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ABSTRACT 

Basal levels of active, nuclear localized and tyrosine phosphorylated Stat5 are 

present in healthy human breast epithelia.  In contrast, Stat5 is frequently inactivated 

during breast cancer progression, a finding that correlates with loss of histological 

differentiation and poor patient prognosis.  Identifying the mechanisms underlying Stat5 

inactivation could provide novel targets for breast cancer therapy.  Because total Stat5 

protein remains detectable in an unphosphorylated form in a majority of breast cancers a 

hypothesis was formed that inactivation of Stat5 during breast cancer progression is the 

result of disregulated tyrosine phosphatase activity.  Supporting this hypothesis, an 

experiment performed in human breast cancer cells using the tyrosine phosphatase 

inhibitor pervanadate revealed significant tyrosine phosphatase regulation of prolactin-

induced phosphotyrosine-Stat5.  Very little is known about tyrosine phosphatase 

regulation of Stat5 activation in human breast cancer.  To explore this potential 

mechanism for Stat5 inactivation during breast cancer progression five candidate tyrosine 

phosphatases were chosen for investigation based on 1) reported regulation of Stat5 

activity in non-breast cells and tissues, 2) modulation of Jak2/Stat5 homologue signaling 

in lower organisms, or 3) the ability to regulate Stat5 in in vitro overexpression systems 
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and phosphatase assays.  The five candidates were the classical tyrosine phosphatases 

PTP1B, TC-PTP, SHP1, and SHP2, and the dual-specificity phosphatase VHR.  

Lentiviral-mediated shRNA methodology allowed specific examination of the candidates 

in the context of human breast cancer.  The results of these studies revealed enhanced and 

sustained prolactin-induced Stat5 tyrosine phosphorylation exclusively in response to 

PTP1B suppression; an effect that was mimicked by parallel enhanced and sustained 

prolactin-induced tyrosine phosphorylation of the upstream Stat5 tyrosine kinase, Jak2.  

The effect of PTP1B knockdown on Stat5 was found in both T47D and MCF7 cells and 

resulted in increased Stat5 reporter gene activity.  Furthermore, PTP1B knockdown 

enhanced the prolactin-induced Stat5 sensitivity of breast cancer cells by reducing EC50 

almost three fold, from 7.2 nM to 2.5 nM.  Last, immunohistochemical analysis revealed 

a highly significant negative correlation between levels of phosphotyrosine-Stat5 and 

PTP1B in clinical breast cancer specimens.  Collectively, these data implicate 

upregulation or activation of PTP1B as an important mechanism behind the suppression 

of Prolactin/Jak2/Stat5 signaling in breast cancer. 
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CHAPTER 1 
 
INTRODUCTION 

In breast epithelia, the transcription factors Stat5a and Stat5b (hereafter 

collectively termed Stat5 unless otherwise specified) mediate prolactin-induced growth 

and differentiation.  During pregnancy and lactation, the Prolactin/Jak2/Stat5 pathway is 

critical for lobuloalveolar expansion, maintenance of a terminally differentiated 

mammary epithelium, and the induction of major milk-related genes such as lactalbumin, 

whey-acidic protein and beta-casein (Cui et al., 2004; Liu et al., 1997; Miyoshi et al., 

2001; Nevalainen et al., 2002; Teglund et al., 1998; Xie et al., 2002).  Stat5 is tyrosine 

phosphorylated and nuclear localized in healthy, non-pregnant human breast epithelia 

(Nevalainen et al., 2002).  In contrast, although Stat5 remains expressed in a large 

majority of breast carcinomas, Stat5 frequently loses its tyrosine phosphorylation, a 

finding that is correlated with higher tumor grade, metastatic progression, and poor 

clinical outcome (Bratthauer et al., 2006; Nevalainen et al., 2004; Strauss et al., 2006).  

Furthermore, Stat5 nuclear localization in clinical samples is associated with increased 

levels of the prodifferentiation marker p27 (Cotarla et al., 2004) and can predict a 

positive response to estrogen therapy in ER positive tumors (Yamashita et al., 2006).  

Growing experimental evidence supports a prodifferentiation and invasion-suppressive 

role for Prolactin/Jak2/Stat5 signaling in breast cancer.  These studies demonstrated that 

the Prolactin/Jak2/Stat5 signaling pathway can suppress invasive characteristics of breast 

cancer cells as well as suppress epithelial-to-mesenchymal or promote mesenchymal-to-

epithelial transitions in breast cancer cell lines (Nouhi et al., 2006; Sultan et al., 2008; 
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Sultan et al., 2005).  The pro-differentiation and invasion-suppression effects of Stat5 

provide a biological mechanism to explain the association between Stat5 inactivation and 

poor clinical outcome in breast cancer and provide a strong impetus for investigation into 

the mechanisms underlying Stat5 inactivation (Wagner and Rui, 2008), mechanisms that 

could identify novel targets for breast cancer therapy.  Because total Stat5 protein 

remains detectable in a dephosphorylated form in a majority of breast cancers, a 

hypothesis was formed that the inactivation of Stat5 during breast cancer progression 

involves the disregulation of one or more tyrosine phosphatases.  The aim of these studies 

was to identify which tyrosine phosphatases play critical roles in the inactivation of Stat5 

in human breast cancer.  While other mechanisms may also be responsible for decreased 

Stat5 tyrosine phosphorylation, tyrosine phosphatases represent intriguing druggable 

targets that could lead to new strategies for breast cancer therapy.  

 

1.1 PROLACTIN 
 

Prolactin is a multifaceted hormone capable of exerting a variety of effects on 

numerous tissues.  Following the removal of a 28 amino acid signaling peptide, the 

mature prolactin protein is comprised of 199 amino acids.  The main site of prolactin 

production is the lactotrophic cells of the anterior pituitary although extrapituitary 

production of prolactin has been noted in several other tissues including the brain, skin, 

immune system, decidua, prostate, and mammary gland (Ben-Jonathan et al., 1996; 

Clapp et al., 1994; Emanuele et al., 1992; Fields et al., 1993; Mershon et al., 1995; Nagy 

and Berczi, 1991; O'Neal et al., 1992; Pellegrini et al., 1992; Steinmetz et al., 1993).   
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Prolactin has more functions than all other pituitary hormones combined.  

Examples include osmoregulation, maternal behavior, metabolism, and most important to 

the breast, lactation during the reproductive cycle (Bern and Nicoll, 1968; Bole-Feysot et 

al., 1998).  Prolactin regulates the normal physiology of the breast both during and after 

pregnancy by signaling through the tyrosine kinase Jak2 to the transcription factor Stat5.  

These signals are critical for pregnancy related functions such as lobuloalveolar 

outgrowth, epithelial differentiation, and milk production (Cui et al., 2004; Horseman et 

al., 1997; Liu et al., 1997; Miyoshi et al., 2001; Nevalainen et al., 2002; Teglund et al., 

1998; Xie et al., 2002).   

 

1.1.1 THE PROLACTIN GENE 

In humans the prolactin gene consists of five exons spanning approximately 10 

kilobases (Figure 1).  The gene is located on chromosome 6p22.2 – p21.3 (Evans et al., 

1989) and its transcription is driven from two distinct promoters, the proximal promoter 

used by lactotrophs in the pituitary (Berwaer et al., 1991), and the superdistal promoter 

utilized by prolactin producing cells located throughout the rest of the body (Berwaer et 

al., 1994).  The proximal promoter produces an mRNA containing exons 1b, 2, 3, 4, and 

5 that is 150 nucleotides shorter than the mRNA produced by the superdistal promoter.  

The difference in mRNA size is due to the exclusion of non-coding exon 1a which is 

contained in an additional 5800 nucleotides that are transcribed when starting 

transcription at the superdistal promoter.  Both transcripts give rise to the same 227 

amino acid prehormone that is posttranslationally processed to remove a 28 amino acid 



 

 

Figure 1.  Prolactin promoter, gene structure, and transcript.  The prolactin gene 

consists of 5 exons spread over 10 kb.  The superdistal promoter used by extrapituitary 

cells begins 5.8 kb upstream of the pituitary proximal promoter start site.  An additional 

non-coding exon, 1a, is included in transcripts produced by the superdistal promoter.  

Transcripts from both promoters give rise to the same prehormone which is 

posttranslationally processed to remove a 28 amino acid signaling peptide.  (Adapted 

from Ben-Jonathan, LaPensee, and LaPensee, Endocrine Reviews, 2008). 
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m of prolactin. 

 

1.2 PROLACTIN SIGNALING 

signaling peptide, resulting in the 199 amino acid mature for

 
Prolactin signals through a diverse array of molecules including Jak2, Stat5, 

MAPK, PI3K/AKT, Fyn, Fak, Nek3, Src, and Tek (Figure 2).  Activation of each 

pathway results in significant and distinct effects.  To achieve signal transduction 

prolactin requires a transmembrane receptor, receptor-associated kinases, and functional 

targets for those kinases.  Proper prolactin signaling results in the finely tuned 

orchestration of mammary epithelial architecture and function; improper signaling can 

result in effects ranging from hyperlactation, to infertility, to neoplastic transformation. 

 

1.2.1  THE PROLACTIN RECEPTOR:  GENE, SPLICING, AND ISOFORMS 

Prolactin signals through binding the prolactin receptor, a member of the class I 

superfamily of cytokine receptors.  Cytokine receptors are classified according to 

conserved features in their extracellular domains, most importantly the number and 

spacing of cysteine and proline residues (Bazan, 1990; Thoreau et al., 1991).  Within the 

class I superfamily are four major subgroups, the prolactin family consisting of the 

prolactin, growth hormone, leptin, erythropoietin, and granulocyte colony stimulating 

factor receptors among others, the IL-2 family, IL-3 family, and the IL-6 family.  The 

prolactin family of receptors are single pass transmembrane proteins with no intrinsic 

kinase activity; these receptors rely on intracellular receptor-associated kinases to 

transduce extracellular signals.   
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Figure 2.  Prolactin Signaling Pathways.  (Ambion) 
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As expected for a hormone that affects such a diverse array of tissues, the 

prolactin receptor is ubiquitously expressed although levels can vary depending on the 

developmental stage of the animal, the stage of the estrous cycle, and whether the animal 

is pregnant or lactating.  Examples of tissues expressing the prolactin receptor and 

responsive to prolactin include the brain, skin, bone, heart, liver, pancreas, kidneys, 

adrenals, and numerous members of the lymphatic and reproductive systems, including 

the prostate and breast (LeBaron et al., 2007; Nagano and Kelly, 1994). 

The prolactin receptor gene is located on human chromosome 5p13-p14 and 

includes 11 exons spanning a range of over 100 kilobases (Figure 3A).  Relative receptor 

abundance is dependent upon tissue type as each tissue can drive prolactin receptor 

expression from several different tissue-specific promoters, resulting in the inclusion of 

one of six different non-coding first exons before proceeding to transcribe the remainder 

of the gene.  There are several isoforms of the human prolactin receptor that result from 

alternative splicing of the prolactin receptor transcript (Figure 3B) and cells are capable 

of expressing multiple isoforms.  The isoforms have different abilities to activate 

downstream signaling molecules, resulting in varied biological responses to the same 

prolactin stimulation.  Notable human prolactin receptor isoforms include the long, 

intermediate, S1a, S1b, and ΔS1 isoforms, and a soluble binding protein consisting solely 

of the extracellular domain of the receptor (Clevenger et al., 2003).   

With the exception of ΔS1, each isoform contains an identical extracellular 

domain.  This domain is further broken into two subdomains approximately 100 amino

acids in length each, S1 and S2, that consist of fibronectin type III analogous residues.   
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Figure 3.  A)  The prolactin receptor gene.  The prolactin receptor gene consists of 

11 exons spanning over 100 kb.  Several different tissue-specific promoters can be 

utilized to drive transcription resulting in the inclusion of one of six different non-

coding first exons.  B)  Prolactin receptor isoforms.  Alternative splicing events of the 

prolactin receptor transcript results in the expression of multiple isoforms of the 

prolactin receptor.  The isoforms have different abilities to activate downstream 

signaling molecules, resulting in varied biological responses to prolactin stimulation.  

Notable isoforms depicted above include the long, intermediate, S1a, and S1b isoforms, 

and a soluble binding protein consisting solely of the extracellular domain of the 

receptor.  (Adapted from Ben-Jonathan, LaPensee, and LaPensee, Endocrine Reviews, 

2008). 
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The S1 region contains two characteristic disulfide bonds, Cys 12 – Cys 22 and Cys 51 – 

Cys 62, near the amino terminus that are highly conserved throughout the cytokine 

ceptor family.  The S2 region also contains a conserved domain, located near the 

pl

do

in

di

A

cy

tr

tr

m

The intracellular domain contains two important motifs involved in binding cytoplasmic 

proteins.  Closest to the membrane is a hydrophobic, proline-rich region termed Box 1 

(amino acids 243 – 250).  Box 1 is conserved throughout the cytokine receptor 

superfamily, is present in all isoforms of the prolactin receptor, and is essential for 

receptor association and ligand-induced activation of the tyrosine kinase Jak2 (DaSilva et 

al., 1994; Lebrun et al., 1995; Pezet et al., 1997).  Located thirty eight amino acids more 

C-term ino acids 288 – 298) is a second region termed Box 2 that contains 

hydrophobic, negatively, and positively charged residues.  Box 2, like Box 1, is 

conserved in the cytokine receptor superfamily and is also involved in prolactin-induced 

re

asma membrane, termed the WS motif, a five peptide sequence of WS-X-WS.  Both 

mains are important in mediating receptor functionality, the disulfide bonds through 

fluencing ligand binding and the WS motif by influencing proper receptor structure, 

merization, and trafficking, in addition to a limited ability to influence ligand binding.  

lthough identical in their extracellular domains, the isoforms differ in the length of their 

toplasmic tails, resulting in different abilities to activate prolactin-associated signal 

ansduction machinery.   

The full length receptor is a total of 588 amino acids.  It is comprised of a short 

ansmembrane domain flanked by the extracellular domain on the outside of the plasma 

embrane and a 364 amino acid intracellular domain that protrudes into the cytoplasm.  

inal (am
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esembles the long form except for a deletion of the S1 region 

of the 

activation of Jak2 (DaSilva et al., 1994).  Box 2 is not present in one of the shortest 

isoforms of the prolactin receptor, S1b.   

The intermediate isoform is the product of an out of frame alternative splicing 

event after residue 312 and results in a truncated intracellular domain 191 amino acids 

shorter than the long form (Kline et al., 1999).  The intermediate isoform contains both 

Box 1 and Box 2, is still able to activate Jak2, but is incapable of activating another 

prolactin induced kinase, Fyn (Kline et al., 1999).  Functionally, the intermediate isoform 

is incapable of inducing prolactin-stimulated proliferation but is still able to mediate cell 

survival (Kline et al., 1999).   

The ΔS1 isoform r

extracellular domain resulting from the removal of exons 4 and 5 (Kline et al., 

2002).  As might be expected, the ΔS1 isoform has a significantly lower binding affinity 

for prolactin as a result of the missing S1 domain (Kline et al., 2002).   

Two short prolactin receptor isoforms exist termed S1a and S1b.  The 

intracellular domain of S1a contains both Box 1 and Box 2 but S1b contains only Box 1.  

The S1a and S1b isoforms result from splicing events involving exons 10 and 11 and the 

translated proteins both act as dominant negatives for the long isoform (Hu et al., 2001).   

Last, there is a soluble prolactin binding protein consisting exclusively of the 

extracellular domain.  This protein was identified in human serum and can be secreted by 

breast cancer cells transfected with the long form of the receptor (Kline and Clevenger, 

2001).  There is no mRNA associated with this isoform and it is assumed that the 

prolactin binding protein results from proteolytic cleavage of one of the other isoforms 
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nd prolactin (Kline and Clevenger, 2001). 

erestingly, although the prolactin receptor is traditionally 

though

prolactin receptor 

signal t

pathwa

present in the cell (Kline and Clevenger, 2001).  Functionally, the binding protein inhibits 

prolactin signaling by sequestering unbou

Classical theory on prolactin signaling states that prolactin binds to the 

extracellular domain of a single prolactin receptor at Site 1.  This interaction allows the 

recruitment of a second prolactin receptor whose extracellular domain binds to the same 

prolactin ligand at Site 2.  The binding at Site 2 causes a conformational change in the 

now dimerized prolactin receptors resulting in the initiation of signaling cascades 

involving a diverse array of molecules including Jak2, Stat5, MAPK, PI3K/AKT, Fyn, 

Fak, Nek3, Src, and Tek.  Int

t to exist in a monomeric form when unbound by ligand, recent evidence supports 

a model in which prolactin receptors exist as predimerized pairs, waiting for ligand to 

bind (Gadd and Clevenger, 2006).  Regardless of whether one or both of the receptor 

models is proven to be correct, ligand binding, receptor activation, and 

ransduction are the same.   

 

1.2.2  JAK2:  STRUCTURE AND REGULATION 

The primary signaling cascade for prolactin in the breast is the Jak2/Stat5 

y.  Like all members of the cytokine receptor family, the prolactin receptor has no 

intrinsic kinase activity; signal transduction is achieved primarily through the kinase 

activity of specific members of the janus kinase (JAK) family.  The janus kinase family 

consists of four members, Jak1, Jak2, Jak3, and Tyk2.  Jaks 1 and 2, and Tyk2 are 

ubiquitously expressed whereas Jak3 is predominantly expressed in hematopoietic cells 
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usive 

janus k

al., 2002).  Adjacent is the JH2 domain, which is 

omprised of an inert kinase-like region termed the pseudokinase domain.  Although the 

proteins itself, it is involved in 

negativ

(Musso et al., 1995; Tortolani et al., 1995).  Each cytokine receptor selectively associates 

with one or more Jak member (Figure 4).  Jak2 has long been considered the excl

inase activated by the prolactin receptor but recent evidence has shown that in 

certain human breast cancer cell lines prolactin can also induce tyrosine phosphorylation 

of Jak1, albeit in a Jak2-dependent manner (Neilson et al., 2007).   

The four Jak genes consist of approximately twenty exons and each gene encodes 

for a protein that is over 1100 amino acids in length.  The gene for Jak2, the main janus 

kinase activated by the prolactin receptor, is located on human chromosome 9p24 

(Pritchard et al., 1992).  Structurally, Jak2 consists of seven characteristic Jak homology 

(JH) domains, labeled JH1 – JH7 starting from the C-terminus (Figure 5).  The first 

domain, JH1, is responsible for substrate phosphorylation.  It fully encompasses a typical 

tyrosine kinase domain that is most closely related to the kinase domains of the epidermal 

growth factor receptor family, suggesting that these two families may have evolved from 

a common ancestor (Manning et 

c

pseudokinase domain is unable to phosphorylated 

ely regulating the kinase activity of the JH1 domain (Saharinen et al., 2000; 

Saharinen et al., 2003).  The JH3 – JH7 domains comprise the remaining portion of the 

Jak2 protein and include an SH2 domain (JH3 – JH4) and a band 4.1, ezrin, radixin, 

moesin (FERM) homology domain (JH6 – JH7) that are involved in mediating protein-

protein interactions, positively regulating the activity of the JH1 kinase domain, and the 
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Figure 4.  Cytokine receptor association with members of the Janus kinase family.  

The prolactin receptor, like the other members of its subfamily, relies primarily on the 

activity of Jak2 to transduce extracellular signals.  (PJ Murray, Journal of Immunology.  

2007). 
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igure 5.  Janus kinase functional domains.  Jak proteins are divided into seven JH 

gions covering four functional domains, a C-terminal kinase domain, a pseudokinase 

F

re

domain, an SH2 domain, and an N-terminal FERM domain. 
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ssociation between the Jak protein and its associated cytokine receptor (Chen et al., 

997; Richter et al., 1998; Usacheva et al., 2002a; Usacheva et al., 2002b; Zhou et al., 

001).   

To achieve signal transduction the prolactin receptor relies on the activation of a 

preassociated Jak2 protein with Box 1 on its intracellular domain.  Ligand binding 

induces conformational changes in prolactin receptor dimers, bringing the two 

preassociated Jak2 proteins close enough in proximity to each other that they become 

e and phosphorylate each other, themselves, and the intracellular tails of the 

positive and negative 

tivity and protein-protein interactions.  Two sites of 

ity occur in the activation loop of the 

ain on tyrosine residues 1007 and 1008 (Feng et al., 1997).  In 

aximal Jak2 activation, phosphorylation of tyrosine residue 637 is 

obertson et al., 2009).  Sites of negative regulation include serine 523 and 

the JH2 domain (Argetsinger et al., 2004; Feener et al., 

JH1 domain (Funakoshi-Tago et al., 2008).  

ore, phosphorylation of tyrosine 119 within the FERM domain can disrupt Jak2 

tor association (Funakoshi-Tago et al., 2006).  The sum of Jak2 auto and trans-

rent phosphorylation of the cytoplasmic tail of the 

prolactin receptor ultimately results in the activation of Jak2 and the creation of docking 

a

1

2

activ

prolactin receptors.   

Research into the regulation of Jak2 activity has identified multiple residues in the 

different Jak2 domains that undergo phosphorylation and result in 

regulation of Jak2 kinase ac

phosphorylation critical for Jak2 kinase activ

catalytic JH1 kinase dom

addition, to achieve m

required (R

tyrosine 570 within and around 

2004) and tyrosine 913 located within the 

Furtherm

recep

phosphorylation and the concur
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or prolactin signaling is the transcription factor Stat5.   

 

o or heterodimers, translocate to the nucleus, and affect gene 

transcri

sites along the prolactin receptor tail for proteins containing SH2 or other 

phosphotyrosine-associating domains.  The most important of the SH2 domain containing 

proteins f

1.2.3  STAT5:  STRUCTURE AND REGULATION 

Stat5 is a member of the Signal Transducer and Activator of Transcription 

(STAT) protein family.  Stats are latent cytoplasmic transcription factors that serve as the 

main targets of janus kinase activity.  In response to tyrosine phosphorylation, Stat 

monomers form hom

ption.  The Stat family consists of seven members ranging in length from 748 - 

847 amino acids, Stats 1, 2, 3, and 4, Stat5a, Stat5b, and Stat6, most of which can exist in 

several isoforms.  The two Stat5 genes are located head to head on chromosome 17q11.2 

(Lin et al., 1996) and encode for the 794 amino acid residue Stat5a and the 786 amino 

acid residue Stat5b proteins.  Like all Stat family members, Stat5 consists of five 

functional domains, the N-terminal, Coiled-Coil (CC), DNA Binding, SH2, and 

Transactivation (TA) domains (Figure 6).   

The N-terminal domain of Stat5 consists of the first 126 amino acids and has two 

main functions.  First, it is involved in stabilizing tetramer formation between two Stat5  

homodimers or heterodimers.  Stat tetramers have the ability to bind to tandem, 

degenerate target sequences in the genome, enhancing the transcription of weak 

promoters (Horvath et al., 1995; John et al., 1999; Meyer et al., 2004; Meyer et al., 1997; 

Soldaini et al., 2000).  Second, the N-terminal domain has been proposed to regulate 
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Figure 6.  Schematic representation of the Stat5A and Stat5B functional domains.   
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protein-protein interactions, for example, CBP (CREB binding protein)/p300 (Bromberg, 

2001). 

The Coiled-coil region consists of four alpha-helices and spans amino acids 138 - 

330.  This region, like the N-terminal, is important for protein-protein interactions.  

Notable proteins that interact with this region include SMRT (Maurer et al., 2002; 

Nakajima et al., 2001), which can repress Stat5-dependent transcription, and Nmi (Zhu et 

al., 1999). 

The DNA-binding domain ranges from amino acids 332 - 583 and functions as its 

name implies, determining DNA binding specificity (Horvath, 2000).  Stat5 recognizes 

consensus sequences in DNA called GAS (Gamma-interferon activation sequence) sites, 

specifically, TTCYNRGAA.  Also in this region is a linker domain (amino acids 475 – 

592) which overlaps in sequence with the DNA-binding domain and can influence the 

binding and dissociation of Stat proteins from DNA (Yang et al., 2002). 

The SH2 domain spans amino acids 593 – 670.  It is arguably the most important 

domain in the Stat5 molecule because of its high degree of conservation and critical 

importance for both receptor-specific recruitment and Stat5 dimer formation (Stocklin et 

al., 1996).  Prolactin-induced Jak2 activation results in tyrosine phosphorylation of the 

prolactin receptor cytoplasmic tail, providing recognition and docking sites for Stat5 

molecules.  After Stat5 docks with the prolactin receptor, it is tyrosine phosphorylated by 

Jak2 on a specific conserved tyrosine, dissociates from the receptor, and forms a dimer 

with a second Stat5 molecule via SH2 domain recognition of and binding to its partner 

molecule’s phosphotyrosine residue.  The tyrosine residue phosphorylated by Jak2, 
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 residue is situated between the SH2 domain and the last functional domain, the 

C-term

sactivation domain function is to regulate interactions between Stat5 and 

coactiv

tat5b) results in 

attenua

critical for Stat5 dimerization, is tyrosine 694 in Stat5a, and tyrosine 699 in Stat5b.  This 

tyrosine

inal transactivation domain. 

The transactivation domain shares the least degree of similarity between the two 

Stat5 proteins and likely accounts for the majority of differences between their functions.  

It encompasses amino acid residues 722 – 794 in Stat5a and 727 – 787 in Stat5b.  A vital 

part of tran

ator proteins such as NCoA-1 (Litterst et al., 2003), centrosomal P4.1-associated 

protein (CPAP) (Peng et al., 2002), P100 (Paukku et al., 2003), and Oct-1 (Magne et al., 

2003).  In addition, the transactivation domain contains conserved serine residues that 

regulate Stat5 transcriptional activity.  In Stat 1 and Stat3, serine phosphorylation 

increases transcriptional activity, likely by altering interactions with binding partners, but 

in Stat5, serine phosphorylation (725 and 779 for Stat5a, 730 for S

ted signaling and is likely the result of MAPK activity among others (Pircher et 

al., 1999; Yamashita et al., 2001; Yamashita et al., 1998).   

 

1.2.4  OTHER SIGNALING PATHWAYS 

1.2.4.1  STAT1 and STAT3 

Although the Jak2/Stat5 pathway is of primary importance to prolactin’s functions 

in the breast, prolactin is capable of activating other signaling cascades as well.  Stat5 is 

the primary Stat activated by prolactin but prolactin can also activate Stat1 and Stat3 in 

different tissue types including lymphoid, myeloid, and mammary epithelium (DaSilva et 
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naling pathway in breast cancer where Jak2 activates 

Jak1, 

aling, like that of the vast majority of cytokine receptors, 

utilizes

al., 1996; Llovera et al., 2000; Schaber et al., 1998).  Both Stat1 and Stat3 have 

potentially important roles in breast cancer.  Recent evidence has implicated a potential 

branching point in the prolactin sig

leading to the activation of Stat3 (Neilson et al., 2007).  Stat3 tyrosine 

phosphorylation and DNA binding is increased in some breast cancer cell lines, leading 

to proliferation and invasive behavior; inhibition through either dominant negatives or 

pharmacological methods can block breast cancer cell proliferation and survival, and 

RNAi knockdown of Stat3 can inhibit breast cancer cell invasion and tumor formation in 

vivo (Burke et al., 2001; Garcia et al., 2001; Li and Shaw, 2002; Ling and Arlinghaus, 

2005).  Stat1, on the other hand, functions as a tumor suppressor and surveillor (Kaplan et 

al., 1998; Ouchi et al., 2000).  Activation of Stat1 results in growth arrest and apoptosis 

in breast cancer cells (Chin et al., 1997; Gooch et al., 2000; Johnson et al., 1998; Thomas 

et al., 2004).  In addition, analysis of tissue samples showed that Stat1 correlates with 

longer relapse-free and overall survival of breast cancer patients (Widschwendter et al., 

2002). 

 

1.2.4.2  RAS/RAF/MAPK 

Classical prolactin sign

 the Jak/Stat pathway to achieve signal transduction.  However, prolactin is also 

capable of activating other major signaling cascades such as the Ras/Ras/MAPK 

pathway.  Prolactin activation of the MAPK family in numerous cell types including 

breast, results in typical MAPK-related effects such as increased proliferation and 
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p27, BAD, caspase 9, forkhead transcription factors, and NF-KB (Brunet et al., 

999; Cardone et al., 1998; Datta et al., 1997; Hutchinson et al., 2001; Kane et al., 1999; 

 activity generates phosphoinositides that serve as second 

messen

inhibited apoptosis (Cheng et al., 2000; Das and Vonderhaar, 1997; Olazabal et al., 2000; 

Schwertfeger et al., 2000).  The ability of prolactin to activate MAPKs such as ERKs 1 

and 2 (MAPKs 1/3), and JNK, may be due to Jak2/Shc association, leading to increased 

Grb2 and Sos binding, and subsequent Ras/Raf/MAPK activation (Buckley et al., 1994; 

Clevenger et al., 1994; Das and Vonderhaar, 1996a; Das and Vonderhaar, 1996b; Erwin 

et al., 1995; Llovera et al., 2000), or Jak2-dependent activation of Jak1, which results in 

increased ERK phosphorylation in breast cancer cells (Neilson et al., 2007).  Other 

evidence however, suggests that the MAPK pathway can be activated independently of 

Jak2, as Jak2 null mammary epithelial cells are capable of prolactin-induced MAPK 

activation, but not Stat5 phosphorylation (Sakamoto et al., 2007).  

 

1.2.4.3  PI3K/AKT 

The PI3K/AKT pathway is a cell survival and proliferation pathway implicated in 

mammary tumorigenesis and progression that functions through modulating proteins such 

as p21, 

1

Webster et al., 1998).  PI3K

gers for pleckstrin-homology domain containing proteins such as AKT, a serine 

threonine kinase (Alessi and Cohen, 1998).  PI3K consists of a p110 catalytic subunit and 

a p85 regulatory subunit.  Prolactin is capable of activating PI3K (Berlanga et al., 1997; 

Ratovondrahona et al., 1998).  Mechanistically, one theory is that prolactin-activated 

Jak2, through phosphorylation of the prolactin receptor cytoplasmic tail, recruits the p85 
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and c-Src (see Section 

.2.4.3 above) can affect prolactin-induced PI3K/AKT signaling to modulate growth 

 c-myc, c-fos, and c-jun (al-Sakkaf et al., 1997; Fresno Vara et al., 

2001). 

regulatory subunit of PI3K, allowing it to be activated by Fyn, a Src kinase family 

member (al-Sakkaf et al., 1996; al-Sakkaf et al., 1997).  Other studies have shown that 

prolactin-induced PI3K can be modulated by c-Src, another member of the Src family 

(Acosta et al., 2003; Fresno Vara et al., 2001).  

 

1.2.4.4  SRC KINASES 

Srcs are an important family of kinases frequently implicated in promoting tumor 

growth.  Src kinases can be activated in response to prolactin independently of Jak2 

(Berlanga et al., 1997; Clevenger and Medaglia, 1994; Fresno Vara et al., 2001; Fresno 

Vara et al., 2000; Sakamoto et al., 2007).  Src kinases like Fyn 

1

related genes such as

 

1.2.4.5  VAV2, NEK3, and FAK 

G-proteins such as the Rho family members Rac, Rho, and Cdc42 influence actin 

polymerization, the formation of lamellipodia and filopodia, and the assembly of focal 

adhesion complexes.  Consequently, modulation of Rho-protein activity can promote 

tumor cell metastasis by disrupting epithelial-sheet organization, promoting degradation 

of the extracellular matrix, and increasing cell motility (Sahai and Marshall, 2002).  G-

protein activity is regulated by the exchange of GDP for GTP.  Guanine exchange factors 

such as Vav2 promote the exchange of GDP for GTP, leading to the activation of target 
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phosphorylated on serine and tyrosine 

sidues (Miller et al., 2005).   

ase (FAK) is a non-receptor tyrosine kinase localized at focal 

adhesio

 CYCLOPHILIN A, CYCLOPHILIN B, AND NUCLEAR PROLACTIN 

Prolactin, like other peptide hormones, has been found in the nucleus of cells and 

-induced signaling (Clevenger et al., 1991; Rao et al., 

1995; 

 

G-proteins including Rac1, RhoA, and Cdc42 (Abe et al., 2000; Liu and Burridge, 2000; 

Schuebel et al., 1998).  Nek3 is a serine/threonine kinase capable of activating Vav2 

(Miller et al., 2005).  In response to prolactin, Nek3 and Vav2 associate with the prolactin 

receptor, Nek3 becomes active, and Vav2 is 

re

Focal adhesion kin

n complexes that is primarily involved in integrin signaling.  Integrins sense the 

extracellular matrix and in response to various stimuli can trigger signaling cascades that 

result in altered mobility.  Prolactin can stimulate FAK activity in breast cancer cells 

(Canbay et al., 1997).  Interestingly, like Src activation, prolactin-induced FAK activation 

can occur in the absence of Jak2 (Sakamoto et al., 2007). 

 

1.2.4.6 

is capable of modulating prolactin

Rao et al., 1993; Rycyzyn and Clevenger, 2002).  The ability of prolactin to 

localize to the nucleus may largely be regulated by the peptidyl prolyl isomerase 

cyclophilin B (CypB).  Endocytosis and the subsequent processing of a 

CypB/prolactin/prolactin receptor complex allows CypB-bound prolactin to dissociate 

from the receptor and associate with the transport protein Sec61 (Rycyzyn et al., 2000). 

Sec61 then utilizes a nuclear translocation sequence found in CypB to facilitate nuclear 

import (Rycyzyn et al., 2000).  Once in the nucleus, the Prolactin/CypB complex 
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n the other hand, interacts with the prolactin receptor and 

Jak2 in

.3 PROLACTIN BIOLOGY:  OF MICE AND (WO)MEN 

interacts with Stat5 dimers in a manner which requires CypB isomerase activity, resulting 

in the release of the inhibitory protein PIAS3 from the Stat5 dimers (Rycyzyn and 

Clevenger, 2002).  The liberated Stat5 dimers are then free to bind GAS sites on DNA 

and affect DNA transcription (Rycyzyn and Clevenger, 2002). 

Cyclophilin A (CypA) o

 breast cancer cells.  This interaction alters divergent signaling pathway strengths 

resulting from prolactin stimulation.  For example, while Jak2 phosphorylation was 

prolonged, Rac activation was inhibited (Syed et al., 2003).  Loss of CypA/Jak2 

interactions affects breast cancer cell growth, motility, invasion, and soft agar colony 

formation (Zheng et al., 2008). 

 

1
 

ium 

both du

The prolactin signaling pathway is an important regulator of breast epithel

ring and after development.  In addition to the formation of glandular architecture 

during organogenesis, the human breast is capable of undergoing multiple cycles of 

pregnancy-associated lobuloalveolar expansion, lactation, and involution.  This cycling 

requires a complex interaction between prolactin signaling and other hormone pathways 

such as estrogen and progesterone to effectively alter the structure and functionality of 

the breast epithelium.  The precise role that prolactin plays in mammary biology has been 

studied extensively over the last decade, aided primarily by studies of genetically 

engineered mice. 
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 prolactin, the prolactin 

recepto

rdless of whether the mice are pregnant or nursing pups, 

nd an increased incidence of mammary tumors (Rose-Hellekant et al., 2003; Wennbo et 

struct in the mammary 

gland r

gesting that in higher vertebrates prolactin deficiency can be 

ompensated for and prolactin may not be critical for some of the functions ascribed to it 

1.3.1  OF MICE:  TRANSGENIC AND KNOCKOUT STUDIES 

Over the last 12 years transgenic and knockout mice have allowed an in depth 

investigation into the role of prolactin and the Jak2/Stat5 signaling pathway in mammary 

gland biology.  Knockout or transgenic overexpression of

r, Jak2, and Stat5 have given important information about the critical role 

prolactin plays in mammary gland biology. 

 

1.3.1.1  MAMMARY GLAND DEVELOPMENT AND FUNCTION 

Transgenic prolactin overexpression results in mice whose mammary glands 

have lactating morphology rega

a

al., 1997).  Overexpression of a constitutively active Stat5 con

esults in mice that have condensed alveoli, increased proliferation, increased milk 

protein production, and delayed postlactational involution, suggesting that in addition to a 

role in lactation Stat5 may have survival functions in differentiated alveolar cells 

(Iavnilovitch et al., 2002). 

Knockout of the prolactin gene results in arrested mammary gland development 

that resembles the morphology of virgin murine mammary glands.  This phenotype is 

characterized by normal duct formation but impaired arborization and no lobular 

budding.  Interestingly, prolactin knockout mice have normal hematopoiesis and immune 

development, sug

c
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man et al., 1997; 

Vomac

th and insulin secretion, lacrimal gland 

function, hair development, immune function, and importantly, pregnancy in general, 

ce (Bouchard et 

al., 19

olar bud formation during pregnancy, they lacked subsequent 

milk-pr

in extra-mammary organs or contexts (Horseman, 1999; Horse

hka et al., 2000).   

The prolactin receptor knockout mouse confirmed that prolactin and its receptor 

are essential for lobuloalveolar development and the process of lactation (Ormandy et al., 

1997).  These mice revealed that prolactin signaling is also critical for maternal behavior, 

bone development, pancreatic ß-cell grow

evidenced by the complete sterility of homozygous female knockout mi

99; Clement-Lacroix et al., 1999; Craven et al., 2001; Lucas et al., 1998; 

McClellan et al., 2001; Ormandy et al., 1997).  In addition, prolactin receptor knockout 

mice allowed transplant experiments in which the mammary epithelium from knockouts 

were placed in the fat pads of normal mice and vice versa.  These experiments revealed 

both a direct and indirect role for prolactin signaling in normal mammary function.  

Importantly, prolactin signaling to the mammary epithelial was not critical for normal 

growth until pregnancy.   Although the prolactin receptor knockout transplants showed 

normal branching and alve

oducing alveoli (Brisken et al., 1999).  In summary, prolactin can affect mammary 

morphogenesis in two different ways, 1) indirectly impacting (primarily through 

prolactin-induced ovarian progesterone secretion (Brisken et al., 1998)) mammary gland 

development in virgin mice, and 2) directly influencing lobuloalveolar development 

during pregnancy.  The specific components of the prolactin signaling pathway 

responsible for the phenotypes seen in the prolactin and prolactin receptor knockout mice  
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, the more abundant mammary gland isoform (Liu et al., 1995; 

Liu et 

were identified with the creation of Jak2 and Stat5 knockout mice.   

Deletion of Stat5a

al., 1996), results in mice with impaired mammary gland development and 

lactation (closely mimicking the mammary phenotype of the prolactin and prolactin 

receptor knockout mice), as well as decreased survival of mammary epithelial cells 

(Humphreys and Hennighausen, 1999; Liu et al., 1997).  This phenotype suggests that 

prolactin exerts its main mammary effects through the activation of Stat5a.  Interestingly, 

after multiple pregnancies Stat5a knockout mice are able to overcome their initial 

lactational deficiencies.  Investigation of this phenomenon implicated Stat5b upregulation 

as a compensatory mechanism being utilized by the mammary epithelium (Liu et al., 

1998b).   

Stat5b knockout mice have impaired lobuloalveolar development but far less 

severe than Stat5a knockout mice and they have no deficiency in lactation (Udy et al., 

1997), supporting a non-redundant but perhaps less important role for Stat5b in prolactin-

mediated mammary gland biology.  The major mammary phenotype of Stat5b knockouts 

appears to be more related to growth hormone signaling, which is not surprising 

considering that Stat5b is the primary Stat activated by growth hormone-induced Jak2.   

Germ line double knockouts of Stat5a and Stat5b allowed transplant studies 

that demonstrated a lack of alveolar development (Miyoshi et al., 2001; Teglund et al., 

1998).  Further studies using mammary specific double knockouts also resulted in 

impaired mammary gland development as a result of a lack of differentiated alveolar cells 

(Cui et al., 2004).  These findings, coupled with the previous data showing Stat5b 
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nancies, suggest that 

althoug

agner et al., 2004).  Mammary specific deletion of Jak2 demonstrated that 

Jak2-de

s 

importa

upregulation can compensate for Stat5a deletion after multiple preg

h Stat5a appears to be the primary effecter of prolactin’s impact on the mammary 

gland, Stat5b seems to have a distinct role as well. 

Germline deletion of Jak2 in mice is embryonic lethal (Shillingford et al., 2002; 

Wagner et al., 2004).  However, transplants of Jak2 (-/-) mammary tissue into the fat pads 

of normal mice demonstrated that Jak2 is required for pregnancy-associated alveolar 

development, implicating it as a critical mediator of the effects prolactin exerts on the 

mammary gland (Shillingford et al., 2002).   

Recently, the creation of a mammary specific Jak2 knockout mouse has 

allowed circumvention of the issue of embryonic lethality in germ line Jak2 knockout 

models (W

ficient females are unable to lactate as a result of impaired alveologenesis.  A 

comparative analysis of Jak2-deficient mammary glands with transplants from Stat5 

double knockouts revealed that Jak2 deficiency impairs pregnancy-induced branching 

morphogenesis, a phenotype not seen in Stat5 knockout mice (Wagner et al., 2004).  This 

phenotype more closely resembles prolactin receptor knockouts than Stat5 knockouts, 

suggesting that Jak2 affects additional downstream prolactin signaling molecule

nt for mammary gland biology than simply Stat5a and Stat5b.  Of note, unlike 

Stat5a knockouts, where multiple gestation cycles result in compensatory upregulation of 

Stat5b, the Jak2 knockout phenotype cannot be rescued, providing strong evidence that 

Jak2 is the major kinase responsible for Stat5 activation in the mammary gland (Wagner 

et al., 2004). 
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gland prolactin exposure manipulated 

through

females developing mammary tumors by 15 

months

 low incidence rates), that the tumors are parity dependent, and that the 

1.3.1.2  THE MOUSE, PROLACTIN, AND MAMMARY CANCER 

It is established in rodents that aberrant prolactin signaling can result in neoplastic 

transformation of the mammary gland.  Mammary 

 pituitary isografts, prolactin injections, or chemical means have all demonstrated 

that prolactin is involved in promoting mammary tumorigenesis in rodents (Muhlbock 

and Boot, 1959; Welsch, 1978; Welsch et al., 1979; Welsch et al., 1981; Welsch and 

Gribler, 1973; Welsch and Nagasawa, 1977).  In addition, transgenic prolactin 

overexpression in mice resulted in all of the 

 of age (Wennbo et al., 1997).  Supporting the data from prolactin transgenic mice 

were findings from prolactin knockout mice, which when crossed with MMTV-driven 

Polyoma Middle T mice developed mammary tumors that formed later and grew 30% 

slower than their littermates (Vomachka et al., 2000).  Furthermore, transplant 

experiments using prolactin receptor knockout mammary epithelium containing the 

SV40-Tag oncogene showed that prolactin can act directly on mammary epithelial cells 

to increase cell proliferation in preinvasive lesions, resulting in more neoplasia and 

acceleration of the transition to invasive carcinoma (Oakes et al., 2007).  Mechanistically, 

it is likely that prolactin exerts some of its tumorigenic effects through its primary 

signaling pathway, Jak2/Stat5. 

Transgenic overexpression of Stat5a in murine mammary glands results in the 

delayed onset of apoptosis (Iavnilovitch et al., 2002).  Furthermore, studies have 

demonstrated that Stat5a overexpression can promote sporadic mammary tumors in mice 

(albeit at very
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inD1 and bcl-x 

transcri

IMMUNOHISTOCHEMISTRY  

The involvement of the prolactin signaling pathways in human breast cancer is 

complicated.  It has been established in rodents that overexposure to prolactin promotes 

tumor growth and formation, and knockout of prolactin or its receptor results in the 

opposite.  In humans however, the role of prolactin in breast cancer is less clearly 

defined.   

There are a number of epidemiological studies that have examined the role of 

prolactin in breast cancer but strong conclusions have not been drawn.  For example, 

elevated serum prolactin levels are associated with a modest increase in risk of breast 

tumors may be the result of differences in Stat5 regulation of Cycl

ption (Eilon et al., 2007; Iavnilovitch et al., 2004).   Additional work has shown 

that mice with hemizygous deletion of Stat5a crossed into SV40-Tag mice have a lower 

incidence of tumors and that these tumors are delayed in formation and have higher 

apoptotic indices (Ren et al., 2002).  Total knockout of Stat5a promotes apoptosis and 

delays the development of hyperplasia and tumors in a TGFα overexpressing mammary 

environment (Humphreys and Hennighausen, 2000).  Immunohistochemical staining of 

rat mammary gland carcinomas detected Stat5a in the cytoplasm of normal mammary 

gland tissue but in the nucleus in a high percentage of mammary gland tumors (Shan et 

al., 2004).  Collectively, the evidence from rodent models strongly suggests that prolactin 

signaling, through Stat5, can have significant effects on mammary gland tumorigenesis. 

 

1.3.2  OF (WO)MEN:  EPIDEMIOLOGY, CELL LINES, AND 
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f 

atients with multiple fibroadenomas.  MCF7 cells transfected with this mutant exhibit 

tion, and an increase 

 prolactin-independent proliferation (Bogorad et al., 2008).  In addition, prolactin has 

been shown to promote survival (Chen et al., 1999; Perks et al., 2004) and enhance 

motility (Maus et al., 1999).   

On the other hand, there is growing experimental evidence that supports a 

prodifferentiation and invasion-suppressive role for prolactin in established human breast 

cancer, mediated by the Jak2/Stat5 pathway.  These studies have shown that prolactin-

induced activation of Jak2 and Stat5 in human breast cancer lines is associated with 

increased surface levels of the invasion-suppressive adhesion molecule E-cadherin both 

in vitro and in xenotransplant tumors (Sultan et al., 2005).  Furthermore, experimental 

cancer in 42 – 55 year old and postmenopausal women, especially if the tumors were 

ER/PR positive (Manjer et al., 2003; Tworoger et al., 2004; Tworoger et al., 2007; 

Tworoger and Hankinson, 2008), but other studies have shown no relationship between 

prolactin levels and breast cancer risk (Wang et al., 1992).  The lack of strong 

correlations in epidemiological studies places a stronger emphasis on data from basic 

science research. 

Cell lines are used extensively to study the behavior of human cells in response to 

various stimuli or manipulations.  In fact, experiments have shown that prolactin can act 

as a proliferative factor when breast cancer cells are cultured under certain conditions 

(Biswas and Vonderhaar, 1987; Malarkey et al., 1983; Vonderhaar, 1989).  Recently, a 

gain-of-function mutation in the prolactin receptor (Ile146 – Leu) was identified in 5% o

p

prolactin-independent receptor phosphorylation, Stat5 phosphoryla

in
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romote mesenchymal-to-epithelial transition phenotypes in two breast 

cancer 

data indicates a role for Stat5 as a potential coordinate regulator of additional invasion-

related characteristics of human breast cancer cells such as cell surface association of β-

catenin, homotypic cell clustering, invasion through Matrigel, cell migration, and matrix 

metalloproteinase activity (Sultan et al., 2008; Sultan et al., 2005).  In addition, there is 

evidence that the Prolactin/Jak2/Stat5 signaling pathway can suppress epithelial-to-

mesenchymal or p

cell lines (Nouhi et al., 2006; Sultan et al., 2008).  These findings suggest that 

prolactin may have multiple functions in the context of breast cancer with the Jak2/Stat5 

pathway contributing to differentiation and less invasive behavior, and other prolactin-

activated signaling pathways contributing to proliferative and survival characteristics.  

Such a dual set of functions could explain both the protumorigenic effects as well as the 

progression-suppressive effects of Prolactin/Jak2/Stat5 signaling (Wagner and Rui, 

2008).  In particular, many of the proliferative and anti-apoptotic effects may be the result 

of prolactin activated Stat3, MAPK, and AKT signaling modules, perhaps mediated 

through a regulatory switch from Jak2/Stat5 differentiation signals to more deleterious 

Jak1/Stat3 and MAPK signals (Neilson et al., 2007). 

Although cell line studies provide potentially valuable insight into biological 

processes, they must always be interpreted with a major caveat.  Tissue culture by 

definition places cells in an unphysiological and alien cellular environment.  As a result, 

the information gained from studies in cell lines may not easily translate into behaviors 

and phenotypes that would be observed in the appropriate cellular milieu.  In order to 
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roles in human breast cancer.  

Epidem

positively correlated with tumor differentiation and patient survival.  In addition, recent 

gain insight into the relationships between proteins in their natural physiological 

environments immunohistochemical studies can be performed.   

Immunohistochemistry allows investigation into the presence and status of 

proteins in situ.  Information garnered from these types of studies revealed that Stat5 is 

tyrosine phosphorylated and nuclear localized in healthy, non-pregnant human breast 

epithelia (Nevalainen et al., 2002).  Additional studies have indicated that Stat5a 

expression is high in secretory carcinomas but absent in invasive or in situ ductal 

carcinoma, apocrine breast metaplasias, or mucinous or clear cell carcinomas (Bratthauer 

et al., 2006; Strauss et al., 2006).  Furthermore, a separate study revealed that although 

Stat5 remains expressed in many breast cancers, it frequently loses its tyrosine 

phosphorylation, a finding that was correlated with higher tumor grade, metastatic 

progression, and poor clinical outcome (Nevalainen et al., 2004).  Importantly, Stat5 

nuclear localization in clinical samples is associated with a higher degree of 

differentiation (Cotarla et al., 2004) and can predict a positive response to estrogen 

therapy in ER positive tumors (Yamashita et al., 2006). 

 In summary, prolactin may play dual 

iological data suggest that high levels of prolactin are associated with a modest 

increase in breast cancer risk for a subset of women.  Prolactin can also promote 

proliferation in human breast cancer cell lines under certain conditions.  On the other 

hand, immunohistochemical studies in clinical breast tissue samples demonstrate that 

levels of Stat5 activation are negatively correlated with metastatic progression and 
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teristics in human breast 

cancer 

data has shown that activation of the Jak2/Stat5 arm of the prolactin signaling pathway 

can promote differentiation and suppress invasion-related charac

cells.  It is likely that the seemingly conflicting models of the role prolactin plays 

in human breast cancer are due to the activity of different signaling cascades prolactin 

can activate.  Specifically, prolactin activation of the Jak1/Stat3 and ERK pathways may 

account for the proliferative effects and increased risk of cancer in postmenopausal 

women, while activation of the prototypical Jak2/Stat5 pathway serves to promote tumor 

differentiation and suppress invasion-related characteristics. 

 

1.4 NEGATIVE REGULATION OF PROLACTIN SIGNALING 
 

bility of prolactin to selectively 

ivate

 The prolactin signaling pathway can be negatively regulated on multiple levels.  

Each component of the pathway has a distinct set of regulatory characteristics that can be 

modified to affect downstream events.  For example, the prolactin receptor can exist in 

multiple isoforms.  Disregulation of the normal ratio of prolactin receptor isoforms 

present in a cell could have profound effects on the a

act  downstream pathways.  In addition, the prolactin receptor contains numerous 

tyrosine residues along the length of its cytoplasmic tail that are used as regulatory and 

docking sites.  Altering the phosphorylation status of these tyrosines can significantly 

impact not only the binding capabilities of Stat5, rendering Stat5 unable to become 

activated by Jak2, but also target the receptor for ubiquitin-mediated degradation.  Jak2 

function is critical for prolactin-activated tyrosine phosphorylation of Stat5.  Proteins that 

interact with and modulate the activity of Jak2 can affect Stat5 and all other downstream 
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proteins.  In addition, Stat5 itself can be negatively regulated.  Stat5 requires tyrosine 

phosphorylation to form dimmers, translocate to the nucleus, and become functionally 

active.  Removal of this phosphorylation can result in retardation of Stat5 dimerization 

and nuclear transport, as well as promote shuttling of once active Stat5 from the nucleus 

back to the cytoplasm.  As a transcription factor, Stat5 can also activate genes involved in 

negative feedback for the prolactin signaling pathway.  In summary, the 

Prolactin/Jak2/Stat5 signaling pathway, although relatively simplistic, contains several 

layers where negative regulation can occur.   

 

1.4.1  SOCS PROTEINS  

 The SOCS (suppressor of cytokine signaling) family of proteins consists of eight 

members, SOCS1 – SOCS 7, and CIS that range in size from 198 – 579 amino acids 

(Figure 7).  Structurally they consist of three major domains, a poorly conserved amino 

terminus which can contain a pseudosubstrate KIR (kinase inhibitory region), a 

conserved central SH2 domain, and a conserved carboxy terminal SOCS-box motif that 

can promote ubiquitination of target proteins (Hilton, 1999; Krebs and Hilton, 2001; 

Piessevaux et al., 2008; Starr and Hilton, 1999).  SOCS proteins are expressed at low 

levels in resting cells but undergo a rapid induction mediated primarily at the level of 

gene transcription within 20 to 40 minutes after cytokine stimulation, forming a negative 

regulatory loop (Hilton et al., 1998; Naka et al., 1997) (Figure 8).  Of particular 

importance to prolactin signaling are SOCS1, SOCS3, and CIS which can each interact 

with various components of the Prolactin/Jak2/Stat5 pathway to decrease signaling 
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Figure 7.  The Suppressors of Cytokine Signaling Family (SOCS Proteins).  Cytokine 

stimulation leads to the rapid induction of SOCS protein expression as part of a negative 

feedback loop.  SOCS proteins consist of three major domains, an amino terminus that 

may contain a kinase inhibitory region, a central SH2 domain, and a C-terminal SOCS 

box that promotes ubiquitination of target proteins. 
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Figure 8.  SOCS protein inhibition of the Jak/Stat pathway.  (Ke Shuai and Bin 

Liu, Nature Reviews Immunology.  2003). 
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ctivity, block docking sites, and/or target their binding partner for proteasomal 

egradation (Sasaki et al., 2000; Tomic et al., 1999; Tonko-Geymayer et al., 2002; 

asukawa et al., 1999; Zhang et al., 1999).   

.4.2  PIAS PROTEINS 

The second major groups of proteins capable of negatively regulating the 

rolactin/Jak2/Stat5 pathway are the PIAS (protein inhibitor of activated Stats) family.  

he PIAS family consists of four members, PIAS1, PIAS3, PIASx, and PIASy, all of 

hom except for PIAS1 exist in two isoforms.  They consist of three major domains, an 

-terminal SAF-A/B, acinus, PIAS (SAP) domain that contains an LXXLL motif and is 

volved in nuclear scaffold interactions, a central ring finger-like domain required for 

UMO-E3-ligase activity, and a weakly conserved and poorly characterized C-terminal 

omain that contains a Serine/Threonine (S/T) rich area, a highly acidic domain (AD), 

nd a SUMO-1 interaction motif (SIM) (Figure 9).  Unlike SOCS proteins, which are 

duced by the cytokines they regulate, PIAS proteins are constitutively expressed 

huai, 2000).  PIAS proteins, PIAS3 in the case of Stat5, are nuclear localized and 

oug  

lteri NA binding, recruiting corepressors, 

moylation, and/or degradation (Chung et al., 1997; Liao et al., 2000; Liu et al., 1998a; 

odel et al., 2000; Rycyzyn and Clevenger, 2002) (Figure 10).   
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Figure 9.  The Protein Inhibitor of Activated Stats Family.  PIAS proteins are 

constitutively expressed, nuclear-localized proteins involved in the regulation of Stat 

transcriptional activity.  There are four members in mammals with PIAS3 the most 

important for Stat5 regulation.  PIAS proteins consist of three major regions, an N-

terminal SAP domain, a central ring-finger-like zinc-binding domain, and a poorly 

conserved C-terminus consisting of an Acidic domain, a SUMO-1 interaction motif, and 

a Serine/Threonine rich region. 
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Figure 10.  Mechanisms of Stat activity inhibition by PIAS proteins.  PIAS proteins 

interact with Stats to regulate their transcriptional activity.  Three main mechanisms are 

utilized to accomplish this.  First, PIAS proteins can bind and sequester Stat5 dimers, 

rendering them unable to bind target DNA sequences to activate transcription.  Second, 

PIAS protein interactions can lead to the sumoylation of Stats, resulting in modulation of 

Stat transcriptional activity and/or Stat degradation.  Last, PIAS proteins can recruit 

corepressors to interact with Stats, leading to inhibition of transcription.   
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1.4.3  CAVEOLIN-1 

 Caveolins are cholesterol and sphingolipid-associated membrane embedded 

proteins that are essential for the formation of caveolae.  There are three members of the 

caveolin family but only caveolin-1 and caveolin-2 are expressed in epithelial tissue.  

Caveolin-1 shares homology with the SOCS family and has in fact been found to affect 

the Prolactin/Jak2/Stat5 pathway.  In particular, caveolin-1 can associate with Jak2 and 

downregulate Stat5a signaling (Park et al., 2002).  During pregnancy, caveolin-1 

knockout mice have accelerated lobuloalveolar development, premature lactation, and 

enhanced Stat5a phosphorylation (Park et al., 2002).  In addition, cultured primary 

mammary epithelial cells from caveolin-1 knockout mice spontaneously generate milk 

droplets even in the absence of prolactin stimulation (Sotgia et al., 2006), further 

implicating caveolin-1 as a potentially important negative regulator of prolactin 

signaling. 

n et al., 2005).  

portantly, immunohistochemistry in clinical breast cancer specimens has shown that 

 

1.4.4  PHOSPHATASES 

 The loss of Stat5 tyrosine phosphorylation in human breast cancer samples is 

correlated with higher tumor grade, metastatic progression, and poor clinical outcome 

(Nevalainen et al., 2004).  This immunohistochemical finding is supported by data from 

human cell lines demonstrating that the Prolactin/Jak2/Stat5 pathway positively 

contributes to differentiation, less invasive behavior, and promoting an epithelial over 

mesenchymal phenotype (Nouhi et al., 2006; Sultan et al., 2008; Sulta

Im
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sine phosphorylation occurs in the presence of continued Stat5 

m tyrosines, to serines,  threonines, phosphoinositides, and mRNA.  The Class 

 family consists of a single tyrosine-specific phosphatase of unknown function called 

tein tyrosine phosphatase (LMPTP).  The Class III family 

absence of Stat5 tyro

protein expression (Nevalainen et al., 2004), implicating tyrosine phosphatases as 

important negative regulators.  Unfortunately, very little is known about Stat5 

phosphatases in breast cancer. 

There are 107 tyrosine phosphatases in the human proteome (Alonso et al., 2004) 

(Figure 11).  The amino acid sequence of the catalytic domain determines their inclusion 

into one of four separate families, Class I, II, and III that use a cysteine based catalytic 

mechanism, and a fourth family that uses an aspartic acid and cation based mechanism.  

The Class I phosphatase family is the largest and consists of 38 classical tyrosine-specific 

phosphatases further broken into 21 transmembrane receptor-like phosphatases (RPTPs) 

and 17 intracellular non-receptor like phosphatases (NRPTPs), and 61 VH1-like dual 

specificity phosphatases broken into seven subcategories with substrate specificities 

ranging fro

II

low molecular weight pro

consists of three Cdc25 phosphatases that are specific for both tyrosine and threonine 

residues and dephosphorylate Cdks during the cell cycle.  The Aspartic acid-based family 

contains four Eya phosphatases that are tyrosine or dual tyrosine and serine specific, and 

play important roles in development.  Although some tyrosine phosphatases exist as little 

more than a catalytic domain, 79 of the 107 contain additional modular regions that can 

influence protein-protein interactions, membrane and cytoskeletal interactions, and 

phospholipid binding.  These regions are diverse and include FERM, SH2, BRO, Proline-  
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Figure 11.  Classification and substrate specificity of the protein tyrosine 

phosphatase family.  (Alonso A, Sasin J, Bottini N, Friedberg I, Osterman A, Godzik A, 

Hunter T, Dixon J, Mustelin T., Cell.  2004). 
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rich, and PDZ domains (Figure 12). 

s, or 

assays.  Of t  

system

demonstrated that Ptp61F is itself responsive to hop/Stat92E signaling in a feedback 

to suppress melanotic tumors (Muller et al., 

005), a finding consistent with the oncogenic role of Stat5 in hematopoietic cancers in 

To focus our studies we chose five candidate phosphatases that we deemed highly 

likely to be involved in modulating Prolactin/Jak2/Stat5 signaling.  The candidates were 

chosen for investigation based on their reported regulation of Stat5 activity in non-breast 

cells and tissues, modulation of Jak2/Stat5 homologue signaling in lower organism

the ability to dephosphorylate Stat5 in in vitro overexpression systems and phosphatase 

he original 107 phosphatases, the five phosphatases chosen as candidates for

investigation were the classical tyrosine phosphatases PTP1B, TC-PTP, SHP1, and SHP2 

and the dual specificity phosphatase VHR. 

 

1.4.4.1  PTP1B AND TC-PTP 

There are four Jak and seven Stat genes in mammals but only one Jak (hop) and 

one Stat (Stat92E) in drosophila (Kisseleva et al., 2002).  Two recent studies using 

ic RNAi strategies screened the drosophila genome and independently identified 

the drosophila phosphatase Ptp61F as a negative regulator of hop/Stat92E (Baeg et al., 

2005; Muller et al., 2005).  Ptp61F knockdown resulted in significant increases in 

phosphotyrosine-hop and phoshpotyorsine-Stat92E and further investigation 

system (Baeg et al., 2005).  It was also shown that the effects of the phosphatase were 

downstream of hop, suggesting direct modulation of Stat92E (Baeg et al., 2005).  

Importantly, Ptp61F overexpression was able 

2
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Figure 12.  Domain structures of the protein tyrosine phosphatase family.  

(Alonso A, Sasin J, Bottini N, Friedberg I, Osterman A, Godzik A, Hunter T, Dixon J, 

Mustelin T., Cell.  2004). 
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hum

, 

e 

v  

tat5 phosphorylation (Gouilleux et al., 1994), in 

ans (Birkenkamp et al., 2001; Coffer et al., 2000; de Groot et al., 2000; Gouilleux-

Gruart et al., 1997; Lin et al., 2000; Maru, 2001; Mitchell and John, 2005; Onishi et al.

1998; Schwaller et al., 2000; Shuai et al., 1996; Sternberg and Gilliland, 2004).   

There are two mammalian homologues of Ptp61F, PTP1B and TC-PTP.  Because 

PTP1B and TC-PTP are highly homologous, it is possible that the gene duplication and 

divergence from the single Ptp61F phosphatase in drosophila produced a system where 

PTP1B and TC-PTP now function as a team to regulate signaling.  Such serial or 

hierarchical cooperation of PTP1B and TC-PTP has been shown in insulin signaling 

(Galic et al., 2005) but it remains to be seen if a similar role is involved in 

Prolactin/Jak2/Stat5 signaling in breast cancer. 

Research in mammalian cell systems indicated that TC-PTP can associate with 

prolactin-induced Stat5 in the nucleus (Aoki and Matsuda, 2002), although this was based 

exclusively on overexpression experiments and interestingly, the phosphatase activity of 

TC-PTP was not required for the cessation of Stat5-mediated gene expression.  Of note, 

studies performed using TC-PTP (-/-) MEFs or TC-PTP overexpression in the closely 

related growth hormone signaling system were unable to show an effect on Stat5 tyrosin

phosphorylation (Gu et al., 2003; ten Hoeve et al., 2002).   

PTP1B has been shown to interact with and dephosphorylate prolactin-induced 

Stat5 in the cytoplasm, although these conclusions were also based exclusively on 

o erexpression methodologies in Cos7 and murine cells (Aoki and Matsuda, 2000). 

owever, PTP1B has also been implicated in the regulation of Jak2, the kinase 

sponsible for prolactin-induced S

H

re
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7; Lin et al., 2000; Maru, 2001; Mitchell 

and Joh

on of Jak2/Stat5 signaling by 

substra

signaling by the growth hormone (Choi et al., 2006; Gu et al., 2003), leptin (Cheng et al., 

2002; Kaszubska et al., 2002; Lund et al., 2005; Zabolotny et al., 2002), and interferon 

(Myers et al., 2001) pathways. 

 

1.4.4.2  SHP1 AND SHP2 

SHP1 was identified as a likely candidate for the dephosphorylation of growth 

hormone-activated Stat5 (Ram and Waxman, 1997).  Furthermore, SHP1 is commonly 

inactivated in a majority of leukemia and lymphomas (Zhang et al., 2000), cancers where 

Stat5 has a significant proliferative role (Birkenkamp et al., 2001; Coffer et al., 2000; de 

Groot et al., 2000; Gouilleux-Gruart et al., 199

n, 2005; Onishi et al., 1998; Schwaller et al., 2000; Shuai et al., 1996; Sternberg 

and Gilliland, 2004).  SHP1 is expressed in epithelial cells (Wu et al., 2003), and can be 

lost in both ER-negative breast cell lines and in some colorectal cell lines (Mok et al., 

1995; Yip et al., 2000).  Although the mechanism of SHP1’s antitumor effects are 

thought to be through the modulation of Jaks, direct modulation of Stat proteins has not 

been ruled out. 

SHP2 has been implicated in the negative regulati

te trapping mutant, in vitro tyrosine phosphatase assay, and phosphopeptide 

pulldown studies that indicated SHP2 but not SHP1 interacts with Stat5 (Chen et al., 

2003; Yu et al., 2000).  Coimmunoprecipitation and indirect immunofluorescence 

demonstrated the formation of a physical complex between Stat5 and SHP2 that 

translocated to the nucleus in response to prolactin stimulation (Chughtai et al., 2002).  



49 
 

 positively regulates the Jak2/Stat5 pathway include the 

findings that SHP2 can decrease the amount of SOCS1 mediated Jak2 degradation (Ali et 

n form a complex between the GHR and Jak2 (Kim et al., 

1998). 

1.4.4.3  VHR 

In addition to the 38 classical tyrosine phosphatases that solely modify tyrosine 

residues there are 33 dual specificity phosphatases that are able to modify tyrosines in 

addition to other moieties.  VHR is a member of the atypical subtype of dual-specificity 

phosphatases.  VHR has recently been implicated as a negative regulator of Stat5 in 

interferon signaling.  Specifically, VHR participated as part of a negative regulatory loop 

whereby interferon-activated Tyk2 phosphorylated and activated VHR, leading to 

specific nuclear dephosphorylation of interferon-induced, Tyk2-activated, 

phosphotyrosine-Stat5 by VHR (Hoyt et al., 2007). 

 

1.5 CHAPTER SUMMARY 

However, Chugtai et al. also demonstrated that SHP2 phosphatase activity was required 

for maintaining the activated state of Stat5 as opposed to its dephosphorylated form.  

Additional evidence that SHP2

al., 2003) and that SHP2 ca

 Consistent with these findings, SHP2 has also been implicated as a positive 

regulator of interferon signaling (David et al., 1996).   

 

 
The transcription factor Stat5 mediates prolactin-induced growth and 

differentiation in breast epithelia,  During pregnancy and lactation, the 

Prolactin/Jak2/Stat5 pathway is critical for lobuloalveolar expansion, maintenance of a 
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higher tumor grade, metastatic 

rogression, and poor clinical outcome (Bratthauer et al., 2006; Nevalainen et al., 2004; 

Strauss et al., 2006).  Furthermore, Stat5 nuclear localization in clinical samples is 

associated with the prodifferentiation marker p27 (Cotarla et al., 2004) and can predict a 

positive response to estrogen therapy in ER positive tumors (Yamashita et al., 2006).  

Experimental evidence has demonstrated that the Prolactin/Jak2/Stat5 signaling pathway 

can suppress several invasive characteristics of breast cancer cells as well as inhibit 

epithelial-to-mesenchymal or encourage mesenchymal-to-epithelial transitions in human 

breast cancer cell lines (Nouhi et al., 2006; Sultan et al., 2008; Sultan et al., 2005).  The 

pro-differentiation and invasion-suppression effects of Stat5 provide a biological 

mechanism that could explain the association between Stat5 inactivation and poor clinical 

outcome in breast cancer and provide a strong impetus for investigation into the 

echanisms underlying Stat5 inactivation (Wagner and Rui, 2008).  Because total Stat5 

protein remains detectable in a dephosphorylated form in a majority of breast cancers, a 

hypothesis was formed that the inactivation of Stat5 in human breast cancer involves one 

or more tyrosine phosphatases.  While other mechanisms may also be responsible for 

terminally differentiated mammary epithelium, and the induction of major milk-related 

genes such as lactalbumin, whey-acidic protein and beta-casein (Cui et al., 2004; Liu et 

al., 1997; Miyoshi et al., 2001; Nevalainen et al., 2002; Teglund et al., 1998; Xie et al., 

2002).  Stat5 is tyrosine phosphorylated and nuclear localized in healthy, non-pregnant 

human breast epithelia (Nevalainen et al., 2002).  In contrast, although Stat5 remains 

expressed in a large majority of breast carcinomas, it frequently loses its tyrosine 

phosphorylation, a finding that is correlated with 

p

m
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decreased Stat5 tyrosine phosphorylation in breast cancer, phosphatases represent 

intriguing druggable targets that could lead to novel strategies for breast cancer therapy.   

A recent review noted the limitations of previous studies on Prolactin/Jak2/Stat5 

dephosphorylation, most notably that 1) no studies have been performed in the context of 

human breast cancer and 2) the few studies that used normal mammary epithelial cells 

relied exclusively on overexpression methodology (Clevenger, 2004).  To overcome and 

resolve these deficiencies we took a candidate approach focused on gene knockdown 

strategies to identify tyrosine phosphatases that negatively regulate Stat5 phosphorylation 

in human breast cancer.  More specifically, we hypothesized that one or more of five 

candidate phosphatases chosen because of 1) reported regulation of Stat5 activity in non-

breast cells and tissues, 2) modulation of Jak2/Stat5 homologue signaling in lower 

organisms, or 3) the ability to regulate Stat5 in in vitro overexpression systems and 

phosphatase assays, would be negative regulators of Prolactin/Jak2/Stat5 signaling in 

human breast cancer.  The five phosphatases chosen as candidates were the classical 

tyrosine phosphatases PTP1B, TC-PTP, SHP1, and SHP2, and the dual specificity 

phosphatase VHR.   

We used a broad based tyrosine phosphatase inhibitor to establish the significant 

involvement of tyrosine phosphatases in regulating the Prolactin/Jak2/Stat5 pathway, and 

targeted shRNA constructs to subsequently query each of the five candidate phosphatases 

for their specific role in modulating Prolactin/Jak2/Stat5 signaling in human breast cancer 

cells.  Furthermore, we investigated how disruption of normal phosphatase expression 

could impact Stat5 sensitivity to different levels of prolactin stimulation, and ultimately, 
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whether our biochemical findings correlated with immunohistochemical data from 

clinical breast cancer specimens.  Collectively, data from knockdown studies in vitro 

 with correlational analyses of clinical breast specimens indicates that 

disregulation of PTP1B, but not TCPTP, SHP1, SHP2, or VHR could represent a major 

mechanism behind the loss of phosphotyrosine-Stat5 signaling during breast cancer 

progression. 
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CHAPTER 2 
 

eral potential negative regulators that could explain this phenomenon, this 

udy focused on the role of a specific subgroup, the tyrosine phosphatases.  An important 

dicator that tyrosine phosphatases might play a significant role in the loss of Stat5 

hosphorylation during breast cancer progression is the continued presence of Stat5 

rotein expression in the absence of detectable tyrosine phosphorylation, a finding 

haracteristic of phosphatase activity.  This chapter describes the initial experiment that 

onfirmed tyrosine phosphatases as important negative regulators of Prolactin/Jak2/Stat5 

gnaling in human breast cancer cells and the subsequent experiments that laid the 

amework for in depth analyses of specific candidate phosphatases. 

.1  Prolactin-induced tyrosine phosphorylation of Stat5 is enhanced and prolonged  

TYROSINE PHOSPHATASE INVOLVEMENT IN THE NEGATIVE 

REGULATION OF PROLACTIN/JAK2/STAT5 SIGNALING 

 The loss of Stat5 tyrosine phosphorylation during human breast cancer 

progression is negatively correlated with a host of undesirable characteristics.  Although 

there are sev

st

in

p

p

c

c

si

fr

 

2
 
by the tyrosine phosphatase inhibitor pervanadate in the T47D human breast  
 
cancer cell line 
 

To broadly assess the involvement of tyrosine phosphatases in the negative 

gulation of Stat5 signaling in human breast cancer cells, the effect of the unselective 

rosine phosphatase inhibitor pervanadate on prolactin-induced Stat5 tyrosine 

re

ty
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n was determined.  Pervanadate is a complex of vanadate with hydrogen 

y substrates.  T47D 

man 

 

phosphorylatio

peroxide that inhibits tyrosine phosphatases by irreversibly oxidizing the catalytic 

cysteine, rendering the phosphatase unable to dephosphorylate an

hu breast cancer cells were pretreated for 10 min with 120 µM pervanadate, 

stimulated with prolactin for 20 min followed by the replacement of the prolactin-

containing media with fresh pervanadate-containing or control media, and monitored 

over time.  In this experiment pervanadate treatment resulted in a markedly enhanced 

prolactin-induced phosphotyrosine-Stat5 signal that remained present over the entire two 

hour time course but did not affect basal phosphorylation levels of Stat5 (Figure 13).  In 

contrast, control T47D cells not exposed to pervanadate showed weaker and more 

transient phosphotyrosine-Stat5 induction, with levels of phosphotyrosine-Stat5 returning 

to near baseline by 60 min.  These initial data verified that tyrosine phosphatases are 

actively involved in negatively regulating prolactin-induced phosphotyrosine-Stat5 in 

breast cancer cells.  

 

2.2  PTP1B, TC-PTP, SHP1, SHP2, and VHR are expressed in breast cancer cell  
 
lines 
 

Five candidate phosphatases implicated in the regulation of Stat5 activity were 

identified based on studies that reported regulation of Stat5 activity in non-breast cells 

and tissues, modulation of Jak2/Stat5 homologue signaling in lower organisms, or the 

ability to regulate Stat5 in in vitro overexpression systems and phosphatase assays.  To  
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dia replaced with fresh serum-free media with or without 120 µM 

ervanadate, and total cell lysates collected at the indicated time points.  The lysates were 

in 

. 

 

 

 

 

 

 

 

 

Figure 13.  Tyrosine phosphatase inhibition by pervanadate results in a stronger 

and prolonged prolactin-induced phosphotyrosine-Stat5 signal.  Confluent T47D 

cells serum-starved for 16 h were pretreated for 10 min in fresh serum-free media with or 

without 120 µM pervanadate followed by addition of 10 nM prolactin in fresh serum free 

media with or without 120 µM pervanadate.  After 20 min of stimulation the prolactin 

was washed off, me

p

immunoblotted for phosphotyrosine-Stat5, stripped, and reprobed for total Stat5 prote

levels
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investigate the role these phosphatases play in the setting of human breast cancer two 

criteria needed to be fulfilled for the proper selection of a model human breast cancer cell 

ne, 1) an intact, functional, and robust Prolactin/Jak2/Stat5 signaling system, and 2) 

xpression of all five candidate phosphatases.  To meet these criteria a panel of five 

uman breast cancer cell lines was screened by immunoblot for candidate phosphatase 

xpression levels (Figure 14).  The panel consisted of the ZR-75-1, MCF7, SKBr3, 

47D, and MDA-MB-231 human breast cancer cell lines.  Phosphatase expression levels 

ere determined by immunoblot analysis of whole cell lysates harvested from confluent 

rimary breast cancer model cell line for the majority of subsequent experiments. 

 

 

 

 

li

e

h

e

T

w

cells.  The results of this experiment showed that PTP1B, TC-PTP, SHP1, SHP2 and 

VHR were ubiquitously expressed across the various cell lines but at variable levels.  The 

lowest levels of expression were SHP1 in MDA-MB-231 cells, which was only 

detectable by immunoblot after overexposure of film (not shown), and VHR in ZR-75-1 

cells.  SKBr3, MCF7, and T47D cells each contained at least moderate levels of each 

candidate phosphatase.  Based on the broad expression of all five candidate phosphatases 

in T47D cells and previous experience in this lab showing a strong, reproducible 

prolactin-induced phosphotyrosine-Stat5 signal in this cell line, T47D cells were chosen 

as the p
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Figure 14.  Protein expression levels of the five candidate phosphatases in a panel of 

five human breast cancer cell lines.  Equal loading was confirmed by Coomassie Blue 

staining (data not shown). 
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.3  Suppression of PTP1B but not TC-PTP protein levels results in sustained 2
 

rolactin-induced Stat5 tyrosine phosphorylation in whole cell lysates p
 

To delineate the role of the individual tyrosine phosphatases we used lentiviral 

elivery of shRNA to individually knock down each of the five candidate phosphatases.  

e first focused on the tyrosine phosphatases PTP1B and TC-PTP because of the key 

le of their common homologue, Ptp61F, as a suppressor of the Jak/Stat pathway in 

rosophila.  The efficacies of several distinct shRNA constructs for each phosphatase 

ere first validated (data not shown) and protein levels of PTP1B or TC-PTP were then 

own on Stat5 tyrosine phosphorylation levels was then tested 

sing the most efficacious shRNA construct.  T47D cells were stimulated with a 20 min 

ulse of prolactin 72 h after lentiviral exposure, followed by a change into prolactin-free 

edium.  Whole cell lysates were collected at predetermined time points and 

munoblotted for phosphotyrosine-Stat5 and total Stat5 protein levels.  As shown in 

igure 15B, phosphotyrosine-Stat5 levels were sustained under conditions of PTP1B 

nockdown compared to cells treated with a non-target control shRNA or mock-

fection.  In contrast, TC-PTP knockdown did not affect prolactin-induced 

hosphotyrosine-Stat5 levels in T47D cells.  This experiment provided the first evidence 

at PTP1B was involved in regulating prolactin-induced phosphotyrosine-Stat5 in breast 

ancer cells.  While we had hypothesized that TC-PTP would also be involved in Stat5 

d

W

ro

d

w

evaluated in T47D cells using the two most effective constructs.   Effective and selective 

knockdown of both PTP1B and TC-PTP was achieved (Figure 15A).  The effect of either 

PTP1B or TC-PTP knockd
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Figure 15.  Immunoblot analysis of T47D whole cell lysates - PTP1B knockdown but 

not TC-PTP knockdown results in increased levels of phosphotyrosine-Stat5 in 

response to prolactin stimulation.  A)  Efficacy of lentiviral-delivered shRNA for 

knockdown of candidate phosphatases PTP1B and TC-PTP compared to lentiviral non-

target control shRNA or uninfected control T47D cells.  Two different shRNA constructs 

were evaluated for each phosphatase with subsequent experiments performed using the 

construct which had the most efficient knockdown.  Batch to batch consistency between 

lentiviral productions of PTP1B shRNA #1 was also verified.  B)  Effect of PTP1B or 

C-PTP knockdown on phosphotyrosine-Stat5.  T47D cells at 90% confluency were 

xposed to lentiviral-delivered shRNA against PTP1B, TC-PTP, or a non-target control.  

fter 56 h of shRNA knockdown the cells were serum starved for 16 h then evaluated 

uring a 2 h time course for changes in phosphotyrosine-Stat5 levels in response to 

rolactin.  Cells were stimulated for 20 min with 10 nM prolactin in fresh serum free 

edia, the prolactin containing media was replaced with fresh serum free media, and 

hole cell lysates were collected at the indicated times.  Lysates were immunoblotted 

ith phosphotyrosine-Stat5 antibody, stripped, and reprobed for total Stat5 protein levels.   
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ephosphorylation we saw no evidence of this using this experimental design.   

 

d

 

2.4  PTP1B knockdown modulates tyrosine phosphorylation of Jak2, the upstream 
 
Stat5 tyrosine kinase 
   

nalyses.  However, a caveat to the results shown in Figure 16 is that the data were 

erived from separately transferred immunoblots, leaving open the possibility that the 

bserved differences were an artifact due to variable transfer efficiencies between the  

The active form of Jak2 is autophosphorylated within its catalytic domain on 

tyrosine residues 1007 and 1008, which represents a preferred substrate motif of PTP1B 

(Salmeen et al., 2000).  We hypothesized that the increased levels of phosphotyrosine- 

Stat5 observed in response to PTP1B knockdown in T47D cells may be an indirect effect 

of reduced PTP1B inhibition of Jak2.  To address this possibility and confirm our 

previous results additional time course experiments were completed in T47D cells in 

which the phosphorylation status of both Stat5 and Jak2 was monitored (Figure 16).  As 

before, T47D cells were treated with lentivirus and allowed 72 h for PTP1B protein 

knockdown to occur.  After the 72 h, the cells were stimulated with a transient burst of 

prolactin for 20 min, the stimulation media replaced with non-prolactin containing media, 

and whole cell lysates collected at 10 min intervals for a total of 90 min.  In this 

experiment, PTP1B knockdown was associated with marked enhancement and 

prolongation of prolactin-induced Jak2 tyrosine phosphorylation in addition to Stat5 

tyrosine phosphorylation (Figure 16).  These results confirmed and extended our previous 

a

d
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Figure 16.  A) Modified time course confirming previously observed PTP1B effects 

on phosphotyrosine-Stat5.  B)  PTP1B knockdown results in increased tyrosine 

phosphorylation of Jak2. 
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different gels.  To address this concern a follow-up experiment was performed with a 

slightly altered design.   

The new design incorporated a condensed time course with time points to 60 min 

in 15 min intervals with the additional treatment condition of TC-PTP shRNA to confirm 

the previous observations that TC-PTP knockdown had no effect on phosphotyrosine-

Stat5 in whole cell lysates.  The collected lysates were processed as before but run on a 

single gel for Stat5 analysis and a single gel for Jak2 analysis.  As shown in Figure 17, 

the prior results were confirmed; depletion of PTP1B but not TC-PTP resulted in a 

prolonged phosphotyrosine-Stat5 signal and the effect of PTP1B on phosphotyrosine-

Stat5 was paralleled by a stronger and longer lasting phosphotyrosine-Jak2 signal.  These 

observations suggest that a significant portion of PTP1B’s negative regulation of 

phosphotyrosine-Stat5 is mediated by a mechanism that involves PTP1B 

dephosphorylation of the upstream Stat5 tyrosine kinase, Jak2.   This result is consistent 

with other reports demonstrating that PTP1B interacts with Jak2 in related signaling 

pathways such as growth hormone (Choi et al., 2006; Gu et al., 2003), leptin (Cheng et 

al., 2002; Kaszubska et al., 2002; Lund et al., 2005; Zabolotny et al., 2002), and 

interferon (Myers et al., 2001) although such a relationship had not been previously 

reported in breast cancer cells or the setting of Prolactin/Jak2/Stat5 signaling. 
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analysis to 

ontrol for variable transfer efficiency.   

 

 

 

 

 

 

 

 

 

 

Figure 17.  PTP1B but not TC-PTP knockdown affects the tyrosine phosphorylation 

of Jak2 and Stat5.  To address the concern of variable transfer efficiency between 

immunoblots a follow-up experiment to Figure 16 was performed with a slightly altered 

design.  The new design incorporated a condensed time course with time points out to 60 

min in 15 min intervals with the additional treatment condition of TC-PTP shRNA to 

confirm the previous observation that TC-PTP knockdown had no effect on 

phosphotyrosine-Stat5 in whole cell lysates.  The collected lysates were processed as 

before but run on a single gel for Stat5 analysis and a single gel for Jak2 

c
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2.5   Knockdown of SHP1, SHP2, VHR, or TC-PTP has no effect on either  
 
cytoplasmic or nuclear phosphotyrosine-Stat5  
 

hile PTP1B, SHP1 and SHP2 are primarily cytoplasmic phosphatases, SHP1 

and SHP2 are capable of translocating to the nucleus in response to certain stimuli 

(Chughtai et al., 2002; He et al., 2005).  VHR and TC-PTP on the other hand are 

primarily nuclear phosphatases, although like SHP1 and SHP2, TC-PTP at least is 

capable of translocation in response to certain stimuli (Tiganis et al., 1998).  TC-PTP is 

expressed from two transcript variants; TC45 which is nuclear localized and accounts for 

approximately 95% of total TC-PTP mRNA (Stuible et al., 2008), and TC48 which 

contain inal anchor that localizes it to the ER.  TC-PTP reportedly may serve as 

ing candidate phosphatases, SHP1, SHP2, and 

HR.  The cellular fractionation procedure was evaluated by examining the levels of the 

uclear pore proteins Lamin A/C and the cytoplasmic protein PLCγ1 contained in the 

W

s a C-term

a nuclear Stat5 phosphatase based on studies in hematopoietic cells, Cos7 monkey kidney 

cells, and CommaD1 murine mammary epithelial cells (Aoki and Matsuda, 2002; 

Shimizu et al., 2004; Shimizu et al., 2003).  VHR has been reported to dephosphorylate 

nuclear phosphotyrosine-Stat5 in the interferon system (Hoyt et al., 2007).  To determine 

whether TC-PTP, VHR, or any of the three primarily cytoplasmic candidate phosphatases 

may selectively regulate the pool of nuclear Stat5 in human breast cancer, which may not 

be detectable in whole cell lysate analyses, we extended the analyses of phosphotyrosine-

Stat5 to cytoplasmic and nuclear extracts. These studies focused not just on PTP1B and 

TC-PTP, but included the three remain

V

n
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fully and 

ate phosphatases was confirmed by 

immun

Stat5.   

cytoplasmic and nuclear compartments (Figure 18).  The ability to success

selectively knock down of each of the candid

oblot (Figure 19).   

To investigate the effects of candidate phosphatase knockdown in this setting, 

T47D cells were transduced with lentivirus to knock down individual phosphatases, 

allowed 72 h for knockdown to occur, then exposed to a 20 min pulse of prolactin 

followed by a change into prolactin-free medium.  Cells were harvested and cytoplasmic 

and nuclear lysates were collected at 0, 30, and 60 min after prolactin stimulation.  

Immunoblots for phosphotyrosine-Jak2 and phosphotyrosine-Stat5 were performed on 

Jak2 immunoprecipitates from the cytoplasmic fractions, and Stat5 immunoprecipitates 

from both the cytoplasmic and nuclear fractions.    Of the five candidate phosphatases, 

only PTP1B affected the levels of Jak2 tyrosine phosphorylation (Figure 20).  Because 

phosphatases can work at multiple levels of a signaling pathway it was important to 

investigate whether TC-PTP, SHP1, SHP2, or VHR modulated cytoplasmic 

phosphotyrosine-Stat5 levels independently of affecting the upstream kinase Jak2.  

However, only knockdown of PTP1B enhanced levels of cytoplasmic phosphotyrosine-

Stat5, while knockdown of TC-PTP, SHP1, SHP2, or VHR did not (Figure 21).  Because 

Stat5 cycles in a loop where it becomes phosphorylated by Jak2 in the cytoplasm, 

translocates to the nucleus where it acts as a transcription factor, becomes 

dephosphorylated, and is shuttled back into the cytoplasm, we investigated each of the 

candidate phosphatases for the ability to specifically modulate nuclear  phosphotyrosine-
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Figure 18.  Evaluation of the nuclear and cytoplasmic fractionation protocol.  

Immunoblot analysis was performed on representative T47D cell lysates using the 

cytoplasmic enzyme PLCγ1 and the nuclear proteins Lamin A and C as markers for 

effective separation. 
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wn using lentiviral delivered shRNA in T47D cells.  Equal loading 

was confirmed by Coomassie Blue staining (data not shown). 

 

 

 

Figure 19.  Specificity and efficacy of lentiviral-delivered shRNA against the five 

candidate phosphatases.  Immunoblot analysis demonstrating specific and efficient 

phosphatase knockdo
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Figure 20.  Knockdown of PTP1B but not TC-PTP, SHP1, SHP2, or VHR enhanced 

cytoplasmic levels of phosphotyrosine-Jak2 in T47D cells.  T47D cells at 90% 

confluency were exposed to lentiviral-delivered shRNA against PTP1B, TC-PTP, SHP1, 

SHP2, VHR, or a non-target control.  After 56 h of shRNA knockdown the cells were 

serum starved for 16 h and evaluated during a 1 h time course for changes in the levels of 

phosphotyrosine-Jak2 and phosphotyrosine-Stat5 in response to prolactin.  Cells were 

imulated for 20 min with 10 nM prolactin in fresh serum free media, the prolactin 

ontaining media was replaced with fresh serum free media, and fractionated lysates were 

ollected at the indicated times.  Cytoplasmic fractions of shRNA treated T47D cells 

ere immunoprecipitated with anti-Jak2, immunoblotted for phosphotyrosine-Jak2, 

ripped, and reprobed for total Jak2 levels. 
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Figure 21.  Knockdown of PTP1B but not TC-PTP, SHP1, SHP2, or VHR enhanced 

cytoplasmic levels of phosphotyrosine-Stat5 in T47D cells.  T47D cells at 90% 

confluency were exposed to lentiviral-delivered shRNA against PTP1B, TC-PTP, SHP1, 

SHP2, VHR, or a non-target control.  After 56 h of shRNA knockdown the cells were 

serum starved for 16 h and then evaluated during a 1 h time course for changes in levels 

of phosphotyrosine-Jak2 and phosphotyrosine-Stat5 in response to prolactin.  Cells were 

stimulated for 20 min with 10 nM prolactin in fresh serum free media, the prolactin 

containing media was replaced with fresh serum free media, and fractionated lysates were 

collected at the indicated times.  Cytoplasmic fractions of shRNA treated T47D cells 

were immunoprecipitated for Stat5, tested by immunoblot for phosphotyrosine-Stat5, 

stripped, and reprobed for total Stat5. 
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As observed in the cytoplasm, PTP1B knockdown resulted in higher levels of 

uclear phosphotyrosine-Stat5 at 60 min (Figure 22).  Because PTP1B is a cytoplasmic 

 

.6  PTP1B modulation of the Prolactin/Jak2/Stat5 pathway also occurs in MCF7  

n

protein, this effect is most likely secondary to PTP1B affecting Jak2 phosphorylation 

rather than reflecting a direct effect of PTP1B on nuclear Stat5 phosphorylation.  In 

contrast, TC-PTP, SHP1, SHP2, and VHR knockdown had no appreciable effect on 

levels of nuclear phosphotyrosine-Stat5 (Figure 22).  Although TC-PTP knockdown did 

not affect phosphotyrosine-Stat5 levels in the nucleus, it did result in a consistent increase 

in unphosphorylated nuclear Stat5 in the absence of prolactin stimulation.  However, this 

effect may be due to indirect effects of TC-PTP and will require separate follow-up 

studies outside of the scope of this work.  From the present studies we concluded that 

PTP1B is a major regulator of prolactin-activated Jak2 and Stat5 tyrosine 

phosphorylation while no modulation could be assigned to TC-PTP, SHP1, SHP2, or 

VHR in T47D cells. 

2
 

reast cancer cells b
 

To determine whether the effects of PTP1B knockdown on Jak2 and Stat5 

rosine phosphorylation were unique to the T47D cell line we examined the effect of 

TP1B knockdown on phosphotyrosine-Stat5 in MCF7 cells.  MCF7 cells are a luminal 

reast cancer cell line with an intact prolactin signaling system but generally have a 

eaker prolactin-induced phosphotyrosine-Stat5 signal than T47D cells.  Briefly, time  
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Figure 22.  Knockdown of PTP1B but not TC-PTP, SHP1, SHP2, or VHR enhanced 

nuclear phosphotyrosine-Stat5 in T47D cells.  T47D cells at 90% confluency were 

infected with lentiviral-delivered shRNA against PTP1B, TC-PTP, SHP1, SHP2, VHR, 

or a non-target control.  After 56 h of shRNA knockdown the cells were serum starved 

for 16 h then evaluated during a 1 h time course for changes in phosphotyrosine-Stat5 

levels in response to prolactin.  Cells were stimulated for 20 min with 10 nM prolactin in 

fresh serum free media, the prolactin containing media was replaced with fresh serum 

free media, and fractionated lysates were collected at the indicated times.  Nuclear 

fractions of shRNA treated T47D cells were immunoprecipitated for Stat5, tested by 

immunoblot for phosphotyrosine-Stat5, stripped, and reprobed for total Stat5. 
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ourse lysates were fractionated into their cytoplasmic and nuclear compartments and c

analyzed for effects consistent with what were seen in T47D cells.  The results were 

consistent with the effects observed in T47D cells, with increased and sustained Stat5 

tyrosine phosphorylation in both the cytoplasmic (Figure 23A) and nuclear (Figure 23B) 

fractions.  Successful knockdown of PTP1B protein levels was confirmed (Figure 23C).  

This experiment demonstrated that PTP1B regulation of prolactin-induced 

phosphotyrosine-Stat5 is not unique to a single breast cancer cell line. 

 

2.7  CHAPTER SUMMARY 
 

l lines.  A 

broad-based inhibitor, pervanadate, demonstrated increased levels of phosphotyrosine- 

Stat5 in response to prolactin stimulation, providing the initial evidence that tyrosine 

phosphatases are involved in regulating the Prolactin/Jak2/Stat5 pathway in breast 

ancer.   Five candidate tyrosine phosphatases were evaluated to determine which one/s 

ould be responsible for the effects seen with pervanadate.  Analysis of multiple 

xperiments implicated PTP1B but not TC-PTP, SHP1, SHP2, or VHR as a major 

egative regulator of prolactin-induced Stat5, most likely through modulation of the 

pstream tyrosine kinase Jak2.  Importantly, PTP1B regulation of prolactin-induced 

hosphotyrosine-Stat5 is not unique to a single breast cancer cell line, as it occurs in both 

47D and MCF7 human breast cancer cells. 

 

 This chapter established that tyrosine phosphatases have a major role in negative 

regulation of the Prolactin/Jak2/Stat5 pathway in human breast cancer cel

c
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igure 23.  PTP1B knockdown enhances prolactin-induced phosphotyrosine-Stat5 

 a second breast cancer cell line, MCF7.  MCF7 cells grown to 90% confluence were 

fected with lentiviral-delivered shRNA against PTP1B or a non-target control.  After 56 

 of shRNA knockdown the cells were serum starved for 16 h then evaluated during a 1 h 

me course for changes in pY-Stat5 levels in response to prolactin.  Cells were 

imulated for 20 min with 10nM prolactin in fresh serum free media, the prolactin 

ontaining media was replaced with fresh serum free media, and fractionated lysates were 

ollected at the indicated times.  A)  The cytoplasmic fraction was immunoprecipitated 

ith anti-Stat5, immunoblotted for phosphotyrosine-Stat5, stripped, and reprobed for 

tal Stat5 levels.  B)  The nuclear fraction was tested by immunoblotting for 

hosphotyrosine-Stat5, stripped, and reprobed for total Stat5 as described above.  C)  

onfirmation of specific and effective PTP1B knockdown in MCF7 cells. 
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CHAPTER 3 
 

scriptional 

ctivity, a mechanism explaining how upregulation of PTP1B can result in the 

esensitization of Stat5 to prolactin in breast cancer, and whether the conclusions drawn 

om model cell lines are consistent with investigations into the levels of PTP1B and 

hosphortyrosine-Stat5 in clinical breast cancer specimens. 

.1  Knockdown of PTP1B increases Stat5 responsive β-casein promoter-driven 

PROLACTIN, JAK2, STAT5, AND THE BIOLOGICAL CONSEQUENCES OF 

PTP1B DISREGULATION IN HUMAN BREAST CANCER 

 Tyrosine phosphorylation, although it accounts for only 1.8% of the human 

phosphoproteome (Olsen et al., 2006), has profound effects on the function of cellular 

signaling networks.  These effects would not be possible without a tightly regulated 

balance between tyrosine kinase and tyrosine phosphatase activity, resulting in a finely 

tuned network for intra and extracellular communication.  An upset in the balance of 

tyrosine phosphorylation can result in aberrant signaling capable of triggering a wide 

range of physiological consequences from uncontrolled proliferation, to apoptosis, to 

transformation.  In this chapter, the biological consequences of PTP1B disregulation on 

Prolactin/Jak2/Stat5 signaling are examined, including altered Stat5 tran

a

d

fr

p
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luciferase activity 
 

To determine whether the higher level of phosphotyrosine-Stat5 associated with 

TP1B knockdown is biologically relevant to Stat5-mediated gene transcription, a stably P
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D cell line containing a Stat5-responsive β-casein luciferase construct 

 cells were exposed to 

transfected T47

(Utama et al., 2009) was used to test whether there were any changes in Stat5-driven 

promoter activity in a background of PTP1B suppression.  The

lentivirus carrying either PTP1B shRNA or non-target control shRNA, allowed 72 h for 

protein knockdown to occur, then stimulated for 8 h with prolactin.  The cells were then 

lysed, luciferase activity measured, and specific knockdown confirmed by immunoblot 

(Figure 24).  In response to PTP1B knockdown, both basal (1.30 fold increase, p = 0.03) 

and prolactin-driven (increased from 2.49 to 3.99 fold, p < 0.004) luciferase activity 

showed statistically significant increases over the control treated baseline (Figure 24). 

 

3.2  PTP1B disregulation affects the prolactin sensitivity of Stat5 in T47D cells  
 

reast cancer cells results in 

nhanced phosphotyrosine-Stat5 signaling induced by a high dose of prolactin.  Based on 

 to 

5 pathway to prolactin stimulation in breast cancer.  To test this 

hypoth

PTP1B-suppressed T47D cells were stimulated for 15 min with prolactin concentrations  

Overexpression of PTP1B correlates with more aggressive morphological 

characteristics in breast cancer (Wiener et al., 1994).  In addition, cell line experiments 

have shown that PTP1B expression is increased by HER2 transformation (Arias-Romero 

et al., 2009; Wiener et al., 1996; Zhai et al., 1993).  We demonstrated above that 

disruption of PTP1B in both T47D and MCF7 human b

e

this finding we hypothesized that PTP1B upregulation might represent a mechanism

desensitize the Stat

esis, an experiment was designed to evaluate the effect of PTP1B knockdown on 

prolactin-induced Stat5 activation over a range of different prolactin concentrations.  
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Figure 24.  Stat5-responsive luciferase promoter activity is enhanced by PTP1B 

knockdown.  T47D cells stably transfected with a Stat5-responsive β-casein luciferase 

reporter were treated with PTP1B or non-target control shRNA.  The cells were 

stimulated for 8 h with 10 nM prolactin, lysed, and assayed for luciferase activity.  The 

graph represents the mean of three experiments +/- SD and includes a representative 

immunoblot to confirm specific and efficient PTP1B knockdown. 
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ranging from 0.1 nM to 100 nM after which lysates were harvested and immunoblotted 

for phosphotyrosine and total Stat5 (Figure 25A).  Phosphotyrosine-Stat5 band intensity 

was quantified and dose-response curves were constructed by plotting the mean of three 

experiments +/- SD (Figure 25B).  Importantly, PTP1B knockdown resulted in a 

significant shift in EC50 from 7.20 nM to 2.50 nM, which represents a magnitude of 

approximately half of a logarithm.  In addition, maximum signal strength in cells treated 

with PTP1B shRNA was 13% greater than cells treated with control shRNA, and the 

response at 3.2 nM prolactin was over five-fold higher in PTP1B suppressed cells.  These 

results support the hypothesis that disregulation of PTP1B in breast cancer may 

significantly restrict Stat5 as an intracellular sensor of circulating prolactin, and provide a  

mechanism to explain how perturbation of PTP1B activity could diminish normal 

phosphotyrosine-Stat5 signaling in invasive breast cancer. 

 

3.3  Expression of PTP1B is negatively correlated with staining of nuclear-localized  
 

 
phosphotyrosine-Stat5 in clinical breast cancer specimens 
 

Based on the observations in cell lines demonstrating that PTP1B serves as a 

negative regulator of Prolactin/Jak2/Stat5 signaling in breast cancer we performed 

immunohistochemistry of phosphotyrosine-Stat5, PTP1B, and TC-PTP (as a control) in a 

tissue array that included 80 malignant and 20 non-malignant human breast specimens to 

determine if the in vitro findings translated to clinical breast cancer specimens (Figure 

26).  The array was probed with an antibody to each protein of interest and the slides  
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igure 25. PTP1B knockdown results in hypersensitivity and hyperactivation of 

rolactin-induced phosphotyrosine-Stat5.  T47D cells at 90% confluency were 

fected with lentiviral-delivered shRNA against PTP1B or a non-target control.  After 56 

h of knockdown the cells were serum starved for 16 h then stimulated for 15 min with 

different doses of prolactin in fresh serum free media.  Lysates were collected, 

immunoblotted for pY-Stat5, stripped, and reprobed for total Stat5.  EC50 values were 

calculated for each treatment condition based on densitometric analysis of band intensity 

by Image J.  A)  Representative immunoblot.  B)  Dose-response curves based on 

three experiments.   
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Figure 26.  PTP1B is negatively correlated with phosphotyrosine-Stat5 in clinical 

breast tissue specimens.  Immunohistochemical staining for phosphotyrosine-Stat5, 

PTP1B, and TC-PTP was performed on a tissue array representing 80 cases of malignant 

breast tissue and 20 cases of non-malignant human breast tissue.  The slides were scored 

blindly by an independent pathologist and statistical analyses were performed using 

SPSS.  Shown above are representative sections of non-malignant (Example 1) and 

malignant (Examples 2 and 3) breast stained for phosphotyrosine-Stat5 and PTP1B. 
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ored blinded by an independent pathologist for staining intensity.  Statistical analyses 

 the evaluable cancer tissues showed that intensity of phosphotyrosine-Stat5 staining 

from 

odel breast cancer cell lines maintained a meaningful relationship when examined in 

e setting of clinical tissue samples. 

.4  CHAPTER SUMMARY 

sc

in

was negatively correlated with PTP1B staining (rho = -0.295, p = 0.02, n = 62) but not 

TC-PTP staining (rho = 0.058, p = 0.652, n = 63).  Inclusion of evaluable non-malignant 

tissues strengthened the statistical significance of the negative correlation between 

PTP1B expression and phosphotyrosine-Stat5 staining intensity (rho = -0.323, p = 0.006, 

n = 72) and as expected, was still unable to elucidate a meaningful relationship between 

TC-PTP intensity and phosphotyrosine-Stat5 staining (rho = 0.004, p = 0.973, n = 74).  

This experiment provided important evidence that the biochemical data elicited 

m

th

 

3
 

This chapter examined the biological consequences of PTP1B disregulation on 

rolactin/Jak2/Stat5 signaling.  Three sets of experiments were performed.  The first, 

vestigating whether increased levels of phosphotyorinse-Stat5 in response to PTP1B 

nockdown were biologically active, demonstrated that increased pools of activated Stat5 

sulted in increased Stat5-responsive promoter activity.  Second, an important 

echanism was revealed whereby the disregulation of PTP1B significantly restricted 

tat5 as an intracellular sensor of circulating prolactin, explaining how perturbation of 

TP1B activity could diminish normal phosphotyrosine-Stat5 signaling in invasive breast 

ancer.  Last, immunohistochemistry demonstrated the existence of a meaningful 
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relationship between PTP1B expression and phosphotyrosine-Stat5 in clinical breast 

cancer specimens.   
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CHAPTER 4 
 

SSION 

Based on several lines of evidence the present study implicates the tyrosine 

hosphatase PTP1B as a major negative regulator of prolactin-induced Stat5 tyrosine 

hosphorylation in human breast cancer.  First, we observed prolonged elevation of 

hosphotyrosine-Stat5 in prolactin responsive breast cancer cell lines following 

nockdown of PTB1B but not other candidate phosphatases implicated in Stat5 

odulation.  Second, Stat5 was hyper-responsive and sensitive to extracellular prolactin 

imulation in T47D cells deficient in PTP1B, providing a mechanism that explains how 

TP1B disregulation disrupts normal Prolactin/Jak2/Stat5 signaling.  Last, a negative 

orrelation was detected between the expression of PTP1B and nuclear localized, 

hosphotyrosine-Stat5 in clinical breast cancer specimens.   

The stimulatory effect of PTP1B knockdown on prolactin-induced 

hosphotyrosine-Stat5 was paralleled by a comparable effect on tyrosine phosphorylated 

k2, the upstream Stat5 tyrosine kinase.  Based on this observation, a majority if not all 

f the effect PTP1B exerts on Stat5 tyrosine phosphorylation in breast cancer is likely 

ediated through the regulation of Jak2, a model consistent with a growing body of 

lated evidence from studies of cytokine receptor signaling in non-mammary model 

stems such as the growth hormone (Choi et al., 2006; Gu et al., 2003), leptin (Cheng et 

l., 2002; Kaszubska et al., 2002; Lund et al., 2005; Zabolotny et al., 2002), and 

terferon (Myers et al., 2001) pathways.  Further supporting this model, PTP1B has a 

0-fold preference for tandem phosphotyrosines in the motif (E/D)-phosphotyrosine-
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e-(R/K), a sequence found in the activation loop of Jak2, over mono-

s the activating tyrosine in Stat5 (Salmeen et al., 2000).  

While 

gulation of Stat5 signaling in 

human 

phosphotyrosin

phosphotyrosine sites such a

we cannot rule out direct PTP1B dephosphorylation of Stat5 in the breast, our 

evidence best supports a model where PTP1B directly regulates prolactin-activated Jak2 

with the effects on phosphotyrosine-Stat5 secondary to the regulation of Jak2 

phosphorylation status.  Importantly, the present report is the first to couple PTP1B to 

prolactin-activated Jak2-Stat5 signaling in human breast cancer, providing a mechanism 

that can explain the observed loss of Stat5 activation in at least a portion of progressing 

breast cancer. 

PTP1B is upregulated in human breast cancer, a finding correlated with 

aggressive morphological characteristics (Wiener et al., 1994), but until now no 

connection had been made between PTP1B and the down-re

breast cancer.  PTP1B is a known regulator of the downstream HER2 proteins Src 

and ERK (Hynes and Lane, 2005; Yarden, 2001), and PTP1B expression is increased in 

cells lines transformed by HER2 (Wiener et al., 1996; Zhai et al., 1993).  This 

relationship raises the possibility that PTP1B could serve as a mediator for inhibitory 

crosstalk between the HER2 and Stat5 pathway.  Providing further evidence of a possible 

link between the Jak2-Stat5 pathway and the EGF-mediated HER2 signaling pathway, 

PTP1B can form a ternary complex with PLCγ-1 and Jak2 in response to GH (Choi et al., 

2006).  Furthermore, studies of spontaneous mammary carcinomas in mice have 

demonstrated a potentially critical role for PTP1B in metastatic progression.  In the 

NDL2 (HER2-driven breast cancer) mouse model, genetic loss or pharmacologic 
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the PTP1B phenotype but noted no changes in the phosphorylation status 

of AKT

inhibition of PTP1B decreases lung metastases (Julien et al., 2007).  Although the reasons 

for this decrease are expected to be multifactorial due to the many effects of PTP1B, 

enhanced activation of the prodifferentiative and invasion-suppressive Stat5 pathway 

could be an important factor not previously considered.  A separate study showed 

homozygous deletion of PTP1B in another HER2 driven system, the MMTV-NeuNT 

mouse, delayed or prevented mammary tumorigenesis altogether (Bentires-Alj and Neel, 

2007).  Analysis of several important signaling molecules in the MMTV-NeuNT model 

identified decreased ERK activation in the preneoplastic mammary glands as a possible 

contributor to 

, Src, FAK, or Stat5 in either preneoplastic glands or tumor lysates.  It would be 

of particular interest to see if the lack of altered mammary Stat5 phosphorylation is 

unique to the MMTV-NeuNT mouse or if this finding is common to the NDL2 model.  

Pharmacologically, intriguing possibilities exist involving inhibition of both HER2 and 

PTP1B for their potential effects on Stat5 signaling in breast cancer.   

 The drosophila tyrosine phosphatase Ptp61F, the sole homolog of both 

mammalian PTP1B and TC-PTP, was identified as a negative regulator of hop and 

Stat92E, the only drosophila janus kinase and Stat proteins, respectively.  Ptp61F is 

expressed from two splice variants, one that encodes a cytoplasmic and the other that 

produces a nuclear phosphatase.  Because the catalytic domains of PTP1B and TC-PTP 

are highly homologous (72% identity), it is plausible that gene duplication and 

divergence from the single Ptp61F phosphatase in drosophila led to a system where 

mammalian PTP1B and TC-PTP function as a team, one residing in the cytoplasm and 
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s, once identified, 

could i

one in the nucleus.  One report has already shown cooperative regulation in the insulin 

pathway (Galic et al., 2005) and a cytoplasmic versus nuclear role for PTP1B and TC-

PTP has previously been suggested in the attenuation of prolactin signaling (Aoki and 

Matsuda, 2000; Aoki and Matsuda, 2002).  In breast cancer cell lines, however, our 

exploration of coordinated regulation did not reveal a role for TC-PTP or any of the other 

remaining candidate phosphatases on either cytoplasmic or nuclear prolactin-activated 

phosphotyrosine-Stat5.  However, it is important to note that the results described in this 

dissertation do not preclude the possibility that phosphatases other than TC-PTP, SHP1, 

SHP2, or VHR are involved in the regulation of phosphotyrosine-Stat5.  The current 

work was based on the guided selection of five candidates rather than an unbiased screen 

of the entire human tyrosine phosphatase family.  As a result, although TC-PTP, SHP1, 

SHP2, and VHR were not implicated as negative regulators of phosphotyrosine-Stat5, it 

is likely that there are still unidentified cytoplasmic and nuclear phosphatases that do 

directly dephosphorylate phosphotyrosine-Stat5.  These phosphatase

n fact prove to be more potent therapeutic targets than PTP1B due to their direct 

interaction with phosphotyrosine-Stat5 rather than relying on indirect modulation through 

an upstream protein such as Jak2.   

Indirect modulation of phosphotyrosine-Stat5 through Jak2 raises a second 

important issue, Jak2-independent activation of Stat5.  A prime example of this is Src, a 

tyrosine kinase capable of activating Stat5 that is neither Jak2 nor prolactin dependent.  

Src-mediated Stat5 tyrosine phosphorylation, through either Jak2-independent prolactin 

activation of Src or activation through a non-prolactin signaling pathway such as EGF, 
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ween expression levels of a regulatory tyrosine 

phosph

may in fact be potentiated by PTP1B overexpression.  PTP1B can dephosphorylate Src 

on an inhibitory tyrosine residue, resulting in increased Src activity.  While this 

dephosphorylation should lead to an increase in potentially beneficial Stat5 activation, it 

would also likely enhance numerous deleterious Src-mediated tumor characteristics such 

as proliferation, survival, invasion, and angiogenesis.  In a breast cancer where Stat5 is 

primarily activated in a non-prolactin/Jak2-dependent manner, such as through Src, 

inhibition of PTP1B in an attempt to restore proper Stat5 function may have unintended 

negative consequences that could prove more detrimental than beneficial.  As a result, the 

relative contributions of Jak2-dependent and Jak2-independent mechanisms of Stat5 

activation would need to be determined before beginning PTP1B inhibition therapy. 

In summary, this report investigated whether disruption of normal phosphatase 

expression could provide a mechanism to explain how phosphotyrosine-Stat5 is lost 

during breast cancer progression.  We described how knockdown of PTP1B resulted in 

increased tyrosine phosphorylation of both Jak2, the upstream activating kinase of Stat5, 

and Stat5 itself.  Furthermore, inhibition of normal PTP1B expression resulted in 

hypersensitive and hyperactive Stat5 in response to low levels of prolactin stimulation 

providing a mechanistic link bet

atase and signal transduction through the Prolactin/Jak2/Stat5 pathway.  

Ultimately, our biochemical, biological, and mechanistic data were consistent with 

immunohistochemical analyses of clinical breast cancer specimens that revealed a 

significant negative correlation between PTP1B expression and the level of nuclear 

phosphotyrosine-Stat5.  In conclusion, upregulation of PTP1B activity could represent an 
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important mechanism behind the desensitization of Prolactin/Jak2/Stat5 signaling in 

breast cancer.  While other mechanisms may also be responsible for decreased Stat5 

tyrosine phosphorylation, PTP1B represents an intriguing druggable target that could lead 

to novel strategies for breast cancer therapy. 
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APPENDIX A 
 

one and Pituitary Program (Torrance, CA).  

Monoclonal mouse anti-phosphotyrosine-Stat5 antibody (AX1) and polyclonal rabbit 

anti-Stat5a (AX551) and anti-Stat5b (AX554) were obtained from Advantex BioReagents 

(Conroe, TX, USA).  Mouse monoclonal pan-Stat5, SHP2, VHR and anti-mouse and 

anti-rabbit horseradish-peroxidase (HRP)-conjugated secondary antibodies were 

purchased from BD Biosciences (Bedford, MA).  Mouse monoclonal Jak2 was purchased 

from BioSource.  Rabbit polyclonal Jak2 antibody, phosphotyrosine (4G10) mouse 

monoclonal, and PTP1B rabbit polyclonal were purchased from Upstate Biotechnology 

(Lake Placid, NY, USA).  Lamin A/C and PLCγ1 rabbit polyclonal antibodies were 

purchased from Cell Signaling.  SHP1, PTP1B (PHO2), and TC-PTP (PHO3 – CF4 

clone) mouse monoclonal were purchased from Calbiochem.  Monoclonal mouse Jak2 

was purchased from BioSource (Camarillo, CA, USA).  Sodium orthovanadate and 

catalase from bovine liver were purchased from Sigma.  Hydrogen peroxide 30% was 

purchased from Fisher Scientific and the Luciferase Assay System was purchased from 

Promega.  Protein A-sepharose beads were purchased from Amersham Biosciences.   

 

Lentivirus production.  The lentiviral packaging plasmid pCMV-dR8.2 dvpr (plasmid 

8455) and envelope plasmid pCMV-VSV-G (plasmid 8454) were from Addgene.  

pLKO.1-puro lentiviral vectors containing PTP1B shRNA #1 (Cat # RHS3979-9571386), 

MATERIALS AND METHODS 

Antibodies and reagents.  Human prolactin (Prolactin) was provided by Dr. A. F. Parlow 

under the sponsorship of the National Horm
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#2 (Cat # RHS3979-9571385), TC-PTP shRNA #1 (Cat # RHS3979-

at # RHS3979-9571387), SHP1 shRNA #1 (Cat # 

ine 

IBCO) and 1 mM Sodium pyruvate (Cellgro).  The human breast cancer cell lines 

PTP1B shRNA 

9571389), TC-PTP shRNA #2 (C

RHS3979-9575809), SHP1 shRNA #2 (Cat # RHS3979-9575811), SHP2 shRNA #1 (Cat 

# RHS3979-9573790), SHP2 shRNA #2 (Cat # RHS3979-9573787), VHR shRNA #1 

(Cat # RHS3979-9575758), VHR shRNA #2 (Cat # RHS3979-9575761), and Non-target 

control shRNA (Cat # SHC002) were purchased from Open Biosystems.  Lentiviral 

particle production was achieved by cotransfecting a T175 flask containing 95% 

confluent 293FT cells (Invitrogen) with 9 µg shRNA lentiviral plasmid along with 24 µg 

pCMV-dR8.2 dvpr and 2.4 µg pCMV-VSV-G (a 10:1 ratio).  Transfections were carried 

out using 108 µL Lipofectamine 2000 (Invitrogen) and virus was harvested 48-72 h post-

transfection.  Optimal amount of virus to treat T47D cells with was determined by dose 

curve and immunoblot analysis with subsequent experiments performed using the lowest 

amount of virus that gave the maximum amount of knockdown.  All infections were 

carried out in the presence of 8 µg/mL Polybrene. 

 

Cell culture.  The human breast cancer cell lines T47D and SKBr3 (ATCC, Manassas, 

VA) were grown in RPMI 1640 medium (Biofluids, Rockville, MD) supplemented with 

10% Fetal Bovine Serum (Atlanta Biologicals, Norcross, GA), 2 mM L-Glutam

(G

MCF7 and MDA-MB-231 (ATCC) were grown in DMEM medium supplemented with 

10% Fetal Bovine Serum (Atlanta Biologicals).  Human breast cancer cell line ZR-75-1 

was grown in DMEM medium supplemented with 10% Fetal Bovine Serum (Atlanta 
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 microfuge tubes, and rotated for 1 h at 

oC end-over-end. Insoluble material was pelleted at 13,000 g at 4oC for 30 min.  Protein 

Biologicals) and 1 mM Sodium pyruvate (Cellgro).  The stably transfected T47D-

βCASLUC cell line (previously described (Utama et al., 2009)) was maintained in RPMI 

1640 supplemented with 10% Fetal Bovine Serum (Atlanta Biologicals), 2 mM L-

Glutamine (GIBCO), 1 mM Sodium pyruvate (Cellgro), and 0.5 µg/ml puromycin.  

293FT cells (Invitrogen) were grown in DMEM medium supplemented with 10% Fetal 

Bovine Serum (Atlanta Biologicals), 2 mM L-Glutamine (GIBCO), 1 mM Sodium 

pyruvate (Cellgro), and 1X MEM Non-essential Amino Acids (GIBCO).   

 

Whole cell lysates, immunoblots, and immunoprecipitations.  For whole cell lysates 

cells were washed with cold PBS, lysed in lysis buffer (50 mM Tris pH7.5, 150 mM

NaCl, 0.1% SDS, 1% Igepal, 0.5% sodium deoxycholate, 2 mM EDTA, 0.01 M sodium -

phosphate, 50 mM NaF, 2 mM sodium orthovanadate, 1 mM 

phenylmethylsulfonylfluoride, 5 μg/ml aprotinin, 1 μg/ml pepstatin A and 2 μg/ml 

leupeptin), collected by scraping and transferred to

4

concentration was determined by the BCA Protein Assay Kit (Pierce).  Standard 

immunoblot procedures were followed.  Briefly, 10 or 15ug of total protein was resolved 

on a NuPAGE 4-12% Bis-Tris gradient gel (Invitrogen).  Proteins were transferred onto a 

PVDF membrane, the membrane was blocked for 1 h at ambient temperature with 1% 

Bovine serum albumin, and subsequently probed with antibody at 4oC overnight.  The 

membranes were then washed, probed with anti-mouse secondary antibody, washed, and 

visualized by chemiluminescence.  For immunoprecipitation clarified whole cell lysates 
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ell fractionation.  Cells were washed with cold PBS twice then scraped in PBS.  A 

were incubated with indicated antibodies for 2 h at 4oC.  Antibody-protein complexes

were captured by incubation with Protein A-sepharose beads (Amersham Biosciences, 

Inc., Piscataway, NJ) rotating at 4oC for 1 h and washed three times in 1 ml of lysis

buffer.  Immunoprecipitated proteins were dissolved in 2X loading buffer containing 

reducing agent, heated to 70oC for 10 min, resolved by SDS-PAGE, and transferred to 

PVDF membranes.  Immunoblotting was performed as described above. 

 

C

small aliquot was removed, the cells pelleted, resuspended in whole cell lysis buffer, and 

processed as described above for whole cell lysates.  The remaining cells were pelleted at 

800g, the PBS aspirated, and resuspended in Buffer A (10 mM Hepes pH 7.9, 10 mM 

KCl, 0.1 mM EDTA, 0.4% Igepal, 2 mM sodium orthovanadate, 1 mM 

phenylmethylsulfonylfluoride, 5 μg/ml aprotinin, 1 μg/ml pepstatin A and 2 μg/ml 

leupeptin).  Cells were incubated for 10 min on ice, centrifuged at max speed for 3 min, 

and the supernatant was saved as the cytosolic fraction.  The remaining pellet was washed 

once with cold PBS and resuspended in Buffer B (20 mM Hepes pH 7.9, 200 mM NaCl, 1 

mM EDTA, 10% glycerol, 2 mM sodium orthovanadate, 1 mM 

phenylmethylsulfonylfluoride, 5 μg/ml aprotinin, 1 μg/ml pepstatin A and 2 μg/ml 

leupeptin).  The cell suspension was shaken vigorously for 2 h at 4oC, centrifuged at 

maximum speed for 5 min, and the supernatant saved as the nuclear fraction.  Protein 

concentrations and immunoanalyses were performed as described above. 
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µM pervanadate 

llowed by addition of 10nM prolactin in fresh serum free media with or without fresh 

, the prolactin-

ontaining media was replaced with fresh serum-free media, and time points were 

Activation of sodium orthovanadate.  A 1mL solution of 6 mM sodium orthovanadate in 

PBS was treated with 6 µL of 3% H2O2, vortexed, and incubated for 5 min at ambient 

temperature.  Inactivation of excess H2O2 was accomplished by the addition of 1000 units 

of catalase from bovine liver for 2 min at ambient temperature.  Activated inhibitor was 

immediately used to treat cells.  Briefly, confluent T47D cells serum-starved for 16 h 

were pretreated for 10 min in fresh serum-free media with or without 120

fo

120µM pervanadate.  After 20 min of stimulation the prolactin was washed off, media 

replaced with fresh serum-free media with or without fresh 120µM pervanadate and total 

cell lysates were collected at the indicated time points.  The lysates were immunoblotted 

for phosphotyrosine-Stat5, stripped, and reprobed for total Stat5 protein levels. 

 

Cell line phosphatase profile.  Whole cell lysates were harvested from confluent cells 

and analyzed for candidate phosphatase expression as described above. 

 

Time course experiments.  90% confluent T47D cells were infected with lentivirus 

overnight in the presence of 8 µg/mL Polybrene.  In the morning the infection media was 

replaced with fresh growth media, this was considered T=0 for knockdown.  After 56 

hours of knockdown the cells were serum starved overnight and experiments were 

performed in the morning (at 72 hours post infection).  Briefly, cells were treated with a 

pulse of 10 nM prolactin in fresh serum-free media for 20 minutes

c
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te with an 

xtra well of cells plated for each lentiviral treatment condition to confirm effective 

harvested as indicated using either the whole cell lysate or fractionation protocols 

described above. 

 

Luciferase assays.  90% confluent T47D-βCASLUC cells in a 24-well plate were infected 

overnight with lentivirus in the presence of 8 µg/mL Polybrene.  The media was changed 

to fresh growth media in the morning, this was considered T=0 for knockdown.  Fresh 

growth media was added daily until 72 h of knockdown when the media was changed to 

serum-free with or without 10 nM prolactin.  After 8 h of stimulation the cells were 

harvested in 1X passive lysis buffer and luciferase activity was measured using Luciferase 

Reporter Assay System (Promega, Madison, WI).  Raw luciferase values (±SD) were 

graphed using Microsoft Excel.  The experiments were performed in triplica

e

knockdown.  Whole cell lysates were prepared as described above and immunoblot 

analysis was performed to determine extent of protein knockdown.  

 

Dose Curve.  90% confluent T47D cells were infected with lentivirus overnight in the 

presence of 8 µg/mL Polybrene.  The infection media was replaced with fresh growth 

media in the morning, this was considered T=0 for knockdown.  After 56 h of 

knockdown the cells were serum starved overnight and experiments were performed in 

the morning (72 h post infection).  Cells were stimulated in fresh serum-free media with 

one of seven different prolactin doses for 15 min or left unstimulated as a control. 
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and 20 normal breast tissues.  The array sections were rehydrated, 

eated for 30 min in citrate buffer pH 6 (DAKO) in a microwave for antigen retrieval, 

Immunohistochemistry.  Analyses were performed on a CEMA array containing 80 

breast carcinoma 

h

blocked with HRP for 15 min, washed, blocked with 10% goat serum for 30 min, and 

incubated in primary antibodies to phosphotyrosine-Stat5, PTP1B, or TC-PTP overnight 

at 4°C.  The array was then washed, treated with SS Link solution (BioGenex, San 

Ramon, CA) for 20 min, washed, treated with SS Label solution (BioGenex, San Ramon, 

CA) for 20 min, washed, and stained with DAB.  To complete the protocol the array was 

counterstained with hematoxylin, dehydrated, and mounted with a cover slip.  The 

stained array was scored by an independent pathologist as 0, +, ++, +++, and statistical 

analyses were performed using SPSS. 
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APPENDIX B 
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