
 

 

 

 

 

 

 

 

 

Copyright 

by 

Azadeh Nasrazadani 

2010 

 

 



The Dissertation Committee for Azadeh Nasrazadani 
Certifies that this is the approved version of the following dissertation: 

 

 
The Role of JNK2 and JNK1 in Breast Cancer 

Mediated Invasion and Metastasis  
 

 

 

COMMITTEE: 

 

 
  

Carla L. Van Den Berg, Supervisor 

John H. Richburg 

Andrea Gore 

Stephen D. Hursting 

Dean G. Tang 

 



 
 
 

The Role of JNK2 and JNK1 in Breast Cancer 
Mediated Invasion and Metastasis  

 
 

By 
 
 

Azadeh Nasrazadani, B.S. 
 

 
 
 

DISSERTATION 

Presented to the Faculty of the Graduate School of 

The University of Texas at Austin 

in Partial Fulfillment 

of the Requirements 

for the Degree of 

DOCTOR OF PHILOSOPHY 

 

THE UNIVERSITY OF TEXAS AT AUSTIN 

August 2010 



 

 

 

 

Dedicated to my Baba, Dr. Seifollah Nasrazadani 



v 

 

Acknowledgements 

Words are not sufficient to express my gratitude towards my parents, 

Seifollah Nasrazadani and Zohreh Nejatbakhsh. I am grateful for their love and 

continuing support throughout the years. I also wish to thank my beautiful 

sister, Arezo, who always knows the right thing to say at the right time. Farhad, I 

cannot imagine how I would have made it this far without you. Jamye, Shreya, 

Michael, and Danielle: thank you for all of the wonderful times we have shared 

as we slowly became a family. Jamye, I am forever in your debt for patiently 

teaching me the ways of animal research. Shreya, we have learned many life 

lessons together; the most valuable being the importance of having friends like 

you. Michael and Danielle, working alongside the both of you has genuinely 

been a great pleasure. Mahassen, thank you for sharing with me both the highs 

and the lows. I don’t think you will ever know how much it has meant to me. 

I would also like to thank my committee members for their guidance and 

support during the progression of these studies. Finally, I want to express my 

deepest appreciation to my mentor, Dr. Carla L. Van Den Berg. Carla, you 

opened my eyes to the enigmatic world of cancer biology and made me the 

scientist I am today. I have so much to thank you for that I can only think to 

simply say thank you… for everything. 

 



vi 

 

 

The Role of JNK2 and JNK1 in Breast Cancer 
Mediated Invasion and Metastasis 

 

 

Azadeh Nasrazadani, Ph.D 

The University of Texas at Austin, 2010 

 

Supervisor: Carla L. Van Den Berg 

 

Receptor tyrosine kinase (RTK) inhibitors are emerging as an effective 

therapeutic option for treatment of breast cancer patients overexpressing 

particular RTKs. However, more patients may benefit from an inhibitor targeting 

a common effector protein downstream several RTKs. The presented studies 

herein identify c-Jun N-Terminal Kinase 2 (JNK2), a kinase downstream multiple 

RTKs, as a novel target to effectively inhibit Phosphatidylinositol 3-kinase/AKT 

activation and metastasis.  Knockdown of JNK2 in the highly metastatic 4T1.2 

mammary cancer cells significantly decreased growth factor induced invasion in 

Boyden chambers, orthotopic tumor growth, and metastatic lesions in lungs and 
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bone. Intra-cardiac introduction of cancer cells is utilized to specifically study the 

later steps in the metastatic cascade including travel of disseminated cancer cells 

to a secondary location. Thus, earlier steps such as the process of acquiring a 

malignant phenotype leading to escape from the primary tumor are bypassed.  

Survival was prolonged in mice receiving intra-cardiac injection of cells deficient 

of JNK2 either in the host or in the tumor cells, suggesting a potential role for 

JNK2 as a therapeutic target for advanced stage breast cancer patients. Using 

siRNA and inhibitors against Src and PI3K, we determined that JNK2 activity is 

dependent on Src and PI3K, positioning JNK2 downstream of two critical factors 

involved in tumor progression. Microarray analysis of JNK2 deficient tumors 

revealed that JNK2 positively regulates the adaptor protein Grb2 associated 

binding protein 2 (Gab2). Knockdown of Gab2 in 4T1.2 cells resulted in 

decreased tumor growth and a trend for decreased lung metastasis. In vitro, 

stimulation of 4T1.2 shJNK2 or 4T1.2 shGab2 cells with HGF, heregulin, or 

insulin resulted in impaired AKT activation, suggesting involvement of Gab2 

and JNK2 in multiple RTK signaling pathways. Understanding of the intricate 

mechanisms involved in RTK signal transduction can contribute to drug design 

geared towards more effective targets, namely JNK2. 

The secondary goal of this research was to decipher the individual roles of 

JNK2 and JNK1 in metastatic breast cancer. Survival was significantly shortened 

in mice injected intra-cardiac with 4T1.2 shJNK1 cells. In congruence, serum 
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Cathepsin K levels were increased and bone lesions observed were higher in 

mice injected with shJNK1 expressing tumor cells compared to mice injected 

with control cells. In sharp contrast, jnk1-/- mice displayed dramatically 

increased survival and fewer bone lesions upon intra-cardiac injections of 4T1.2 

cells. Collectively, these data suggest cell and isoform specific roles for JNKs.            
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Chapter 1 

Introduction 

 

1.1 Breast Cancer & Metastasis 

1.1.1 Breast Cancer History 

Breast cancer was considered to be a death sentence when it was first 

described by Hippocrates in the 400’s B.C. (1). “It is better not to treat those who 

have internal cancer,” claims Hippocrates, further claiming: “treatment causes 

speedy death, but to omit treatment is to prolong life (2, 3).” He postulated that 

cancer was the result of excess black bile with the appearance of crab legs 

encasing normal tissue. Based on this observation, he referred to cancer as 

“karkinos”, the Greek word for crab. It was not until the 1800’s that Theodor 

Schwann described the cell as the basic element of animals with the aid of a 

microscope. He established that abnormal cancer growths consist of cells similar 

to those in normal tissues, albeit with disproportionate structures. It was 

Hermann Lebert who later noted the key characteristics of cancer cells as we 

know them today; small and round with an oval nucleus occupying the greater 

part of the cytoplasm. Despite important scientific advances during this time 
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period, surgery was the most common method of treatment well into the 

twentieth century until chemotherapy became available in the 1940’s (reviewed 

in (4)). Indeed, we have come a long way from lack of treatment to modified, 

radical mastectomies and from generalized genotoxic therapies to a new era 

including molecular targeted therapies. Unfortunately, our current tools continue 

to fall short in expectations since metastatic breast cancer is still incurable. 

 

1.1.2 Statistics 

Breast cancer is currently the most commonly occurring cancer in the 

United States, second to skin cancer.  It is the second most common cause of 

cancer death in women, after lung cancer (5). The current lifetime risk of 

developing breast cancer in women is 1 in 8 (5), revealing the widespread 

penetrance of this disease. Although less common, breast cancer also develops in 

men and due to lack of regular screenings is typically diagnosed in the advanced 

stages. In 2009, 192,370 new cases in females and 1,910 new cases in males were 

anticipated. The number of deaths was estimated to be 40,170 in females and 440 

in males (5). Annually, the incidence rate of in situ breast cancer is 32.48 and 

invasive breast cancer is 124.6 for every 100,000 women. Invasive disease occurs 

when the cancer cells breach their surrounding barriers and are no longer 

contained within distinct borders. The mortality rate due to invasive breast 
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cancer is 23.45 per 100,000 women (6). Invasive disease is associated with a poor 

outcome. The most recent statistics of 5 year survival rates are 98.3% for 

localized, 83.5% for regional, and 23.3% for distant breast cancer (5). Localized 

lesions are restricted to breast tissue and ducts; whereas, in regional metastasis, 

cancer cells have spread to regional lymph nodes. In distant metastatic breast 

cancer, the disease has spread to other organs, typically the liver, brain, lung, and 

bone. The significant drop in survival rate of patients with distant metastasis 

signifies the importance of understanding the metastatic process to develop 

effective therapeutics. 

 

1.1.3 Breast Cancer Prognostic Factors 

Various factors are used to describe individual breast cancers, which aid 

physicians in selecting appropriate treatment, and predicting prognosis (7). A 

standard practice is to determine the presence or absence of estrogen receptor 

(ER) and/or progesterone receptor (PR) (8, 9). ER and/or PR positivity are 

typically associated with a well-differentiated histology and favorable prognosis. 

ER positive breast cancer occurs more frequently in post-menopausal women 

(10). In contrast, poorly differentiated tumors are ER/PR negative and are 

associated with a worse prognosis (11). Amplification of the HER-2/neu gene 

and/or overexpression of the HER-2/neu protein are also considered critical 
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determinants of an invasive subtype of breast tumors, occurring in 10-34% of 

breast cancers (12, 13). Assays that measure for HER-2/neu amplification are 

used to predict tumor response to trastuzumab (an anti-HER-2 therapeutic) (14-

16). Cell cycle markers such as Ki-67 protein predict response to chemotherapy 

(17, 18). Cyclin D1 is also a cell cycle marker that is amplified or overexpressed in 

approximately 20% of clinical breast cancers (19). Although its expression is 

associated with invasive carcinomas, it is not approved for clinical diagnostic 

purposes (7, 20).   

 

1.1.4 Classification of Breast Cancers 

There are two main types of non-invasive breast cancers: ductal carcinoma 

in situ (DCIS) and lobular carcinoma in situ (LCIS). Although LCIS is much less 

common (21), it is associated with an increased risk for development of invasive 

disease (22). The pathology of LCIS reveals a solid mass of small cells with small 

uniform nuclei and distinct cell borders (23). The benign LCIS lesions are 

typically ER positive and associated with a low proliferation rate and the loss of 

the adhesion protein, E-cadherin (24-27). DCIS has become a common diagnosis, 

and there is debate regarding whether DCIS is a precursor to invasive carcinoma 

(or cancer for that matter) (28). DCIS commonly presents as an abnormal cluster 

of microcalcifications that may be accompanied by nipple discharge. DCIS 
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lesions contain presumably malignant epithelial cells that have not invaded the 

neighboring stroma.  

Invasive breast tumors are also classified based on the degree of 

differentiation. Well differentiated tumors are typically low grade, more 

genetically stable, and are often accompanied by the loss of chromosome 16q. 

Histologically, these lesions are often ER/PR positive and Her-2/neu negative, 

and they are associated with a favorable prognosis. Poorly differentiated tumor 

types are genetically unstable. They display high nuclear atypia and recurrent 

genomic gains and losses. Histologically, these lesions are ER/PR negative and 

Her-2/neu positive, and they are associated with a poor prognosis (11).  

Aside from ER/PR positivity, the most common delineation of breast 

tumor types is based on cytokeratin expression, which is used to infer the lineage 

of the tumor cells. There are two main types of epithelial cells in the mammary 

gland: luminal cells, which express cytokeratins 8, 7, and 18 (29-31); and 

myoepithelial cells, which predominantly express cytokeratins 5, 13, 14, and 17 

(29, 32-34). Thus, tumors expressing luminal cytokeratins are referred to as 

“luminal-like” in contrast to “basal-like” tumors, which express myoepithelial 

cytokeratins. The majority of breast tumors arise at the junction between terminal 

duct and lobule and have a luminal-like phenotype (29, 32, 35-37). This is 

supported by the ability of these tumor cells to form secretory acinar structures 

that express mucins on the luminal surface (38). Specifically, luminal cells are 
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known to express a mature form of sialomucin expressed by the MUC1 gene (39). 

Luminal-like tumors are associated with a more favorable prognosis than basal-

like tumors (11). It is speculated that high levels of Gata-3 induce differentiation 

of the luminal cells, thus resulting in a better prognosis (40, 41). The poor 

prognosis of basal-like tumors is understandable considering their pathological 

features including a high cellular mitotic rate (42) (as evidenced by Ki-67 

expression (40)) and the presence of large, central acellular zones of necrotic 

tissue (43). Most recently, it has been suggested that basal-like breast cancers 

have increased potential for cancer stem cell associated functions such as 

mammosphere formation in vitro in comparison to luminal-like tumors. 

Specifically, basal breast cancer cell lines have been shown to be positively 

associated with expression of aldehyde dehydrogenase (ALDH1), which is 

utilized to isolate cancer stem cell (CSC) subpopulations (44). The ALDH1 

positive cells are the metastatic population in inflammatory breast cancer (45). 

Though controversial, the cancer stem cell hypothesis provides a new 

perspective in determining the basis for resistence to therapeutics in patients (46). 

In contrast to traditional views emphasizing accumulation of mutations as a 

result of genomic instability, mutations in the stem cell population possessing 

self-renewal capability provides an alternative explanation for development of 

tumor heterogeneity. Assuming the existence of a CSC population in basal-like 

tumors, heterogeneity in gene expression from a continually self-renewing 
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population of tumor cells would significantly hinder successful treatment of 

these tumors. In addition to the aforementioned cytokeratin expression pattern, 

basal-like tumors are also more often immunopositive for EGFR (47), c-Kit (48), 

p63 (49, 50), Smooth Muscle Actin (SMA) (51), P-cadherin (50, 52), and/or 

vimentin (42, 53).  

Gene expression profiling by cDNA microarray analysis allows in-depth 

characterization of breast cancer subtypes. A landmark study by Perou et al. 

distinguishes five types of breast cancer based on common clusters of gene 

expression: normal-like, luminal A, luminal B, basal-like, and Her-2/neu positive 

(40). Normal-like tumors express genes present in adipose tissue and other non-

epithelial cells (54). Luminal A tumors are considered indolent, low-grade 

tumors with a better prognosis compared to luminal B tumors, which are 

characterized as high-grade. Basal-like tumors are so classified as being ER, PR, 

and Her-2/neu negative but EGFR and cytokeratin 5/6 positive. Her-2/neu 

expressing tumors have high expression of genes in the ERBB2 amplicon (54).      

 

1.1.5 Molecular Basis of Malignancy 

  Tumor progression is associated with the acquisition of an invasive 

phenotype characterized by the ability of the cancer cells to migrate and digest 

through neighboring tissue and metastasize to distant sites. Central to this 



8 

 

process is the accumulation of genetic and epigenetic alterations, which 

increasingly occur as a result of the intrinsic genomic instability of the cancer 

cells (55). These alterations enhance neoplastic character and increase mutations. 

Nowell proposed the mechanism by which variant tumor subpopulations 

selectively eliminate mutants with metabolic disadvantages. Clonal expansion of 

populations with acquired advantageous mutations leads to the sequential 

selection of increasingly abnormal cells (56). Characteristics of these cells include 

constitutive mitotic signaling, and ability to resist growth inhibitory signals, 

avoid apoptosis, and induce angiogenesis (57).  

The origins of a metastatic subpopulation within a primary tumor are 

debatable. Early reports suggest metastatic cells arise late during tumor 

progression (58, 59). There is now accruing evidence that acquisition of the 

necessary mutations for metastatic progression is an early event (60). DNA 

microarray analyses of patient tumors have revealed signatures that can 

determine clinical outcome based, in part, on expression of genes involved in 

metastasis. Further supporting this argument is the near identical profile of 

metastatic lesions and their originating primary tumor (57, 61, 62). However, 

specific gene signatures identifying bone metastatic tumors have challenged this 

view since little to no overlap is reported with other signature sets. Kang et al. 

suggest that poor prognosis signatures enable the emergence of metastatic cells; 
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whereas, a separate bone metastatic signature may determine whether these cells 

successfully lead to bone colonization and outgrowth (63). 

At a molecular level, multiple events are critical for the cancer cells to 

become metastatic. Altered cell adhesion plays a fundamental role in breast 

cancer progression by conferring a loss of contact inhibition of the cells. 

Dysregulation in signal transduction pathways that stabilize cell-cell interactions 

allows tumor cells to escape the confines of the extracellular matrix (ECM) by 

removing the requirement for cell-cell contact (64, 65). Epithelial-mesenchymal 

transition (EMT) is also integral to metastasis and involves loss of the cell 

adhesion protein, E-cadherin, amongst other characteristics. E-cadherin stablizes 

cell-cell contacts through adheren junctions (66). Transcriptional repression, 

promoter hypermethylation, and, to a lesser extent, gene mutations are 

responsible for E-cadherin downregulation in cancer (67-69). Snail, Slug, and 

Twist repress E-cadherin transcription and induce EMT (70-72). EMT is also 

marked by an upregulation of fibronectin and collagen precursors, SMA, 

vimentin, and N-cadherin. Src and Akt kinases, important mediators of tumor 

progression, are also upregulated during EMT (73, 74). 

In accord with EMT, degradation of the ECM by a variety of enzymes is a 

major facilitator of cell invasion. Matrix metalloproteinases (MMPs) have well 

established roles in multiple steps of metastasis (75). MMPs are proteolytic zinc-

dependent endopeptidases that degrade structural elements of the ECM, 
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releasing inactive precursors of growth factors and other zymogen MMPs (76). 

Particularly, MMP2 and MMP9 are associated with an unfavorable prognosis in 

breast cancer (77, 78). MMP2 expression has been associated with cell invasion 

and basement membrane remodeling in the breast (79, 80). MMP9 has been 

reported to induce EMT and facilitate invasion via binding to CD44 (81). 

The ability of the cancer cells to breach local barriers is largely dependent 

on acquisition of a motile phenotype. Studies using mouse tumors report an 

enrichment of motility-associated genes in cells located near tumor margins (82). 

Cell migration is achieved by cycling through a sequence of steps leading to 

formation of protrusions such as invadopodia, which have ECM degrading 

activity (83). First, the protrusion is extended in the direction of movement upon 

activation of Cdc42 and Rac1 GTPase Rho family members. The assembly of focal 

contacts with the ECM stabilizes interaction with the protrusion via integrin 

clustering in the membrane. Cell contraction allows forward movement, and 

disassembly of contacts at the rear of the cell retracts the cell towards the 

direction of movement (84). MMPs are recruited to integrin clusters and initiate 

localized proteolysis, aiding downward extension of the invadopodia (85). 

Interestingly, carcinoma cells have been reported to be up to ten times more 

motile, in vitro, compared to similar non-carcinoma cells (86).  

Single cells can migrate one of two ways, by mesenchymal movement or 

amoeboid movement. In mesenchymal movement, cells take on an elongated 
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fibroblast shape and move rapidly through channels in the ECM formed by 

MMPs. In contrast, amoeboid movement depends on Rho kinase signaling 

pathways to generate sufficient mechanical force to squeeze through inflexible 

pores in the matrix (87). Overexpression of growth factors or cytokines may 

make migration more efficient or more sustained (88).   

The microenvironment also plays a notable role in breast cancer 

progression. Tumors have been described as wounds that do not heal (89). 

During wound healing, fibroblasts invade the wound and produce an abundance 

of ECM proteins. In tumor microenvironment, fibroblasts become permanently 

activated and due to the excess of generated collagen contribute to the hardness 

of the tumor (90, 91). Other non-neoplastic immune cells regularly cross 

basement membranes as well. Although normal cells respond to negative signals 

to inhibit their invasive capabilities, this response is lacking in tumor cells (92, 

93) leading to an inflammatory type of microenvironment.  

 

1.1.6 The Metastatic Cascade 

  The metastatic population within a tumor is significantly miniscule, 

despite the large number of cells and clumps that primary tumors shed into the 

vasculature (94, 95). Less than 0.01% of cancer cells entering circulation will 

develop into metastases (23). Metastatic cells do not necessarily have a 
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proliferative advantage, and thus remain rare (57). Larger tumors tend to shed 

more cells; however, the number of circulating tumor cells does not appear to be 

associated with clinical outcome (23). The extreme inefficiency of the metastatic 

cascade reveals a significant hostility of intact, systemic defense mechanisms 

towards the invading tumor cells (96). Within 24-48 hours of entering circulation, 

the majority of cancer cells undergo apoptosis and experience lethal mechanical 

damage (97, 98). Additionally, disseminated cancer cells may undergo cell cycle 

arrest as a result of incompatibility with microenvironment of secondary 

locations. This is supported by detection of solitary tumor cells in bone marrow 

years before development of overt metastases (99).   

The metastatic cascade is initiated by cancer cells migrating though ECM. 

An “angiogenic switch” results out of the tumor’s need for blood supply, but it 

also facilitates penetration of the cancer cells into lymphatic channels and 

systemic circulation (23). As previously mentioned, the majority of cancer cells 

do not survive in the circulatory system, due to dynamic shear forces and 

immunological attacks (100, 101). One way that circulating tumor cells promote 

their survival is by using platelets as shields during this transit phase (102). 

Platelets aggregate with the tumor cells, protecting them from lysis by natural 

killer cells (103). After reaching a secondary location, either based on size 

trapping or homing signals, the cancer cells must adhere to the blood vessel and 

extravasate. The ability of the cells to adapt to the new microenvironment, 
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undergo angiogenesis at the secondary site, and evade immune responses 

determines whether they will successfully form new foci (23). 

 

1.1.7 Seed or Soil? 

  What determines the secondary location of a metastatic cancer cell? This 

has been a question that has been debated for over a century. James Ewing 

proposed in the 1920s that cancer cells flow arbitrarily in the circulation and 

arrest based on size restrictions in capillary beds (104). Prior to that in 1889, 

Stephen Paget suggested that metastasis cannot be passive and random if a 

relationship exists between a type of cancer cell and a specific organ. His detailed 

autopsy analysis of 735 breast cancer patients revealed a non-random pattern of 

metastasis to visceral organs and bones. Paget insightfully argues: “When a plant 

goes to seed, it is carried in all directions, but they can only live if they fall on 

congenial soil.” (105). His implication was that the affinity of the tumor for the 

microenvironment is what determines the site of metastasis (106). Over time, 

patient and animal studies have come to support an evolved version of Paget’s 

theory. Current models suggest that cell seeding specificity is promoted by 

signals generated by organs, which act as a homing mechanism for the cancer 

cells (107-109).  
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1.1.8 Common Sites of Breast Cancer Metastasis 

  A study following 558 breast cancer patients investigated the first site of 

distant spread for the 145 patients that developed metastases. Bone was the most 

common initial site in 51% of the patients, followed by lung (17%), brain (16%), 

and liver (6%) (110). In a separate study, the total incidence of bone, liver, and 

pulmonary metastases was evaluated in patients with breast cancer. The 

frequency of metastases was 2.7%, 1.0%, and 0.4%, respectively (111). Post 

mortem analysis of patients that died from metastases showed similar trends. A 

report of 100 patients indicated metastasis in bone (60%), lung (44%), brain 

(23%), and liver (20%) (112). Lung and brain metastases appear to be more 

common in patients with high grade myoepithelial (basal-type) breast cancer 

(113, 114); whereas, bone metastasis has been associated with hormone receptor 

positive breast cancer (115).    

 

1.1.9 The Vicious Cycle of Bone Metastasis 

  Heavily vascularized regions of the skeleton are most susceptible to tumor 

formation. These sites include the red bone marrow of axial skeleton, the 

proximal ends of the large bones, the ribs, and the vertebral column (116). Intra-

cardiac injection of cancer cells in animal models mimics the pattern of 
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distribution seen in human disease (117). This is further supported by 

histopathology performed in animal models, verifying metastatic lesions at the 

terminal end of major arteries supplying the bone (118). 

In order for the metastatic cancer cells to form secondary lesions in the 

bone, they must migrate across the sinusoidal wall, invade marrow stroma, 

induce angiogenesis to provide access to a blood supply, and reach the endosteal 

bone surface. The cancer cells are then positioned to manipulate osteoclast and 

osteoblast function to induce secretion of factors that contribute to the survival of 

the cancer cells. There are two types of bone metastases; osteolytic and 

osteoblastic. Osteolytic metastases are caused by factors that primarily stimulate 

osteoclasts, which function in bone resorption. In contrast, osteoblastic 

metastases result from activation of osteoblasts; their proliferation, 

differentiation, and bone formation function. The two different kinds of bone 

metastases describe two extremes, and in fact, it is not uncommon to observe 

both types in patients (108). However, osteolytic lesions occur more commonly in 

breast cancer as compared to that of osteoblastic metastases.  

Osteolytic lesions are reported in approximately 80% of patients with 

stage IV metastatic disease (119). Microscopy reveals that the resulting osteolysis 

from osteolytic bone metastases is not a direct consequence of interaction of the 

cancer cells with the bone matrix, but rather it results through osteoclast 

stimulation (120). Surprisingly, an increase in bone formation is also triggered as 
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observed in patients by an increase in uptake of bone scanning agents (121). 

Serum alkaline phosphatase levels are also elevated, which serves as an indicator 

of osteoblast activity (122).  Even with osteolytic lesions, analysis of markers of 

both osteoclast and osteoblast activity demonstrate the dysfunction of both bone 

formation and resorption processes in breast cancer bone metastasis. 

Osteolysis is the end result of an elaborate cycle of events in which 

continual stimulation of osteoclasts leads to excessive bone resorption. This so 

called “vicious cycle” (123) is initiated by release of parathyroid hormone related 

peptide (PTHrP) by the tumor cells (124). The importance of PTHrP in bone is 

highlighted by reports of its higher expression in bone metastases than in tumor 

cells located in breast tissue or other sites of metastasis (125). PTHrP has similar 

biological activities as parathyroid hormone (126). In the bone, PTHrP binds to 

receptors on osteoblasts and induces secretion of a TNF-family member cytokine, 

receptor activator of NF-κB ligand (RANKL) (127). RANKL binds to its cognate 

receptor, RANK, on osteoclasts to play a critical role in osteoclast differentiation, 

activation, and survival (128-130). Interesting, RANK also has an essential role in 

development of lactating mammary glands in mice (131). Reports show that 

RANKL can induce migration of malignant, RANK expressing epithelial cells 

including MDA-MB-231 cells, as well as primary breast epithelial cells and 

osteoclasts (132). The most significant role of RANKL, however, is its influence 

on osteoclast differentiation. In vitro, RANKL treatment is sufficient to 
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differentiate RAW 264.7 monocytic cells into osteoclasts (133, 134). Osteoclasts 

originate from the monocyte/macrophage lineage and are a result of multiple 

cell fusions culminating in multinucleated cells (135). Activated osteoclasts 

become polarized with ruffled border membranes to form sealing zones, which 

contain closed compartments on the bone surface called resorption lacuna. A 

variety of factors are secreted into the lacuna such as HCl, MMPs, and cathepsins 

(136-138).  Cathepsin K is notable for its unique ability to cleave helical and 

telopeptide regions of collagen I (139, 140). The acidity imparted by these factors 

is essential for solubilization of hydoxyapatite within bone mineral, achieving a 

pH < 6.9 for maximal stimulation of osteoclasts (141). Tumor acidosis contributes 

to bone resorption and ECM degradation by an accumulation of lactic acid in 

proliferating cancer cells (142). This leads to a localized, acidic microenvironment 

within the skeletal metastases that promotes the release of cathepsins (143), 

thereby affecting osteoclast stimulation and ECM degradation. Collagens 

account for 90% of all proteins released during bone resorption. The remaining 

10% of released proteins primarily include Insulin-like Growth Factors (IGFs), 

Transforming Growth Factor beta (TGFβ), Fibroblast Growth Factor (FGF), 

Platelet-Derived Growth Factor (PDGF), and Bone Morphogenetic Proteins 

(BMPs) (144). IGF-II and IGF-I are the most abundant non-structural proteins 

present in the bone matrix (145), respectively, and play important roles in 

angiogenesis, proliferation, invasion, and survival of tumor cells (146). Liberated 



growth factors stimulate tumor cell proliferation and are the primary force 

driving the vicious cycle forward (147). Figure 1.1 illustrates the key steps 

detailed in this subsection. The evolution of such an intricate sequence of events 

suggests high adaptability of metastatic breast cancer cells to their 

microenvironment, posing a unique challenge for their eradication.         

 

 

 

Figure 1.1. The Vicious cycle promotes bone metastasis. Tumor cells produce factors such as 
PTHrP, which stimulate osteoblasts to produce and secrete RANKL. In turn, RANKL activates its 
receptor (RANK) on osteoclast precursors, promoting differentiation and activation. Stimulated 
osteoclasts degrade bone matrix and release trapped growth factors. Survival and growth of 
tumor cells is enhanced by the growth factors, thereby perpetuating the cycle.     
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1.1.10 Current Treatments 

  Bone pain is a common grievance of patients with advanced stage breast 

cancer. A variety of biological and mechanical sources of the reported pain 

include: locally released cytokines and chemical mediators from tumor cells, an 

irritated periosteum, stimulated intra-osseous nerves, pressure or tumor masses 

within bone, and lesion associated stiffness (23). Metastatic breast cancer remains 

incurable; thus, treatment regimens primarily aim to prolong survival and 

provide palliative control of symptoms (148). Additional goals with respect to 

bone metastasis include preservation and restoration of function, skeletal 

stabilization, and local tumor control (23). A multidisciplinary approach is 

employed, utilizing combinations of chemotherapy, hormonal therapy, radiation, 

surgical intervention, and bisphosphonates (149).  

Prophylactic surgical intervention becomes necessary for patients with 

impending fractures occurring as a result of lesions in weight-bearing bones. 

Radiation therapy is also indicated as a prophylactic measure to prevent 

recurrence of metastases, in addition to reducing bone pain (149). The goal of 

radiation is to generate oxygen free radicals that lead to DNA damage and 

subsequent cell apoptosis. Although normal cells are affected alongside cancer 

cells, repair mechanisms for sublethal damage and repopulation processes of 

normal cells are superior to that of the tumor cells (150). Fractionation of 

radiotherapy also increases tumor cell deaths while sparing normal cells. 
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Radiopharmaceuticals are used to treat diffuse metastases that cannot be 

effectively treated with external beam irradiation. Strontium 89 is specifically 

administered due to its high affinity to bone. The resulting high energy beta 

particle emissions is effective in providing pain relief (151). 

Cytotoxic chemotherapy is generally administered either as a single agent 

or a combination regimen, and has shown to be effective for systemic eradication 

of cancer cells. It is typically administered for steroid receptor negative tumor 

types in patients with metastatic disease. Anthracyclines (DNA intercalating 

agents) and taxanes (microtubule stabilizing agents) are two prevalently used 

cytotoxic drugs (152). Anthracyclines are considered the first line treatment 

option for patients that have hormone-resistant breast cancer, followed by 

taxanes (148).  

Patients with ER/PR positive tumors particularly benefit from endocrine 

treatments. The growth of estrogen-responsive tumors has been shown to be 

effectively inhibited using tamoxifen, which is a selective estrogen receptor 

modulator (SERM) (153-155). Aromatase inhibitors (AIs) are replacing SERMs in 

many cases, particularly for treatment in post menopausal women (156-159). 

Despite their significantly higher efficacy in preventing recurrence, concerns 

have been raised due to the higher incidence of fractures (160) and bone 

resorption (161) associated with AIs.  
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Other targeted therapies approved for use include trastuzumab and 

lapatinib. Trastuzumab is a monoclonal antibody that inhibits one of the major 

signaling pathways in breast cancer, the ErbB2 pathway, by targeting the 

extracellular domain of HER2. Trastuzumab is indicated for patients with HER2 

positive metastatic disease. Lapatinib is an orally administered small molecular 

inhibitor that dually inhibits the Tyrosine kinase domains of HER1 (or EGFR) 

and HER2 (162). Survival is prolonged in patients treated with lapatinib in 

combination with cytotoxic chemotherapy (163). Patients with HER2 positive 

inflammatory breast cancer or metastasis to the central nervous system 

particularly benefit from this regimen (162). 

The bisphosphonate drugs are synthetic, nonhydrolyzable analogues of 

pyrophosphate that contain a carbon in place of an oxygen molecule (164). 

Bisphosphonates have high affinity for areas of active bone resorption (165) due 

to their ability to bind divalent metal ions such as Ca2+, conferred to them by 

their P-C-P structure (166). Similar to pyrophosphate, bisphosphonates bind 

hydroxyapatite crystals in the bone matrix, but have the benefit of considerably 

retarding crystal degradation (167). There are two groups of bisphosphonates 

that act through distinct mechanisms. Alendronate, risedronate, and zoledronic 

acid are examples of nitrogen-substituted bisphosphonates that potently inhibit 

farnesyl disphosphate synthase, thereby impeding protein prenylation leading to 

osteoclast apoptosis (168-170). It is suggested that prenylation of small GTP 
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binding proteins is integral to structural integrity of osteoclasts (171), in addition 

to playing critical roles in anti-apoptotic mechanisms (172-174). Ultrastructural 

observations of osteoclasts in rats treated with alendronate revealed the absence 

of ruffled borders and diminished numbers of vacuoles (175). These changes, in 

addition to decreased production of lysosomal enzymes, pyrophosphatases, and 

prostaglandins, are associated with a lower osteoclast resorptive capacity (176). 

Although bisphosphonates do not promote significant regression of established 

disease, they are continually reported to decrease incidence of skeletal metastases 

and reduce tumor burden in bone (177, 178). Clodronate and etidronate are 

examples of non-nitrogen containing bisphosphonates that are converted into 

methylene-containing ATP analogues and inhibit the activity of ATP dependent 

enzymes (179), leading to mitochondrial dysfunction and osteoclast apoptosis 

(180). 

Bisphosphonates also inhibit tumor growth and induce apoptosis in 

several types of cancer cells including breast (181, 182). Nitrogen-substituted 

bisphosphonates are significantly more potent than non-nitrogen containing 

bisphosphonates and decrease survival, proliferation, adhesion, migration, and 

invasion of tumor cells (183-186).  

Novel therapies under development modulate responses of host tissues to 

metastatic cancer cells. Studies using inhibitors and antibodies against PTHrP 
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(187), RANKL (188), and Cathepsin K (189) are currently in progress as 

promising agents.          

 

1.1.11 Modeling Metastatic Breast Cancer 

  An ideal model for studying metastatic breast cancer would exemplify the 

same phenotypic and genotypic changes acquired in the progression of human 

disease, in addition to allowing for genetic manipulation to investigate 

contribution of individual factors. Mus musculus, the laboratory mouse, shares 

the same systemic physiology and organ systems with humans and is a common 

choice of model system. Mice have genetic and anatomical similarities with 

humans, and their size, approximately 3,000 times smaller than a person, makes 

them easily housed (190). Although mice have a significantly shorter life span 

(about 2 years) and exponentially fewer lifetime cell divisions, it is thought that 

their higher metabolic rate (7 times higher) may account for higher DNA damage 

inducing mutations, making them comparable to humans with respect to cancer 

susceptibility (191). One of the major advantages of using mouse models is the 

ability to induce germline manipulations to inactivate or overexpress specific 

genes in order to more accurately assess their function in a systemic context. 

Technologies using embryonic stem (ES) cells for gene inactivation became 

available in the late 1980s and have since become widely utilized (192). 
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Chromosomal rearrangement in the ES cells is achieved by inducing Cre 

recombinase expression, which targets both loci of the gene where loxP sites 

have been inserted. The clones are selected and identified by a variety of 

methods before injection into mouse blastocysts from which progeny with 

desired genotype is derived (193). 

Simulating metastasis in vivo introduces additional requirements to enable 

faithful modeling. Since spontaneous bone metastasis is extremely rare in 

animals, a variety of methods involving transplantation of tumor cells have been 

employed (194). Injection into the left ventricle directly introduces cancer cells 

into the circulation and is an effective method to study bone metastasis. Arguello 

et al. were the first to report bone colonization and subsequent osteolysis 

resulting from intra-cardiac injection of tumor cells in mice (195). The technique 

was later modified based on reports of xenografts of human cells in immuno-

compromised and immuno-deficient mice (196, 197) to include injection of 

human cells in nude mice (198).  An alternative way to study metastasis is by 

orthopic injection of tumor cells, which is a variation of the traditional xenograft 

transplant technique. 

Orthotopic injection of tumor cells involves cell origin-specific inoculation 

– in this case the mammary fat pad – encompassing the entire spectrum of 

metastasis from tumor progression to migration and invasion to secondary site 

and colonization. MDA-MB-231 cells are a popular choice for use in 
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transplantation studies. The cell line was derived from a pleural effusion of a 

breast cancer patient and causes metastatic lesions in a variety of sites including 

lung and bone in vivo (199-201). More recently, the 4T1 cell line has gained favor 

as a significantly more aggressive model for breast cancer metastasis that can be 

used with immune competent mice. The 4T1.2 cell line originated from a 

spontaneously occurring mammary tumor from a BALB/cfC3H mouse sired by 

an MMTV-carrying breeding pair. Different lines were isolated from various 

metastatic locations which showed different morphologies, growth properties 

and propensity to metastasize to various tissues (202). The concept of selecting 

subpopulations with varying metastatic potential from a heterogeneous tumor 

was first suggested by Koch in 1939 (203). The 410.4 cell line was one of the 

original lines isolated from the spontaneous tumor (204) and was further 

modified to produce a thioguanine-resistant variant referred to as the 4T1 sub-

cell line (205).  An initial attempt at isolating an exclusively lung-tropic clone 

where vertebral clonogenic cells were not detected from in vivo injection of 4T1 

cells was unsuccessful. This attempt led to isolation of 20 clones that all resulted 

in spinal metastases. Clone 2 was further propagated to establish the 4T1.2 cell 

line. The morphology of tumors resulting from 4T1.2 cells consists of sheets and 

cords of undifferentiated cells with large mitotic figures that stain positive for 

PTHrP and ER using immunohistochemical analysis. Intra-cardiac injection of 

the 4T1.2 cells results in bone and lung metastasis, and elevated serum PTHrP 
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and plasma calcium, indicative of osteolytic disease (206). Although these cells 

have not been extensively characterized, their highly invasive nature and ability 

to form metastases in vivo is consistent with a basal-like tumor subtype 

classification.      

 

1.2 c-Jun N-Terminal Kinases (JNKs) 

  The c-Jun N-Terminal Kinases (JNKs) are evolutionarily conserved 

members of the Mitogen-Activated Protein Kinase (MAPK) family, which are a 

subgroup of the CMGC (Cyclin-dependent kinase, Map kinase, Glycogen 

synthase kinase and Cdk like kinase) superfamily (207). JNK proteins act as 

signal transduction mediators responsive to external stimuli that regulate many 

aspects of cellular function by relaying upstream signals further downstream to 

multiple cytoplasmic and nuclear targets, notably transcription factors. As a 

kinase, they fulfill their purpose by catalyzing the transfer of the terminal 

phosphoryl group of an ATP molecule to their specific substrates. Numerous 

forms of extracellular stimuli have been reported to cause JNK activation, 

including growth factor and cytokine stimulation, in addition to different types 

of cellular stress such as heat shock, UV radiation, ischemia, and hyper-

osmolarity (208-212). In fact, JNKs are also known as “stress-activated protein 

kinases” (SAPKs) due to their potent responsiveness to cellular stress. The 
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signaling cascade that leads to JNK activation generally begins with receptor 

activation and recruitment of adaptor molecules, leading to activation of small 

GTP-binding proteins. The MAP kinase kinase kinase (MEKKK) proteins are the 

first to become phosphorylated and activated, in turn, activating MAP kinase 

kinases (MEKKs), which activate MAP kinases (MEKs) such as JNKs (213). Dual 

phosphorylation on Threonine (Thr) and Tyrosine (Tyr) residues is required to 

activate JNKs (214) and was later determined to be achieved by MKK4 and 

MKK7 (215-218). 

The JNK proteins were initially identified as a single protein, referred to as 

p54. First acknowledged in 1990, a 54kDa protein was reported to be activated in 

liver tissue from rats injected intra-peritoneally with the protein synthesis 

inhibitor cycloheximide (219). Shortly thereafter, a separate study applied 

affinity purification to identify a 46kDa and 55kDa protein referred to as c-Jun N-

Terminal Kinase for its ability to bind within the c-Jun transactivation domain 

and phosphorylate Serine 63 and 73 residues upon UV exposure (220). The 

separately identified proteins were revealed to be identical by both groups after 

isolation and cloning (221, 222). Moreover, phosphorylation of c-Jun in cells was 

later confirmed to be correlated with JNK activation, as opposed to activation by 

another group of MAPKs as previously suggested (223). 
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The JNK family of proteins consist of 10 isoforms that result from 

alternative splicing of three genes (224): jnk1 (221), jnk2 (209), and jnk3 (224); also 

known as SAPKγ, SAPKα, and SAPKβ, respectively (225). Although they share 

over 80% homology (213), each gene is located on a separate chromosome. In 

humans, jnk1, jnk2, and jnk3 are located on 10q11.22, 5q35, and 4q21.3, 

respectively. In mice, jnk1, jnk2, and jnk3 are located on 14B, 11B1.3, and 5, 

respectively (226). The size difference between the 46kDa and 55kDa splice 

variants is due to a C-terminal extension in the latter. Structurally, all isoforms 

contain 11 protein kinase subdomains (227), but more importantly they contain 

the same Threonine-Proline-Tyrosine sequence (T-P-Y) within the kinase 

subdomain VIII activation loop. Phosphorylation of these residues results in JNK 

activation (213). Activated JNKs translocate to the nucleus where nuclear 

substrates such as c-Jun, ATF2, Elk-1, and H2AX are phosphorylated (228-231). 

JNKs also translocate to the mitochondria and phosphorylate the anti-apoptosis 

protein Bcl-xL (232). Numerous cytoplasmic JNK substrates have also been 

identified, most notably: AKT (233), c-Myc (234), p53 (235), Itch (236), and IRS1 

(237). Additionally, JNKs were found to localize to focal adhesions and actin 

dense membrane ruffling at the cell leading edge following growth factor 

stimulation (238-241), suggesting a role for JNKs in cell migration. 
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While JNK3 expression appears to be predominantly restricted to the 

brain and testes, JNK1 and JNK2 are ubiquitously expressed (242, 243), leading to 

the popular assumption that JNK1 and JNK2 have redundant or complementary 

roles. Systemic knockout of individual JNKs in mice reveal no obvious defects 

(244-246); however, compound jnk1-/-/jnk2-/- mice do not survive beyond 

embryonic day 11 (247), further supporting complimentary roles for JNK1 and 

JNK2, at least for normal development. Similar to compound jnk1-/-/jnk2-/- 

mouse embryos, which exhibit failure of neural tube closure, Drosophila 

embryos lacking JNK are defective in dorsal closure (248). 

 

Mouse embryonic fibroblasts (MEFs) have been a valuable tool in 

evaluating the roles of individual JNKs. The Davis group reported a slightly 

faster growth rate for jnk2-/- MEFs and slower growth rate for jnk1-/- MEFs in 

comparison to wild-type cells, although little else differed between jnk2-/- and 

wild-type MEFs (249). Sabapathy et al. supported these findings by reporting 

comparatively more 5-bromo-2-deoxyuridine (BrDU) incorporation in jnk2-/- 

MEFs and less in jnk1-/- MEFs (250). Considering in vitro biochemical findings 

supporting roles for both JNK1 and JNK2 in c-Jun phosphorylation and AP-1 

activation, the Davis lab questioned these initial findings. In their follow-up 

studies with the MEFs, JNK2 inhibition was reported to reduce c-Jun expression 

and activation, cell proliferation and survival, wound repair, and cell motility. 
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These functions were all found to be redundant with JNK1, and it was further 

suggested that the opposing phenotypes found in previous reports were likely 

due to a compensatory increase of JNK1 in jnk2-/- MEFs and vice versa for JNK2 

in jnk1-/- MEFs (251). 

Based on phosphorylated c-Jun levels in MEF studies, a model was 

proposed whereby inactive JNK2 binds c-Jun to keep c-Jun activity levels low. 

Upon stimulation, release of JNK2 would allow JNK1 to activate c-Jun and 

influence transcription (250). This is at variance with an “activation by de-

repression” model for c-Jun mediated by JNK, which had been previously 

described (252). Studies using other in vitro cell lines showed further differences 

between JNK1 and JNK2 with respect to c-Jun. In Chinese Hamster Ovary cells, 

JNK2 was found to have a greater affinity for c-Jun. Since c-Jun is 

phosphorylated by JNK2 and JNK1 isoforms to an equal extent, it is suggested 

that JNK1 may be more efficient in its phosphorylation activity (224). Yet another 

model proposes that while JNK1 is responsible for stabilizing and activating c-

Jun, JNK2 targets it specifically for ubiquitination and degradation (253). 

Collectively, these studies highlight intricacies involved with phosphorylation of 

substrates by individual JNKs. 

 

Divergence in the roles of individual JNKs is more evident in cancer 

models. A study comparing JNK1 and JNK2 in basal and stress-induced 
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apoptosis in normal and cancer cells reports constitutive suppression of 

apoptosis by JNK2. JNK2-targeted siRNA (siJNK2) was followed by significant 

increases in JNK1 and p53 expression and JNK1 mediated apoptosis. This 

phenomenon was only observed in cancer cells, suggesting the necessity for 

JNK2 in cancer cells and its dispensability in normal cells (254). In a p53 deficient 

model, antisense oligonucleotides against JNK2 affected tumor growth and 

promoted apoptosis, but not in p53 wild-type counterparts (255). Decreases in 

growth have been reported by suppressing JNK2 in lung (256), prostate (257), 

and oral carcinoma cells (258). In HeLa cells, siJNK2 led to an accumulation of 

aneuploid cells with 4N DNA content and subsequently elevated populations of 

apoptotic cells (259). Previous reports from our lab have also shown 

endoreduplication in MCF-7 and MDA MB 231 cells using a chemical inhibitor 

against JNKs (260). In contrast, overexpression of a constitutively active JNK2 

fusion protein resulted in increases in cancer cell migration, invasion, and 

changes associated with EMT (261). 

  

Opposing roles for JNK1 and JNK2 have been most strikingly observed in 

a TPA (12-O-tetradecanoyl-phorbol-13-acetate)-induced skin papilloma model. 

Whereas tumors formed in jnk2-/- mice are less frequent, smaller, and less 

vascularized (262), skin papillomas are larger and more frequently observed in 

jnk1-/- mice (263), as compared to wild-type counterparts. Further examination of 
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untreated skin from the knockout mice revealed a thin epidermis in jnk1-/- mice 

that lacked differentiation markers (264). Intestinal tumors also spontaneously 

occur in jnk1-/- mice (265). Neural differentiation is also defective in jnk1-/- ES 

cells (266). Another role for JNK1 has been indicated in osteoclast differentiation. 

Subsequent to reports of RANKL-mediated JNK activation (134), it was 

discovered that JNK1, not JNK2, is specifically activated by RANKL. JNK1’s 

activation is critical for efficient osteoclastogenesis of bone marrow-derived 

macrophages (BMMs) (267). 

 

From a clinical prospective, JNK activity has been implicated in negative 

outcomes of several cancer types. Phosphorylated JNK is upregulated in brain 

tumors (268) and osteosarcomas (269). In infiltrating ductal carcinomas of the 

breast, decreased JNK activation was associated with better survival (270). One 

of the caveats of studies dependent on activated JNK levels lies in the inability to 

distinguish the contribution of individual JNK isoforms. Commercially available 

antibodies against phosphorylated JNK detect all JNKs since they are 100% 

homologous in this region. While constitutive JNK2 activity is cited as the main 

contributing JNK isoform in glial tumors (271), JNK1 has been reported to be 

overexpressed in malignant breast tumors, albeit with decreased activity (272). 

JNK activity appears to be crucial for oncogenic transformation of fibroblasts. 

Phosphorylation of c-Jun on Serine residues 63 and 73, presumably by JNK, was 
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found to be essential for Ras-induced transformation of rat embryo fibroblasts 

(273). In congruence, constitutive Ras activation in fibroblasts resulted in reduced 

tumorigenicity in mice harboring a mutant allele that are deficient in JNK 

phosphorylation of c-Jun (274). Collectively, these reports suggest potential in 

JNK targeted therapies for cancer. However, it is increasingly clear that a finer 

understanding of individual JNK isoforms is crucial for development of effective 

therapeutics. 

 

Currently available JNK inhibitors are limited in use by their lack of 

specificity. SP600125 (anthra[1,9-cd]pyrazol-6(2H)-one) was identified late 2001 

by Signal Pharmaceutics (previously Celgene) from a high throughput screen of 

a chemical library. This chemical compound was found to directly inhibit JNK by 

functioning as a reversible, competitive inhibitor of ATP (275). Although 

SP600125 acts with equal potency towards all three JNK genes, others targets 

affected include COX-2, IL-2, IFN-γ, TNF-α, IL-10, and also MMP gene 

expression at comparable doses (276). A more attractive alternative was 

described by two groups that had synthesized small peptides derived from JNK 

Interacting Protein-1 (JIP-1) (277, 278). JIP-1, also known as Islet brain-1 (IB1), 

was first identified from a yeast 2-hybrid analysis as a binding partner for JNK1. 

It was shown to directly and specifically interact with JNK1 and JNK2 via the 

JNK binding domain contained within the N-terminus (279, 280). The central and 
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C-Terminal regions of JIP-1 bind MKK7 and MEKKs, enhancing JNK signaling 

when not in excess (280, 281). JIP proteins are cytoplasmic (281-283) and when 

overexpressed prevent c-Jun transcriptional activity (279) and phosphorylation 

(284) by retaining JNK in a complex in the cytoplasm. It has been speculated that 

overexpression leads to an excess of scaffold where each JIP molecule binds a 

separate member of the cascade rather than one scaffold binding all components 

in the same complex (284). Taking advantage of this concept, synthetically 

modified JIP-1 was developed as a pharmacologic inhibitor of all JNKs. Its 

truncated form fused with a cell permeable peptide sequence of 10 amino acids 

from the HIV TAT protein is now commercially available as TAT-JIP (277, 278). 

 

1.3 Receptor Tyrosine Kinases (RTKs) 

  There are 58 receptor Tyrosine kinases (285), many of which are 

implicated in cancer progression due to their roles in growth factor mediated 

responses (286). RTKs function by catalyzing the transfer of the γ phosphate from 

ATP to the hydroxyl groups of Tyrosine residues on target proteins (287). Protein 

phosphorylation on Tyrosine residues was first observed in 1979 in tumor virus 

studies (288), and its deregulation was consequently suggested to have a critical 

role in tumorigenesis (289). In fact, in many cancer cell lines, RTK gene copy 

numbers are increased (290-292), contributing to the “oncogene addiction” 
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phenomenon, in which tumor activity and maintenance becomes dependent on a 

single mutated gene (293).   

Structurally, a single transmembrane helix connects the extracellular 

ligand binding domain to the cytoplasmic domain of the RTKs, which contains 

the Tyrosine kinase residues necessary for autophosphorylation and 

phosphorylation by other kinases (287, 294). Autophosphorylation in the 

cytoplasmic domain occurs as a result of ligand binding induced dimerization of 

the receptors (295-297). Receptor dimerization increases local RTK concentration, 

effectively enhancing transphosphorylation of Tyrosine residues in the activation 

loop (298). The autophosphorylation sites are typically located in non-catalytic 

regions and function as binding sites for signaling proteins that contain SH2 

domains (299). Such domains of 50-100 amino acids are commonly found in 

intracellular signaling proteins and are involved in directing protein interactions 

(300). SH2 domains, specifically, regulate activity of the non-receptor Tyrosine 

kinase, Src (301), and have been shown to bind to certain phosphorylated 

Tyrosine containing sequences in RTKs (302-304). For signal transduction to 

proceed, the Tyrosine phosphorylated RTKs stimulate exchange of GTP for GDP 

on the small G protein, Ras, facilitated by the recruitment of the guanine 

nucleotide exchange factor, Son of Sevenless (Sos) (305). This process is initiated 

by the adaptor protein, Growth factor receptor-bound 2 (Grb2), which binds Sos 

and recruits the complex via its SH2 domain to RTKs. Thus, Sos translocates to 
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the vicinity of Ras in the plasma membrane, stimulating exchange and leading to 

the activation of Ras. GTP-bound Ras further interacts with effector proteins, 

namely Raf and Phosphotidylinositol 3-kinase (PI3K), activating 

MAPK/Extracellular signal Regulated Kinase (ERK) and AKT signaling 

pathways (306-308). Not surprisingly, Grb2 overexpression is present in several 

breast cancer cell lines and primary tumors (309, 310), and it potentiates Ras 

activation and ERK activity (311). Ras also has an essential role in cell 

transformation by RTK derived oncoproteins (312).  

Although RTKs are important for ERK regulation and subsequent 

transcription of genes required for proliferation and other critical cell processes 

(313), their activation of PI3K (314) and AKT (315) signaling pathways is of 

particular interest. The PI3K family is comprised of multiple subunits and 

isoforms. The class IA subgroup composed of the p85 regulatory and the p110 

catalytic subunits are typically engaged by RTKs and are involved in oncogenesis 

(316). RTKs mediate PI3K activation by one of two ways. Preformed p85-p110 

complexes remain inactive in the cytoplasm until RTK phospho-Tyrosine 

residues bind the p85 SH2 domain, resulting in conformational changes and 

activation (317, 318). Alternatively, GTP-bound Ras directly binds and activates 

p110α (319, 320). The primary consequence of PI3K activation is the generation of 

Phosphatidylinositol (3,4,5)-trisphosphate, which functions  to activate PDK1 

and downstream AKT proteins (315, 318, 321, 322). PI3K hyperactivity leads to 
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cell transformation (317) and is associated with development of resistance to 

chemotherapy in breast cancer cells (323). Other aberrations of this pathway that 

contribute to drug resistance include decreased levels of phosphatase and tensin 

homolog (PTEN), which antagonizes PI3K function (324). PTEN deficiency is 

associated with resistence to trastuzumab mediated growth arrest in breast 

cancer cells with HER2 amplification (325). Interestingly, high JNK activity was 

observed in PTEN null cells independent and parallel to AKT activity (326). 

Other less common mechanisms include PI3K mutations that result in p85 

dependent constitutive AKT activity (327, 328) and upregulation of alternative 

signaling pathways (329, 330). Further evidence of PI3K deregulation in breast 

cancer includes reports of PI3K and AKT1 overactivation (331, 332) and AKT2 

amplification and overexpression (333). Over 70% of invasive breast carcinomas 

express high AKT levels in contrast to the low levels observed in normal breast 

tissue (334). AKT translocates to the plasma membrane and is activated by PDK1 

phosphorylation on T308 and S473 (335, 336). Two of the main biological 

consequences of AKT activation are survival and proliferation. AKT positively 

regulates the NF-κB survival pathway by phosphorylating and activating the 

IKK kinase, which degrades an NF-κB inhibitor (337). MDM2 is also 

phosphorylated by AKT, which targets the p53 tumor suppressor for 

degradation (338, 339). In a pro-proliferation capacity, AKT phosphorylates 
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GSKβ, which inhibits degradation of cyclin D (340). AKT has also been reported 

to promote migration and invasion in metastatic fibrosarcoma HT1080 cells (341).  

  While inhibitors of RTKs (342), PI3Ks, and AKTs have been an active area 

of drug development, target selection should consider adverse effects. Among 

the many substrates of the PI3K and AKT pathways, only a portion are involved 

in oncogenesis and tumor progression (343). Inhibition of PI3K blocks insulin 

dependent metabolism and may lead to disruption of glucose homeostasis in 

patients (344). Furthermore, a prominent role for AKT2 has been suggested in 

insulin responsiveness, and loss of AKT2 has been associated with a strong 

diabetic phenotype (345, 346). 

Specificity of RTK signaling pathways is mediated by receptor specific 

growth factors. Perhaps the most extensively characterized growth factor, 

Epithelial Growth Factor (EGF), was first isolated in 1962 as a protein that 

accelerated incision eruption and eyelid opening in new born mice, referred to as 

“tooth lid factor” (347). It was later renamed after discovery of its effect on 

epithelial cell proliferation (348). EGF was also shown to promote GDP to GTP 

exchange in Ras (349). EGF receptor (EGFR) was later identified as a protein with 

increased phosphorylation when bound to EGF in A431 squamous carcinoma 

cells, leading to the postulation that phosphorylation of membrane proteins 

relays messages for proliferation (350). The EGFR family consists of four family 

members: EGFR (ErbB1), ErbB2 (HER2), ErbB3, and ErbB4. EGF is one of 
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numerous ligands stimulating EGFR (351-353). ErbB2, however, has no known 

ligand and functions through heterodimerization with other ErbBs. The various 

heregulin (HRG, or neuregulin (NRG)) isoforms are responsible for activating 

ErbB3 and ErbB4 (354). Different combinations of heterodimers between ErbBs 

are commonly induced by EGF and NRGs (296, 355, 356). It is also of note that 

the catalytic domain of ErbB3 does not have Tyrosine kinase activity and is 

suggested to act as a platform to expand signaling protein recruitment (355). The 

role of ErbBs as potent mediators of normal cell proliferation and development 

(357) is appreciated in studies of genetic models in mice. Although systemic 

knockout of EGFR is either embryonically lethal or accompanied by severe 

failure of epithelial development in mice (358, 359), deficiency of other ErbBs 

leads to defects in neural and cardiac development (360-362). A recent report 

suggests that EGFR is even involved in mediating Hepatocyte Growth Factor 

(HGF) signaling in breast cancer (363). 

HGF (Scatter Factor (SF)) is a disulfide linked heterodimeric molecule 

produced predominantly by mesenchymal cells and osteoblasts (364). HGF binds 

the Met receptors, acting primarily on Met-expressing epithelial cells in an 

endocrine or paracrine manner (365-367). Met was first identified in the mid-

1980s as an oncogene (368) and is expressed by normal and malignant cells (369-

371). Met cooperates with ErbB2 to enhance cell invasion and breakdown of cell-

cell junctions, although a direct physical interaction between the receptors has 
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not been documented (372). The 2:2 HGF/Met ligand-receptor complex lacks 

direct receptor dimerization interactions and is stabilized via dimerization of 

HGF domains (373). HGF/Met signaling has been implicated in many biological 

processes including proliferation, survival, scattering, motility, angiogenesis, 

wound healing, invasion, and metastasis (367, 374-376). Met induced 

transformation of fibroblasts requires JNK activity (377), as does Met induced 

invasion in a nasopharyngeal cancer model (378). Met is often overexpressed in 

breast cancer and is associated with a poor prognosis and disease progression 

(379-384). Overexpression of Met also occurs in non small cell lung cancers to 

maintain AKT signaling in response to EGFR inhibitors (385). 

Insulin receptors (IRs) are another group of RTKs overexpressed in a large 

number of primary human breast cancers (386, 387). IRs are disulfide linked 

dimers (388) with moderate homology to the Insulin-like Growth Receptor (IGF-

IR), ranging from 45-65% in ligand binding domains to 60-85% in Tyrosine 

kinase and substrate recruitment domains (389, 390). IRA and IRB isoforms result 

from alternative splicing of exon 11, with IRA being the predominant form 

present in cancer cells (391). Insulin stimulates autophosphorylation of IR (294), 

but at supra-physiological concentrations also activates IGF-IR (392). IGF-IR 

activation is primarily mediated by IGF-I (393), and its overexpression (394) and 

hyperphosphorylation (393) have been documented in breast cancer. Cell 

survival and tumorigenesis is directly correlated with the number of stimulated 



IGF-IRs in animal models (395, 396). While targeting IGF-IR alone in breast 

cancer cells did not lead to upregulation of IR, increased sensitivity to insulin, as 

indicated by increased insulin binding, was observed (397). Hybrid receptor 

formation by heterodimerization of IRA and IGF-IR (398) is another reason 

combinational therapies against both receptors should be considered to inhibit 

IGF and insulin mediated signaling in cancer. Figure 1.2 offers a summary of 

RTKs and ligands pertaining to the studies provided in this dissertation.   

 

 

Figure 1.2. RTK specificity is in part achieved by ligand binding. HGF is primarily known to 
bind to the c-Met receptor, while insulin is the ligand for the IR receptor. Insulin may also bind 
IGF-IR and IR/IGF-IR hybrid receptors. The ErbB family of receptors has many known ligands. 
Notably EGF binds to EGFR and the NRG isoforms have been shown to bind ErbB3 and ErbB4 
receptors. No specific ligand has been identified for HER2 to date. Numerous combinations of 
ErbB receptors are possible, forming homo- and heterdimers. ErbB3 is the only family member 
that lacks intrinsic kinase activity in its catalytic domain. 
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1.4 Grb2 associated binding protein 2 (GAB2) 

In contrast to kinases, Tyrosine phosphorylated adaptor proteins lack 

catalytic domains and function to recruit signaling proteins to the vicinity of their 

respective substrates (399). These scaffolding proteins are central to the 

specification and amplification of signaling pathways (400). The adaptor now 

known as Grb2 associated binding protein 2 (GAB2) was initially identified in 

1997 as a 97kDa cytoplasmic protein that became Tyrosine phosphorylated upon 

cytokine stimulation (401). GAB2 was further described in 1999 and named on 

the basis of its structural similarities to GAB1 (402). Although GAB family 

members are only 40-50% homologous in sequence, the N-terminal PH domain, 

regions of SH2 Tyrosine binding motifs, and Proline rich SH3 binding domains 

are conserved (399). Specifically, GAB2 contains two Proline rich motifs enriched 

in Serine and Threonine residues and multiple potential Tyrosine 

phosphorylation sites at the C-terminus; suggesting potential roles in integrating 

signaling between Serine/Threonine/Tyrosine kinases and phosphatases (402). 

The PH domain recruits GAB2 to Phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3) enriched membrane patches (403), as is characteristic for the presence of 

these domains (404). 

A yeast 2-hybrid system was modified to induce phosphorylation of yeast 

proteins to determine active GAB2 binding partners. Predictions based on 

sequence analysis confirmed that GAB2 interacted with SH2 domains of p85 (the 
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regulatory subunit of Phosphoinositide Kinase-3 (PI3K)) via Y452, Y476, and 

Y584; the Src homology 2-containing Tyrosine phosphatase, SHP2, via Y614; and 

CrkL via Y266 and Y293 (405). GAB2 phosphorylation and interaction with SHP2 

and p85 have been documented in response to stimulation with a variety of 

cytokines and growth factors (406) including: IL-3 (407), M-CSF (408), and 

prolactin (409). The p85 interaction with GAB2 is critical for proliferation and 

activation of AKT and ERK (410); whereas, GAB2 is instrumental in p85 binding 

to BCR/ABL and subsequent myeloid progenitor bone marrow transformation 

(411). SHP2 binding, on the other hand, does not appear to be essential for ERK 

activation, but is required for proliferation (412) and signaling of multiple RTK 

pathways (413, 414) leading to c-fos activation (406, 415). The critical role of SHP2 

binding to GAB2 in proliferation may be involved in propagation of signaling to 

AKT. Furthermore, SHP2 binding to GAB2 is imperative for cell adhesion and 

migration of hematopoietic cells (416) and M-CSF mediated differentiation of 

macrophages (417).  

  In MCF7 breast cancer cells, heregulin, EGF, insulin, and basic Fibroblast 

Growth Factor (bFGF) were all observed to induce GAB2 Tyrosine 

phosphorylation, indicating involvement with multiple RTKs (418). Direct 

association of GAB2 with RTKs has not been observed, necessitating Grb2 for 

recruitment, and is facilitated by the adaptor protein Shc (419-421). Grb2 

mediated GAB2 recruitment to ErbB2 (422), Met (423), FGFR (424), SF-STK (425), 
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and Kit (426) has been reported. GAB2 disassembly from Grb2 is mediated by its 

binding to 14-3-3 proteins, which phosphorylate GAB2 on S210 and T391 to 

terminate signaling (427). GAB2 gene transcription is also directly upregulated 

by E2F1 activation and is necessary for E2F dependent AKT activation (428). 

Paradoxically, AKT phosphorylation of GAB2 on S159 negatively regulates ErbB 

signaling (429).  

Apart from decreased AKT and ERK activation in mast cells, systemic 

knockout of GAB2 results in generally healthy mice with a normal life span (430). 

Gab2-/- mice also display fewer osteoclasts in the skull and fewer bone marrow 

cells in long bones, yet increased trabecular and cortical bone mass compared to 

wild-type mice. Decreased serum Cathepsin K levels also indicate defects in 

osteoclastogenesis, positioning GAB2 downstream of RANK. Congruently, 

RANK was reported to be coimmunoprecipitated with GAB2 in preosteoclasts. 

Decreased JNK activity, c-Jun phosphorylation, and AKT phosphorylation was 

observed in the gab2-/- cells (431). In SUM52, SUM44, and MDA 468 breast cancer 

cells, GAB2 deficiency resulted in decreased AKT activity and cell invasion (432). 

Correspondingly, impaired migration was observed with GAB2 siRNA 

expression in Vascular Endothelial Growth Factor (VEGF) responsive endothelial 

cells. However, the concomitant upregulation of GAB1 may have been the 

underlying cause of increased phosphorylation levels of Src, AKT, and ERKs that 

were also observed (433), as GAB1 is known to be essential in mediating optimal 
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activation of Src, AKT, and ERK (434, 435). GAB1 and GAB2 are ubiquitously 

expressed in normal cells (424, 436, 437) and coexpressed in breast cancer cells 

(418, 423). In T47D breast cancer cells, both GAB1 and GAB2 can induce MEK 

activation as shown by overexpressing GAB2 in GAB1 siRNA treated cells or 

vice versa (438). 

GAB2 is located on the 11q13.5-14.1 chromosomal location within a region 

that is amplified in 10-15% of breast cancers, which includes the location for the 

Cyclin D gene as well. A subset of breast cancer cell lines and primary tumors 

have been reported to overexpress GAB2 protein, and interestingly they exhibit 

varying degrees of GAB2 gel mobility probably due to different degrees of 

protein phosphorylation (418). Immunohistochemical analysis reveals a positive 

correlation between GAB2 expression levels and tumor grade in primary breast 

cancers, with increases present as early as the ductal hyperplasia stage (439). 

GAB2 was also included in a set of genes associated with lymph node metastasis 

of breast cancer in a gene expression microarray analysis (440). In a Neu induced 

mammary tumorigenesis model, GAB2 deficiency severely suppressed the 

incidence of lung metastases, in addition to affecting EGF induced ERK 

activation (441). In a similar model, overexpression of GAB2 in MMTV-NeuNT 

mice led to accelerated tumor development. In other studies, increased 

proliferation was observed in GAB2 overexpressing MCF10A immortalized, non-

transformed, human mammary epithelial cells. Furthermore, ERK activation was 
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enhanced as a result of GAB2 overexpression, but AKT activation was not (422). 

In a separate study, increases in the percentage of cells with Ki-67 positivity and 

undergoing S phase, coupled with the increased size of acini observed, 

supported the conclusion that proliferation is enhanced by GAB2 in MCF10A 

cells (442). Most recently, GAB2 overexpression or amplification has been 

associated with metastatic melanoma and increases in lung metastasis (443). 

GAB2 mediated anchorage-independent (444) and EGF-independent 

growth (445) in the MCF10A cells involves Src cooperation. GAB2 and Src 

synergize to increase AKT activity, promote acinar disruption, decrease adhesive 

strength, and increase migration and invasion (445). These results were not 

unexpected, as all of the reported stimuli that lead to GAB2 phosphorylation also 

activate Src family members (405). Of the 19 Tyrosine residues in GAB2, 11 are 

preceded by acidic amino acids and are thus considered potential sites for Src 

association (446). Src has been shown to bind to the Proline rich domains of 

GAB2, leading to AKT activation and DNA synthesis. This interaction appears to 

compete with SHP2 binding of GAB2 and subsequent ERK activation (447). The 

main binding partners of GAB2 and their respective domains are reviewed in 

Figure 1.3. 

 



 

Figure 1.3. Structural features of GAB2 facilitate interaction with binding partners. GAB2 is 
recruited to the membrane upon binding to PI3K lipid products via its PH domain (448). The SH3 
domains of Grb2 and Src have been reported to bind to the Proline rich sequences of GAB2. Grb2 
binding of GAB2 allows indirect contact with activated RTKs. Phosphorylation of GAB2 on 
specific Tyrosine residues enables binding to SHP2 and p85 on their SH2 domains.  

 

1.5 Src: A Non-Receptor Tyrosine Kinase 

  The origins of Src go back as far as 1911, when Peyton Rous first described 

a virus that seemed to cause transmissible growth of tumors in chickens (449). 

Src was the single viral gene determined to be responsible for the neoplastic 

phenotype of the Rous Sarcoma Virus (RSV), based on Src mutants that failed to 

transform cells (450). Sequence analysis revealed that the v-Src gene was 

conserved in vertebrates, differing in regional deletions and point mutations; 

suggesting recombination into RSV from human origins (451). Later studies 

showed that v-Src encodes a Tyrosine kinase (289, 450, 452). Whereas 
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overexpression of v-Src can transform normal cells (453), the cellular prototype of 

v-Src (c-Src) has no such ability (454). Structurally, Src contains four main 

domains including an SH2 and an SH3 domain (455). Membrane recruitment and 

interaction with activated RTKs results in autophosphorylation on Y419 of Src 

(456). Phosphorylation on Y530 of the C-terminus, however, renders Src inactive. 

Dephosphorylation of this site potentiates autophosphorylation, allowing 

downstream signaling to proceed (457). The significance of Src activity is 

centered on its effects on AKT and especially ERK. It is well established that ERK 

is activated in a Src dependent fashion (458-460). The importance of aberrant 

RTK to ERK signaling is implicated in a variety of human cancers, where 

deregulated ERK activation plays pivotal roles in proliferation, survival, and 

metastasis (461). AKT activation is affected by Src as well (462). Src has 

conserved structures in common with the other 7 members of the Src Kinase 

Family (SFK) of proteins (463). While Src, Fyn, and Yes are ubiquitously 

expressed; Lyn, Hck, Fgr, Blk, and Lck have tissue-specific expression patterns 

(464). SFKs have similar modes of regulation and involvement in signaling in 

processes such as proliferation, migration, and differentiation (465-467). As a 

result, the use of commercially available inhibitors, which target all SFKs, is not 

sufficient to study the individual contribution of Src family members in signal 

transduction.   
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  Src activity is integral to a variety of cellular phenotypes. In one study, 

cotransfection of EGFR and Src in fibroblasts increased proliferation, invasion, 

and tumorigenesis (468). Src is also required for fibroblast cell division (469). 

Transfection with v-Src converts focal adhesions to actin rich podosome 

structures (470), which contribute to cell motility, the ability to invade basement 

membrane matrix, and rapid tumor formation upon in vivo injection (471). 

  Src has an imperative role in osteoclasts in which it is highly expressed 

(472) and its transcription is positively regulated by RANKL mediated AP-1 and 

NF-KB signaling in Raw 264.7 cells (473). The importance of Src is highlighted in 

SRC-/- osteoclasts, which display abnormal cytoskeletal structure, impaired 

migration, and defective bone resorption activity (474-477). Treatment of RAW 

264.7 preosteoclasts with the Src specific inhibitor, PP2, inhibited JNK activation, 

implicating a role for JNK in Src mediated osteoclastogenesis (478). A recent 

study by the Massague group describes a Src responsive gene signature that is 

associated with late-onset bone metastasis in breast cancer. This signature shows 

Src activity and its consequent induction of AKT to be necessary for survival and 

outgrowth of metastatic cells in bone marrow (479). 

  While increased Src activity has been observed in human breast cancer 

(480), its overexpression has also been documented in ErbB3 overexpressing 

murine models (481). To assess the therapeutic potential of Src, inhibition was 

achieved using a dominant negative dead kinase construct with mutated 
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residues in the ATP binding pocket of the Tyrosine kinase domain, leading to 

decreased morbidity and incidence of metastases in mice injected with metastatic 

breast cancer cells (482). The Src specific inhibitor, AP23451, and the dual 

Src/Bcr-Abl inhibitor, AZD0530, have thus far proven promising in preclinical 

and Phase I clinical studies, respectively, evaluating bone metastasis of breast 

cancer cells (483). Clearly, Src is an appealing molecular target for drug 

development with the potential for dramatic results. However, further studies 

and clinical trials are necessary to determine safety and efficacy in patients. 

  

1.6 Outline of Dissertation 

  The introduction provided is intended to establish the importance of 

intracellular and extracellular signaling in the progression of breast cancer 

metastasis. Each step in the metastatic cascade relies on particular pathways to 

prevail over the systemic defense mechanisms evolved to protect the organism 

against a variety of cellular attacks. Tumor cells, however, have evolved to 

survive the inhospitable conditions induced by host mechanisms, occasionally by 

usurping normal biological responses as is observed in the vicious cycle of bone 

metastasis. In depth knowledge of tumor circuitry will provide researchers with 

the ability to select targets that can effectively shut down tumor mediated 

responses while causing minimal side effects.  
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The JNK proteins are attractive molecular targets based on their diverse 

functions in proliferation, differentiation, and survival. As discussed in previous 

sections, JNKs are activated downstream of multiple RTK pathways and quite 

possibly may be the root of hyperactive signal amplification in tumor cells. 

Accruing studies suggest that individual JNK isoforms do not always have 

redundant functions, necessitating isoform-specific studies.  

The global goals of this project are to determine the roles of JNK2 and 

JNK1 isoforms in breast cancer metastasis, specifically to the bone and lungs. 

These studies address the effects of JNK2 and JNK1 deficiency in the host 

organism vs. in the cancer cells. Chapter 3 will discuss the role of JNK2 in vitro 

and in vivo, with regards to the signaling mechanisms altered. The role of JNK1 

will be evaluated in cancer cells and subsequently its role will be investigated in 

jnk1-/- mice in Chapter 4. Chapter 5 will briefly investigate the roles of JNK2 and 

JNK1 in preosteoclast proliferation and differentiation.  A summary of results 

and conclusions will be provided in Chapter 6.           
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Chapter 2 

Experimental Designs 

 

2.1 Reagents  

  The following commercial antibodies were used:  JNK2 (Cat # 7345, Santa 

Cruz), JNK1 (Cat # 474, Santa Cruz), phospho-Akt (Cat # 4058, Cell Signaling), 

phospho-c-Jun (Cat # 2361, Cell Signaling), phospho-ERK (Cat # 4377, Cell 

Signaling), phospho-Src (Cat # 44-660G, Biosource), phospho-Tyrosine (Cat # 05-

321, Millipore), GAPDH (Cat # 8-GAPDH-r, Advanced Immunochemicals Inc.), 

Ki-67 (Cat # RB-1510-P, Neomarkers), GAB2 (Cat # 06-967, Upstate), Src (Cat # 

2123, Cell Signaling), and Gab1 (Cat # Ab-627, Applied Biological Materials). 

ShRNA hairpins corresponding to JNK2 (V2LMM_55413), JNK1 (RHS4431), and 

GIPZ nonsilencing control (RH54346) lentiviral vectors and retroviral shJNK1 

(170501) and pSM2 nonsilencing control (RHS1701) were purchased from Open 

Biosystems. Growth factor reduced Matrigel™ (Cat # 356230) was purchased 

from BD Biosciences. HGF (Cat # 100-39) was purchased from PeproTech Inc and 

heregulin (Cat # 4711-50) was purchased from Biovision. siRNA hairpins 

corresponding to JNK2 (5’-3’ sequence: CUAGCAACAUUGUAGUAAATT) and 
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Src (5’-3’ sequence: GGCUGAGGAGUGGUACUUUTT) were provided by 

Ambion/Applied BioSciences Inc. Cathepsin K ELISA (Cat # 04-BI-20432) was 

acquired from ALPCO and TRAP assay kit (Cat # 387a) was acquired from 

Sigma (Cat # 387a). The instructions provided by manufacturers were followed 

for both assays. For inhibitor studies, PP2 (Cat # P0042) was purchased from 

Sigma, LY-294002 (Cat # 270-038-M005) was purchased from Alexis 

Biochemicals, U0126 (Cat # 120) was purchased from Sigma, and TAT-JIP (JNK 

Inhibitor VII; Cat # 420134) was purchased from Calbiochem.   

 

2.2 Cell Culture and Lentiviral Transduction 

  4T1.2 cells were generously provided by R. Anderson (University of 

Melbourne, Australia), and Raw 264.7 cells were kindly gifted by B.R. Troen 

(University of Miami Miller School of Medicine, Miami, FL). 4T1.2 and Raw 264.7 

cells were maintained in culture in α-MEM (Cat # 12561-049, Gibco), 

supplemented with FBS (Cat # 100-106, Benchmark; 10% of final volume) and 

penicillin/streptomycin (Cat # 15140-122, Invitrogen; 1% of final volume). MDA 

MB 231 cells were cultured in IMEM (Cat # A10488-01, Invitrogen) 

supplemented with FBS (10% of final volume), penicillin/streptomycin (1% of 

final volume), and 10 nM insulin (U-100, Lily). For knockdown studies, 4T1.2, 

MDA MB 231, and Raw 264.7 cells were transduced with conditioned media 
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obtained from transfected HEK 293 packaging cells. Briefly, packaging cells were 

transfected with 2 µg construct DNA and 1 µg each of P1, P2, and P3 (encoding 

gag, pol, and env viral proteins) using Lipofectamine 2000 (Cat # 11668-019, 

Invitrogen) following manufacturer’s instructions. Viral media containing 

shGAB2, shJNK2, shJNK1 or GIPZ expressing lentiviral plasmids was collected 

48 and 72 hours post-transfection and was used to infect target cells. Four µg/ml 

puromycin was later used to select and establish stable expressing clones. 

Growth factor experiments were conducted with sub-confluent cells that were 

serum starved overnight (12-16 hrs) before treatment with 60 ng/ml HGF, 100 

ng/ml EGF, 30 ng/ml Her1, or 5 µg/ml of insulin for 0, 15, 30, and 60 minutes. 

Cells were washed with cold PBS and then lysed on ice using EB buffer (0.05% 

NP-40, 20 mM Tris HCl (pH 7.6), 0.25 M NaCl, 3 mM EDTA) containing 5 µg/ml, 

1 µM dithiothreitol (DTT), 1% v/v phenylmethylsulfonyl fluoride (PMSF), 1% 

v/v aprotinin, and 1% v/v sodium orthovanadate (36.8 mg/ml stock solution). 

Sixty micrograms of total protein was separated by SDS PAGE. Membranes were 

probed with pAKT (S473), pERK (T202/Y204), and phosphorylated Src (Y418). 

Equal loading was assessed with anti-GAPDH.    

 

2.3 In vivo studies 

  Balb/c mice were maintained according to IACUC guidelines. Jnk2-/- mice 

were kindly provided by Lynn Heasley (University of Colorado, Denver, CO). 
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The mice were housed at the University of Texas at Austin Animal Resource 

Center (Austin, TX). Male and female mice were housed separately at a 

maximum number of 5 per cage and fed Purina Mills rodent diet #5LL2 

provided by the Animal Resource Center. The mice were subjected to a 12 hour 

light cycle and maintained at 72°F. For orthotopic studies, 1 x 105 4T1.2 derived 

cells were injected into the #4 mammary fat pad of male and female mice 

between 6-8 weeks of age.  Post injection, mice were palpated and measured with 

calipers thrice weekly until tumors reached target volume of 1000 mm3. Intra-

cardiac injection was performed by injecting 1 x 105 cells into the left ventricle of 

the heart of male and female mice between 6-8 weeks of age. Mice were 

monitored daily for symptoms of distress and morbidity, including difficulty 

breathing, ruffled appearance, and limited mobility. Upon appearance of 

moribund symptoms, mice were euthanized and evaluated for ribcage and lung 

metastases. India ink was used to perfuse mouse lungs and quantify metastatic 

lesions as previously reported (484). Serum was collected from anesthetized mice 

for Cathepsin K analysis by retro-orbital blood collection using glass Pasteur 

pipets (Fisher Scientific, Cat # 13-678-20A). Euthanasia of mice was preceeded in 

all studies by intra-peritoneal injection of 1 ml 0.02% Avertin (2,2,2 

tribromoethanol; Sigma Aldrich Cat # T4, 840-2) solution (using 1600 mg/ml 

stock solution dissolved in tert-amyl alcohol)  diluted in 0.9% normal saline. In 
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addition to overdosing with Avertin, cervical dislocation was also performed to 

ensure complete euthanasia.    

 

2.4. Histology and Immunohistochemistry 

  Upon sacrifice of mice, mammary tumors and ribcages were harvested 

and fixed with 4% paraformaldehyde overnight at 4°C. Decalcification of ribcage 

and long bones was achieved by incubating in Decalcification solution (Cat # 

NC9534733, Fischer Scientific) for 4 days. For analysis of tissue structures and 

morphology, fixed tissues were processed, paraffin-embedded, and sectioned at 

5µ before staining with hematoxylin and eosin.  Immunohistochemical analysis 

was performed using Ki-67 antibody at 1:500 dilution in 10% normal goat serum 

to determine proliferation index of tumors. Briefly, sectioned tissues were 

rehydrated in Citrosolv and serial dilutions of ethanol, and incubated with 0.2% 

Triton-X-100 for 15 minutes and 20 µg/ml Proteinase K solution for 5 minutes at 

37°C for antigen retrieval. Endogenous peroxidase activity was blocked using 3% 

hydrogen peroxide solution for 30 minutes. Slides were incubated with 10% 

normal goat serum for two hours and then incubated with primary antibody 

overnight at 4°C. ABC kit (Cat # PK-6101, Vector Labs), DAB (Cat # SK-4100, 

Vector Labs), and 33% hematoxylin were used according to manufacturer’s 

instructions to develop slides. Dehydration with serially increasing ethanol 
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solutions and Citrosolv preceded mounting of slides with VectaMount™ (Cat # 

H-5000, Vector Labs). 

 

2.5 Zymogram Assessment of MMP Activity 

  Ten µl of conditioned media was taken from sub-confluent cells that had 

been serum starved overnight. An equal volume of zymogram loading buffer (50 

mM Tris-HCl pH 6.8, 10% glycerol, 1% SDS, 0.01% bromophenol blue) was 

added to samples and directly loaded on to gelatin gel (Cat # 161-1113, Bio-rad). 

The gel was run under denaturing conditions and renatured by incubating gel in 

2.5% Triton-X-100 solution for 1 hour at room temperature. Subsequently, the gel 

was rinsed and incubated in collagenase buffer (50 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 5 mM CaCl2, and 0.02% Brij-35) overnight at 37°C. Coomassie G-250 

brilliant blue (Cat # 161-0406 Bio-rad) was used to stain the gel and a 7% acetic 

acid/5% methanol solution was used to destain the gel for 1 hour in each step. 

Clear bands were visualized against non-degraded blue regions of gel.        

 

2.6 Boyden Chamber Invasion Assay  

  Millicell® hanging cell culture inserts (Cat # PIEP 12R 48, Millipore) were 

coated with Matrigel™ in HBSS containing 0.5% BSA before adding 5x104 cells 
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per insert. 10% FBS or HGF (40 ng/ml) in α-MEM was used as the 

chemoattractant in lower chambers. Cells were pretreated with 0, 10, and 25 µM 

TAT-JIP for 45 minutes in inhibitor studies prior to plating in wells. After 24 

hours, media was aspirated, and cells were fixed with 4% paraformaldehyde for 

20 minutes, and stained with 0.5% crystal violet solution for another 20 minutes. 

Inserts were rinsed with distilled water and dried before all stained cells were 

counted and averaged between triplicate wells.  

 

2.7 Reverse-Transcription Polymerase Chain Reaction 
RNA was extracted from cell lines using Trizol (Cat # 15596-026, 

Invtirogen) following manufacturer’s instructions and converted to cDNA. 100 

ng cDNA was used to amplify GAB2 (forward primer: 5’ 

CTGGACAAGAACCACAATGC 3’, reverse primer: 5’ 

AGTCTTTCCTGGAGGTTCAG 3’) and 18S (forward primer: 5’ 

GTGACTCTAGATAACCTCGG 3’, reverse primer: 5’ 

GACTCATTCCAATTACAGGG 3’). Denaturation of cDNA was carried out at 

94°C for 60 seconds, annealing was carried out at 48°C for 60 seconds, and 

elongation was carried out at 72°C for 30 seconds for 30 cycles. 
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2.8 JNK Activity Assay 

Sub-confluent 4T1.2 cells were serum starved overnight and pretreated 

with PP2 (Src inhibitor, 10 µM from DMSO reconstituted stock), LY-294002 (PI3K 

inhibitor, 20 µM from PBS reconstituted stock), or U0126 (MEK1 inhibitor, 20 µM 

from DMSO reconstituted stock) 45 minutes prior to 10% FBS stimulation for 0, 

15, 30, and 60 minutes. Cells were collected with JNK lysis buffer (20 mM Tris pH 

7.6, 0.5% NP-40, 0.25 M NaCl, 3mM EDTA, and 3mM EGTA) containing 5 µg/ml, 

1 µM dithiothreitol (DTT), 1% v/v phenylmethylsulfonyl fluoride (PMSF), 1% 

v/v aprotinin, and 1% v/v sodium orthovanadate (36.8 mg/ml stock solution). 

Four-hundred micrograms of total protein was incubated with 50 µl GST-c-

Jun/Glutathione Sepharose™ 4B beads (Cat # 17-0756-01, Amersham 

Biosciences) on a rotator at 4°C for 2 hours. Beads were then washed with lysis 

buffer and incubated with kinase buffer (20 mM HEPES, 20 mM β-

glycerophosphate, 10 mM pNpp, 10 mM MgCl2, 1 mM DTT, and 50 µM sodium 

orthovanadate) containing 100 µM nonreadioactive ATP for 20 minutes at 30°C. 

The reaction was stopped with 15 µl 4x sample buffer. Electrophoresis and 

immunoblotting with kinase reaction samples were later used to evaluate 

phospho-c-Jun (S63) levels. For siRNA study, cells were infected with 30 nM 

siRNA using Lipofectamine RNAiMAX (Cat # 13778-150, Invitrogen) following 

manufacturer’s instructions. After 24 hours, infected cells were serum starved for 

another 24 hours before being treated with 10% FBS for 0 and 30 minutes and 
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collected with JNK lysis buffer. Samples were similarly prepared for kinase 

reaction as explained above. 

 

2.9 Cell Viability Assay 

Triplicate wells of 1.5 x 104 cells in 24 well plates were treated with 10 µM 

PP2, 20 µM LY-294002, or a DMSO vehicle 24 hours after plating. 10% (v/v) 3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to 

wells at a concentration of 5 mg/ml for 3 hours at 24, 48, and 72 hours post 

treatment. Media was gently aspirated and crystals were dissolved in 400 µl 

DMSO before reading absorbance at 590 nm. Triplicate values were averaged for 

each group.  

 

2.10 Osteoclast Differentiation 

Raw 264.7 derived cells were plated in 6 well dishes at a density of 

approximately 1.5 x 105 cells per well in culturing media and 35 ng/ml RANKL 

(day 0). Media was refreshed with RANKL on day 3. Differences in morphology 

were visually observed at 10X magnification using a CKX41 Olympus 

microscope.    
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2.11 Statistical Analysis 

GraphPad Prism software was used for all statistical analysis. Kaplan 

Meier graphs of survival studies were analyzed using the survival analysis 

feature, which analyzed groups using the Log Rank test. Results of invasion 

assays were analyzed with unpaired Student’s t test, with the exception of the 

TAT-JIP treatment study, which used the Kruskal-Wallis test (a non-parametric 

ANOVA test) for analysis. Differences in ribcage and lung lesions, Ki-67 

positivity in tumors, and TRAP assay results were analyzed using the Mann 

Whitney test. Results from tumor growth studies were assessed by Wilcoxon 

matched pairs test when evaluating average tumor volumes, and by Log Rank 

test when evaluating time for tumors to reach maximum volume. Normalized 

band intensity values indicating differences in gene expression in tumor panels 

were subjected to an unpaired Student’s t test with Welch’s correction.        
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Chapter 3 

Role of JNK2 in Breast Cancer Metastasis 

 

Earlier studies from our lab using the pan JNK inhibitor, SP600125, 

revealed significantly decreased proliferation and increased abnormal DNA 

content, accumulating as a result of G2/M arrest in breast cancer cells (260). 

Furthermore, our lab showed that JNK activation is PI3K dependent and 

potently enhanced with IGF-1 treatment in human breast cancer MCF-7 cells 

(485). Our more recent studies examining jnk2 in the transgenic Polyomavirus 

Middle T Antigen (PyV MT) mouse mammary tumor model confirmed our 

previous findings of increased aneuploidy (486). Cell lines established from the 

PyV MT tumors also exhibited significantly decreased migration in the absence 

of JNK2 (Mitra et al., in revision). Most recently, JNK2 has been further 

associated with invasion and EMT associated changes in breast cancer cells (261). 

These data support that JNK2 is involved in tumor progression, invasion and 

metastasis. Reports of growth factor mediated JNK activation (226) in 

conjunction with observations of PI3K dependence implicate a potential role for 

JNKs in RTK mediated signaling. This project aims to specifically determine the 

role of JNK2 isoforms in the aforementioned processes. 
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  I hypothesize that JNK2 enhances invasion and metastasis of breast 

cancer cells in vivo via growth factor mediated RTK signaling. To this aim, I 

propose the following objectives:   

Specific Aim 1: Determine the role of JNK2 in tumor progression, invasion, and 

in vivo metastasis in JNK2 deficient breast cancer cells and jnk2-/- mice.  

Specific Aim 2: Decipher the downstream signaling effects of JNK2 deficiency in 

breast cancer cells.  

Specific Aim 3: Establish the functional role of downstream targets identified by 

microarray analysis.  

 

3.1 The Role of JNK2 in Invasion 

One of the key steps in tumor progression is the acquisition of invasive 

capability of the cancer cells. Invasion of cancer cells can be simulated in vitro by 

stimulating cultured cells to invade through a commercially available, basement 

membrane matrix in response to a chemoattractant, commonly a growth factor. 

To first test the role of JNKs in cellular invasion, the highly metastatic 4T1.2 

mammary cancer cells were treated with the commercially available cell 

permeable, pan-JNK inhibitor, TAT-JIP (a truncated form of JNK Interacting 

Protein). Changes in invasive capabilities were assessed using a traditional 
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Boyden chamber invasion assay. Specifically, the 4T1.2 cells were pre-treated 

with TAT-JIP for 45 minutes at 0, 10, and 25 µM and plated at approximately 0.5 

x 105 cells per insert on Matrigel™ diluted 1:5 in HBSS. Invasion was assessed 24 

hours later by fixing inserts with 4% paraformaldehyde and staining with 0.5% 

crystal violet. TAT-JIP treatment dramatically reduced invasion of 4T1.2 cells in a 

concentration dependent fashion, as observed in Figure 3.1A (p=0.0273, Kruskal-

Wallis test). To specifically address the contribution of JNK2 isoforms, 4T1.2 cells 

were transduced with GFP-tagged shRNA JNK2 or GIPZ (nonsilencing control) 

lentivirus to establish stable knockdown of JNK2 p54 and p46 (with no 

significant change in JNK1 expression as assessed by quantification of band 

intensity) compared to GIPZ expressing cells (Figure 3.1B). 4T1.2 shJNK2 cells 

were then compared to the GIPZ cells as before using HGF as a chemo-attractant. 

Given that HGF signaling contributes to metastasis and recent reports show 

parental 4T1 cells are responsive to HGF (363, 487), the role of JNK2 in HGF 

induced tumor cell invasion was evaluated. Expression of shJNK2 strongly 

reduced cell invasion in response to HGF and FBS (Figure 3.1C (p=0.0016, 

unpaired Student’s t test) and D (p=0.0309, unpaired Student’s t test)). Given the 

established roles of MMPs in ECM degradation (76) and specifically the 

involvement of MMP2 and MMP9 in breast cancer (77-81), this suggested the 

possibility that MMP activity was lower in the 4T1.2 shJNK2 cells. However, 

MMP2 and MMP9 function did not appear to be decreased by JNK2 deficiency, 
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as decreased activity was not observed in the 4T1.2 shJNK2 cell line in 

comparison to 4T1.2 GIPZ cells in a zymography assay (Figure 3.1E). Conversely, 

MMP2/9 activity appeared to be slightly increased as a result of JNK2 deficiency. 

These data support a role for JNK2 in tumor cell invasion in response to HGF 

and FBS that does not likely occur by positive regulation of MMP2/9 by JNK2.  

To determine if the effect of JNK2 on cellular invasion could be 

reproduced in another metastatic breast cancer model, JNK2 expression was 

knocked down in the MDA MB 231 human breast cancer cells in the same 

manner as before (Figure 3.2A). Although the MDA MB 231 cells are not as 

metastatic as the 4T1.2 cells in vivo, use of a human cell line provides relevance to 

human disease. 71% knockdown in the MDA MB 231 shJNK2-2 cells was 

achieved and was used to compare invasion to nonsilencing control expressing 

cells (GIPZ) in response to FBS. As observed in the 4T1.2 cells, JNK2 deficiency 

significantly reduced invasion of the MDA MB 231 cells (Figure 3.2B, p=0.0034, 

unpaired Student’s t test). Together, these studies maintain a role for JNK2 in 

tumor cell invasion in response to growth factors.  
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Figure 3.1. Inhibition or knockdown of JNK2 in 4T1.2 cells reduces cell invasion. A). 4T1.2 cells 
were pre-treated with TAT-JIP at increasing concentrations for 45 minutes and then plated in 
Matrigel™ containing inserts. 24 hours later, non-invading cells were swiped from the upper 
chamber and cells adherent to the lower surface were stained and counted (p=0.0273, Kruskal-
Wallis test); B). JNK2 expression was knocked down in 4T1.2 cells by transducing with shJNK2 
lentivirus and compared to cells transduced with GIPZ expressing virus. Stable populations were 
selected using puromycin and evaluated for JNK2 and JNK1 expression with western blot 
analysis; C). and D). shJNK2 and GIPZ were subjected to invasion assays as described in A) in 
response to HGF and FBS (p=0.0016 and p=0.0309, respectively, unpaired Student’s t test); E). 
Conditioned media from sub-confluent cells was run on gelatin gel under denaturing conditions 
and renatured with 2.5% Triton-X-100 solution, and activated with collagenase buffer. Coomassie 
stain was used to visualize bands.                                              
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Figure 3.2. Knockdown of JNK2 in MDA MB 231 cells reduces cell invasion. A). JNK2 
expression was knocked down in MDA MB 231 cells by transducing with shJNK2 lentivirus and 
compared to cells transduced with GIPZ expressing virus. Stable populations were selected using 
puromycin and evaluated for JNK2 expression with western blot analysis and; B). Cells were 
subjected to an invasion assay using 10% FBS as the chemoattractant (p=0.0034, unpaired 
Student’s t test). 

 
                                                                     

3.2 The Role of JNK2 in Tumor Mediated Bone Metastasis      

  In order to evaluate the consequences of cancer cell JNK2 deficiency in 

vivo, 4T1.2 shJNK2 or GIPZ cells were injected intra-cardiac into syngeneic mice 

(n=14 per group). This technique directly introduces cancer cells into circulation 

and facilitates secondary tumor formation. Mice were monitored daily for 

symptoms of morbidity including but not limited to: difficulty breathing, ruffled 

appearance, and hindered mobility. Upon reaching a moribund state, mice were 

euthanized and evaluated for GFP expressing ribcage lesions. Mice injected with 

shJNK2 expressing cells exhibited prolonged survival (Figure 3.3A, p=0.0175, 

Log Rank test) and fewer metastases in the ribcage as evidenced by GFP 

expression but this difference did not reach statistical significance (Figure 3.3B, 

C; p=0.0585, Mann Whitney test). These observations strongly support the 

67 

 



involvement of JNK2 in breast cancer related morbidity and breast cancer 

mediated bone metastasis. 
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Figure 3.3. JNK2 deficiency in tumor cells prolongs survival and impairs bone metastasis. A). 
shJNK2 or GIPZ 4T.1 cells were injected into left ventricle of the heart of wildtype mice (n=14 per 
group). Mice were euthanized once displaying symptoms of distress (p=0.0175, Log Rank test); 
B). Upon harvest, rib tumor lesions were counted and confirmed using GFP expression 
(p=0.0585, Mann Whitney test); C). Examples of un-injected ribs versus GFP positive, cancer rib 
lesions are pictured. 
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3.3 The Role of JNK2 in Tumor Growth and Lung 

Metastasis 

  After the bones, the lung tissues are another common secondary location 

of metastatic spread in breast cancer.  Therefore, I wanted to determine if lung 

metastasis would also be affected by JNK2 deficiency in the cancer cells. For this 

study, orthotopic injection into the mammary fat pad was performed in lieu of 

intra-cardiac injection. With this technique, lung metastasis can be evaluated 

with minimal involvement of bone metastasis, the former occurring far earlier 

than the latter. Furthermore, orthotopic injection would allow study of tumor 

growth differences. For this purpose, 4T1.2 shJNK2 or GIPZ cells were injected 

into the mammary fat pad of Balb/c mice (n=17 per group). Mice were palpated 

for mammary tumors at the site of injection thrice weekly. Tumors were 

measured at every time point and harvested when reaching a target volume of 

1000 mm3, at which point mice were euthanized.  

Tumors expressing shJNK2 had slower growth rates compared to the 

GIPZ tumors (Figure 3.4A, p=0.0156, Wilcoxon matched pairs test). In 

congruence, the shJNK2 tumors reached the target volume significantly later 

than those injected with GIPZ cells (Figure 3.4B, p<0.0001, Log Rank test). 

Interestingly, in contrast to the spherical tumors formed from the GIPZ tumors, 

shJNK2 derived tumors exhibited a flat and disc-like growth pattern with highly 
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necrotic cores (Figure 3.4C). The harvested tumors were processed, paraffin-

embedded, and analyzed for Ki-67 expression as an indicator of the proliferation 

index of tumor cells. The results obtained from immunohistochemical analysis of 

Ki-67 supported the differences in growth rate observed in vivo. The fraction of 

cells stained positive for Ki-67 was significantly less in shJNK2 tumors compared 

to GIPZ tumors, as assessed by evaluating 3 fields at 10X magnification from 5 

tumors per group (Figure 3.4D, p=0.0079, Mann Whitney test). In vitro 

proliferation assays, however, showed only slightly slower proliferation in 

shJNK2 (and siJNK2, data not shown) expressing cells, indicating that in vivo 

conditions further augment tumor proliferation differences.  

At the time of tumor harvest, mice were subjected to intra-tracheal 

perfusion with India ink to enumerate lung metastases. The frequency of lung 

surface lesions observed in shJNK2 tumor burdened mice was dramatically less 

in comparison to that observed in mice injected with GIPZ cells (Figure 3.4E, 

p=0.0042, Mann Whitney test). Figure 3.4F reveals representative images of 

visibly distinguishable differences. These data support a focal role for JNK2 in 

tumor growth and lung metastasis. 
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Figure 3.4. shJNK2 expression in mammary cancer cells inhibits tumor growth rate and 
decreases lung metastasis. A). 4T1.2 shJNK2 or 4T1.2 GIPZ cells were injected into the mammary 
fat pad of Balb/c mice (n=17 per group). Tumor volume was measured thrice weekly and 
compared (p=0.0156, Wilcoxon matched pairs test); B). Percent survival was determined based on 
time to reach target tumor volume of 1000 mm3 (p<0.0001, Log Rank test); C). Tumors expressing 
shJNK2 appeared to have a hollow (left image) and flat (right image) disc-shaped morphology; 
D). Immunohistochemical analysis was performed on sections from paraffin-embedded tumors 
using Ki-67 primary antibody. Positive expressing cells were counted and divided by 
hematoxylin stained nuclei (n=5 per group, p=0.0079, Mann Whitney test); E). Immediately after 
mice were euthanized the lungs were perfused with India ink and later de-stained to visualize 
unstained metastatic lesions which were quantified (p=0.0042, Mann Whitney test); F). Examples 
of India ink stained lungs are shown (GIPZ on left and shJNK2 on right). 
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3.4 JNK2 Deficiency Affects GAB2 Expression 

  To investigate gene expression changes that occur with JNK2 deficiency 

during in vivo tumor growth, portions of the tumors were prepared for 

microarray analysis. Immediately after harvest, tumors were snap frozen in 

liquid nitrogen. cDNA was converted from RNA extracted from the tumors (n=2 

per group) and hybridized to NimbleGen mouse microchips to identify potential 

RTK targets. Only targets that were upregulated or downregulated by at least a 

factor of 2 were considered for further evaluation. Expression of 449 genes was 

upregulated by two-fold or higher and expression of 420 genes was 

downregulated by two-fold or higher. Among the genes that had altered 

expression, a two-fold reduction in GAB2 mRNA expression was detected in 

shJNK2 expressing tumors (data not shown). GAB2 was specifically chosen for 

further evaluation based on previous reports indicating its role downstream the 

RANK receptor (431). For confirmation at the protein level, GAB2 expression 

differences were verified in GIPZ and shJNK2 derived tumors (n=4 per group) 

lysed in RIPA buffer (50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% Na-

deoxycholate, 150 mM NaCl, 1 mM EDTA) containing 5 µg/ml, 1 µM 

dithiothreitol (DTT), 1% v/v phenylmethylsulfonyl fluoride (PMSF), 1% v/v 

aprotinin, and 1% v/v sodium orthovanadate (Figure 3.5A, p=0.0357, unpaired 

Student’s t test with Welch’s correction). Additionally, Reverse-transcription 

PCR (RT-PCR) was performed on cDNA prepared from RNA extracted from 
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GIPZ and shJNK2 cell lines to evaluate GAB2 mRNA levels. GAB2 band intensity 

was significantly lower in the shJNK2 lane (Figure 3.5B), further supporting 

GAB2 as a JNK2 target. 

       

3.5 GAB2 Deficiency Impairs Tumor Growth 

  The central role of GAB2 in mammary tumorigenesis has been recently 

investigated, particularly its involvement in conveying ErbB2 and Src mediated 

responses. Furthermore, the GAB2 gene is located in a common amplicon 

observed in human breast tumors, which also contains the gene for cyclin D 

(422). To determine if the effects on tumor growth and metastasis observed in 

our model are mediated by JNK2 through GAB2, GAB2 was silenced by over 

70% in the 4T1.2 cell line using shRNA lentiviral vectors (Figure 3.5B and C). As 

before, 4T1.2 shGAB2, 4T1.2 shJNK2, or 4T1.2 GIPZ cells were injected into the 

mammary fat pad and monitored as described in previous sections. In 

comparison to GIPZ expressing tumors, tumors from mice injected with the 

shGAB2 cells exhibited slower growth (Figure 3.5D, p=0.0313, post hoc Wilcoxon 

matched pairs test). Visualization of lung lesions via India ink perfusion also 

revealed fewer lung metastases in both shJNK2 and shGAB2 tumor bearing mice 

compared to GIPZ controls. Due to high variability in the GIPZ control group, 

differences observed in lung metastases were not significant in the shJNK2 (n=9, 

p=0.0549, Mann Whitney test) or shGAB2 group (n=10, p=0.1932, Mann Whitney 
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test; Figure 3.5E). Interestingly, GAB1 was later found to be upregulated in vitro 

in 4T1.2 shGAB2 but not 4T1.2 shJNK2 cells (Figure 3.5F). It is possible that GAB1 

upregulation may compensate for GAB2 deficiency. However, if this is the case, 

GAB1 upregulation would have also been expected in the JNK2 deficient cells.  
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Figure 3.5. shGAB2 expression inhibits tumor growth and metastasis. A). GAB2 expression was 
compared in 4T1.2 derived tumors using western blot analysis and normalized to respective 
GAPDH bands (n=4 per group, p=0.0357, unpaired Student’s t test with Welch’s correction); B). 
RT-PCR analysis of GAB2 was performed in 4T1.2 cell lines using 18S as a loading control; C). 
GAB2 was stably knocked down in 4T1.2 cells transduced with lentivirus and subjected to 
puromycin. GIPZ, shJNK2, and shGAB2 cell populations were compared for GAB2 expression 
using western blot analysis; D). GIPZ, shJNK2 or shGAB2 expressing cells were injected into the 
mammary fat pad of wild-type mice (n=9, 10, and 10 in each group, respectively). Tumor 
volumes of groups were palpated thrice weekly until reaching target volume, at which time mice 
were euthanized (shGAB2 vs. GIPZ p=0.0313, post hoc Wilcoxon matched pairs test); E). Lung 
metastasis was assessed as previously described; F). Subsequent analysis of cell lines indicated 
that Gab1 is upregulated in 4T1.2 shGAB2 but not 4T1.2 shJNK2 cells.  
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3.6 JNK2 Functions Downstream of Src and PI3K 

  To further investigate which RTK pathways are involved in stimulating 

JNK2 activity, I evaluated the ability of various growth factors to induce JNK 

activity along with phosphorylation of activating residues of AKT and ERK 

(pAKT and pERK, respectively) in the 4T1.2 model. To this end, sub-confluent 

cells were serum starved and treated with 10% FBS, HGF, EGF, or insulin (at 

supra-physiologic concentrations to activate both IR and IGF-IR homo- and 

heterodimers). Figure 3.6A shows the effects of growth factor stimulation of 

4T1.2 cells on pAKT and pERK levels. FBS treatment led to phosphorylation of 

both AKT and ERK. Although HGF treatment slightly induced AKT activation, 

insulin treatment resulted in a more robust and sustained increase in pAKT. 

Amongst the growth factors tested, only EGF did not enhance AKT 

phosphorylation, consistent with our inability to detect EGFR expression in these 

cells (data not shown). Additionally, only FBS further induced ERK 

phosphorylation beyond the constitutively active levels observed in non-treated 

cells. These data show that the 4T1.2 cells are responsive to various ligands 

critical for activation of multiple RTKs which induce PI3K/AKT in breast cancer, 

further supporting the relevance of this model to human breast cancer. 

 Next, we wanted to determine which upstream kinases transduce RTK 

signals to JNK in our model. For these experiment cells were pre-treated with 

inhibitors of SFKs (Src Family Kinases, PP2, 10 µM), PI3K (LY 294002, 20 µM) or 
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MEK1 (U0126, 10 µM) for 30 minutes prior to 10% FBS stimulation and JNK 

activity was assessed using a nonradioactive kinase assay. JNK activity was 

induced approximately five-fold in response to FBS and inhibited by 

approximately four-fold with PP2 (Figure 3.6B). LY pre-treatment only partially 

inhibited this response by approximately two-fold. Surprisingly, MEK1 

inhibition using U0126 led to a robust increase in JNK activity by approximately 

six-fold.  

Each compound was confirmed to inhibit its expected target upon western 

blot analysis of pAKT and pERK using the same lysates. The PP2 inhibited FBS 

induction of both pAKT and pERK. LY inhibited pAKT and showed a slight 

increase in pERK. U0126 inhibited pERK, but induced a strong increase in pAKT 

that was not expected. Collectively, these data showing inhibition of JNK by both 

PP2 and LY support Src- and PI3K- dependence for JNK activation in 4T1.2 

mammary tumor cells.  

Although PP2 is known to specifically inhibit SFKs, other non specific 

targets have also been reported including Bcr/Abl (488). To specifically address 

Src and rule out involvement of other SFKs, siRNA was employed to confirm 

that Src transduces growth factor signals downstream to JNK. 4T1.2 cells were 

transfected with siRNA directed toward Src (siSrc), which inhibited Src 

expression by approximately 58% (Figure 3.6C). Reduced Src expression was 

concomitant with impaired FBS activation of JNK. To determine the contribution 
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of JNK2 isoforms in FBS induced c-Jun phosphorylation, 4T1.2 cells were then 

transfected with JNK2 specific siRNA (siJNK2) and FBS induced JNK activity 

was assessed. Transient reduction of p46 and p54 levels by approximately 80% 

was sufficient to significantly inhibit growth factor induced JNK 

phosphorylation of c-Jun. These data maintain that JNK activity is mediated by 

Src. Furthermore, JNK2 isoforms contribute to most of total JNK activity induced 

by FBS in 4T1.2 cells.   

Finally, the importance of Src and PI3K in the viability of 4T1.2 cells was 

evaluated, to further establish relevance of these kinases in our model. A 

viability assay was performed with cells grown in medium containing 10% FBS 

and vehicle (DMSO), PP2 or LY for three days. Cell viability was assessed by 

colorimetric quantification of purple crystals formed upon addition of MTT to 

actively metabolizing cells. PP2 effectively blocked 4T1.2 cell proliferation 

(Figure 3.6D); whereas, LY treatment showed a weaker effect. Of note, LY treated 

cells clearly appeared more flattened (data not shown). These data indicate that 

Src and PI3K, to a lesser degree, are important for cell proliferation and survival 

in the 4T1.2 cells.  
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Figure 3.6.  Importance of Src and PI3K in growth factor induced 4T1.2 cells. A). Sub-confluent 
cells were serum starved and later treated with either 10% FBS, 40 ng/mL HGF, 100 ng/ml EGF, 
or 5 µg/mL Insulin, as indicated. Cells were harvested at indicated time points and evaluated for 
phosphorylated AKT and ERK levels; B). Cells were pre-incubated with kinase inhibitors for 45 
minutes prior to addition of 10% FBS. Cell lysates were used in JNK activity assays, with GST-
cJun1-79 as substrate, and in western blots to evaluate pAKT and pERK; C). Cells were transfected 
with siSrc or siJNK2. Twenty-four hours later cells were serum starved and then treated with 10% 
FBS. Lysates were used in JNK activity assays and western blot to evaluate Src and JNK2 
expression. GAPDH was used to evaluate even loading of samples; D). Cells treated with PP2, 
LY, or DMSO vehicle at indicated concentrations were assessed for viability over the course of 
three days. At each time point, cells were incubated with MTT for 3 hours before removing media 
and dissolving crystals in DMSO. Absorbance was read at 590 nm wavelength to compare 
intensities.       
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3.7 shJNK2 or shGAB2 Expression Impairs Growth Factor 
Induced pAKT 

Based on the observation that GAB2 expression is decreased in 4T1.2 

shJNK2 tumors, it is reasonable to speculate that JNK2 affects downstream 

signaling of GAB2. For this assumption to hold true, knockdown of JNK2 should 

result in similar effects as GAB2 knockdown, especially in response to RTK 

activation.  

To study the importance of JNK2 and GAB2 in RTK signaling, GIPZ, 

shJNK2, and shGAB2 expressing cells were serum starved, then stimulated with 

HGF and harvested in a time dependent manner. While pAKT was significantly 

induced in the GIPZ cells by HGF, minimal phosphorylation was observed in the 

shJNK2 and shGAB2 cells (Figure 3.7A). This observation aligns with the ability 

of JNK2 to mediate GAB2 downstream signaling responses. Consistent with 

constitutive ERK activity noted in Figure 5A and 6A, Src was phosphorylated on 

Y418 in all samples, including the serum-free time point. These data suggest 

constitutively active Src/Raf/ERK signaling in these cells. Although not shown, 

FBS stimulation of GIPZ, shJNK2, and shGAB2 expressing cells behaved 

similarly to HGF treated cells. To verify that negligible pAKT levels in JNK2 or 

GAB2 deficient cells were the result of low activity rather than decreased AKT1 

expression, western blot analysis showed similar AKT1 expression in 4T1.2 

GIPZ, 4T1.2 shJNK2, and 4T1.2 shGAB2 cells (data not shown). Reduced pAKT 
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determined to be independent of ERK activity in JNK2 and GAB2 knockdown 

cells suggests that HGF/Met signaling to pAKT is in part mediated by GAB2, 

which is positively regulated by JNK2. Together the results in the previous 

section in addition to the requirement for JNK2 in FBS induced AKT activation 

(data not shown), propose PI3K dependent JNK activity, which in turn affects 

GAB2 mediated AKT phosphorylation.     

To determine if JNK2 is essential for PI3K signaling downstream other 

RTKs, pAKT induction was evaluated in response to ligands known to activate 

ErbBs and IR/IGF-IR in the same fashion as performed with HGF. Heregulin-1 

(Her1) activates ErbB2/ErbB3 heterodimers and supra-physiological 

concentrations (5 µg/ml) of insulin activates IR and/or IGF-IR. Western blotting 

was used to evaluate pAKT and pERK expression. Figure 3.7B and C show that 

Her1 induced pAKT but not pERK, similar to HGF. Compared to GIPZ 

expressing control cells, AKT activation was significantly reduced in Her1 and 

insulin stimulated 4T1.2 shJNK2 and shGAB2 cells, whereas pERK was unaltered 

(Figure 3.6B and C). Together, these data show that reduction of JNK2 or GAB2 

potently inhibits RTK mediated AKT phosphorylation.  

In addition to the importance of GAB2 expression, its Tyrosine 

phosphorylation in response to activated RTKs is important for recruitment of 

effector proteins to signaling complexes possible. Specifically, Src has been 

reported to Tyrosine phosphorylate and constitutively bind to GAB2 (447). To 
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address if Src activity regulates GAB2 Tyrosine phosphorylation, 4T1.2 cells were 

serum starved, and stimulated with 10% FBS with and without prior PP2 

treatment. Tyrosine phosphorylation of immunoprecipitated GAB2 was 

observed in the un-stimulated (SFM) sample and further increased in response to 

FBS. However, PP2 did not significantly alter this response (Figure 3.7D). 

Moreover, Src was not detected in GAB2 immunoprecipitated samples. To clarify 

which RTK signaling pathways lead to Tyrosine phosphorylation of GAB2, 

GAB2 was immunoprecipitated from cells treated with HGF, Her1, or insulin. 

GAB2 Tyrosine phosphorylation was increased in response to HGF and insulin, 

but not Her1 (Figure 3.7E). Oddly, Src was only bound to GAB2 in Her1 treated 

cells. Decreased gel mobility of GAB2 in response to Her1 may represent other 

types of post-translational changes such as Ser or Thr phosphorylation (Figure 

3.7E).  Collectively, these data show that GAB2 mediates the downstream effects 

of several RTKs. Contrary to the findings of other groups, Src binding to GAB2 

does not appear to be necessary for Tyrosine phosphorylation of GAB2 in 

response to HGF and Insulin. Furthermore, Src activity was not necessary for 

GAB2 phosphorylation in response to FBS.   
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Figure 3.7. Expression of shJNK2 reduces GAB2 expression, and both shJNK2 and shGAB2 
impair growth factor mediated AKT phosphorylation. GIPZ, shJNK2, and shGAB2 cells were 
serum starved and then treated with the indicated growth factors; A). Cells were treated with 
HGF at indicated time points. Later, lysates were evaluated for pSrc, pERK, and pAKT. GAPDH 
was used to compare protein loading amongst samples; B). Experiments were done as described 
in A) except cells were treated with Her1; C). Experiments were done as described in A) except 
cells were treated with insulin; D). GAB2 was immunoprecipitated from 4T1.2 cells stimulated 
with FBS with or without prior PP2 treatment. Src inhibition did not appear to inhibit GAB2 
phosphorylation; E). GAB2 was immunoprecipated from serum starved cells treated with 
indicated growth factors 10 minutes. Tyrosine phosphorylation of GAB2 was observed in 
response to HGF and insulin.   
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3.8 The Role of Systemic JNK2 in Metastasis 

 An alternative approach to studying JNK2 in breast cancer progression is 

by mimicking advanced stages of breast cancer in jnk2-/- mice. The Balb/c origin 

of the 4T1.2 cells made this possible without experiencing obstacles involving 

immunological rejection of cells. More importantly, this approach allows us to 

investigate the importance of host contributions to tumor progression. In order 

for the metastatic tumor cells to successfully form new foci in a secondary 

location, the cells must adapt to the microenvironment. To establish proximity to 

a vascular source, the cells must overcome systemic mechanisms that maintain 

the endothelium in a quiescent, nonproliferating state. Furthermore, secretion of 

tissue-specific chemokines have been shown to be instrumental in homing of 

tumor cells to the secondary site (489, 490). Chemokine secretion and/or 

interactions between cancer cells and the host cell types may be modulated by 

endogenous JNK2. Thus, it was important to determine whether the absence of 

JNK2 in the host would affect the ability of the tumor cells to form metastatic 

lesions.    

To this end, jnk2+/+ (wild-type; n=15) and jnk2-/- (n=14) mice were 

injected with GIPZ expressing 4T1.2 cells into the left ventricle of the heart. Mice 

were monitored daily for symptoms of morbidity including but not limited to: 

difficulty breathing, ruffled appearance, and hindered mobility. Upon reaching a 

moribund state, mice were euthanized and evaluated for lung and bone lesions. 
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India ink was injected into the trachea to stain lungs and allow for visualization 

of lesions after a bleaching process. GFP expressing ribcage lesions were also 

counted at time of harvest. Daily monitoring of mice indicated that survival was 

prolonged in jnk2-/- mice compared to wild-type counterparts (Figure 3.8A; 

p=0.0459, Log Rank test). So much so that in every instance this experiment was 

repeated, several jnk2-/- mice would remain asymptomatic. In the representative 

experiment shown in Figure 2, the asymptomatic mice were euthanized at day 70 

post injection to evaluate signs of tumor colonization. These asymptomatic mice 

harbored metastatic GFP positive bone lesions which confirmed in addition to 

H&E staining that cancer cells were successfully injected (Figure 3.8B and C). 

Secondary lesions in jnk2-/- mice were also significantly lower in ribcage 

(p=0.0043, Mann Whitney test) and lungs (p=0.0224, Mann Whitney test), shown 

in Figure 3.8D and E, respectively. Thus, loss of jnk2 expression in the host 

reduces incidence of bone and lung metastases, and prolongs survival. 
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Figure 3.8. Systemic deletion of jnk2 prolongs survival and impairs bone metastasis. A). 4T.1 
GIPZ cells were injected into the left ventricle of wild-type or jnk2-/- mice (n=15 and 14, 
respectively). Mice were euthanized when symptoms of morbidity were observed (p=0.0459, Log 
Rank test); B). Asymptomatic mice were evaluated for presence of GFP positive tumor cell that 
were confirmed by; C). H&E staining, tumor cells are indicated by white stars; D). Upon harvest, 
rib tumor lesions were counted and confirmed using GFP expression (p=0.0043, Mann Whitney 
test); E). Lungs were perfused with India ink and later de-stained to visualize unstained 
metastatic lesions (p=0.0224, Mann Whitney test). 
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3.9 Discussion 

 The data presented herein collectively reveal an integral role for JNK2 

in breast cancer tumor progression and metastasis to the bone and lung, 

providing an encouraging direction for future development of therapeutics. 

Specific targeting of JNK2 using a variety of techniques including shRNA, 

siRNA, and systemic knockout in vivo, made it possible to elucidate the roles of 

JNK2 isoforms in the mentioned processes. Although inhibition of all JNKs with 

TAT-JIP dramatically reduced cellular invasion, stable knockdown of JNK2 in 

the highly invasive 4T1.2 cells revealed major contribution of JNK2 isoforms. 

Survival studies evaluating morbidity of tumor burden mice showed a protective 

effect for JNK2 deficiency both by knockdown in injected cancer cells and in jnk2-

/- mice. Prolonged survival concurrent with decreases in incidence of bone and 

lung lesions, as a result of JNK2 deficiency, point to a role for JNK2 in enhancing 

an aggressive phenotype in breast cancer. The more dramatic results observed in 

survival of jnk2-/- mice indicate a central role in host mediated progression; 

whereas, the near ablation of lung metastasis observed with 4T1.2 shJNK2 cells 

denotes a key role in tumor mediated progression.  

 Analysis of the principal mediators of growth factor signaling, Src and 

PI3K, established dependence of JNK activation to a large extend on Src activity 

and partially on active PI3K. The significance of this observation coupled with 

diminished AKT activation observed in the 4T1.2 shJNK2 cells situates JNK2 in a 
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very critical position for relay of proliferation and survival signals. The 

importance of AKT and ERK activation downstream of PI3K and Src, 

respectively, has been addressed in previous sections. In addition to its roles in 

survival and proliferation, AKT promotes metastasis by enhancing viability 

during EMT, permitting anchorage independent cell growth, contributing to 

angiogenesis, and regulating expression of proteases that degrade the ECM such 

as MMP9 (491, 492). Src, on the other hand, facilitates motility and invasion by 

promoting reorganization of the actin cytoskeleton and by affecting cell-cell and 

cell-matrix adhesion (493). It is of note that JNK2 deficiency did not lead to 

decreased ERK activity as a result of constitutive Src activity in this model. 

Regardless, from a therapeutic standpoint, JNK2 may serve as an effective target 

to impede tumor cell mediated signaling commonly associated with upregulated 

Src and PI3K/AKT pathways. The novelty of the effect of JNK2 on AKT 

phosphorylation reported herein stems from repeated observations in response 

to multiple RTK ligands. Our studies associate ErbB, c-Met, IR, and IGF-IR 

receptors with downstream JNK2 activation, implicating the relevance of JNK2 

targeting to human disease. While kinases have emerged as popular therapeutic 

targets for cancer treatment in the recent years, RTK inhibitors have encountered 

resistance and intolerable side-effects as major limitations for successful 

treatment. Drugs targeting ErbB activity have led to major improvements in 

patients outcomes. Unfortunately, resistance to these targeted treatments may 
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occur through upregulation of Met (385) or IGF-IR activity (494). Based on the 

results of these studies, combination therapy including an inhibitor of JNK2 may 

reduce the occurrence of resistance in these patients. Furthermore, jnk2-/- mice 

are overtly healthy, suggesting that toxicities related to its inhibition may be 

milder than other kinase inhibitors currently used for breast cancer treatment. 

 As mentioned, JNK2 activation by growth factors occurs in a Src and 

PI3K dependent fashion and, subsequently, positively regulates PI3K signaling 

by regulating Gab2 expression. Both Src and PI3K have been reported to bind to 

GAB2 and affect downstream pAKT and pERK signaling, as reviewed in 

previous sections. While JNKs have previously been reported to phosphorylate a 

variety of RTK mediated adaptor proteins such as IRS1 (495) and JIPs (283), this 

is the first documentation that JNK deficiency affects GAB2 expression. 

Consistent with observations of growth factor stimulated 4T1.2 shJNK2 cells, 

GAB2 deficiency also resulted in impaired AKT activation in response to various 

growth factors. These data propose that JNK2 may mediate PI3K activity by 

affecting GAB2 expression.      

In accord with previous reports indicating increased proliferation in 

normal and neoplastic mammary cells with overexpression of GAB2 (422), it is 

shown herein that GAB2 deficiency significantly retards tumor growth rate. 

Lung metastasis was also observed to be less frequent in mice injected with 4T1.2 

shGAB2 cells, similar to findings of previous researchers. However, the trend in 
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lower lung metastasis upon knockdown of GAB2 did not reach statistical 

significance. Although high variability was a factor in the group injected with 

4T1.2 GIPZ cells, the robust upregulation of GAB1 in 4T1.2 shGAB2 cells may 

also provide a viable explanation. GAB1 and GAB2 have common binding 

partners such as Grb2 (423, 496) and the p85 subunit of PI3K (497, 498), and are 

both reported to contribute to migration (433) and HGF mediated cell scattering 

(445, 499). Increased GAB1 levels have been previously indicated in GAB2 

deficient human endothelial cells, leading to increased AKT, Src, and ERK 

activation (433). While our studies show upregulation of GAB1 beyond what is 

observed in GIPZ expressing cells, the lack of AKT activation in the 4T1.2 

shGAB2 cells does not support this argument. Oddly enough, no GAB1 

expression was detected in 4T1.2 shJNK2 cells. GAB1 binding to p85 (500) and 

Grb2 (377) were separately determined to be critical for activation of JNK. 

Additionally, expression of GAB1 in conjunction with EGFR overexpression in 

293T cells increased JNK activity as measured by phosphorylated c-Jun levels 

(500).  In fibroblasts, a constitutive interaction between GAB1 and JNK2 has been 

documented (501). It may be speculated whether binding of JNK2 to GAB1 

affects its stability and thus ability to activate JNKs. Together, these studies 

characterize an important signaling pathway involving JNK2 and GAB2 by 

which normal or tumor cells can respond to a variety of ligand induced RTKs.   



91 

 

 Another layer of complexity is added to this signaling network by the 

finding that JNK activation is heavily dependent on Src activity. Inhibition of Src 

activity showed a potent and rapid reduction on 4T1.2 cell viability. However, 

JNK2 deficient cells displayed only slightly less viability in comparison to GIPZ 

expressing control cells, suggesting the presence of parallel pathways influencing 

survival of these cells. The Massague group has recently reported the 

significance of Src in bone metastasis, establishing it as a potential indicator of 

poor prognosis and late onset bone metastasis in breast cancer patients (479). 

Coupled with the protective phenotype of systemic jnk2 knockout in tumor 

progression, it is feasible that Src may convey its pro-metastatic effects via JNK2. 

This speculation is encouraged by multiple reports of Src binding to GAB2 to 

enhance GAB2 associated phenotypes, in addition to GAB2 signaling through 

JNK in response to RANKL for efficient osteoclastogenesis (431). In the 4T1.2 

model, binding of Src to GAB2 was only observed in response to Her1. 

Conversely, GAB2 was found to be Tyrosine phosphorylated upon stimulation 

with HGF and insulin, but not Her1. Furthermore, GAB2 phosphorylation was 

not altered in response to Src inhibition. A separate experiment using Src 

targeted siRNA to transiently decrease Src expression is required to confirm Src 

independent GAB2 phosphorylation. Although these findings negate the 

requirement for constitutive interaction with Src in tumor cells, Src binding to 

GAB2 may play a distinct role in osteoclasts. Thus, inhibition or deletion of either 
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of these genes may interfere with tumor cells’ ability to stimulate osteolysis 

through RANKL signaling. 

 Although not addressed by the presented studies, the protective effects 

observed in the absence of jnk2 indicate potential roles for JNK2 in tumor cell 

interactions with the microenvironment. Aside from modulating secretion of 

chemokines responsible for tissue-specific homing of cancer cells, JNK2 may 

alternatively be important for establishing a pre-metastatic niche. It has been 

proposed that bone marrow derived hematopoietic progenitor cells positive for 

Vascular Endothelial Growth Factor Receptor 1 (VEGFR1) are induced by factors 

secreted from tumor cells to migrate to pre-metastatic sites, forming cellular 

clusters prior to tumor cell arrival. These secreted factors from the tumor cells are 

also thought to enhance fibronectin production at the secondary site, thereby 

influencing the pattern of metastasis (502). JNK2 may possibly be important for 

mediating signaling downstream receptor-ligand interactions between the 

secreted factors and the local microenvironment. Apart from signaling, 

responsiveness of progenitor cells to tumor cells may additionally be impaired in 

jnk2-/- mice if JNK2 is important for VEGFR1 expression. Yet another speculation 

considers whether autocrine and paracrine signaling in the bone 

microenvironment in jnk2-/- mice produces the factors necessary to support CSC 

self renewal and/or survival.      
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Chapter 4 

Role of JNK1 in Breast Cancer Mediated Metastasis 

 
 

Structural similarities between JNK1 and JNK2 have long led to 

assumptions regarding redundant or compensatory functions, especially given 

their shared substrates, c-Jun, ATF-2, and Elk-1. Although the named substrates 

are phosphorylated to an equal extent, differential binding is displayed by the 

JNK isoforms. Whereas the binding of JNK1β1, JNK2αl, and JNK2α2 to c-Jun was 

2-fold greater than the binding to ATF2; the binding of JNK2β1 and JNK2β2 to 

ATF2 was 2-fold greater than the binding to c-Jun (224). The studies discussed 

earlier summarized other findings that showed some level of redundancy in 

some systems and complete divergence amongst JNK isoforms in others. For this 

reason, I wanted to determine the contribution of JNK1 in breast cancer 

metastasis.  

Amongst studies specifically focusing on JNK1 isoforms, there is 

controversy concerning its function in the capacity of a tumor suppressor or 

proto-oncogene. For example, slower growth was observed in jnk1-/- MEFs (249), 

whereas JNK1 specific siRNA transfection led to increased proliferation in 

embryonal rhabdomyosarcoma cells (503). Using JNK1 specific kinase assays and 

p-JNK2 ELISAs, JNK1 and not JNK2 activity was determined to be increased in 
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56% of human hepatocarcinoma tumors assayed (504). The rate of TPA induced 

skin tumor development was accelerated in jnk1-/- mice compared to wild-type 

counterparts. Increases in size and incidence of the tumors exhibited in jnk1-/- 

mice were enhanced as a result of pERK (263). It was later reported that in 

B16F10 melanoma cells, JNK1 suppressed osteopontin induced ERK activation 

(505). Osteopontin is a secreted glycoprotein that is expressed at elevated levels 

in aggressive tumor types and is associated with a poor prognosis. Most recently, 

osteopontin has been shown to be important for outgrowth of otherwise indolent 

tumors (506). It may be inferred from these studies that JNK1 functions are 

altered following transformation or hyperplasia. Altered JNK1 expression may in 

turn affect expression of other factors wih roles in tumor progression. 

Alternatively, tissue-specific functions may explain disparate results from 

different models.     

Aside from tissue-specificity, receptor specific ligands may display 

preferential activation of particular isoforms over another. This is best 

exemplified in RANKL stimulated osteoclast precursors, where JNK1, but not 

JNK2, plays an essential role in osteoclast differentiation. As a result, apoptosis is 

significantly increased in jnk1-/- bone marrow macrophages (267). Given the 

roles of JNK1 in osteoclast differentiation and MEF and tumor cell proliferation, 

it is of value to understand if JNK1 contributes to tumor mediated and/or host 

mediated mechanisms in breast cancer metastasis. 
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4.1 JNK1 Deficiency in Tumor Cells Enhances Bone 
Metastasis 
 

 To determine the importance of JNK1 in metastatic breast cancer cells, 

JNK1 deficiency was studied in the 4T1.2 cell line. Previous efforts from our lab 

resulted in achieving 70% knockdown of JNK1 with no change in JNK2 

expression (507). 4T1.2 shJNK1 and pSM2 expressing non-silencing control cells 

were utilized to specifically investigate breast cancer mediated bone metastasis. 

Balb/c mice were injected intra-cardiac with JNK1 deficient and pSM2 

expressing cells and monitored for symptoms of distress as before. Once mice 

exhibiting moribund behavior and appearance, serum was collected by retro-

orbital blood collection, followed immediately by euthanasia. Mice injected with 

4T1.2 shJNK1 cells succumbed to symptoms significantly earlier than mice 

injected with pSM2 cells (Figure 4.1A; n=15-16 per group, p=0.0003, Log Rank 

test). Analysis of ribcage lesions revealed a higher incidence of bone metastasis 

(Figure 4.1B; p=0.0052, Mann Whitney test) and higher serum levels of Cathepsin 

K (Figure 4.1C; p=0.0330, unpaired Student’s t test) as a result of JNK1 deficiency 

in the cancer cells. Cathepsin K is an indicator of osteoclast activity and thus 

elevated concentrations further corroborate that JNK1 may be enhancing tumor 

progression in this model. Therefore, reduction in JNK1 expression may promote 

metastasis of breast cancer cells.     
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Figure 4.1. JNK1 deficiency in 4T1.2 cells leads to a more aggressive phenotype. A). 1 x 105 
4T1.2 shJNK1 or pSM2 cells were injected intra-cardiac in Balb/c mice. Mice were euthanized 
when moribund (n=15-16 per group, p=0.0003, Log Rank test) and; B). evaluated for ribcage 
lesions (p=0.0052, Mann Whitney test); C). Serum levels of Cathepsin K were evaluated in an 
ELISA according to manufacturer’s instructions (p=0.0330, unpaired Student’s t test).    

 

4.2 Jnk1-/- Mice are Protected From Bone Metastasis 

 Given the reported role of JNK1 in RANKL signaling in osteoclast 

differentiation, it was of interest to evaluate if systemic jnk1 deletion (particularly 

in the bone) would have the same affect as observed in JNK1 deficient cancer 
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cells. To this end, GIPZ expressing 4T1.2 cells were injected intra-cardiac into 

wild-type or jnk1-/- mice. Mice were monitored daily and evaluated upon 

sacrifice for GFP positive ribcage lesions. In strong contrast to results obtained 

with knockdown of JNK1 expression in cancer cells, absence of host jnk1 

inhibited metastasis. Sixty percent of jnk1-/- mice did not display symptoms by 

Day 55 post injection when the experiment was terminated (Figure 4.2A; n=8-10, 

p=0.0034, Log Rank test). Furthermore, bone metastasis to the ribcage was nearly 

ablated in jnk1-/- mice (Figure 4.2B; p<0.0001, Mann Whitney test). Thus, the 

contrasting phenotypes displayed in tumor versus host jnk1 deficiency signify 

many intricacies in JNK1 signaling.    
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Figure 4.2. Systemic deletion of JNK1 prolongs survival by protecting against bone metastasis. 
A). Wild-type and jnk1-/- mice were injected intra-cardiac with 4T1.2 GIPZ cells and monitored 
for symptoms of distress (n=8-10, p=0.0034, Log Rank test); B). Ribcage metastasis was nearly 
ablated in jnk1-/- mice (p<0.0001, Mann Whitney test).      
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4.3 Discussion 

 Comparison of the cancer cell and host contributions of JNK1 using 

shRNA expression and systemic deletion, respectively, alludes to involvement of 

JNK1 in various signaling pathways with greatly diverse outcomes. Knockdown 

of JNK1 in the 4T1.2 cells significantly increased bone metastasis, leading to 

shortened survival in tumor burden mice. Additional studies in collaboration 

with Dr. S. Mitra revealed that the 4T1.2 shJNK1 cells exhibited increased 

invasion, higher frequency of lung metastasis, and accelerated tumor growth in 

comparison to 4T1.2 pSM2 cells (507). These findings show contrasting effects 

compared to results obtained with 4T1.2 shJNK2 cells.  On the other hand, the 

absence of JNK1 in mice exhibits a near-resistance to the development of bone 

lesions. Further studies are needed to determine if this effect is solely due to the 

role of JNK1 in osteoclastogenesis. It is possible other processes such as the 

immune system, tumor colonization, or secondary tumor outgrowth are affected 

by inhospitable conditions influenced by JNK1 signaling. 

 Given the distinct outcomes observed upon individual knockdown of 

JNK1 and JNK2, the most evident implications lie in the importance of 

developing isoform specific inhibitors. Although the complexity of host versus 

tumor effects of JNK1 may repudiate the potential for a successful JNK1 based 

treatment regimen, a better understanding of the underlying mechanisms will 

serve to identify other molecular targets with therapeutic promise.  
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 Future studies will focus on altered proteins and signaling pathways in 

JNK1 deficient 4T1.2 cells to determine how the aggressive behavior of these cells 

is promoted. To understand the underlying mechanisms responsible for the near 

absence of bone lesions in 4T1.2 injected jnk1-/- mice, additional studies are 

needed to determine if JNK1 is involved in progression of the vicious cycle. 

Previous reports have indicated RANKL mediated activation of JNK1, and have 

further documented the requirement for JNK1 for osteoclastogenesis from bone 

marrow monocytes (267). JNK1 can also be targeted in osteoblasts to determine if 

either responsiveness to breast cancer cells or bone formation mechanisms are 

altered. Alternatively, chemokine secretion from the bones in the jnk1-/- mice 

may be impaired, thus affecting tumor cell homing to bone tissues.   
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Chapter 5 

Role of JNKs in Osteoclast Differentiation 

 

 
The bone matrix is a rich source of growth factors, which upon release 

from the ECM enhance survival and colonization of metastatic tumor cells. 

However, multiple studies from other investigators indicate that breast cancer 

cells cannot directly resorb bone (120, 508). Metastatic breast cancer cells rely on 

the resorptive activity of osteoclasts to degrade mineralized bone and release 

growth factors in their vicinity (147). Before matrix degradation can proceed, 

osteoclasts polarize and form a sealing zone encasing the resorption pit with 

newly developed ruffled borders (509-512). Vacuolar H-ATPases accumulate at 

the edge of the ruffled borders and acidify the enclosed region (513, 514). Acidic 

conditions enhance release of proteases such as Cathepsin K from the activated 

osteoclast to degrade bone minerals (515-518). Contrary to assumptions that 

degradation products leak out from the sealing zone, thereby facilitating their 

release, the process of degradation products’ endocytosis into transcytotic 

vesicles in the osteoclast has been visualized (519-521). Intracellular trafficking of 

the degradation products culminates in exocytosis through the basolateral 

membrane facing bone marrow (522, 523). Figure 5.1 reviews the steps involved 

in release of bone degradation products from the osteoclast. 



 

Figure 5.1. Bone resorption occurs via proteases released from osteoclasts. Activated osteoclasts 
release proteases such as Cathepsin K and TRAP, in addition to HCl, under a sealed 
compartment to form a resorption pit in bone matrix. Vacuolar H-ATPases secrete H+ protons to 
contribute to the acidity. Products released from bone degradation are transported in transcytotic 
vesicles in the osteoclasts and are exocytosed through the secretory domain.   

    

RANKL, in addition to Macrophage Colony Stimulating Factor (M-CSF), 

is essential for differentiation of monocytes and macrophage precursors into 

multinucleated osteoclasts (524). In the bone microenvironment, RANKL and M-

CSF are secreted from osteoblasts and stromal cells (525, 526). While M-CSF 

enhances fusion of preosteoclasts into multinucleated osteoclasts (527), RANKL 

is responsible for inducing resorption pit activity (528). Alternatively, a 

combination of Tumor Necrosis Factor alpha (TNF-α) and Transforming Growth 

Factor beta (TGFβ) have been shown to induce osteoclast differentiation in the 

absence of RANK or RANKL signaling (529).  Mature osteoclasts are activated in 
101 

 



102 

 

response to RANKL, which stimulates the cytoskeletal changes associated with 

polarization and subsequent formation of the sealing compartment between the 

bone surface and its basal membrane (133). 

Based on the premise that metastatic breast cancer is commonly associated 

with osteolytic disease, investigators inquired whether secreted factors from 

cancer cells could affect osteoclast differentiation.  Multiple studies using 

conditioned media from breast cancer cell lines concur that these secreted factors 

are not sufficient to induce osteoclast differentiation (127, 530, 531). It is through 

tumor cell stimulation of osteoblasts that the necessary factors are secreted to 

stimulate osteoclastogenesis. The metastatic MDA MB 231 breast cancer cells 

secrete M-CSF, but not RANKL (532). Coculture with MDA MB 231 cells, 

however, enhanced RANKL expression in osteoblasts (127). One study identified 

Interleukin 11 (IL-11) as the primary factor resulting from co-culturing breast 

cancer cells with osteoblasts. The breast cancer cells induced release of IL-11 

from the osteoblasts and this factor was found to be critical for osteoclast 

formation (530). More notable is the observation that RANKL was upregulated in 

osteoblasts cultured in the presence of PTHrP overexpressing MCF7 breast 

cancer cells (127). The significance of this observation lies in the fact that MCF7 

cells are not particularly aggressive and thus not considered to secrete any 

factors associated with metastasis. However, increased secretion of PTHrP by the 
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breast cancer cells and its subsequent binding to osteoblast receptors is sufficient 

to induce RANKL release (127).  

The GAB2 adaptor protein has been reported to associate with RANK (a 

receptor Tyrosine kinase receptor) upon ligand binding, and mediate 

downstream RANKL induced signaling in bone marrow cells. In GAB2 deficient 

cells, osteoclastogenesis was significantly impaired, as was JNK and AKT 

activation (431). This study highlights the importance of GAB2 in osteoclast 

differentiation and as a mediator of major signaling pathways.  

Studies of the role of JNKs in osteoclastogenesis provide a solid 

foundation for further investigation. Defective osteoclast formation was reported 

in jnk1-/- mice but not in jnk2-/- mice (267). In pre-osteoclastic Raw 264.7 cells, 

diminished JNK1 impaired osteoclast differentiation by downregulating c-Fos 

and c-Jun (533), which are critical for osteoclast formation (534). Chang et al. 

report further de-differentiation of undifferentiated Raw 264.7 cells using a pan 

JNK inhibitor, SP600125. These reverted cells exhibited higher expression of 

macrophage antigens and increased phagocytosis, characteristic of osteoclast 

precursors (535). Collectively, these reports suggest a role for JNKs in osteoclast 

formation, maintenance, and commitment to a differentiated state. Further 

studies are required to determine the individual JNK mediated mechanisms that 

lead to the observed phenotypes. Other unanswered questions include whether 
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JNKs are involved in the responsiveness of osteoclasts to cancer cell secreted 

factors.     

Given the results obtained from intra-cardiac injection of 4T1.2 cells in 

jnk2-/- and jnk1-/- mice, it was of interest to evaluate the roles of JNK2 and JNK1 

in processes pertaining to functional osteoclasts. Specifically, the preliminary 

studies provided aim to confirm previous reports comparing JNK1 and JNK2 in 

osteoclast differentiation.  Furthermore, the effect of JNK2 or JNK1 deficiency in 

preosteoclast proliferation will be addressed. In contrast, we evaluated if JNK2 

and JNK1 expression in 4T1.2 cells affects growth factor and cytokine secretion, 

which affect proliferation of wild-type osteoclast precursors. Based on published 

reports and the protective effect of jnk2 or jnk1 deletion observed in mice injected 

with metastatic cancer cells, I hypothesize that deficiency of either JNK2 or JNK1 

will affect one or more of the named processes.   

 

5.1 Role of JNK1 and JNK2 in Osteoclast Differentiation 

To examine which JNK isoforms are essential for osteoclast differentiation, 

JNK1 and JNK2 were knocked down separately in the preosteoclast, monocytic 

Raw 264.7 cell line (Figure 5.2). GAB2 was also knocked down to confirm 

published results that osteoclast differentiation is blocked in the absence of GAB2 

(Figure 5.2) (431). Seventy-nine percent knockdown of JNK1, 81% knockdown of 
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JNK2, and 98% knockdown of GAB2 were achieved. Raw 264.7 cells (including 

parental, GIPZ, shJNK1, shJNK2, and shGAB2 expressing cells) were plated in 35 

ng/ml RANKL containing media and monitored for 5 days. Figure 5.3 shows the 

different cell morphologies observed on day 5 of treatment. GIPZ expressing 

Raw 264.7 cells were visually similar to parental Raw 264.7 cells. As observed in 

the GIPZ expressing and parental cells, differentiated osteoclasts are 

characterized by their giant size and multiple nuclei acquired by fusion of 

several individual preosteoclasts. Activated osteoclasts also display definite cell 

polarity and ruffled borders. This is in contrast to precursor osteoclasts, which 

are significantly smaller in size, round shaped in form, and containing a single 

nucleus. As previously reported (431), GAB2 deficiency resulted in total lack of 

differentiation. ShJNK1 and to a lesser extent shJNK2 expression hindered 

differentiation of the monocytic cells as evidenced by clear morphological 

differences. ShJNK1 expressing precursor cells were similar to shGAB2 precursor 

cells in size, with only a few cells growing slightly larger. ShJNK2 expressing 

precursor cells did differentiate into multinucleated cells exhibiting cell polarity. 

However, the size of these cells did not reach that of GIPZ expressing or parental 

cells, suggesting defective fusion ability between individual precursor cells. Also 

noted was the lower frequency of differentiated shJNK2 expressing cells in 

comparison with control cells.    



As a means to quantify osteoclast formation, multiple assays have been 

developed to assess tartrate resistant acid phosphatase (TRAP) expression as an 

indicator of osteoclast activity. Osteoclasts secrete TRAP during resorption (536-

538), thus making TRAP positivity a simple way to verify functionality of an 

osteoclast. In this study, Raw cells were differentiated with RANKL as before 

and processed for TRAP positivity on day 4 using a commercially available 

TRAP detection kit. Multinucleated cells expressing positive purple stain were 

counted and compared between groups. As expected, GAB2 deficient cells 

revealed no staining. Comparatively, both JNK1 and JNK2 knockdown in Raw 

cells led to significantly decreased numbers of TRAP positive differentiated 

osteoclasts compared to Raw GIPZ cells (Figure 5.4; n=5 fields per group, 

p=0.0079 for both groups, post hoc Mann Whitney test). Representative images 

provided in Figure 5.4 reveal that osteoclasts derived from Raw shJNK2 cells 

appear morphologically similar to GIPZ expressing control cells. However, Raw 

shJNK1 derived osteoclasts were much smaller in size in comparison to Raw 

GIPZ derived osteoclasts.        
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Figure 5.2. Knockdown of JNK1, JNK2, and GAB2 with shRNA. Raw 264.7 cells were infected 
with viral media collected from Phoenix packaging cells transduced with shJNK1, shJNK2, 
shGAB2, or GIPZ lentiviral constructs. Stable cell lines were obtained upon selection with 5 
µg/ml puromycin. Knockdown was assessed by quantification of band intensity obtained with 
western immunoblotting analysis.  
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Figure 5.3. Deficiency of JNK1, JNK2, or GAB2 affects osteoclastogenesis. Indicated cells were 
plated and treated with 35 ng/ml RANKL for 5 days. Media was refreshed with RANKL on day 
3. Representative images shown are at 10X magnification.  
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Figure 5.4. JNK1 or JNK2 Deficiency Leads to Decreased Numbers of Osteoclasts. Indicated 
cells were plated in 35 ng/ml RANKL for 5 days as before. Media was refreshed with RANKL on 
day 3. Cells were fixed and stained for TRAP positivity using kit on day 4 following 
manufacturer’s instructions. Positively stained cells were counted and averaged from five fields 
for each group at 10X magnification (shJNK1 vs GIPZ and shJNK2 vs GIPZ, p=0.0079, post hoc 
Mann Whitney test). Representative images provided were taken at 20X magnification. 
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5.2 Role of JNK1 and JNK2 in Preosteoclast Proliferation  
 Next, Raw GIPZ and knockdown cell lines were subjected to a viability 

assay as performed previously for the 4T1.2 cells to determine whether JNK1, 

JNK2, or GAB2 had a role in preosteoclast proliferation. JNK2 deficient cells 

behaved similar to GIPZ expressing control cells (Figure 5.5A). However, Raw 

shJNK1 cells had a noticably retarded proliferation rate; whereas, Raw shGAB2 

cells had noticably enhanced proliferation (Figure 5.5A). From a reversed 

perspective, it was also of interest to determine whether JNK1 or JNK2 also 

played a role in growth factor and cytokine secretion from cancer cells which 

would stimulate preosteoclast proliferation. It has previously been shown that 

conditioned media from MDA MB 231 breast cancer cells can increase the 

number of osteoclasts formed from RANKL treated Raw 264.7 cells (531). To the 

author’s knowledge, no reports have indicated whether conditioned media from 

breast cancer cells affected the proliferation of osteoclast precursors prior to 

differentiation. Figure 5.5B shows that indeed treatment of Raw 264.7 cells with 

conditioned media from actively proliferating 4T1.2 cells significantly enhances 

proliferation in comparison to cells maintained only in 10% FBS. The 

proliferation of Raw 264.7 cells was not different between groups treated with 

conditioned media from 4T1.2 GIPZ, 4T1.2 shJNK1, and 4T1.2 shJNK2 cells. 

These data indicate that previous reports of increased osteoclastogenesis may 

have been due to the increased number of precursors present rather than 



resulting from the number of cells that complete differentiation. Additionally, 

JNK1 or JNK2 deficiency in tumor cells does not appear to have a role in 4T1.2 

cellular synthesis or release of stimulatory factors.              
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Figure 5.5. JNK1 and GAB2 are involved in Raw 264.7 cell proliferation. A). 1x104 cells were 
plated in triplicate in 1 ml αMEM containing 10% FBS. At 24, 48, and 72 hours post plating, 100 µl 
3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide (MTT) was added per well for 3 
hours. Media was aspirated and crystals were dissolved in DMSO before reading absorbance. 
Values were averaged for each triplicate; B). Raw GIPZ cells were plated as before and treated 
with 700 µl of conditioned media from indicated 4T1.2 cells 24 hours after plating. Viability was 
assessed as in A).      
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5.3 Discussion  
Osteoclasts are differentiated and activated by RANKL to induce kinase 

activity of Src, AKT, IKKs, MAPKs, and JNKS which, in turn, activate 

transcription factors (NF-κB, Fos, AP-1, and NFATc1) (267, 539-542). The ability 

of osteoclasts to degrade mineralized calcium apatite (543) and subsequently 

release growth factors provides an attractive environment for breast cancer cells, 

which induce osteoblast dependent osteoclast differentiation. Consistent with the 

decreased bone lesions observed in jnk1-/- and jnk2-/- mice injected with 4T1.2 

cells, RANKL mediated differentiation of JNK1 or JNK2 deficient pre-osteoclasts 

was impaired. If osteoclastogenesis is dysfunctional in jnk2-/- or jnk1-/- mice, it 

follows that tumor related osteolysis will be hindered.  RANKL treated Raw 

264.7 shJNK1 cells displayed smaller structures on day 5 compared to control 

cells. This finding was in accord with previous results reporting an essential role 

for JNK1 in RANKL signaling and osteoclastogenesis (267). Conversely, Raw 

264.7 shJNK2 cells appeared structurally similar to GIPZ expressing Raw 264.7 

cells. TRAP staining of RANKL treated Raw 264.7 cells allowed for morphologic 

observation and quantification of differentiated cells. As expected, RANKL 

treated Raw shGAB2 cells were not TRAP positive. Both JNK1 and JNK2 

deficient Raw cells had significantly fewer differentiated osteoclasts after 

RANKL treatment compared Raw GIPZ cells. Since fusion of preosteoclasts is a 

key step in the development of functional osteoclasts, the results from Raw 
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shJNK1 cells lead one to speculate that JNK1 is critical for M-CSF signaling. 

Particularly, JNK1 may have an essential role in mediating signals from the M-

CSF receptor, the Tyrosine kinase c-Fms (544).  Based on the regulatory role of 

JNK2 on GAB2 in the 4T1.2 cells, it is possible that JNK2 may similarly regulate 

GAB2 expression in the Raw 264.7 cells via transcriptional control.  Osteoclast 

differentiation is defective in gab2-/- mice (431), suggesting the potential for 

partial aberration in the event of GAB2 downregulation in the absence of JNK2. 

However, this was not observed (data not shown). 

As an alternative explanation, the role of JNK2 in HGF signaling may 

have an influence on osteoclast appearance. HGF induces shape change in 

primary human osteoclasts and stimulates DNA replication (545).  Not only are 

osteoclasts responsive to HGF, they also synthesize and secrete HGF and have 

been found to regulate osteoblasts by paracrine regulation as well (545).  JNK2 

has been shown in previous sections to mediate HGF signaling in the 4T1.2 cells, 

and may similarly have a pivotal role in osteoclast signaling.  Future studies 

evaluating the role of JNK2 in HGF mediated osteoclast signaling will investigate 

the validity of these postulations.     

HGF also stimulates chemotactic migration of osteoclasts (545). 

Osteoclasts resemble tumor cells in that they can migrate through cell layers by 

extending long cytoskeletal protrusions referred to as podosomes (546). 

Assuming comparable mechanisms in osteoclasts and tumor cells, inhibition of 
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signaling proteins central to migration may affect both cell types. However, the 

importance of bone remodeling should be taken into account during selection of 

molecular targets. Constant restructuring of bone architecture by osteoclasts is 

vital in maintaining bone quality. Indeed, suppression of remodeling causes 

accumulation of microfractures in bone (547).  

Although JNK2 knockdown did not affect proliferation of Raw 264.7 cells, 

Raw shJNK1 cells displayed minimal proliferation compared to Raw GIPZ cells. 

Unexpectedly, GAB2 deficiency enhanced proliferation rate of Raw 284.7 cells. 

As noted in the 4T1.2 shGAB2 cells, it is possible that GAB1 is also upregulated 

in the Raw shGAB2 cells. Based on the established role of GAB1 in survival and 

proliferation (548), it is not surprising that increased GAB1 levels might enhance 

proliferation in Raw 264.7 cells.   

Interestingly, JNK1 or JNK2 deficiency in the 4T1.2 mammary cancer cells 

did not affect the ability of these cells to secrete factors that stimulate enhanced 

proliferation of the Raw 264.7 cells. The preostecolasts were equally responsive 

to conditioned media obtained from 4T1.2 and all 4T1.2 derived cell lines. 

Current studies are focused on determining whether JNK1 or JNK2 knockdown 

in the Raw 264.7 cells impairs responsiveness to these secreted factors from the 

cancer cells. Other long term goals of these studies include investigation of 

whether JNK1 and JNK2 deficiency alter expression of established factors 

necessary for osteoclast activity. Namely, RANK, Cathepsin K, and NFATc1 are 
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among targets that will be evaluated in RANKL treated Raw 264.7 cells. 

Additionally, pAKT and pERK levels will be assessed in JNK1 and JNK2 

deficient cells in response to RANKL activation to determine if major signaling 

pathways are altered.         

A better understanding of the mechanism(s) leading to incessant 

osteoclast differentiation and subsequent activation will provide another piece to 

the puzzle in the vicious cycle and identify promising molecular targets. This 

knowledge will not only benefit patients with advanced breast cancer, but may 

also be of value to individuals suffering from diseases of the bone such as Paget’s 

disease, osteopenia, or osteoporosis, among others. Due to the unpleasantness 

associated with acquiring bone biopsies, bone samples are not typically taken 

from patients to confirm the presence or existence of a suspected bone ailment. 

However, assessment of JNK1 or JNK2 levels in bone biopsies may serve as a 

prognostic factor both for cancer patients and those inflicted with bone disease.    
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Chapter 6 

Summary and Future Directions 

 

 
Previous studies of JNKs have identified important roles in proliferation, 

apoptosis, differentiation (549), and now metastasis. Individual targeting of JNK 

isoforms has indicated distinct, tissue-specific functions for JNK2 and JNK1. 

Stable knockdown of JNK2 in 4T1.2 tumor cells resulted in decreased invasion. 

Injection of 4T1.2 shJNK2 cells into the circulation of mice led to prolonged 

survival and fewer bone and lung metastases, in comparison with mice injected 

with GIPZ expressing 4T1.2 control cells. Additionally, a slower tumor growth 

rate was observed when 4T1.2 shJNK2 cells were injected orthotopically 

compared to 4T1.2 GIPZ expressing tumors. More dramatic results were 

obtained by intra-cardiac injection of 4T1.2 cells in jnk2-/- mice.  The absence of 

JNK2 expression in these mice significantly prolonged survival, concomitant 

with a lower frequency of bone and lung metastasis.  Within this group, a high 

proportion of mice remained asymptomatic up to termination of the experiment.  

Inhibition or knockdown of JNK2 in host and cancer cells, respectively, 

displayed similar phenotypes, whereas; absence of JNK1 in the host exhibited an 

opposite phenotype compared to its deficiency in cancer cells.  The systemic 

deletion of jnk1 protected mice from developing metastatic bone lesions.  As was 
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observed with jnk2-/- mice, several jnk1-/- mice also remained asymptomatic up 

to termination of the experiment.  In contrast, 4T1.2 shJNK1 cells were more 

aggressive than GIPZ expressing control cells when injected intra-cardiac into 

Balb/c mice, causing a higher frequency of ribcage lesions. These data indicate 

the importance of understanding isoform-specific functions of JNKs in cancer 

versus normal tissue homeostasis.   

Specific JNK2 inhibitors may provide therapeutic benefit to patients in the 

advanced stages of breast cancer. JNK1 would not, however, serve as an effective 

molecular target due to its paradoxical roles in our model. The main obstacle to 

designing JNK isoform specific small molecule inhibitors stems from the high 

homology and structural similarities between JNK2 and JNK1. Despite these 

challenges, Yao et al have constructed a compound that they report specifically 

inhibits JNK1 and not JNK2 or JNK3 (550). JNKs have 11 common protein kinase 

domains that contain conserved regions such as those necessary for ATP and 

substrate binding (213). One strategy to selectively target JNK2 or JNK1 isoforms 

involves exploitation of the region between subdomain IX and X.  Alternative 

splicing of one of two exons in this region has been shown to account for the 

differential binding of JNK2 and JNK1 to particular transcription factors (224). 

Another distinguishing factor between JNKs is their individual chromosomal 

locations, making gene based therapies a possibility. While genetic deletion in 

humans is not a realistic option, transient siRNA targeting of mRNA is a more 
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practical alternative. Current efforts are focused on developing effective siRNA 

delivery techniques, and selective targeting to desired cell types (551). As 

previously mentioned, development of JNK1 based therapeutics for breast cancer 

treatment is not recommended. However, such options may benefit patients with 

other diseases of the bone involving hyperactive osteoclasts, for example patients 

suffering from Gorham-Stout syndrome, which is a rare condition that causes 

spontaneous bone resorption or diabetes (552). A more familiar example is 

osteoporosis, in which the rate of bone turnover surpasses that of bone formation 

(553). Additionally, JNK2 or JNK1 may serve as prognostic markers in breast 

tumor biopsy samples. Low JNK2 expression may be associated with a favorable 

prognosis and a lower probability of secondary tumor formation in the bone and 

lungs. In contrast, low JNK1 expression in tumor cells may be associated with a 

less favorable prognosis.   

 To investigate the underlying mechanisms responsible for JNK2 mediated 

signaling, 4T1.2 GIPZ and 4T1.2 shJNK2 derived tumors were subjected to 

microarray analysis. Among the altered targets from the 4T1.2 shJNK2 samples, 

the adaptor protein GAB2 was found to be expressed at a level 2 fold lower 

compared to expression levels in the 4T1.2 GIPZ tumors. To study if GAB2 

deficiency led to similar outcomes as those observed with JNK2 deficiency, 

GAB2 was knocked down in the 4T1.2 cell line. Growth factor stimulated AKT 

phosphorylation was considerably decreased in response to HGF, insulin, and 
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Her1 in either JNK2 or GAB2 deficient cells.  These findings suggest that JNK2 

positively regulates GAB2 expression. However, since GAB2 has an established 

role immediately downstream of activated RTKs and JNKs are commonly known 

as downstream effectors, this positive regulation (of GAB2 by JNK2) is likely 

mediated via transcriptional control.  Furthermore, GAB2 deficiency has 

independently been shown by other researchers to significantly impair migration 

and lung metastasis in a MMTV-Neu2-5 model, while having modest affects on 

tumor initiation (441).  Knockdown of GAB2 in the 4T1.2 cells exhibited 

decreased tumor growth, and a trend was observed for decreased lung 

metastasis.  The lack of statistical significance observed in the lung metastasis 

study is likely attributed to the high variability in lesion numbers in mice 

injected with 4T1.2 GIPZ cells.  Alternatively, upregulation of GAB1 as a result of 

GAB2 knockdown may also account for non-significant differences observed. In 

our model, GAB1 was upregulated in 4T1.2 shGAB2 cells compared to 4T1.2 

GIPZ cells. However, GAB1 expression was not detected in 4T1.2 shJNK2 cells, 

indicating that GAB1 expression may be dependent on JNK2. GAB1 and GAB2 

are coexpressed in other breast cancer cells such as T47D cells (418, 423).  In these 

cells, GAB1 and GAB2 have the ability to compensate for deficiency of the other 

and are both shown to induce MEK1 activation (438).  However, GAB1 

expression was not altered in 4T1.2 shJNK2 cells according to microarray 

analysis. Additionally, if it were the case that GAB1 was compensating for GAB2 
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deficiency, compensation in AKT phosphorylation would have also been 

expected.  

While GAB2 requires adaptor proteins such as Grb2 to bind RTKs (422-

426), the non-receptor Tyrosine kinase, Src, has been shown to directly bind 

GAB2 on its Proline rich residues (447).  This interaction between Src and GAB2 

leads to phosphorylation and thus activation of GAB2, resulting in enhanced 

acinar disruption and AKT activation in the immortalized mammary MCF10A 

cells upon co-expression (445). The MCF10A cells have the capacity to mimic 

glandular architecture of polarized mammary cells, by forming three-

dimensional spheroids when plated in Matrigel™ (554). Oncogenic 

transformation of these cells leads to a range of aberrant phenotypes observed in 

the acini such as incomplete luminal clearance and disruption of structures, as 

observed with co-expression of GAB2 and Src (445). Our studies show that JNK 

activity assessed by c-Jun activation is dependent on Src activity.  While Src 

expression was not in turn found to be affected by knockdown of JNK2 (data not 

shown), downregulation of GAB2 may hinder the ability of Src to transduce 

downstream signaling. With respect to the report by Bennett et al. which notes 

an oncogenic role for Src and GAB2 (445), it may be implied that reduced 

availability of GAB2 for Src binding – as a result of decreased JNK2 levels - 

would lead to reduced levels of activated GAB2. In addition, similar to the 

results observed with growth factor stimulation of 4T1.2 shGAB2 cells, it is 
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possible that AKT activation may also be impaired in the MCF10A cells as a 

result of GAB2 deficiency.    

In the inactive state, Src is phosphorylated on Y527, which sequesters the 

activation loop which contains residues 413-418 (555). When Tyrosine residue 

Y527 is unphosphorylated, Src undergoes conformation changes, exposing the 

activation loop and allowing for phosphorylation by other Src molecules (556). 

We observed constitutive Src phosphorylation in the 4T1.2 cells as evidenced by 

phosphorylation of Src on Y418. The question thus arose as to whether GAB2 

was constitutively bound by Src in our model and if it influenced GAB2 

mediated responses. It has previously been reported that GAB2 constitutively 

binds to Src in a primary hepatocyte model. Using PP1, a Src family specific 

inhibitor, GAB2 phosphorylation was significantly diminished, as was 

downstream AKT activation (447). For our studies PP2, which is a related 

pyrazolopyrimidine to PP1, was used to inhibit Src family kinases. GAB2 

Tyrosine phosphorylation was not affected by inhibition of Src in FBS treated 

4T1.2 cells.  Additionally, Src binding to GAB2 was not required for HGF or 

insulin mediated GAB2 activation.  In fact, Src was only immunoprecipitated 

with GAB2 in the Her1 treated sample. A gel mobility shift for GAB2 in the 

absence of Tyrosine phosphorylation in this sample suggests that the increased 

gel mobility may be due to Serine or Threonine phosphorylation events.  
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JNK activity was found to be dependent on PI3K, and knockdown of 

JNK2 or GAB2 led to significantly reduced AKT phosphoration.  Given these 

results, JNK2 may mediate PI3K downstream signaling by way of GAB2. In a 

precursor B cell model (BaF3 cells), abrogation of GAB2 binding to the p85 

subunit of PI3K inhibited IL-3 induced AKT activation (421). In the event of 

decreased GAB2 expression, as observed as a result of JNK2 deficiency, less 

GAB2 would be present to bind to p85. Decreased GAB2 mediated p85 signaling 

may explain the impaired AKT activation observed in the 4T1.2 shJNK2 and 

shGAB2 cells. The observation that places JNK downstream of PI3K may suggest 

the existence of a positive feedback loop whereby JNK activity positively 

regulates GAB2 expression. As previously discussed, this regulation may occur 

either by transcriptional control or possibly through Serine/Threonine 

phosphorylation of specific RTKs by JNKs that in the event of activation would 

recruit GAB2 and increase the duration of its stability. The latter is not probable 

considering reports that Serine/Threonine RTK phosphorylation has previously 

been reported to inhibit Tyrosine phosphorylation and HGF mediated signaling 

downstream c-Met (557). The overall pathway for JNK2 regulation of GAB2 

proposed by these studies is summarized in Figure 6.1. 



 

Figure 6.1. JNK2 and GAB2 positively regulate AKT activation. GAB2 is recruited to activated 
RTKs through binding to Grb2. According to our model, GAB2 and JNK2 are both essential for 
AKT activation. JNK2 is classically known to be phosphorylated and activated though the MAPK 
signaling cascade, at which point it translocates to the nucleus to activate c-Jun. c-Jun is part of 
the AP-1 complex and leads to transcription of multiple genes, possibly including GAB2. Our 
findings suggest that JNK2 activity is Src and PI3K dependent. 
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 To complement studies performed in mammary cancer cells, it was of 

interest to study osteoclast differentiation as a means to illuminate the roles of 

JNK1 and JNK2 in bone metastasis. Although the mechanistic data obtained 

using 4T1.2 GIPZ and 4T1.2 shJNK2 cells provides support for the observed 

phenotypes, it does not explain how systemic deletion of JNK2 exhibits the same 

outcome. Specifically, the decreased incidence of ribcage lesions in jnk2-/- and 

jnk1-/- mice injected with 4T1.2 cells suggests involvement of JNK2 and JNK1 in 

progression of the vicious cycle. Osteoclast activation is commonly upregulated 
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in metastatic breast cancer and results from RANKL mediated differentiation of 

pre-osteoclasts (133). To determine if JNK1 or JNK2 influence osteoclast 

differentiation, they were individually targeted using shRNA in the murine 

preosteoclast, monocytic Raw 264.7 cells. Raw shJNK1 and Raw shJNK2 both 

displayed defective osteoclast differentiation, as assessed by TRAP staining. This 

result was expected in JNK1 deficient cells, based on reports that JNK1 is the 

main isoform responsible for conveying signals downstream the RANK receptor 

(267). RANKL treated Raw shJNK1 cells were noticeably smaller in size in 

comparison to GIPZ expressing control Raw 264.7 cells. A critical step in 

formation of functional osteoclasts is the fusion of multiple precursor cells into 

one large multinucleated cell (558). These cells may lack the dendritic cell specific 

transmembrane protein (DC-STAMP), which has recently been found essential 

for osteoclast fusion (559). Alternatively, M-CSF mediated upregulation of DC-

STAMP (527) may be impaired in the absence of JNK1. The morphology of JNK2 

deficient Raw 264.7 cells may potentially be explained by determining whether 

JNK2 regulates GAB2 expression in these cells similar to the 4T1.2 cells.  Albeit 

less frequent, the morphology of TRAP positive Raw shJNK2 cells was similar to 

Raw GIPZ derived osteoclasts. These findings are in stark contrast to the 

complete absence of TRAP staining observed in RANKL treated Raw shGAB2 

cells, indicating an essential role for GAB2 in osteoclast formation. Previous 

reports have also indicated defective osteoclastogenesis in gab2-/- mice (431). If 
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GAB2 levels were decreased in JNK2 deficient Raw 264.7 cell, it follows that 

osteoclast differentiation must also be impaired to some extent. Since osteoclast 

formation does not appear defective in Raw shJNK2 cells, it can be concluded 

that JNK2 likely does not regulate GAB2 in this system. The decreased number of 

differentiated cells does suggest that proliferation of precursors cells may be 

influenced by JNK2. However, the proliferation rate of Raw shJNK2 cells was 

only slightly lower than that of Raw GIPZ cells, with a more notable decrease in 

proliferation in the Raw shJNK1 cells, as measured by a standard viability assay. 

Furthermore, proliferation of Raw 264.7 cells was markedly enhanced in the 

presence of conditioned media from 4T1.2 GIPZ, 4T1.2 shJNK1, and 4T1.2 

shJNK2 cells. JNK1 or JNK2 deficiency in the mammary cancer cells did not 

affect the ability of these cells to secrete factors, which led to stimulation and 

enhanced proliferation of the Raw 264.7 cells. Future studies will address if 

responsiveness of Raw 264.7 cells to secreted factors by breast cancer cells is 

influenced by JNK1 or JNK2 expression. Furthermore, studies will aim to 

determine if JNK1 or JNK2 deficient differentiated osteoclasts have resorptive 

function. To this end, expression of critical factors including Cathepsin K, RANK, 

and NFATc1 will be evaluated. Additionally, bone marrow monocytes will be 

harvested from jnk1-/- and jnk2-/- mice and compared in their osteoclast 

formation ability. Overall, the results obtained up to this point from 

differentiation of osteoclasts support the findings that both jnk1-/- and jnk2-/- 
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succumb to symptoms of morbidity significantly later than wild-type 

counterparts injected with metastatic cancer cells.   

Collectively, these data identify opposing roles for JNK2 and JNK1 in 

breast cancer cell mediated metastasis.  Whereas JNK2 deficiency in both host 

and tumor cells had a protective effect against the development of metastasis in 

mice injected with cancer cells, JNK1 deficiency in the same model cell line led to 

a more aggressive phenotype. However, upon injection of wild-type 4T1.2 cells 

in jnk1-/- mice, the incidence of bone metastasis was nearly abolished. These 

conflicting results maintain the need for isoform specific drug design with 

respect to individual JNK isoforms.  

Among the two isoforms, JNK2 clearly has the most potential as a 

molecular target for the treatment of metastatic breast cancer. The studies shown 

reveal that JNK2 plays pivotal roles downstream multiple RTKs. In an effort to 

avoid the development of resistance, regimens including a JNK2 specific 

inhibitor in combination with currently popular RTK inhibitors may prove 

successful in the clinic.             

While the development of a JNK1 inhibitor may appear detrimental for 

cancer treatment, further investigation of the mechanisms responsible for 

enhancing the metastatic potential of the 4T1.2 cells may lead to discovery of 

other novel molecular targets that may prove more suitable for therapeutic 
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inhibition. Moreover, the inhibition of JNK1 or JNK2 for that matter may be 

beneficial for patients inflicted with osteolytic bone ailments in the absence of 

cancer. Paget’s disease, osteopenia, osteoporosis, and Gorham Stout syndrome 

are among the many diseases in which osteolysis is in excess of homeostatic 

levels.  

The results from these studies can also be applied to establish JNK1 and 

JNK2 as prognostic factors in breast cancer patients. Tumor biopsies are 

commonly used to assess expression of multiple proteins, which allow the 

physician to predict certain aspects of the disease. Particularly, responsiveness to 

certain treatment regimens and the probability of cancer spread are such factors. 

Low JNK2 expression in a biopsy may predict a lower chance for metastatic 

progression; whereas, low JNK1 expression may indicate a less favorable 

outcome. 

The studies provided herein contribute to our understanding of JNKs as a 

kinase, as a downstream effector of RTKs, and as a mediator of breast cancer 

metastasis. Ultimately though, these results should be considered in context of 

the known roles of JNK isoforms in other vital processes, namely development, 

apoptosis, and metabolism, among others. JNK-centric therapeutic interventions 

should take heed to the spatial-temporal functions of JNKs and take into account 

the possibility of adverse effects, which may be encountered in the event that 

critical pathways are affected. Side effects are a common occurrence with many 
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cancer treatment regimens, especially with chemotherapy. Given the healthy 

status of jnk2-/- mice we have reason to believe that the potentially positive 

outcomes will outweigh the negative aspects. Nonetheless, these data identify 

JNK2 as a novel and promising molecular target for the treatment of metastatic 

breast cancer.  
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