

The expression and function of UNC5H4 in the mammary gland is, to our knowledge 

unexplored. We found that the NTN1 receptor UNC5H4 mRNA expression was regulated 

similarly to NTN1 in the mouse mammary gland during pregnancy (Fig. C1.C). These findings 

suggest that the NTN1/UNC5H4 may play a role in the differentiation of the mammary epithelial 

cells during pregnancy (Fig. C1.B). Interestingly, we detected a 3-fold upregulation of the 

UNC5H2 receptor during early pregnancy but not during mid-pregnancy suggesting that 

UNC5H2 play a different role in the mammary gland during early pregnancy when the mammary 

epithelial cells are undergoing high proliferation. We also observed that UNC5H2 and UNC5H4 

expression was undetectable by qRT-PCR at involution day 5.  



 

 
 
 

82 

The expression of the receptors UNC5H1 and UNC5H3 was below detection level by 

qRT-PCR suggesting that NTN1 function in the mammary gland is mostly though the UNC5H2 

and UNC5H4. 
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Figure C1: qRT-PCR Showing 
NTN1 (A), UNC5H2 (B) and 
UNC5H4 (C) Expression in the 
Mammary Gland During 
Pregnancy. mRNA expression in the 
mammary glands of the following 
groups: 9 weeks old virgin, 2 to 8 
months old pseudopregnant (PsPreg), 
2 to 8 months old pregnancy day 7 
(Preg D7), 2 -3 months old pregnancy 
day 10 (Preg D10), 3-4 months old 
pregnancy day 15 (Preg D15), 4-10 
months old involution day 3 (Invol 
D3) and 4-5 months old involution 
day 5 (Invol D5) mammary glands. 
Expression is given relative to keratin 
18. UNC5H4 expression was not 
detectable at Invol D5. Data are 
means ±SE; n= 4; PsPreg n=2; ns=not 
significant. *P <0.05; ***P <0.001 
versus virgin; One-way ANOVA 
Dunnett’s post test analysis. 
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C4. CONCLUSIONS AND FUTURE DIRECTIONS 
 
These results together with the findings on PTN and ALK expression downregulation during 

mid-pregnancy suggest that PTN/ALK and NTN1/UNC5 may have a complementary role during 

mammary gland development. As future studies to investigate the role of ALK/UNC5 interaction 

during mammary gland development, we propose the transplants of MECs where NTN1 and 

UNC5s alone or in combination are knockdown by shRNA lentiviral system into the cleared fat 

pad of PTN and ALK knockout transgenic mice. The shRNA lentiviral system to infect primary 

mammary cells has been successfully used in our lab.  Further studies are needed to evaluate if 

the ALK/UNC5 interaction plays a role during breast oncogenic transformation.  
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