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ABSTRACT 

INVESTIGATION OF RAS DEPENDENT SIGNALING PATHWAYS IN PROMOTING 
EXPERIMENTAL PROSTATE CANCER METASTASIS  

By 

Heather Wood Sheppard Tillman 

Even with advances in the detection and treatment of localized prostate cancers 

the spread of the disease to distal sites is correlated with having a poor prognosis.[1]  A 

subset of advanced human prostate cancers with metastatic capability have a combined 

loss of the tumor suppressors PTEN and P53.[2] However modeling the conditional loss 

of both genes in the prostates of mice only results in organ-confined disease.[3]  

Identifying genetic events and additional pathways that better model the phenotype and 

behavior of advanced cancers will create more useful preclinical models for studying the 

mechanisms that are important for metastasis and also for testing combinatorial 

therapies to help patients control their disease.  The work described in this dissertation 

builds on and extends the current understanding of the pathways that are important for 

advanced prostate cancers to metastasize to the lungs, lymph nodes, bone and brain.   

Here we characterize the histologic phenotype and metastatic properties resulting from 

the overexpression of oncogenic KRASG12V in the Clone 2 cell line, which was 

established from the PB-Cre4(+)Pten(fl/fl)TP53(fl/fl) mouse model of prostate cancer.  

Adenocarcinoma that was CK8+, CK5- and P63- was the major phenotype that was 

observed for Clone 2-KrasG12V orthotopic tumors.  Metastasis to the lung and lymph 

nodes occurred from Clone 2-KrasG12V orthotopic tumors.  Brain metastasis occurred 

when Clone 2-KrasG12V cells were injected via an intracardiac route.  Previous work with 

the Pten;Trp53 knockout mouse model, primary tumor spheres derived from the model 



and the Clone 2 cell line have shown that both Pten and Trp53 regulate aspects of 

cellular differentiation in murine prostate epithelial cells, which may also directly or 

indirectly affect the frequency of metastasis.[3, 4]  While retaining the ability to respond 

to TGFβ1 Clone 2-KrasG12V CK8+ adenocarcinoma cells did not undergo an in vivo 

TGFβ1-mediated epithelial-to-mesenchymal transition (EMT) unlike Clone 2 CK8+, 

CK5+/-, P63- adenocarcinoma cells.  When TGFβ-SMAD dependent signaling was 

impaired Clone 2-KrasG12V cells became bi-phenotypic for both luminal and basal 

lineage markers (CK8+, CK5+, P63+) and formed lung and lymph node metastases 

following orthotopic implantation.  The bi-potential tumor cells formed both bone and 

brain metastases following intracardiac injection.  Additional experiments suppressing 

IKBα-p65-mediated NFκB showed a known relationship whereby Clone 2-KrasG12V cells 

required NFκB for both invasion and metastatic colonization.   Together these data 

show that 1) the expression of oncogenic KrasG12V influenced the in vivo phenotype of 

Clone 2 cells, 2) resulted in metastasis and 3) identified the TGFβ and NFκB pathways 

as being important for aspects of the metastatic phenotype of Ras dependent tumor 

cells as well as the ability to remain fully committed as luminal epithelial cells.  
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CHAPTER ONE:  Introduction to Human Prostate Cancers 
and Experimental Prostate Cancer Models 

 

1.1 A general overview of human prostate cancers in the United 
States population 
 

Prostate cancer is the most common cancer in the American male population, 

and it is the fifth leading cause of cancer related deaths in the United States. The 

number of deaths was 21.4 per 100,000 men per year based on 2008-2012 data from 

the National Institutes of Health Surveillance, Epidemiology, and End Results Program 

(SEER). In 2015, 220,800 of prostate cancer were diagnosed and 27,540 patient 

succumb to the disease.[1] Metastatic disease is usually the cause of death in patients 

with advanced cancers. The most common site for prostate cancers to colonize include 

the bone microenvironment (84%) followed by distant lymph nodes (10.6%), the 

liver(10.2%), and within the thorax (9.1%).  Interestingly of patients that go on to have 

bone metastases, approximately 12.4% will also have detectable disease in the brain 

(12.4%).[5] However statistical data from SEER studies and other published reports 

show that prostate cancer is not often a deadly disease.  The standard diagnostic test 

for prostate cancer, serum prostate-specific antigen (PSA) has led to an increase in the 

detection of early prostate cancers.  However, because PSA is not a biomarker for 

disease progression there is currently a dilemma whereby patients may be either over 

treated or undertreated for their cancers.[6] Thus the development and characterization 

of new experimental models to study aggressive prostate cancers with lethal metastatic 

potential will be important for determining the genetic features and signaling pathways 

that are essential for an aggressive disease phenotype.  Additionally the creation of new 
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experimental models is important for testing new combinatorial therapies that may 

benefit patients with advanced disease.  
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1.2 The histologic assessment of prostate cancers 
 

While several histologic classification systems for prostate cancer exist, the 

Gleason scoring system is commonly used and is well researched regarding its 

prognostic significance for prostate tumors.[7, 8]  The majority of prostate tumors have a 

histologic phenotype that is classified as prostatic acinar adenocarcinoma.  This tumor 

type is positive for the luminal marker cytokeratin 8/18 (CK8/18) and negative for basal 

markers cytokeratin 5/6 (CK5/6) and P63.[9] Other histologic variants of prostate cancer 

that have been reported include: prostatic ductal adenenocarcinomas and 

adenocarcinomas with mucinous, signet ring, adenosquamous, basaloid, sarcomatoid, 

lymphoepithelioma-like, small cell (neuroendocrine), urothelial (transitional cell), 

undifferentiated, pseudohyperplastic, xanthomatous, or atrophic phenotypes.[10] Some 

of these phenotypes have been correlated with having a more adverse outcome.[10-12] 

The Gleason system[13] was designed to provide prognostic information only for 

prostatic acinar adenocarcinomas, but it also includes information for grading other 

prostate cancer subtypes with features of glandular differentiation.   

The putative precursor lesion for prostate cancer, prostatic intra-epithelial 

neoplasia (PIN),[14] is divided into a low grade and high grade designation and is not 

graded according to the Gleason system.  Unfortunately using histology alone to stratify 

prostate cancers into low risk and high risk groups has not always been a consistent 

predictor for biological behavior of a tumor, and sampling bias may be to blame for 

some of the inaccurate assessments of malignancy in a subset of tumors. [15] While it 

is well documented in the literature that prostate cancers with ≥ 8 Gleason scores[16] 

are at risk for aggressive disease it is unclear whether patients with intermediate scores, 
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such as Gleason grades 6 or 7, will have indolent tumors or aggressive diseases that 

require treatment or placement under active surveillance. [17]   

In addition to an incomplete classification scheme for prostate cancers there is 

currently a limited translatability of published in vitro and in vivo genetic and functional 

studies, which could be used as the basis for a universal subtyping scheme for 

stratifying patients into risk groups and treatment protocols.  Without the ability to stratify 

prostate cancers at a phenotypic or genetic level in a robust way, the lack of a clinically 

relevant classification system has led to costly and unnecessary treatments of less 

aggressive diseases and sometimes the under treatment of a more malignant tumor.[6] 

To this end, large scale and comprehensive genomic studies have been undertaken to 

define common and important genetic lesions that can be used to provide a molecular 

subtyping scheme for diagnosis, treatment and the prediction of patient outcome. 
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1.3 The genetic basis of prostate cancer tumorigenesis and 
progression 
 

Prostate cancer is unusual from other epithelial cancers regarding the genetic 

changes that have been characterized as necessary for a tumor to development.  Both 

in vitro and in vivo genetic studies point to chromosomal rearrangements events[18], 

copy number alterations[2, 19, 20] resulting in loss of tumor suppressors and activation 

of the transcription factor c-myc[21] as key drivers of tumorigenesis and early 

progression rather than instances of oncogene addiction.[22, 23]  The key genetic 

events common to the development of the putative precursor lesion, prostatic 

intraepithelial neoplasia (PIN), and adenocarcinomas include an increase in the 

expression of Alpha-methylacyl-CoA racemase (AMACR) in PIN and carcinoma lesions 

and loss of function of tumor suppressors, such as NKX3.1,[24, 25] PTEN,[26] and 

P53.[27]  This inherent genomic instability and uncontrolled proliferation at the onset of 

tumorigenesis is thought to give rise to additional oncogenic stresses that are needed to 

overcome cellular induced senescence, which lead to both driver and by-stander 

genetic effects. Such effects may include the acquisition of activating point mutations in 

oncogenes like Ras proteins and Rb family members, [2, 28] the accumulation of 

epigenetic events, such as the overexpression of the polycomb group protein EZH, and 

the acquisition of stem and progenitor cell characteristics which promote down-

regulation of E-cadherin leading to epithelial to mesenchymal transitions.[29]  A number 

of tissue based analyses and genetic in vitro and in vivo model systems are being 

created for the purpose of generating molecular signatures from these experimental 

systems to stratify indolent versus aggressive disease. [20, 30-32]     
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The advantage of using these genome based approaches to generate molecular 

signatures for both a generalized and personalized subtyping approaches for prostate 

cancers are that genetic events that are found can be translated back to in vitro and in 

vivo systems, such as xenograft, allograft and mouse preclinical models, to better 

understand the specific contributions of single and combined genetic events.  An 

important consideration for these studies is that the kinetics and selective pressures 

leading to lesion development in the man versus the mouse and in in vitro models are 

different.  While it is difficult to determine driver versus passenger events in tumors and 

the correct combinations of events that need to occur to promote particular tumor cell 

behaviors, such as invasion and metastasis, this combined bench-to-bedside approach 

and back can be effective for studying this group of cancers. [33-37]   
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1.4 Ras dysregulation and prostate cancer 
 

Ras dysregulation is a common event that is required for tumor initiation in many 

solid epithelial cancers such as colon, lung, and pancreas.  In these cancers activating 

mutations in Kirsten-Ras (KRAS) are more commonly encountered. [38]  In addition to 

direct changes to Ras biochemistry, chromosomal rearrangements resulting in 

amplification of Ras genes, mutations in upstream receptor tyrosine kinase inhibitors, 

like EGFR, or altered functions to negative and positive regulators of Ras signaling can 

result in aberrant activation leading dysregulation of wild-type Ras signals.[39]  

Genitourinary malignancies, specifically bladder cancers, frequently have mutations in 

Harvey-Ras (HRAS)[40] Interestingly, unlike in bladder or renal cancers, which share a 

similar embryonic origin to the prostate, genetic events involving HRAS are not 

documented to occur in prostate cancers.  Instead a subset of prostate cancers have 

activating point mutations involving two isoforms of Ras, specifically KRAS, and less 

often Neural-RAS (NRAS).  These mutations are rare and documented to be at a 5% 

frequency of all of the cancers that are sampled (http://cancer.sanger.ac.uk/cosmic, 

COSMIC, Catalog of Somatic Mutations in Cancer).  Interestingly often prostate cancers 

with Ras mutations occur within specific populations, such as patients of Asian 

ancestry.[41]  This population has a greater risk for developing aggressive lethal 

disease compared with men of European descent.[42]   

Downstream effector proteins in the Ras pathway, such as MAPK, are frequently 

upregulated in genetic and genomic studies, which most commonly include Caucasian 

men with aggressive primary tumors, biochemical recurrence and/or metastatic 

disease.[2]  Together these findings highlight that signatures constituting perturbations 
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of the Ras signaling axis, including the identification of specific markers and pathways 

that are linked uniquely to having Ras dysfunction, could also be useful for stratifying 

many prostate cancers into low and high-risk disease groups for certain patient 

populations.   
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1.5  Experimental prostate cancer models of Ras dysregulation 
 

RAS proteins are found to be constitutively activated through somatic mutations, 

fusions, and gene copy number variations in approximately 20-30% of human 

tumors.[43]  Better defining and understanding the RAS signaling network and points 

where there is crosstalk with other pathways that are implicated in metastatic disease 

will be useful.  Experimental studies have generated a number of effective preclinical 

models of Ras dysregulation to better define not only the functional biology of Ras 

regarding prostate cancer, but also to aid with the identification of Ras dependent 

druggable targets.  Figure 1 shows the Ras signal transduction cascade and some of its 

better defined alterations in prostate cancer with regards to experimental model 

systems.  

Several models of Ras dysregulation using both human cell lines and genetically 

engineered mouse models have been described for prostate.  Many of the published 

models often rely on the constitutive or inducible introduction of a point mutation in a 

RAS isoform, often KRAS or HRAS, for understanding the role of Ras dysregulation 

regarding tumorigenesis and metastasis.  Studies conducted using human prostate 

cancer cell lines and genetically engineered mouse models of prostate cancers have 

largely validated the genomic data, which indicates that Ras dysregulation and the 

upregulation of MAPK signaling are important features for advanced cancers having 

metastatic potential.[2] 

The DU145 and PC3 human prostate cancer cell lines, two androgen receptor 

(AR) negative cell lines, have been most commonly used to study the tissue specific 

role of oncogenic Ras in prostate cancer.  DU145 prostate cancer cells were derived 
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from a patient brain metastasis over 30 years ago, are heterozygous for PTEN and 

have metastatic potential by different injection methods.[44]  The PC3 cell line was 

derived from a patient bone metastasis, has an epithelial phenotype and metastatic 

potential.[45]  Early studies using the DU145 and PC3 model systems tested four 

different HRas effector mutants in these cell lines.[46]  Each effector mutant had 

biologic properties leading to the upregulation of specific signaling pathways 

downstream of Ras including the MAPK/ERK, PI3K/AKT, and Ral-GEF pathways.  

Interestingly the HRasV12G37 mutant increased signaling through the RalA pathway 

leading to more bone metastases.  To improve the metastatic potential cells were re-

derived from a bone metastasis formed by DU145V12G37 cells in order to establish the 

DU145/RasB1 cell line as a unique preclinical model for studying bone and brain 

metastatic disease.[47]  This model has been extensively used to study Ras dependent 

signaling pathways, such as TGFβ and NFκB.[48] [49] Together these experimental 

systems have established the importance for examining Ras dysregulation in androgen 

independent prostate cancers with lethal metastatic potential. 

Kras mutations are infrequently reported for prostate cancers.  However, several 

mouse studies have used activating mutations in order to model aspects of Ras 

dysregulation increased MAPK signaling that is observed in genomic analyses of patient 

tumors.  Two conditional mouse models of Ras dysregulation using a KrasG12D mutant 

have been characterized.  In the first study Pten loss synergized with a KrasG12D 

mutation resulting in an aggressive primary disease and metastatic potential to the 

lungs and lymph nodes.[50]  Interestingly the expression of oncogenic Ras increased 

the stem and progenitor properties of the transformed cells leading to an in vivo 
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epithelial-to-mesenchymal transition (EMT) that correlated with in vivo metastatic 

potential.  Further experimental support for the role for Ras in increasing the metastatic 

potential of prostate cancer cells comes from a second mouse model.  This model 

combined the loss of the tumor suppressor Nkx3.1 with activation of PI3-Kinase/AKT 

through Pten deletion and used a KrasG12D mutation to dysregulate Ras signaling.  The 

three genetic events synergized to promote metastatic disease through increased 

transcription of Etv4 and its downstream targets, including Ezh.  [51]  This study used a 

lineage tracing approach to show that tumor cells colonized distal sites before overt 

metastatic disease was detectable by in vivo imaging.  This observation suggested that 

Ras dysregulation was important for the ability to seed novel microenvironments, such 

as the lungs.  However, bone metastasis was not observed indicating that additional 

events were required to fully recapitulate lethal disease observed in the human disease.  

In contrast to the previous study, primary and metastatic cells remained committed to 

the luminal lineage and did not show phenotypes that would indicate tumor cells had 

acquired lineage plasticity.  This difference in EMT capability by Ras dependent tumor 

cells shows that a number of different signals besides Ras dysregulation are important 

for the acquisition of stem and progenitor cell characteristics that may confer cellular 

plasticity. 

Several unique experimental models have been described that do not rely on the 

introduction of an activating Ras mutation to model dysregulation in this signaling axis.  

One study used the DU145 and RWPE cell lines and showed that the Kras gene could 

be amplified through a chromosomal rearrangement event involving UBE2L3, an E3 

ubiquitin ligase and KRAS.[52]  Using an algorithm based approach the study identified 
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a number of gene rearrangements leading to Kras gene amplification. Another model 

used a BRAFV600E mutation combined with Pten loss to upregulate the MAPK pathway 

and drive lethal metastatic disease.[53]  Finally, one experimental system modeled the 

combined loss of function of Pten and Sprouty genes Spry1 and Spry2, which are 

negative regulators Ras.  These events upregulated MAPK signaling resulting in an 

aggressive and metastatic disease.[54] 

Together the findings from these experimental systems compliment the genomic 

evidence showing a role for Ras dysregulation in the acquisition of invasive and 

metastatic phenotypes.[2]  The studies also provide a strong rational for understanding 

the Ras status of prostate tumors, which may represent a distinct molecular subgroup of 

prostate cancers with metastatic potential.  However, Ras biology is complex and 

currently evolving as the field defines and characterizes sometimes very different 

biologic outcomes resulting from direct alterations to Ras isoforms and the positive and 

negative cellular regulators of the signaling axis.  For cancers that commonly have Ras 

dysregulation the most important challenge to date is that all of the Ras isoforms are 

currently considered to be undruggable targets.  This problem highlights the need for 

better models to study and identify effective and less toxic molecular targets that are 

druggable and can reduce or elimiate these types of cancers.   
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1.6 Ras signaling overview 
 

The Ras protein isoforms (Harvey-ras, Kirsten-ras, Neural-ras, R-ras) are signal 

transducing guanosine triphosphatases (i.e small GTP binding proteins) that together 

play central roles in the regulation of cell proliferation and motility.  Much of Ras 

signaling biology regarding its oncogenic properties has been characterized from early 

studies using the NIH 3T3 cell line.[55]  Ras proteins are positively regulated by guanine 

nucleotide exchange factors (GEFs) and negatively regulated by GTPase-activating 

proteins (GAPS) that may be stimulated by upstream receptor tyrosine kinases or G-

protein coupled receptors.  The stabilization of Ras at the plasma membrane occurs by 

post-translational farnesylation by GEFs, although other compensatory post-

translational modifications may occur when this activity is blocked.  Farnesylation of the 

Ras protein leads to signaling activity, which is then regulated by the proportion of 

bound GDP to GTP.  In the GTP bound state Ras is active and may bind to downstream 

target enzymes to affect dependent signaling pathways including Raf/MEK/ERK, 

PI3K/Akt and RalGEF/Ral and specific target genes including NFκB and c-Myc.  GTP is 

hydrolyzed by the intrinsic GTPase activity of the Ras protein to GDP leading to a 

reduced or inactive signaling state. [56, 57]   

While signaling is increased through Ras dependent downstream effector 

pathways like MEK and PI3K, epithelial cancers with Ras deregulation also require 

TGFβ and NFκB.[58] Several studies in prostate have shown that both pathways have 

defined roles in the progression of prostate cancers, especially regarding metastasis.  In 

the clinical setting it is clear that targeting Ras dependent pathways like MEK and AKT 

alone are not enough to stop progression because of upstream feedback loops and 
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additional genetic events that also regulate these tertiary pathways.  A better strategy 

has been the development of combinatorial therapies targeting multiple key points of 

cross talk of several pathways at primary, secondary, and tertiary points of intersection.  

Because Ras is not currently a druggable target and has variable biology based on the 

events leading to its dysregulation the creation of models for studying TGFβ and NFκB 

in the context of Ras dysregulation is important.  The biology regarding TGFβ and NFκB 

is equally complex to Ras signaling as research has defined unique and tissue specific 

effects when either of these pathways are altered downstream of specific genetic 

events.   

 

 

Figure 1. The Ras signaling pathway and alterations described in experimental prostate cancer 
model systems. 
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1.7 TGFβ signaling overview 
 

TGFβ and members forming the SMAD dependent signal transduction cascade 

are regulated by cytokine binding of TGFβ1, TGFβ2, or TGFβ3 ligands.  TGFβ 

dependent signals regulate aspects of cell fate determination, growth, and cellular 

movement.  Therefore almost all cell types both secrete TGFβ ligands and express 

TGFβ receptors.  The targeted deletion of either tgfβR1, or tgfβR2 is embryonic lethal 

while deletion of the tgfb2 gene is perinatal lethal.[59-61] Because TGFβ affects many 

areas of cellular homeostasis it is an important pathway to study and to target in cancer 

cells.  Figure 2 shows the TGFβ SMAD dependent signal transduction cascade.  TGFβ 

ligands activate the canonical signal transduction cascade by binding to 

serine/threonine receptor kinases known as type I (TβR-I or ALK5) and type II (TβR-II) 

receptors.  TβRII receptors form heterotetramers resulting in receptor-mediated auto-

phosphorylation of SMADs 2 and 3 on specific regions of the linker portion of each 

protein.  Following phosphorylation the activated receptor-SMADs 2 and 3 form a 

complex with co-SMAD4 leading to nuclear translocation and TGFβ-mediated gene 

transcription.  The receptor SMADs continuously shuttle between the cytoplasmic and 

nuclear compartments of the cell to affect transcription [62, 63].  However, DNA binding 

cannot take place without phosphorylation of the linker regions of each molecule and in 

conjunction with the SMAD4 molecule. TGFβ SMAD dependent regulation may be 

affected by a number of pathways, including MAPK, which can also phosphorylate linker 

regions to exert a point of negative regulation in SMAD dependent signaling. [62]  

TGFβ SMAD signaling in prostate tumors is associated with the acquisition of a 

bone metastatic phenotype, partly due to the observation that TGFβ driven gene profiles 
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are upregulated in bone metastases[64] as well as a number of functional studies 

showing that TGFβ receptors or the SMAD signaling factors appear to mediate aspects 

of invasion and colonization in this microenvironment.  Because both Ras and TGFβ 

share several points of crosstalk re-examination and development of new experimental 

models continue to be useful for determining the biologic effects resulting from the 

perturbation of both of these major signaling pathways.   

 

 

 

Figure 2. Schematic of the Canonical TGFβ SMAD dependent pathway. 
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1.8  NFκB signaling overview 
 

Nuclear factor κB was first described in the context of the innate immune system 

as a nuclear protein that binds the kappa immunoglobulin-light chain enhancer.[65]  

Studies have shown that NFκB has diverse roles in inflammatory responses, apoptosis 

and cell proliferation, which implicate it as one of the central pathways that often 

becomes dysregulated across a broad spectrum of cancers.  NFκB is constitutively 

active in hematopoietic malignancies [66] as well as a variety of epithelial cancers such 

as breast, liver, lung, and in a subset of prostate cancers with high Gleason grades.[67]  

The present section provides an overview of the canonical NFκB pathway and then 

focuses on prostate cancer models used to study this pathway.   

NFκB regulation is complex and involves combinations of protein/protein 

interactions, phosphorylation events, and feedback loops in order to coordinate cellular 

functions.  The signaling factor p65 (RelA), which is part of the canonical arm, is at the 

tertiary layer of this signaling axis where it is activated by the I-kappa B kinase (IKK) 

complex.  Canonical NFκB activation requires the IKK complex to regulate the NFκB 

inhibitory protein IκB to which p65 is bound in order to allow the nuclear translocation of 

p65 [68].  A number of events must take place for the nuclear translocation of p65. 

 

-NFkB regulation by Iκκ and IKB proteins and ubiquitination 
 

The inhibitory of kB inhibitory proteins (IKB) are one level of regulation within the 

NFκB pathway.  IKB proteins mask the nuclear localization sequence located on each 

p65 subunit.  Regulation of the IKBa/p65/p50 complex is the best-studied example of 
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NFκB signal transcution and is designated as the “canonical” arm of the pathway 

(Figure 3).  In this arm of the pathway a typical stimulus, often a TNF-alpha ligand family 

member, like TNFα, binds the TRAF6 receptor to activate a number of MAP3Ks.  

Signals then converge on the IkappaB Kinase (Iκκ) multimeric protein complex 

containing two IKB-specific kinases Iκκα and Iκκβ and a scaffold protein Iκκϒ/NEMO.  

Activation of the secondary layer of the pathway results in the phosphorylation of the 

IKB proteins on two serine resides (32 and 36 for canonical IKBα).  Phosphorylated IKB 

is then targeted for ubiquitination and proteasome-mediated degradation.  NFκB 

signaling factor p65 is then able to bind other p50 (RelB) or p65 factors and translocate 

to the nucleus to activate target genes.[69-72]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3. Schematic of the canonical NFκB pathway. 
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-NFκB regulation by post-translational modifications of p65 
 

Another level of regulation exists in posttranslational events.  Liberated NFκB 

p50-p65, p50-50, or p65-65 dimers are subject to post-translational regulation through 

phosphorylation and acetylation events.  Kinases, such as PI3K and TANK binding 

kinase 1 (TBK1), can enhance NFκB translocation via phosphorylation of serine 536 on 

p65 in order to effect gene transcription [72]. The phosphorylation of p65 at serine 536 

greatly enhances DNA binding and transcription while phosphorylation at serine 276 

acts as negative regulator for this part of the pathway.  The upregulation of phospho-

p65ser536 expression in prostate cancer cells has been correlated with the acquisition of 

invasion potential.[73]  

 

-NFκB regulation by proteolytic cleavage 
 

Another level of NFκB regulation rests on the proteolytic cleavage of NFκB1/p105 

and NFκB2/p100 to p50 and p52, respectively.  NFκB1/p100/p50 regulates canonical 

NFκB signals while NFκB2/p100/p50 regulates a non-canonical signal typified by NIK-

mediated p52 translocation.  For the canonical signal NFκB1/p100 cleavage to p50 can 

promote p50 dimerization with itself or liberated p65, leading to nuclear translocation 

and active signal transduction.  Often proteolytic cleavage occurs as a positive feedback 

mechanism to the IKB-p65 mediated pathway regulation downstream of specific stimuli 

indicating that both the canonical and non-canonical arms of the pathway regulate each 

another. 
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-Experimental methods used to suppress NFκB 
 

Because NFκB activation augments many aspects of human disease methods 

have been developed to understand individual components and the functional 

contribution of each molecule to the different arms of the pathway. 

 

-Genetic repression through an NFκB super-repressor 
 

Repression of NFκB by IKB proteins provides a direct approach to target the 

main arm of the pathway.  Mutations of IKBα serines 32 and 36 inhibit Iκκ-mediated 

phosphorylation and degradation of IKB inhibitory proteins that affect the p65 mediated 

arm of NFκB.  The reduction in canonical signaling can also feed into the non-canonical 

signaling arms with continued suppression reducing overall signal transduction.   

 

-Pharmacologic inhibition 
 

NFκB pathway inhibitors such as curcumin or sanguinarine are derived from 

natural products and affect the p65-mediated arm of the pathway, which can then exert 

regulation on non-canonical p52-mediated pathway signals.  Synthetic inhibitors (BAY-

11-7082) are created for their ability to target specific pathway components such as the 

Iκκ-complex.  Additionally other pharmacologic inhibitors target pathway Iκκ-mediated 

regulation or alter ligands associated with inflammation (i.e. NSAIDs and TNFα 

inhibitors).  IKB-mediated regulation of NFκB requires an intact proteasome.  
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Proteosomal inhibitors, like Bortezomib, can suppress NFκB activation through the 

stabilization of phosphorylated IKB complexes and have been used in the clinical setting 

for the treatment of hematopoietic malignancies that have a requirement for NFκB [74].  

Unfortunately because of the pleotrophic nature of NFκB signaling and the low 

specificity of the targeted drugs the therapeutic use of NFκB and proteosomal inhibitors 

remains very limited. 

 

-NFκB and prostate cancer 
 

The development of distal metastatic disease, especially to bone, is one of the 

most important clinical concerns associated with treatment of advanced prostate 

cancers.  The identification of signaling pathways that regulate the growth of prostate 

cancer cells in the bone microenvironment is of great therapeutic interest. NFκB is 

upregulated in advanced prostate cancers and metastatic lesions.[49, 67, 75]  

Additionally NFκB is a key pathway that can affect both bone and brain metastasis in 

experimental models of advanced prostate cancers.[49]  Experiments conducted with 

the DU145 cells that were transfected with KrasG37 showed that the bone and brain 

metastatic phenotype correlated with the upregulation of NFκB downstream of the 

TWEAK-FN14 receptor signaling axis.  Likewise the overexpression of ETS 

transcription factors ESE1 and ELF3 can sustain p65-mediated NFκB signaling in 

LNCaP, 22RV1, and DU145 human cell and drive aggressive disease phenotypes [76].  

Another third model found that DAB2IP functions as a signaling scaffold between NFκB 

and Ras to prevent metastasis as tested in HrasV12 transformed PrEC cells and a clone 

of the PC-3 human cell line [77].  DAB2IP silencing by EZH resulted in constitutive Ras 
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expression leading to an upregulation of NFκB signaling and the ability for cells to 

undergo an EMT, which correlated with increased invasive and metastatic abilities.  

Proof of principle experiments with an IKBα-superrepressor impaired NFκB in prostate 

cancer cells, reversed the EMT phenotype and reduced metastasis.   

Few mouse models of NFκB dysregulation have been created and described.  

One mouse model showed that either heterozygous or homozygous deletion of IKBα in 

combination with the Hi-MYC mouse model resulted in an aggressive primary disease 

phenotype [78].  Interestingly NFκB deregulation alone did not induce high grade 

disease.  Also, metastasis was not observed in the combined NFκB and MYC model 

system suggesting that specific oncogenic drivers, such as Ras, may be important for 

NFκB-dependent metastasis in mouse models.  An NFκB recurrence signature termed 

NARP21 was generated from the model and found to be useful for predicting metastasis 

free survival in human prostate cancer databases. Together these published studies 

highlight the important role NFκB in advanced prostate cancers and the need to develop 

additional models to study this pathway.    
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1.9 A review of epithelial-mesenchymal transition 
 

Epithelial-mesenchymal transition (EMT) is a biological program that allows for 

epithelial cells to undergo a series of genetic and epigenetic changes that enable them 

to assume the lineage profiles and behavioral characteristics of mesenchymal cells.[79] 

Because the acquisition of mesenchymal cell characteristics often corresponds with an 

increase in invasiveness as well as resistance to cell death signals, this phenotype is 

considered to be an important trait for cancer cells to acquire in order to metastasize or 

become resistant to therapies.  A number of mouse models and human and animal cell 

lines, including prostate cancer models, have shown that carcinoma cells can acquire a 

mesenchymal phenotype.[50, 80]  EMT phenotypes that are observed in tumors are 

frequently characterized by having either dual staining profiles for both the intermediate 

filament proteins vimentin and pan-cytokeratin, which is consistent with a partial EMT 

phenotype.  Alternatively tumor cells can have a complete loss of cytokeratin and E-

cadherin expression resulting in tumor cells that become singly positive for vimentin, N-

cadherin, or fibronectin.  The complete loss of epithelial cell markers and the expression 

of mesenchymal cell markers is consistent with a complete EMT phenotype.[81]  Tumor 

cells that are anatomically located at the invasive edges of primary tumors or tumor 

emboli in circulation and at distal tissue sites most often have either morphologic or 

immunohistochemical features associated with either a partial or complete EMT 

phenotype.  Therefore it is thought that these populations of cells with acquired plasticity 

can more efficiently complete the entire invasion-metastasis cascade rather than other 

tumor cell populations composing the bulk of a neoplasm.[81] [82] However often 

metastases do not contain evidence of an EMT, which makes the role for EMT in cancer 
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metastasis still controversial.[83] Therefore it is hypothesized that cancer cells having 

this type of phenotypic plasticity are in a state of “partial” EMT that is reversed in the 

process called a mesenchymal-to-epithelial transition (MET).  It is the MET that is 

hypothesized to facilitate more efficient metastatic colonization of new 

microenvironments. The EMT phenotypes that are described in experimental models 

are mediated by a number of signaling pathways that are also implicated in cancer 

progression including Wnt, Notch, and TGFβ.[84] Therefore characterizing the type of 

EMT that is occurring within experimental models is important for understanding the 

biological properties of these systems and also for constructing more accurate models 

of the human disease that model metastasis. 
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1.10 The PB-Cre4+Ptenfl/flTrp53fl/fl prostate cancer mouse model is 
useful for studying advanced human prostate cancers. 
 

The combined loss of PTEN and loss of TP53 are common genetic aberrations 

occurring in approximately 21% of human prostate cancers.[2] Characterization of the 

PB-Cre4+Ptenfl/flTrp53fl/fl model of prostate cancer has shown that the tumors produced 

in the mouse as well as transplanted primary tumor cells have luminal progenitor cell 

properties that confer unique histologies and different metastatic potentials to mimic 

many features of aggressive human prostate cancers.[85] [3] Additionally 

subpopulations of Pten;Trp53 deficient tumor cells have multi-lineage potential to 

undergo an EMT that is mediated by a TGFβ1-Slug dependent signaling cascade.[80, 

86] The ability to undergo an EMT is often correlated with having an increase in 

metastatic potential.  However, recent studies with pancreatic cancer models show that 

this is not always the case even though EMT cells have other features of progression, 

such as drug resistance.[87] The EMT that is observed to occur by subpopulations of 

Pten;Trp53 deficient tumor cells is an irreversible process that results in a complete 

EMT tumor phenotype and tumor cells that have acquired little to no metastatic 

abilities.[3]  These data show that Pten;Trp53 deficient tumor cells need to acquire 

additional genetic or epigenetic events for metastasis to occur efficiently.  Thus, the 

Pten;Trp53 knockout mouse model is useful for asking which pathways must be altered 

for metastasis to occur.  Because the model system also has multi-lineage plasticity, it 

is also useful for asking questions about pathways that regulate lineage relationships in 

prostate cancers and how these pathways and phenotypes may affect metastasis. 
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1.11 Thesis goals and outline 
 

A role for Ras in prostate cancer metastasis is well established and is a 

reasonable starting point for the generation and characterization of an advanced 

prostate cancer model system that may be used for basic research purposes and in 

preclinical studies.  The experiments that are described in this dissertation use the 

poorly metastatic Clone 2 murine adenocarcinoma cell line to create the Clone 2-

KrasG12V cell line, a model of advanced, lethal prostate cancer.  The Clone 2-KrasG12V 

model incorporates several features of advanced prostate cancers including:  having 

Ras dysregulation that leads to the upregulation of MAPK signaling, Pten and Trp53 

combined loss, a luminal adenocarcinoma phenotype (CK8+, TP63-) and the ability to 

metastasize to the lungs, regional lymph nodes and brain.  We show that the Clone 2-

KrasG12V model also has intact TGFβ and NFκB signal transduction cascades, which 

make it useful for asking questions about if and how these pathway are important for 

lineage commitment choices and metastatic potential.  The studies that are presented 

here contain the in vitro examination of the following:  tumor cell lineage commitment, 

the state of the TGFβ and NFκB signal transduction pathways in a basal state and 

following stimulation with ligands that are known to induce positive signal, as well as the 

tumorigenic and invasive potential of the genetically modified lines as tested by soft 

agar and chemotactic directed invasion assays, respectively.  More importantly for each 

question that is asked there are pathology analyses from in vivo experiments that 

assess the ability of each genetically modified line that was created to form orthotopic 

tumors in immunocompromised mice, assess the differences between in vivo tumor cell 

lineage commitment following changes to the pathways of interest and, finally, the effect 



 27 

on the incidence of metastasis when pathways are altered or when tumor cells are 

introduced into mice by different injection methods.  The hypothesis underlying this 

dissertation is that oncogenic KrasG12V expression in the context of the combined loss of 

both Pten and Trp53 tumor suppressors modifies 1) TGFβ-mediated SLUG-driven 

epithelial-mesenchymal signaling pathways to prevent an irreversible sarcomatoid 

transition and 2) increase metastatic potential through TGFβ and NFκB. 

 

The three specific aims for Chapters 3 through 6 that are designed to test this central 

hypothesis include: 

1) To characterize the effect on in vivo lineage commitment, invasive potential and 

metastatic outcome by constitutively expressing oncogenic KrasG12V in Clone 2 

Pten;Trp53 deficient prostate cancer cells. 

2) To characterize the effect on in vivo lineage commitment and metastatic outcome 

by constitutively expressing an inducible dnRII into both the Clone 2-KrasG12V 

and Clone 2 Pten;Trp53 deficient prostate cancer cell lines. 

3) To characterize the effect on in vivo lineage commitment and metastatic outcome 

by constitutively expressing an inducible IκBα super repressor (SR) into both the 

Clone 2-KrasG12V and Clone 2 Pten;Trp53 deficient prostate cancer cell lines. 

 

Establishing a model of advanced prostate cancer that has both phenotypic and 

biologic behaviors that are comparable to lethal, metastatic cancers provides a unique 

resource to investigate questions regarding cell fate decisions and pathways that are 
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important for metastasis.  These models may also be useful in the preclinical setting to 

test promising combinatorial therapies. 

In Chapter 2 the general methodologies and the reagents used for the 

experiments in Chapters 3 through 6 are discussed. 

Chapter 3 evaluates the synergy between oncogenic KrasG12V and the combined 

loss of both Pten and Trp53 for increasing the metastatic potential of Clone 2 cells.  In 

these studies the in vitro effects on epithelial cell lineage commitment, MAPK signaling, 

colony formation and the ability for directed chemotactic invasion are initially examined.  

The in vivo studies show that KRASG12V expression allows adenocarcinoma cells to 

maintain their commitment as luminal epithelial cells and acquire invasive potential in 

order to metastasize to distal sites following either orthotopic implantation or 

intracardiac injection. Together these experiments show that the Clone 2-KrasG12V line 

is a more faithful model of advanced human prostate cancers.  The in vivo experiments 

in this chapter establish the basis from which to evaluate the effects on cell lineage 

commitment and metastasis when important signaling pathways like TGFβ and NFκB 

are perturbed.   

Chapter 4 explores the functional role of TGFβ in the Clone 2-KrasG12V model 

system regarding in vivo lineage commitment, invasive ability and the frequency of 

metastatic colonization of distal sites as assessed by histology and/or bioluminescent 

imaging.  In these studies having an intact TGFβ-SMAD signaling cascade is important 

for luminal lineage commitment and retention of full invasive potential that is observed in 

Clone 2-KrasG12V and as described in Chapter 3.  Uniquely these studies show that 

while TGFβ is important for full invasive potential this pathway is dispensable for 
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metastasis, especially to the bone and brain, as tested in Clone 2 and Clone 2-KrasG12V 

cells. 

Chapter 5 examines whether NFκB is important for Clone 2-KrasG12V cells to 

retain full invasive and metastatic capabilities.  In many Ras dependent prostate cancer 

models and prostate clinical specimens signaling through NFκB has been shown to be 

important for invasion and metastasis.  While the suppression of the canonical NFκB 

pathway in Clone 2-KrasG12V cells did not affect the growth of tumor cells following 

orthotopic implantation, the suppression of NFκB selected for cell populations that 

expressed basal epithelial cell markers.  The phenotypic change correlated with a 

reduction in both invasion and metastasis by Clone 2-KrasG12V cells in a subset of mice. 

Therefore these studies indicate that the role for NFκB is in the Clone 2-KrasG12V model 

is for luminal lineage commitment and the retention of full in vivo invasive and 

metastatic potential. 

Because both TGFβ and NFκB are shown to be important for the in vivo luminal 

adenocarcinoma phenotype of Clone 2-KrasG12V cells Chapter 6 provides data from 

additional in vitro experiments that confirm both TGFβ and NFκB select for tumor cells 

with a luminal epithelial cell phenotype.  We briefly examined whether TGFβ could 

signal through a Notch-mediated mechanism to affect aspects of luminal lineage 

commitment.  However experiments examining the relationship between TGFβ and 

Notch in the Clone 2-KrasG12V model were inconclusive and require further study to 

draw meaningful conclusions. 

In Chapter 7 the conclusions from Chapters 3 through 6 are summarized to show 

that the Clone 2-KrasG12V and parental Clone 2 models are useful systems for studying 
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questions about lineage commitment and metastasis.  The experimental data discussed 

in Chapters 3 through 6 indicate that Clone 2-KrasG12V cells retain at least the 

bipotential lineage plasticity of the parent Clone 2 line but do not spontaneously 

undergo EMT in vivo and have a robust metastatic phenotype in the in vivo setting.  

Additionally TGFβ and NFκB are important for both lineage commitment and metastasis 

in the Clone 2 and Clone 2-KrasG12V models.  Therefore the data in Chapters 3-6 show 

that each model, as well as the genetically modified lines developed from each, can be 

used to test questions that are centered on lineage, metastasis and/or combinatorial 

therapies that are designed to target lethal, metastatic prostate tumors.  
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CHAPTER TWO:  General Materials and Methodology for 
Dissertation Research 
 

 This chapter describes the methods that are used for the studies described in 

chapters three through six. 

Cell culture reagents and constructs:  Clone 2 cells were derived from a 

Pten;Trp53KO prostate cancer mouse model and previously characterized. [3]  Murine 

clone 2 and clone 2-KrasG12V cells were plated in 100-cm2 culture dishes and grown to 

90% confluence in the appropriate media, Prostate basal epithelial growth media 

(PrEBM) with supplements (Lonza). The following growth factor used to stimulate the 

TGFβ SMAD dependent pathway was human recombinant TGF-β1 (R&D Systems) at a 

concentration of 2ng/mL.  The growth factor used to stimulate the NFκB pathway was 

mouse recombinant TNFα (R&D Systems) at a concentration of 30ng/mL. The mPol2p-

Hs.KRASG12V, TRE3Gp-Mm.TGFβRIIDN-IRES-mCherry (dnRII), and TRE3Gp-

Hs.IKBαSR-IRES-mCherry (SR) or the FerH-Hs.IKKβS177E,S181E lentiviral vectors were 

from the Protein Expression Laboratory, NCI-Frederick, Frederick, MD. The NCID 

vector was a kind gift from Dr. Li Xin of Baylor College of Medicine.   

 

Lentivirus production and establishment of genetically modified lines:  A semi-

confluent 60-mm plate of HEK293T was transfected with 4μg of VSVg plasmid and a 

mixture of the packaging–encoding vectors PsPAX (6 μg) and the lentiviral vector of 

interest (8 μg).  Virus-containing media was collected 48 hours post-transfection and 

filtered with a 0.45µM filter; the virus supernatant, polybrene, and PrEBM media + 

supplements and without antibiotics was placed on the cell lines of interest for 72 hours 
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before removal and expansion of the infected line.  After vector infection, stable 

selection of infected cells is performed using antibiotic selection. Serial FACS analysis 

and cell sorting for vectors expressing fluorescent tags were performed. Cells with high 

expression of mCherry were used for all experiments. After stable selection the 

confirmation of vector expression and function was carried out by western blot analysis 

for markers of vector expression (mCherry) and pathway specific markers (tp65, tIκκβ 

and pSMAD2/3).   

 

TGFβ1 and TNFα stimulations:  To test pathways cells were treated with regular 

PrEBM media or a combination of 2 ng/mL human recombinant TGFβ1 + PrEGM and 

supplements (Lonza) or 30 ng/mL mouse recombinant TNFα + PrEGM and 

supplements.  Cells were harvested after 0, 15, 30 or 60 minutes for either total RNA or 

protein. Negative controls consisted of untreated cells or cells expressing genetic 

repressors for pathways of interest. Experiments were performed in triplicate with cell 

lines from different passages with at least two technical replicates per time point. 

 

Pharmacologic inhibitors:  To test the role of specific pathways and kinases cells 

were treated with regular PrEBM media and supplements (Lonza) also containing a 

vehicle control (DMSO) or pathway inhibitors diluted in DMSO at varying concentrations 

dependent upon the IC50 and MTS assays.  Inhibitors were diluted to a concentration of 

10µM in DMSO.  The following inhibitors were used:  1) BAY 11-7082 (Selleckchem), an 

NF-κB inhibitor, which inhibits TNFα-induced IκBα phosphorylation with IC50 of 10 μM, 

2) GW788388 (Selleckchem), an ALK5 inhibitor that also inhibits TGF-β type II receptor 
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and activin type II receptor activities, but does not inhibit BMP type II receptor, and 3) 

the TGFβR1 inhibitor (SB431542) was from Sigma (St Louis, MO, USA) 

 

Protein isolation:  Total protein was collected from cell extracts by washing and 

scraping cells in 1X RIPA lysis buffer (Boston BioProducts) containing appropriate 

phosphatase and protease inhibitors (Roche). Supernatant was collected and total 

protein concentrations are determined by the bichoncinic acid (BCA) method. Nuclear 

and cytoplasmic fractionation of cell proteins were performed using the NE-PER Kit 

(Thermo Scientific, Rockford, IL) according to the manufacturer’s protocol, and protein 

concentrations were determined by the BCA method. Western blot analysis was done 

with the BioRad Semi-Dry Rapid Western blotting system according to manufacturer’s 

protocol.  Detailed antibody information is provided in supplement Table 1.  

 

Western blot analysis:  Proteins were subjected to SDS-PAGE electrophoresis on 4-

20%Tris-glycine acrylamide gels, followed by transfer onto PDVF membranes (BioRad). 

Primary and secondary antibodies were diluted based on previously optimized 

laboratory protocols.  Bands were visualized with the HRP-conjugated secondary 

antibodies (1:2000) and ECL chemiluminescent substrate. Gels were evaluated 

qualitatively. Samples will be considered positive when there is an immunoreactive 

band of the appropriate size that appears to be the same as reported by the 

manufacturer’s antibody data sheet and scientific literature. Either α-tubulin or LaminB1 

were used as protein loading controls for the whole cell lysates and cytoplasmic 

fractions or nuclear fractions, respectively.  Western blot antibody information and 
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conditions can be found in Table 2.  Western blot analyses shown in the paper are 

representative of experiments performed in triplicate with at least two technical 

replicates per antibody tested. 

 

FACS analysis and cell sorting:  A volume of 7-aminoactinomycin D (Sigma Aldrich) 

(100 μg/ml) was added prior to analysis for mCherry expression. Fluorescence-

activated cytometry (FAC) analysis and cell sorting using FACSDiva software for 

mCherry (TRE3Gp-Mm.TGFβRIIDN-IRES-mCherry and TRE3Gp-Hs.IKBαSR-IRES-

mCherry).  Controls consisted of non-mCherry expressing murine cells labeled with 7’-

AAD. 

 

Matrigel invasion assay:  Boyden chamber assays were used to provide quantitative 

analysis of different migratory responses of the un-induced and induced vector 

expressing prostate cancer cells. Initial migration to regular culture media, culture media 

with 5% FBS, and culture media with the treatments were assessed. The newly studied 

cells were allowed to migrate for 24 hours at 37◦C. The membranes were fixed with Diff-

Quix fixative. The migrated cells were microscopically counted. Experiments were 

performed in triplicate.  Differences between experimental groups were evaluated using 

a unpaired t-test with Welch’s correction.  Assays were performed with biologic and 

technical triplicates. 

 

Soft agar assay:  5000 cells were plated per well in a 0.36% suspension of agar on top 

of a bottom agar at a 0.6% concentration.  Media was refreshed every 3-4 days.  
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Experiments were conducted over a 7 week period.  At the end of the experiment cells 

were stained with Nitrotetrazolium blue chloride and allowed to sit at 37C overnight 

before being quantified using a BioCount Instrument. Triplicate wells were set up for 

each cell line or condition that was tested.  Results represent 3 independent 

experiments. 

 

Immunocytochemistry:  For immunocytochemistry cultured cells were plated onto 

either 8-well glass or 8-well glass chamber slides at a density of 5,000 cells/well and 

allowed to adhere for 48 hours. Adherent cells in control and experimental conditions 

were fixed in 4% paraformaldehyde in PBS for 10 minutes, followed by permeabilization 

with 0.5% Triton X-100 in PBS for 5 minutes. Non-specific sites are blocked by 

incubation in 2% BSA/20% goat serum in PBS for 60 minutes. Cells are then incubated 

overnight at 4°C with the specified primary antibodies in 2% BSA/PBS. Cells were 

washed three times with PBS containing 0.1% Tween-20, incubated with Alexa Fluor 

488 conjugated goat anti-mouse IgG and Alexa Fluor 586 conjugated goat anti-rabbit 

(1:200) in 2% BSA for 30 minutes at room temperature, and finally washed and 

mounted using the anti-fade reagent Fluoro-gel II with DAPI (Electron Microscopy 

Sciences).  Fluorescent images are captured using an upright fluorescent Zeiss 

Axioplan microscope (Zeiss, Thornwood, NY).  To estimate the number of cells 

expressing CK8, CK5 and P63 five micrographs are taken at ×200 for each combination 

of markers, the percentages of positive cells are counted, and data is reported as the 

mean average of the five fields using ImageJ software.  Experiments were performed in 

duplicate with mean and standard error mean calculated. 
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In vivo metastasis assays:  5-6 week old male athymic nude mice (Ncr nu/nu) were 

obtained from NCI, Frederick Animal Care Facility.  Care and experimental procedures 

were carried out in accordance with the procedures outlined in the Guide for the Care 

and Use of Laboratory Animals and the laboratory’s animal study protocols as approved 

by an Institutional Animal Care and Use Committee.  To assess lineage commitment 

and full metastatic capacity, 1X106 tumor cells in 20µl PBS were placed in the anterior 

prostate lobe.  To assess metastatic capability to brain and bone, 1X105 tumor cells in 

100µl PBS were inoculated into the left cardiac ventricle of the mice as previously 

described.[46]  All cell lines tested were derived from the Clone 2 Pten-/-Trp53-/- murine 

prostate cancer cells contained a GFP/luciferase fusion protein.  To induce the 

expression of either SR or dnRII vector mice were fed a doxycycline chow diet (BioRad) 

ad libitum 24 hours before the initiation of a study continuing until its end.  Control mice 

injected with un-induced, vector expressing cells were fed a normal chow diet supplied 

by the animal facility (Purina, St. Louis, Mo).  To monitor the development of metastasis, 

mice were imaged weekly using the Xenogen IVIS Spectrum and analyzed using the 

Living Image ver 4.4 software program (PerkinElmer).  Mice were euthanized following 

weight loss of greater than 10% body weight or after demonstrating signs of paralysis.  

Four long bones (two front limbs with scapulae and two hind limbs), spine and brain 

were collected and fixed in 4% paraformaldehyde for radiologic and histological analysis 

(Histoserv Inc., Germantown, MD).  Animal experiments were performed three times 

using two separate biologic replicates.   
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Histology:  Orthotopic tumors were harvested and fixed with 4% paraformaldehyde for 

24 hours, rinsed well in PBS, and transferred to 70% ethanol before standard 

histological processing, sectioning, and staining (Histoserv, Germantown, MD).  For the 

purpose of histopathological analysis for progression, for each mouse, two H&E 

sections separated by 100 μm were initially analyzed. For the purposes of 

imunophenotyping the lesions, sequential serial sections were used for 

immunohistochemical staining where possible. Two serial sections (separated by 100 

μm) of the liver, kidneys, spleen, brain, and decalcified longitudinal sections of the 

lumbar spine were analyzed from each animal to assay for metastasis. Bright field 

images were taken using an upright Zeiss Axioplan microscope (Zeiss, Oberkochen, 

Germany), Nikon Ecipse Ni, or Leica/Aperio slide scanner and ImageScope software.  

 

Immunohistochemistry:  Unstained slides were deparaffinized, and antigen retrieval 

was performed in a citrate buffer (Dako targeted antigen retrieval solution; Carpinteria, 

CA) in a steamer at 100°C for 15 minutes, or autoclave at 121°C for 20 minutes, 

followed by a 15-minute incubation at room temperature. Blocking was performed with 

Cyto Q Background Buster reagent (Innovex Biosciences, Richmond, CA) for 60 

minutes at room temperature for mouse and rabbit primary antibodies. Primary antibody 

incubation was performed overnight at 4°C, followed by secondary antibody incubation 

at room temperature for 30 minutes. Secondary goat anti-rabbit biotinylated IgG (E0432, 

DAKO), and goat anti-mouse biotinylated IgG (E0433, Dako), used at 1:200 dilution. 

The ABC peroxidase kit (Vector Laboratories, Burlingame, CA) was used, followed by 

DAB (Dako) for chromagen visualization. All slides were counterstained with 
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hematoxylin (Dako). Primary antibodies and the concentrations are noted in Table 2. 

Positive immunohistochemical controls consisted of murine wild-type prostate luminal 

and basal epithelium (CK8, CK5, p63, AR) or sarcomatoid carcinomas (SLUG), colonic 

epithelium (SMAD2/3/4). For negative controls, the primary antibodies were omitted and 

tissues where staining was expected to be absent were evaluated.  Antibody 

information and conditions can be found in Table 1. 

 

Immunofluorescence:  Double immunofluorescence was performed on tissue sections 

using the same protocol as used for IHC with the following exceptions: The secondary 

antibodies were Alexa Fluor 488 conjugated goat anti-mouse IgG (A11001) and Alexa 

Fluor 586 conjugated goat anti-rabbit IgG (A11011), 1:200, (Invitrogen, Carlsbad, CA). 

Slides were mounted with Vectashield hard mount with DAPI (Vector Laboratories, 

Burlingame, CA). The same primary antibodies at the concentrations indicated are used 

as for IHC and are listed in Table 3 where applicable for IF. 

 

Statistical methods:  In vivo animal results and TMA analysis were expressed as plots 

showing the median and box boundaries extending between 25th to 75th percentiles, 

with whiskers down to the minimum and up to the maximum value. All in vitro data were 

expressed as mean ± SD. All data were analyzed using Prism software (GraphPad 

Software, Inc.) and differences between individual groups were determined by the 

appropriate statistical tests noted for each assay when discussed in the individual 

chapters.  
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Table 1. Antibodies used for western blot analysis.   

All primary antibody incubations for western blotting were performed overnight at 4°C.  

Antibody Information 

Incubation 
condition for 

primary 
antibody 

RAS    Rabbit Polyclonal Antibody,  Cell Signaling, #3965 1:1000 

Phospho-p44/42 MAPK 
(Erk1/2) 
(Thr202/Tyr204)  
 

Rabbit monoclonal Antibody,  Cell Signaling, 4370 1:1000 

Total ERK1/2 Mouse monoclonal Antibody, Cell Signaling, 9107 1:1000 

Total P65   Rabbit Polyclonal Antibody,  Santa Cruz, #3702 1:1000 

LAMINB1   Rabbit Polyclonal Antibody,  Abcam 1:1000 

α-TUBULIN   Monoclonal Antibody,  Sigma 1:2500 

IκBα   Rabbit Polyclonal Antibody,  Santa Cruz 1:1000 

IKKβ   Monoclonal Antibody,  Millipore 1:1000 

phospho-SMAD2/3 
(D27F4) 

Rabbit Monoclonal Antibody, Cell Signaling, #8828 1:500 

E-cadherin Rabbit monoclonal, Cell signaling, #3195 1:1000 

N-Cadherin 
 

Rabbit, Cell signaling, #4061 
 

1:1000 
 

Vimentin 
 

Mouse Monoclonal (V9), Santa Cruz, sc-6260 
 

1:1000 
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Table 2. Antibodies used for immunohistochemical and immunofluorescence analyses of tissue 
sections and immunocytochemistry on glass 8 well chamber slides. 

Antibody 
Antigen 
retrieval 
method 

Blocking 
Condition 

Incubation 
condition 

for primary 
antibody 

 

Detection 

phospho-44/42 
ERK1/2  
Cell Signaling 
Rabbit polyclonal 
 

Steam cook 
citrate buffer  
pH 6.0 

Cyto Q Background 
buster 
(Innovex BioSciences) 

Room 
temperature 
1 hour 
1:200 

ABC kit 
(Vector 
Laboratories) 

Total p65 
Santa Cruz 
SC372  
Rabbit polyclonal  

Steam cook 
citrate buffer  
pH 6.0 

Cyto Q Background 
buster 
(Innovex BioSciences) 

4°C 
Over night 
1:500 

ABC kit 
(Vector 
Laboratories) 

Phospho-
p65ser536 
Abcam 
Rabbit polyclonal  

Microwave 
citrate buffer  
pH 9 

5% goat serum/2% BSA 
in 1XTBST  

4°C 
Over night 
1:100 
 

ABC kit 
(Vector 
Laboratories) 

Phospho-
SMAD2/3 
Cell Signaling 
Rabbit polyclona 

Microwave 
citrate buffer  
pH 9 

5% goat serum/2% BSA 
in 1XTBST 

4°C 
Over night 
1:100 
 

ABC kit 
(Vector 
Laboratories) 

Pan-p63 
Millipore, NAB-
4315 

Steam cook 
citrate buffer  
pH 6.0 

Cyto Q Background 
buster 
(Innovex BioSciences) 

4°C 
Over night 
1:750 

ABC kit 
(Vector 
Laboratories) 

Ly6G 
Rabbit 

Steam cook 
citrate buffer  
pH 6.0 

Cyto Q Background 
buster 
(Innovex BioSciences) 

4°C 
Over night 
1:500 

ABC kit 
(Vector 
Laboratories) 

F4/80 
Mouse 
monoclonal 

Steam cook 
citrate buffer  
pH 6.0 

Cyto Q Background 
buster 
(Innovex BioSciences) 

4°C 
Over night 
1:500 

ABC kit 
(Vector 
Laboratories) 

Cytokeratin 8 
Covance 
 
Mouse 
monoclonal 

Steam cook 
citrate buffer  
pH 6.0 

Cyto Q Background 
buster 
(Innovex BioSciences) 

4°C 
Over night 
1:750 
 

Alexa 488, Green 
(Invitrogen) 

Cytokeratin 5 
Covance 
Rabbit polyclonal 

Steam cook 
citrate buffer  
pH 6.0 

Cyto Q Background 
buster 
(Innovex BioSciences) 

4°C 
Over night 
1:750 
 

Alexa 586, red 
(Invitrogen) 

Vimentin 
Santa Cruz 
Rabbit polyclonal 

Steam cook 
citrate buffer  
pH 6.0 

Cyto Q Background 
buster 
(Innovex BioSciences) 

4°C 
Over night 
1:200 
 

Alexa 586, red 
(Invitrogen) 

Ecadherin 
Cell Signaling 
Rabbit polyclonal 

Steam cook 
citrate buffer  
pH 6.0 

Cyto Q Background 
buster 
(Innovex BioSciences) 

4°C 
Over night 
1:200 
 

Alexa 488, green 
(Invitrogen) 
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CHAPTER THREE:  Generation and characterization of the 
Clone 2-KrasG12V murine prostate adenocarcinoma cell line 
 

3.1 Introduction 
 

Human prostate adenocarcinoma has a luminal phenotype characterized by both 

cytokeratin 8 (CK8) and nuclear androgen receptor (AR) labeling and the loss of TP63 

expression.[9] There are few experimental models of advanced prostate cancer that 

mimic the phenotype of human tumors and are also highly metastatic.  Therefore the 

creation of a model that more closely mimics the histologic phenotype and biological 

behavior of metastatic prostate cancers will be a useful research tool to answer basic 

questions about aggressive cancers and for testing promising combinatorial therapies.   

Integrative genomic studies have identified dysregulation of components within 

the Ras signaling axis leading to constitutive activation of the downstream MAPK 

pathway as key events for prostate cancers to acquire metastatic potential.[1]  

Experimental model systems have been created to determine the different mechanisms 

through which Ras dysregulation may increase the frequency of prostate cancer 

metastasis.  To date these models have used HRAS mutants or the KrasG12D mutant in 

the context of either heterozygous or homozygous Pten loss or combined Nkx3.1 and 

Pten loss[51] to substantiate the human genetic studies.[46] [47]  The present study 

expands on these published findings and examines Ras dysregulation in the context of 

Pten and Trp53 combined loss, which are two genetic events that define a subset of 

aggressive, metastatic prostate cancers.[2]  In this study we used the Clone 2 cell line 

as model for investigating two risk factors for having advanced prostate cancer with 

metastatic potential: 1) combined Pten and Trp53 loss and 2) Ras dysregulation leading 
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to the upregulation of MAPK signaling.  In these studies we assessed the suitability of 

the newly generated Clone 2-KrasG12V cell line as a model for studying metastasis in the 

setting of aggressive prostate cancer.  We found that Ras activation impaired 

sarcomatoid differentiation in Clone 2 and increased the frequency of experimental 

metastasis to the lungs, lymph nodes, and brain.  Thus, the Clone 2-KrasG12V model 

system will be useful for the identification and study of Ras dependent pathways that 

regulate cellular differentiation and the metastatic potential of prostate cancer cells. 
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3.2 Results 
 

3.2.a Overexpression of KrasG12V in Clone 2 cells increases MAPK signaling and 
increases in vitro invasion. 
 

Human KRASG12V cDNA was stably infected into the poorly metastatic Clone 2 

adenocarcinoma cell line using a constitutive lentiviral vector and with the goal of 

evaluating the effect of oncogenic KRASG12V on tumor phenotype and metastatic ability.  

Western blot analyses confirmed that there was overexpression of KRAS in the Clone 

2-KrasG12V cell line after infection. (Figure 4A)  Clone 2-KrasG12V cells had activation of 

the downstream MEK/ERK1/2 pathway as measured by an increase in both total and 

phospho-ERK1/2 expression levels. (Figure 4A)  There was not a significant difference 

in the ability of Clone 2 and Clone 2-KrasG12V cells to form colonies in soft agar, which 

suggested that there would not be a difference in the ability of tumor cells to grow at an 

orthotopic site. (Figure 4B)  Interestingly Clone 2-KrasG12V cells had a significant 

increase in chemotactic directed invasion through a Matrigel membrane. (Figure 4C) 
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Figure 4. Ectopic KrasG12V expression increases both MAPK signaling and in vitro invasive 
potential of Clone 2 cells. 

 

A. Western blot analysis of whole cell lysates show that KRAS is overexpressed in 

Clone 2-KrasG12V cells.  Overexpression of KRAS correlates with an increase in 

both pERK1/2 and tEKR1/2 expression, which is downstream of having Ras 

activation.  Alpha tubulin serves as a loading control for both sets of western 

blots. 

B. Anchorage independent colony formation remains unchanged for Clone 2 cells 

following ectopic KrasG12V expression.  Results represent 9 replicates for Clone 2 

and 10 replicates for Clone 2-KrasG12V that were tested in 3 independent 

experiments.  Significance was determined by a Mann-Whitney test.   

C. In vitro chemotactic directed invasion through a Matrigel membrane is 

significantly increased following the constitutive expression of KrasG12V in Clone 2 
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cells.  The results represent 3 independent experiments with 18 

replicates/condition tested.  Significance was determined using an unpaired 

Student’s T-test. 

 

3.2.b Clone 2-KrasG12V tumor cells metastasize from orthotopic sites and after 
intracardiac injection. 
 

We employed both orthotopic prostate implantation and intracardiac injection 

techniques to initially address whether having constitutive expression of oncogenic 

KRASG12V would increase the frequency of metastasis of Clone 2 cells.  The results for 

the orthotopic studies are listed in Table 3.  The results from the intracardiac studies are 

listed as part of Table 11.  Figure 5 shows representative histologies and the 

immunophenotype of orthotopic tumors that formed from Clone 2 or Clone 2-KrasG12V 

cells placed into BALB/cnu/nu mice.  Clone 2 cells formed sarcomatoid carcinomas with 

the bulk of the tumor being composed of pleomorphic spindle cells that were often 

interspersed with foci of osseous and cartilaginous differentiation, regions of glandular 

differentiation, and areas of stratified squamous epithelia without keratinization. The 

establishment of micro- and macro-metastases in the lung, lymph node, liver, brain, or 

bone was not observed in mice injected with Clone 2 cells, except for 1 mouse that 

formed lung metastases.  This observation was consistent with previously published 

findings.[3]  Thus, because Clone 2 tumors showed multi-lineage potential they were 

broadly determined to be sarcomatoid carcinomas that were locally invasive but poorly 

metastatic.   

On gross examination of the mice that were injected with Clone 2-KrasG12V cells 

all animal had evidence of peritoneal carcinomatosis, which frequently correlated with 
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having mild to marked abdominal ascites.  Histologically Clone 2-KrasG12V cells formed 

adenocarcinomas that were composed of haphazardly arranged glands lined by simple, 

one-layered epithelium as well as regions where the tumor cells formed solid nests that 

lacked glandular differentiation.  Clone 2-KrasG12V cells were locally invasive, and tumor 

emboli were frequently found in both the lymphatic and blood vasculature.  Metastatic 

colonization of either or both the lungs and regional lymph nodes were observed in all of 

the mice in this cohort.  

Prostate cancers that acquire the ability to metastasize to bone are lethal.  An 

intracardiac injection technique was used to test whether Clone 2-KrasG12V cells could 

metastasize to either the brain or the bone.  Clone 2 cells did not form metastases (0/6).  

However in some mice there was evidence of Clone 2 tumor cell growth within the left 

ventricle of the heart, which indicated that the cells that were injected were viable.  

Second, this result indicated that Clone 2 cells could not readily colonize distal sites 

even when placed directly into circulation.  Clone 2-KrasG12V cells colonized the brain 

(6/9), but not the bone, suggesting that additional pathways beyond oncogenic Kras are 

required for a bone metastasis phenotype.  The results are presented in Table 11 of 

Chapter 5. 
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Figure 5. Pathology findings for Clone 2 and Clone 2-KrasG12V expressing orthotopic tumors. 

 

1. Representative histology of a Clone 2 sarcomatoid carcinoma, 200X, H&E.   

2. Normal lung from a nude mouse injected with Clone 2 cells.  Metastatic disease 

from an orthotopic site is not commonly observed for Clone 2 cells. Chapter 3. 

2X, H&E.   

3. Clone 2 cells with glandular differentiation express CK8, 200X, anti-CK8 antibody 

with hematoxylin counterstain.    

4. Subpopulations of Clone 2 cells have morphologic features of complex epithelia 

and express nuclear P63, 200X, anti-P63 antibody with hematoxylin counterstain.   

5. Subpopulations of Clone 2 cells express nuclear AR (black arrowheads), but 

expression in other cell morphologies and throughout the bulk of orthotopic 

tumors is largely absent, 200X, anti-AR antibody with hematoxylin counterstain.   

6. Representative histology from a Clone 2-KrasG12V orthotopic tumor.  The area 

circled shows tumor associated inflammation and necrosis. 200X, H&E; Insert 

1X, H&E.  
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7. Representative histology from a metastatic lesion in a nude mouse injected with 

Clone 2-KrasG12V cells at an orthotopic site. 200X, H&E; Insert 1X, H&E. 

8. Clone 2-KrasG12V cells form glandular structures and solid nests that are positive 

for CK8, 100X, anti-CK8 antibody with hematoxylin counterstain. 

9. Glandular structures formed by Clone 2-KrasG12V cells are uniformly P63-, 100X 

anti-P63 antibody with hematoxylin counterstain; Insert 200X. 

10. Clone 2-KrasG12V cells do not have detectable AR expression in either the 

nucleus or the cytoplasm by IHC.  A wild-type prostate gland from nude mouse 

prostate is an internal positive control for AR labeling.  100X anti-AR antibody 

with hematoxylin counterstain; Insert 200X. Scale bar represents 50µM.  I = 

inflammation, WT = wild-type, L = lung, M = metastasis. 

 

Figure 6.  Comparison of in vitro and in vivo lineage marker expression differences in Clone 2 and 
Clone 2-KrasG12V cell lines and orthotopic tumors  
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A. In vitro assessment of prostate cell lineage (CK8, CK5) and EMT markers (VIM, 

CDH1) in Clone 2 and Clone 2-KrasG12V cells.  Representative phase contrast 

images show that Clone 2 tumor cells have an epitheliod morphology and 

primarily express CK8 with subpopulations of CK5+ and dual CK8/5+ cells.   

Tumor cells express CDH1 and have low or absent VIM expression. Together 

these features are consistent with having a luminal adenocarcinoma phenotype. 

Clone 2-KrasG12V tumor cells also have an epitheliod cellular morphology and 

express only CK8 and CDH1, which is consistent with having a luminal 

adenocarcinoma phenotype. 

B. In vivo assessment of prostate cell lineage and EMT markers in Clone 2 (n=3) 

and Clone 2-KrasG12V orthotopic tumors (n=4).  Clone 2 orthotopic tumors have 

subpopulations of cells that are CK8+, CK5+, or dual CK8/5+ in areas where 

epithelial morphologies are retained.  Clone 2 tumors are VIM+, CDH1- and 

SLUG+ in areas of sarcomatoid differentiation.  Clone 2-KrasG12V orthotopic 

tumors are CK8+, CK5-, CDH1+, VIM- and SLUG-. (*) Asterisk represents a 

CHD1+ Clone 2-KrasG12V tumor embolus in vessels.  The white arrowheads 

represent CDH1+ primary tumor cells at the invasive edge of the mass. 

 

3.2.c Clone 2-KrasG12V cells form adenocarcinomas with a luminal phenotype at 
orthotopic sites. 
 

Next we immunophenotyped Clone 2 and Clone 2-KrasG12V cell lines and 

orthotopic tumors for prostate specific lineage markers (Figures 5 and 6) and markers of 

an epithelial-to-mesenchymal transition (EMT) (Figure 6).  In vitro both cell lines 

expressed CK8.  However, Clone 2 cells also had subpopulations of tumor cells that 
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were dual CK8+/CK5+ or CK5+ alone.  Clone 2 cells formed sarcomatoid carcinomas 

that expressed Vimentin (VIM) but not E-cadherin (CDH1). Clone 2 tumor cells with 

luminal and squamous histologies expressing combinations of CK8 and CK5 and P63, 

respectively.   Previous studies conducted using Pten;Trp53 deficient AC1, AC2 and 

SC1 cells have shown that the sarcomatoid carcinoma phenotype arises from tumor 

cells that express SLUG.  Furthermore the complete EMT phenotype that is observed in 

the model is mediated by TGFβ, which acts as one of the main transcriptional regulators 

of the mesenchymal determinant factor, Snai2 (SLUG).  Therefore SLUG is both a key 

molecular and phenotypic marker for transition towards having a spindle-cell 

morphology and a complete EMT tumor phenotype in the Pten;Trp53 prostate cancer 

model [80, 86]  Figure 6B shows that Clone 2 sarcomatoid carcinomas expressed 

nuclear SLUG, and this expression is paralleled by a complete EMT tumor phenotype in 

the in vivo setting.   

Nude mice injected with Clone2;KrasG12V cells developed CK8+, P63-, CK5- , 

CDH1+, VIM-, SLUG- adenocarcinomas.  The immunophenotype for KrasG12V-

expressing tumor cells was also comparable to both the histology and 

immunophenotype of human prostate adenocarcinomas. [9]  Therefore the loss of 

SLUG expression by Clone 2-KrasG12V tumor cells suggested that there was a loss of 

lineage plasticity in Clone 2 cells when oncogenic KRASG12V was introduced.  Because 

work with the AC3, AC1 and SC1 cell lines have all shown that Snai2/SLUG levels are 

regulated by TGFβ[80]  the inhibition of the sarcomatoid carcinoma phenotype also 

suggested that Ras dependence may have affected TGFβ signaling. 
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3.2.d Clone 2 and Clone 2-KrasG12V orthotopic tumors have different tumor 
microenvironments 
 

We observed that there was notable differences between the tumor 

microenvironments of Clone 2 and Clone 2-KrasGV12 orthotopic tumors.  These 

differences included a significant increase the areas of necrosis and an increased 

presence of polymorphonuclear and mononuclear immune cell infiltrates in all of the 

Clone 2-KrasG12V orthotopic tumors (Figure 7A).  The changes to the tumor 

microenvironment that were observed for the Clone 2-KrasG12V orthotopic tumors and 

metastases are also reported as histologic features for other cancer models with Ras 

dysregulation.  It is suggested that having a microenvironment with inflammation and 

necrosis drives aspects of Ras-mediated tumorigenesis and progression through 

cytokine and chemokine pathways that converge on NFκB.[88, 89]  Clone 2 (n=15) and 

Clone 2-KrasG12V (n=25) orthotopic tumors were examined and designated as 

unremarkable or having areas of necrosis and cellular inflammation. (Table 3)  A subset 

of Clone 2 and Clone 2-KrasG12V orthotopic tumors were analyzed for necrosis with 

areas of necrosis being annotated in multiple cross-sections in an H&E slide using 

Aperio ImageScope software.  All of the Clone 2-KrasG12V tumors had a statistically 

significant increase in the percentage of area of the tumor undergoing morphologic 

features of necrosis, which included a loss of cellular architectural detail, cells with 

apoptotic body formation, accumulations of acellular eosinophilic material and large 

numbers of viable and degenerate infiltrating immune cells. (Figure 7B)  The presence 

of tumor associated necrosis correlated with an increase in immune cell infiltration, so 

we also broadly assessed the kinds of cellular infiltrates that were present in the Clone 

2-KrasG12V tumor microenvironments.  We were limited to only examining markers for 
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innate immune cells as the mice used for the orthotopic assays were deficient for both B 

and many T lymphocyte populations.  Immune cell infiltrates consisted of histiocytes 

that expressed F4/80, a common tissue histiocyte antigen.  Cellular infiltrates with a 

segmented nuclear morphology expressed Ly6G, a polymorphonuclear leukocyte 

marker for both neutrophils and eosinophils that is also transiently expressed in 

immature monocyte populations, respectively (Figure 7C).  

 
 
 
 
 
 

 
 
 
 
 
 
 

 

 

 

 

 
Figure 7. Characterization of the differences between the Clone 2 and Clone 2-KrasG12V orthotopic 
tumor microenvironments 

 

A. Representative image of a Clone 2 sarcomatoid carcinoma with osseous 

differentiation showing that the tumor microenvironment does not have areas of 

necrosis or large numbers of infiltrating immune cells. 100X, H&E.  The 

representative sections of a Clone 2-KrasG12V orthotopic tumor (100X, H&E) and 
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a metastatic lung tumor (100X, H&E) both show that tumors in this group had 

large areas of necrosis and a notable increase in the numbers of infiltrating 

immune cells.  The black dashed line in the third image highlights an area in a 

metastatic lesion designated as being necrotic. 

B. Example image of whole slide annotation used to quantify the percentage of 

necrosis/tumor in a subset of Clone 2 (n=5) and Clone 2-KrasG12V orthotopic 

tumors (n=4) using Aperio Slide Scanner and the ImageScope software package.  

Significance was determined by a Mann-Whitney test. 

C. Representative images of IHC labeled sections highlight that immune cell 

infiltrates were characterized as being either F4/80 macrophages (black arrows) 

or Ly6G+ polymorphonuclear leukocytes (black arrowheads). N= 5 Clone 2-

KrasG12V orthotopic tumors/stain were assessed. 

Scale bar represents 50µM 

 

 

Table 3. Histopathologic analyses of Clone 2 and Clone 2-KrasG12V tumors following orthotopic 
implantation.  
Animals that were reviewed by histology were included in this table.  Results are from three biologic 
replicates. 
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Table 4. Immunophenotypic analyses of Clone 2 and Clone 2-KrasG12V tumors following orthotopic 
implantation  

 

  

Table 3.  Histopathologic analyses of Clone 2 and Clone 2-KrasG12V tumors following orthotopic implantation 

26/26 (100%)

Metastasis Necrosis

1/15 (6.67%)

Clone 2-Kras
GV12 Luminal 

adenocarcinoma
26/26 (100%)

Cell line Tumor phenotype

Clone 2

Sarcomatoid 

carcinoma >         

luminal 

adenocarcinoma >  

basosquamous 

carcinoma

1/15 (6.67%)

Table 4. Immunophenotypic analyses of Clone 2 and Clone 2-KrasG12V tumors following orthotopic implantation 

P63 (-) (++/-) (-)

AR (+/-) (+/-) (+/-)

VIM (-) (-) (++++)

CDH1 (++++) N/A (-)

SLUG (+/-) (+/-) (++++)

Nuclear P-ERK1/2 (+/-) (+/-) (+/-)

Data represents IHC analyses from 5 tumors/antibody/group

++++ Marker labeled >76% of cells

+++ Marker labeled 51-75% of cells

++ Marker labeled 26-50% of cells

+ Marker labeled 25% or less of cells

-  Absence of detectable labeling by IHC

(-)

(+)

(-)

(++)

(++++)

(-)

(-)

(-)

Clone 2-KrasG12V 

Adenocarcinoma

CK8  (++++) (-) (-)

CK5 (+/-) (++/-) (-)

SarcomatoidIHC Marker Adenocarcinoma Basosquamous

Clone 2 
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3.3 Discussion 
 

The combined loss of PTEN and TP53 as well as dysregulation of the RAS 

signaling axis are all common genetic aberrations in advanced human prostate cancers 

with metastatic potential.[2]  The most significant finding for these studies is that Clone 

2-KrasG12V cells formed luminal adenocarcinomas (CK8+,CK5-,TP63-) that are highly 

metastatic.  The development of a murine model of prostate cancer metastasis that not 

only has the genetic changes that are correlated with advanced disease but also the 

histologic phenotype and comparable biological behaviors has translational importance. 

Published studies using the PB-Cre4+; Ptenfl/fl;TP53fl/fl murine prostate cancer model as 

well as the work presented here all show that the combined deletion of Pten and Trp53 

in murine prostate epithelial cells is sufficient for both in vitro and in vivo invasion with 

the limited ability of tumor cells to colonize distal sites.[3]  We observed this problem 

directly as metastases was rarely observed in mice injected with Clone 2 cells by either 

orthotopic implantation or intracardiac inoculation.  Additionally we observed that the 

prostate cancer epithelial cells that have the potential for multi-lineage plasticity leading 

to a complete EMT tumor phenotype and without robust metastasis are best marked by 

the nuclear expression of mesenchymal marker SLUG.[80]  Clone 2-KrasG12V tumor 

cells do not have evidence for multi-lineage plasticity as they do no express SLUG by 

IHC.  Therefore several statements can be made from previous studies with this model 

and the data described in Chapter 3: 1) the sarcomatoid phenotype is marked by SLUG 

expression, and 2) the complete EMT phenotype that results in sarcomatoid 

differentiation greatly reduces the metastatic ability of Pten;Trp53 deficient prostate 

cancer cells.  
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Often the ability to undergo an EMT correlates with in vivo metastasis in various 

experimental metastasis models.[90] However, many of the cancer models described as 

having an EMT tumor phenotype also retain the ability to undergo a mesenchymal to 

epithelial (MET) transition for full metastatic potential.  At least one study using a 

pancreatic cancer model has shown that an experimentally induced EMT reduces 

metastasis.[87] This study shows additional experimental evidence outside of studies 

conducted with the PB-Cre4+; Ptenfl/fl;TP53fl/fl murine prostate cancer model that an 

EMT impairs metastatic potential.  

While an irreversible EMT can affect the metastatic potential of experimental 

model systems, the inhibition of the sarcomatoid carcinoma phenotype in Pten;Trp53 

deficient prostate cancer cells does not completely explain why Clone2-KrasG12V cells 

are highly metastatic.  This concept is reinforced by the demonstration that depletion of 

Slug in AC3 cells also impairs the spindle cell phenotype that is observed both in vitro 

and in vivo.  However Slug depletion and restoration of an epithelial cell phenotype 

does not correlate with in vivo metastatic capability following subcutaneous, orthotopic 

or intracardiac injections of these tumor cells.[80]  Evidence from clinical samples 

shows that Ras dysregulation and the upregulation of MAPK signaling is present in the 

setting of advanced metastatic disease.[2] Other mouse models of lethal prostate 

cancer also confirm that oncogenic Ras/MAPK upregulation can synergize with either 

Pten loss or Nkx3.1 and Pten combined loss to drive aggressive primary disease with a 

high metastatic rate. [50, 51]  In one studying having oncogenic Ras activation 

correlated with a high metastatic rate even when an EMT tumor phenotype was 

observed.[50] Another conclusion that can be made from the data presented in this 
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chapter is that additional genetic or epigenetic changes are altogether necessary for 

Pten;Trp53 deficient prostate cancer cells to metastasize efficiently.   

Another significant finding was that Clone 2-KrasG12V orthotopic tumors have a 

different tumor microenvironment from Clone 2 orthotopic tumors.  Inflammation 

contributes to the development of many epithelial cancers that also have dysregulation 

in Ras signaling.  Microenvironmental inflammation is also correlated with having a 

more aggressive disease.[91]  Patients that have chronic prostatic inflammation have an 

increased risk of death from prostate cancer.[86] Several prostate studies also have 

shown that an inflammatory microenvironment can promote tumorigenesis and enhance 

the biological aggressiveness of Ras dependent tumors by signaling through the TGFβ 

and NFκB pathways.[92-94] Additionally having chronic inflammation can influence how 

prostate cancer cells use aspects of TGFβ and NFκB for lineage commitment 

choices.[95] Thus the Clone 2-KrasG12V line provides an alternative way to study these 

types of experimental questions.   

The published studies and the findings that are described in Chapter 3 from the 

characterization of the Clone 2-KrasG12V model all show that this system can be useful 

for studying questions that are important for understanding the phenotype and biology 

of lethal, metastatic prostate cancers. Interestingly, Clone 2-KrasG12V cells did not have 

detectable nuclear AR by IHC when compared with Clone 2 orthotopic tumors, which 

already had low to moderate, nuclear AR expression.  Therefore this model may also be 

useful for studying the role of AR-independent signaling regarding metastatic potential.  

Therefore a metastatic prostate adenocarcinoma cell line with genetic alterations and 

pathway changes that are found in advanced tumors, such as the Clone 2-KrasG12V 
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model, can serve as an important tool for determining molecular mechanisms driving 

cellular plasticity, metastasis and drug resistance in aggressive cancers. 
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CHAPTER FOUR:  Generation and characterization of the 
Clone 2;dnRII and Clone 2-KrasG12V;dnRII murine prostate 
cancer cell lines. 
 

4.1 Introduction 
 

Experiments conducted with the Clone 2-KrasG12V cell line in Chapter 3 showed 

that oncogenic KrasG12V expression impaired TGFβ-mediated sarcomatoid 

differentiation.  This phenotypic change correlated with a significant increase in 

experimental metastasis.  Thus it was suspected that Ras dependence altered TGFβ.  

Evidence from other experimental cancer models, such as the PC3 cell line, implicate 

TGFβ directed pathways in bone metastasis.[64] However, the varied roles for the 

TGFβ SMAD dependent pathway regarding prostate cancer metastasis is still not well 

understood.  The deletion of Smad 4 in the Pten;Trp53 knockout mouse allows tumors 

cells with a sarcomatoid carcinoma phenotype to grow into and colonize the bone 

microenvironment, suggesting that this pathway is dispensable for metastatic 

capability.[96] Clearly there are conflicting conclusions about the role for TGFβ 

regarding the metastatic capabilities of aggressive prostate cancers.  Therefore the 

Clone 2-KrasG12V cell line provides another way to study if and how this pathway may be 

important for metastasis.  In this chapter we investigate whether the TGFβ pathway is 

important for Ras dependent metastasis.  These studies show that Clone 2-KrasG12V 

cells do not need the TGFβ SMAD dependent pathway for metastatic ability.  In fact, 

retention of signaling either through TGFβRII or the SMADs may be protective again the 

development of lethal bone and brain metastases.   
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In the mouse TGFβ is one pathway that is important for commitment to a luminal 

epithelial cell lineage.[97]  Clone 2-KrasG12V cells expressing an inducible dominant 

negative TGFβRII (dnRII) showed time dependent increases in the expression of basal 

lineage markers following the short or long term inhibition of TGFβRII-SMAD dependent 

signaling.  The acquisition of a basal epithelial cell phenotype by dnRII expressing 

tumor cells correlated with these cells also having metastatic potential to both the bone 

and the brain.  Therefore these studies also show that the Clone 2-KrasG12V model can 

be used to identify and study specific lineages of cells within tumors that have the 

potential to seed novel microenvironments and form lethal metastases. 
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4. 2 Results 
 

4.2.a Clone 2-KrasG12V tumor cells have an intact TGFβ signal transduction 
cascade 
 

We first investigated the possibility that the expression of oncogenic KrasG12V 

may have altered TGFβ signal transduction.  Previous work with the Pten;Trp53 

deficient mouse model showed that an intact TGFβ1-TGFβRII pathway is important for 

the complete EMT tumor phenotype of some Pten;Trp53 deficient cell lines.[80]  While 

not all Pten;Trp53 deficient cell lines can display multi-lineage plasticity when placed 

back into an orthotopic site the Clone 2 line readily undergoes a TGFβ-mediated EMT 

and has a sarcomatoid carcinoma phenotype that is comparable to the tumor 

histologies that are observed in the Pten;Trp53KO mouse model and the AC1, AC3 and 

SC1 cell lines.[3]  Because Clone 2-KrasG12V cells did not undergo an in vivo TGβ-

dependent EMT we hypothesized that Ras dysregulation altered the in vivo response to 

TGFβ1, and this change was important for metastasis.   

We first assayed whether the TGFβ SMAD dependent signal transduction 

cascade remained intact for Clone 2-KrasG12V cells by IHC and western blot analyses.  

Both Clone 2 and Clone 2-KrasG12V cell lines expressed pSMAD2/3 following stimulation 

with exogenous TGFβ1 as assessed by western blot analysis. (Figure 8A)  IHC 

analyses of Clone 2 and Clone 2-KrasG12V orthotopic tumors also showed pSMAD2/3 

expression was detectable in both the nucleus and cytoplasm, which indicated that 

active signal transduction was probably occurring in the in vivo setting. (Figure 8B) Next 

we used a semi-quantitative approach to evaluate whether there were differences in 

pSMAD2/3 expression between Clone 2 and Clone 2-KrasG12V orthotopic tumors. 
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(Figure 8C) The intensity scoring method for evaluating pSMAD2/3 expression between 

the groups was: 0, none; 1, weak; 2, moderate/intermediate; 3, strong; and 4, over-

stained.  The scores for the percentage of positive cells were: 0, none; 1, up to 10%; 2, 

up to 25%; 3, up to 50%; 4, up to 75%; and 5, up to 100%.  This scheme resulted in a 

20-point combined staining score. We did not find a significant difference in combined 

scores when examining either nuclear or cytoplasmic expression of pSMAD2/3 in the 

two groups. Clone 2 tumor cells had the following combined scores for nuclear 

labeling:  12 (3/6 tumors) and 16 (3/6 tumors).  The following combined scores were 

calculated for Clone 2 pSMAD2/3 cytoplasmic labeling: 4(6/6 tumors).  Clone 2-KrasG12V 

tumor cells had the following combined scores for nuclear labeling:  6 (1/7 tumors), 8 

(4/7 tumors), 16 (2/7 tumors) and for cytoplasmic labeling: 3 (5/7 tumors) and 4 (2/7).   

Because TGFβ signaling was occurring in vivo we reasoned that changes to the 

TGFβ-SMAD dependent pathway could not entirely account for the altered phenotype 

and behavior of Clone 2 cells following oncogenic Ras expression.  (Chapter 3)  

Interestingly, the presence of nuclear pSMAD2/3 in Clone 2-KrasG12V lung metastases 

suggested that the pathway may have a pro-metastatic role in this model, which was 

consistent with other published reports using Ras transformed DU145 human prostate 

cancer cells.[98]  Because TGFβ and its downstream dependent pathways are widely 

implicated in prostate cancer metastasis and we observed that signaling was not 

apparently different between Clone 2 and Clone 2-KrasG12V cells in either the in vitro 

or in vivo settings, we then asked whether this pathway was necessary for in vivo 

metastasis.   

 



 63 

 
Figure 8. In vitro and in vivo analyses of TGFβ SMAD dependent signaling in Clone 2 and Clone2-
KrasG12V cell lines and orthotopic tumors and Clone2-KrasG12V metastases. 

 

A. Western blot analyses of nuclear lysates from Clone 2 and Clone 2-KrasG12V cells 

shows that the TGFβ pathway is not constitutively active but is responsive to 

TGFβ1 stimulation as measured by pSMAD2/3. 

B. Nuclear pSMAD2/3 expression is present in both Clone 2 tumors and KrasG12V 

expressing orthotopic tumors and metastases.  

C. Nuclear and cytoplasmic pSMAD2/3 expression levels by IHC expressed as a 

combined score as evaluated in Clone 2 (n=6) and Clone 2-KrasG12V (n=7) 

orthotopic tumors. The central line represents the mean. Error bars are ± SEM.  

Significance was measured using a Mann-Whitney test. 
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4.2.b Clone 2-KrasG12V;dnRII cells form both basosqumaous and adenosquamous 
carcinomas that can metastasize following orthotopic implantation 
 

Because the TGFβ signaling cascade was intact and there was evidence of 

active transduction in the in vivo setting we suppressed the pathway to test whether it 

was a requirement for Clone 2-KrasG12V metastasis.  Previous studies in a mouse model 

of combined loss of Pten and Smad4 showed that there is an increase in the metastatic 

colonization of regional lymph nodes by Pten;Smad4 deficient tumor cells.[99]  In a 

similar mouse model with combined loss of Pten, Trp53 and Smad 4 locally aggressive 

prostatic sarcomatoid carcinomas acquired the ability to invade into and efface portions 

of the adjacent lumbar spine.[96] However, this study did not provide definitive evidence 

as to whether these tumor cells could also fulfill the six steps of the invasion-metastasis 

cascade in order to colonize the bone microenvironment as would be expected in the 

human disease setting.  Thus our orthotopic model would be more robust test for asking 

whether TGFβ-SMAD dependent signaling was important metastasis.  To suppress the 

pathway we expressed a tetracycline responsive dominant negative TGFβRII (dnRII) in 

both the Clone 2-KrasG12V and Clone 2 cell lines.  The experimental strategy is outlined 

in Figure 9A.  Following the induction of the genetic repressor by doxycycline 

MCHERRY fluorescent protein was expressed from an internal ribosomal entry site that 

allowed for sorting of pure populations for the downstream experiments.  After 

confirming that our vector reduced p-SMAD2/3 expression in whole cell lysates (Figure 

9B) we observed that the in vitro invasive potential of both Clone 2;dnRII and Clone 2-

KrasG12V;dnRII cells was reduced when compared with the invasive potentials of the 

parental cell lines. (Figure 9C) Based on these assays we hypothesized that tumor cells 
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may not be able to efficiently invade or colonize distal sites following orthotopic 

implantation.     

Next we orthotopically implanted dnRII expressing tumor cells into the prostates 

of nude mice.  All of the mice injected with Clone 2-KrasG12V;dnRII cells (25/25) formed 

tumors. Clone 2-KrasG12V;dnRII orthotopic tumors were comprised of mixtures of both 

adenocarcinoma and basosquamous phenotypes (4/25), which were termed 

adenosquamous carcinomas, or had a complete basosquamous phenotype (21/25).  

Tumors having a complete basosquamous carcinoma phenotype were derived from 

Clone 2-KrasG12V;dnRII cells that have been continuously cultured in doxycycline for 

greater than two months time following the selection and expansion of mCHERRY high 

and intermediate expressing tumor cell populations.  The data indicated that the 

suppression of TGFβ was more selective for the growth and expansion of tumor cell 

populations that were committed to a basal lineage. (Figure 9D and Table 5) 

Next we assessed the immunophenotypes of the histologies observed for the 

orthotopic tumors.  Tumor areas having both basaloid and squamous morphologies 

were positive for P63.  A subset of tumor cells having a squamous morphology and 

features of keratohyaline granules and keratinization did not express P63.  However, 

prior studies with Pten;Trp53 deficient mouse model system showed that separating out 

CD49fhi tumor cell populations selected for in vivo morphologies were either 

adenosquamous or basosquamous in histology.  The tumor cells with these 

morphologies often expressed combinations of P63 and CK5, and that the expression of 

these lineage markers in propagated tumors correlated with tumor cells being a fully 

and terminally differentiated as basal epithelial cells.[85]  Adenocarcinoma 
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morphologies were strongly positive for CK8 and did not express either P63 or CK5.  

Neither the basaloid nor squamous morphologies were positive for CK8.  Phospho-

SMAD2/3 expression was analyzed in a set of 4 tumors harvested 3-5 weeks post-

implantation.  Tumor cells at the orthotopic site had either low or undetectable levels of 

phospho-SMAD2/3 in the nucleus and low expression in the cytoplasm, which was 

consistent with having a reduction in TGFβ signaling in the in vivo setting. (Figure 9D)  

    We observed that induction of the dnRII in Clone 2-KrasG12V cells had negative 

effects on both tumor cell invasion in the in vivo setting (Figure 9E) as measured by a 

significant reduction in the number of foci of lymphovascular invasion at the orthotopic 

site.  However while the number of pulmonary metastases per mouse was lower, this 

different was not found to be significant. (Figure 9F)  Additionally nude mouse survival 

was also not statistically significant between the two groups. (Figure 9G)  Thus we 

concluded that this pathway is not fully required for Clone 2-KrasG12V dependent 

invasion and metastasis. 

In breast cancer models a reduction in either TGFβRII or TGFβ-SMAD 

dependent signaling can facilitate metastasis to microenvironments that are high in 

endogenous TGFβ1, including lymph nodes and bone.[100] These prior studies led us 

to hypothesize that Clone 2-KrasG12V;dnRII expressing cells may be able to readily 

colonize sites with high TGFβ1 levels, including the lymph node and bone marrow 

microenvironments.  We analyzed whether there was an increase in the incidence of 

lymph node metastasis in mice injected with Clone 2-KrasG12V;dnRII cells but did not 

observe any differences. (Table 6 and Figure 10A)  Interestingly disseminated tumor 

cells could be observed in the bone marrow of mice injected with Clone 2-
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KrasG12V;dnRII tumor cells. (Figure 10A)  Because of the short survival times following 

the orthotopic implantation of cells we next used an intracardiac model to test whether 

metastatic colonization of the bone microenvironment would occur. 

 

Figure 9. In vitro and in vivo findings for the Clone 2-KrasG12V;dnRII and Clone 2;dnRII orthotopic 
studies 

 

A. Schematic of the experimental design for the Clone 2-KrasG12V;dnRII orthotopic 

studies.  

B. Expression of phospho-SMAD2/3 in response to doxycycline treatment and 

induction of the dnRII vector.  Clone 2>TRE dnRII and Clone 2;KrasG12V>TRE 
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dnRII cells were treated with 1 μg/ml Dox, stimulated with 2ng/mL of human 

TGFβ1 and assayed for expression of pSMAD2/3 in whole cell lysates by 

Western blot. 

C. Chemotactic directed invasive of Clone 2 and Clone 2-KrasG12V through a 

Matrigel membrane is reduced in cells expressing an induced dnRII.   ** = < 

0.0019 using an unpaired T test with Welch’s correction.    

D. Representative histologies of Clone 2-KrasG12V;dnRII induced and Clone 2;dnRII 

induced orthotopic tumors.  Mice injected with tumor cells from either group 

formed tumors with adenosquamous or fully basosquamous cellular 

morphologies that had metastatic potential.  Orthotopic tumor cells did not 

express nuclear pSMAD2/3, which was consistent with impaired SMAD 

dependent signaling.  P63 is expressed in areas of basal and squamous 

differentiation while CK8 expression is not detectable in cells having these 

morphologies. Scale bar represents 50µM.   

E. There is a decrease in the mean number of foci of lymphovascular invasion at 

the edges of orthotopic tumors formed by Clone 2-KrasG12V;dnRII tumor cells. * = 

< 0.0159 using a Mann-Whitney test.   

F. The number of lung metastases per nude mice injected with Clone 2-

KrasG12V;dnRII induced tumor cells is not significantly different from mice injected 

with Clone 2-KrasG12V;dnRII uninduced tumor cells. 

G. There are no significant differences in nude mouse survival between the un-

induced and induced Clone 2-KrasG12V;dnRII study groups. 
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4.2.c Clone 2;dnRII cells form basosquamous carcinomas that can metastasize 
following orthotopic implantation 

 

Because Clone 2 tumor cells have multi-lineage potential and an in vivo EMT 

phenotype we hypothesized that the suppression of TGFβ SMAD dependent signaling 

would inhibit sarcomatoid differentiation and increase metastasis.  After confirming that 

the vector would reduce pSMAD2/3 levels (Figure 9B) we also showed that Clone 

2;dnRII cells also had a reduction in directed invasion when compared with the parental 

cell line. (Figure 9C) Again, this data suggested that TGFβ was important for full 

invasive potential.  The majority of the mice injected with Clone 2;dnRII cells (11/16) 

formed tumors.  Of the mice that formed tumors all had evidence of distal spread of 

tumor cells (11/11).  (Table 5)  Unfortunately a large number of the control mice failed to 

develop orthotopic tumors following implantation (1/15).  Additionally metastatic 

colonization of a lymph node was observed in the one mouse that was injected with the 

un-induced cells.  Therefore additional in vivo studies are needed to better understand 

whether there are differences between the metastatic potentials of Clone 2 and Clone 

2;dnRII induced cells. 

Clone 2;dnRII orthotopic tumors that formed at orthotopic sites were 

basosquamous carcinomas with 1 mouse having a tumor with an adenosquamous 

phenotype. (Figure 9D) Tumor cells with basaloid and squamous morphologies were 

positive for P63.  Subsets of cells having a squamous cell morphology did not express 

P63.  The expression of CK8 was either low or completely absent in the cells with 

basaloid and squamous morphologies.  The one tumor with an adenosquamous 

morphology had areas with a glandular morphology that were strongly positive for CK8 
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and did not express P63.  Four tumors were analyzed for pSMAD2/3 expression.  

Tumor cells had either low or undetectable levels of phospho-SMAD2/3 in the nucleus 

and low expression in the cytoplasm, which was consistent with having an inhibition of 

TGFβ signaling in the in vivo setting.  As anticipated the un-induced Clone 2;dnRII 

tumor cells formed a sarcomatoid carcinoma that was devoid of osseous or 

cartilaginous metaplasia and was CK8- and P63-.   

 

4.2.d Clone 2;dnRII and Clone 2-KrasG12V;dnRII cells form brain and bone 
metastases following intracardiac injection 
 

We used an intracardiac injection model to overcome the limits of the orthotopic 

technique in order to test whether TGFβ insensitivity could result in a bone metastasis 

phenotype. (Figure 10B)  Un-induced vector containing and vector-induced cells were 

stably infected with a lentiviral vector encoding for luciferase/enhanced green 

fluorescent protein reporter gene to follow in vivo progression by bioluminescent 

imaging (BLI). (Figure 10C)  The appearance of signal by BLI became evident in the 

brain and long bones as early as 2 weeks post-intracardiac injection for both the Clone 

2;dnRII and Clone 2-KrasG12V;dnRII expressing groups.  All of the mice remained on 

study for a period of 3-6 weeks post injection.  Of the mice that were injected with Clone 

2-KrasG12V;dnRII cells 5/10 had signals in the long bones and 13/15 in the brain by BLI.  

1/5 mice injected with Clone-KrasG12V;dnRII un-induced cells had a positive signal at the 

level of the metatarsal bone that most likely represented a soft tissue lesion.  Therefore 

it was not counted as a metastatic lesion.  This conclusion was in line with prior 

intracardiac studies using the Clone 2-KrasG12V cells, whereby injection did not result in 

metastatic bone lesions in any mice (0/9, Chapter 5, Table 11).  Brain signals were 
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observed in 2/5 mice injected with Clone 2-KrasG12V;dnRII un-induced cells.  This 

observation was also comparable with the historical controls, which showed that 6/9 

mice injected with Clone 2-KrasG12V parental cells had evidence of metastatic disease in 

the brain.  (Chapter 5, Table 11)  Of the 10 mice that were injected with Clone 2-dnRII 

induced cells 7/10 had a luciferase positive signal in the brain.  None of the five mice 

injected with Clone 2;dnRII un-induced cells developed evidence of metastatic disease 

by BLI.  This result was also similar to the first intracardiac experiments with Clone 2 

parental cells that also showed all six mice in the cohort did not develop evidence of 

metastatic disease.  (Chapter 5, Table 11)  The findings from these intracardiac studies 

are summarized in Table 7 of this Chapter.  

The bone metastases that formed from Clone 2-KrasG12V;dnRII cells had a 

basosquamous morphology and were osteolytic type lesions as assessed by histology 

and staining with hematoxylin and eosin with Orange G (H&E, Orange G).  Brain 

metastases that formed in mice injected with either Clone 2;dnRII or Clone 2-

KrasG12V;dnRII expressing cells had basosquamous morphologies.  The tumor cells 

having the combinations of basaloid and squamous cell types were positive for TP63 

and CK5, respectively.  CK8 was expressed in rare subpopulations of cells (<5%) at the 

edges of areas where there was basosquamous differentiation or was entirely absent 

from the metastatic lesions.  Nuclear phospho-SMAD2/3 was not detected in brain 

metastases, indicating that the TGFβ SMAD signal transduction was reduced/absent 

within the metastatic lesions. (Figure 10E) Thus, these studies provide evidence that bi-

potential P63+ CK5+ CK8+/- tumor cells can colonize both the bone and brain.  More 

importantly, TGFβ SMAD dependent signaling is not a requirement for either bone or 
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brain metastasis as assessed by the results from the Clone 2-KrasG12V ;dnRII and Clone 

2;dnRII intracardiac experiments. 

 
Figure 10. Experimental design and pathology findings for the Clone 2;dnRII and Clone 2-
KrasG12V;dnRII intracardiac studies. 

 

A. Examples of a Clone 2-KrasG12V;dnRII lymph node metastasis and a 

circulating tumor cell found within the bone marrow cavity from the orthotopic 

studies. 

B. Schematic of the experimental design for intracardiac metastasis assays.  

C. Representative bioluminescent imaging confirms the presence of tumors in 

the brain and long bone in a nude mouse injected with Clone 2-KrasG12V;dnRII 

cells.  The ex-vivo imaging of limbs shows there is a true signal at the level of 

the bone as well as in the adjacent soft tissue structures. P = prostate, B = 

bone, S = soft tissue. 
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D. Representative histologies of the bone (200X,H&E with orange G) and brain 

(200X, H&E only) metastases formed following intracardiac injection of Clone 

2-KrasG12V;dnRII cells.  Metastatic tumor cells had a basosquamous 

phenotype. 

E. Immunophenotype of Clone 2-KrasG12V;dnRII induced and Clone 2;dnRII 

brain metastases in mice following intracardiac injection.  Brain metastases 

either have low expression of CK8 or a complete absence of this marker.  

Tumor cells with a squamous morphology are CK5 positive while tumor cells 

with both basaloid and squamous morphologies are P63 positive.  All of the 

tumor cells are negative for nuclear P-SMAD2/3. 
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Table 5. Histopathology findings from the Clone 2;dnRII and Clone 2-KrasG12V;dnRII orthotopic 
implantation studies 

Animals that were reviewed by histology were included in this table.  Results are from two biologic replicates.   
* 1 out 15 Clone 2;dnRII uninduced tumors formed following orthotopic implantation 

 

Table 6. Comparison of the frequency of lymph node metastasis from mice with and without an 
intact TGFβ signaling cascade. 

 

 
  

Table 6.  Comparison of the frequency of lymph node metastasis from mice with and without an intact TGFβ signaling cascade
No. of mice injected with induced 

cells with LN mets 11/13*

No. of mice injected with un-

induced cells with LN mets 10/13*

Cell line Primary tumor phenotype Metastasis

Adenosquamous or Basosquamous carcinoma 15/15

Clone 2-KrasG12V;dnRII Induced Basosquamous or Adenosquamous adenocarcinoma 25/25

Clone 2-KrasG12V;dnRII Un-induced

Basosquamous or Adenosquamous carcinoma 11/11* 

Table 5. Histopathology findings from the Clone 2;dnRII and Clone 2-Kras
G12V

;dnRII orthotopic implantation studies 

Sarcomatoid carcinoma >                                                      

luminal adenocarcinoma >                                       

basosquamous carcinoma

1/11*

Clone 2dnRII Induced

Clone 2;dnRII Un-induced
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Table 7. Sites of metastasis observed for the Clone 2;dnRII and Clone 2-KrasG12V;dnRII 
intracardiac studies as assessed by bioluminescent imaging. 

 
 

 

Table 8. Immunophenotypic analyses of Clone 2;dnRII and Clone 2-KrasG12V;dnRII orthotopic 
tumors 

 

  

Cell line Brain metatasis Bone metastasis

Clone 2;dnRII Uninduced 0/5 0/5

Clone 2;dnRII Induced 7/10* 0/10

Clone 2-Kras
G12V

;dnRII 

Uninduced
2/5* 0/5*

Clone 2-Kras
G12V

;dnRII Induced 13/15 5/10*

Table 7. Pathology findings from the Clone 2;dnRII and Clone 2-KrasG12V;dnRII intracardiac studies

P63 (-) (++/-) (-)

Data represents IHC analyses from 5 tumors/antibody/group

++++ Marker labeled >76% of cells

+++ Marker labeled 51-75% of cells

++ Marker labeled 26-50% of cells

+ Marker labeled 25% or less of cells

-  Absence of detectable labeling by IHC

(++/-)

(+++/-)

(+/-)

Clone 2 

Basosquamous

Clone 2-Kras
G12V 

(-)

Table 8. Immunophenotypic analyses of Clone 2;dnRII and Clone 2-KrasG12V;dnRII tumors

IHC 

Marker
Adenocarcinoma Basosquamous Sarcomatoid Adenocarcinoma

CK8  (++++) (+/-) (-)
(++++)

CK5 (+/-) (+++/-) (-)
(-)
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4.3 Discussion 
 

We investigated whether TGFβ was important for the metastatic potential of 

Clone 2-KrasG12V cells. The functional in vivo studies show that 1) TGFβ is an important 

signal for full invasive capabilities of prostate tumor cells, and 2) this pathway is 

essential for the differentiation and continued selection for tumor cells that are 

committed to a luminal epithelial lineage. More importantly, our studies support the idea 

that the inactivation of TGFβ receptor mediated SMAD signaling by genetic repression 

enables Clone 2-KrasG12V cells to more effectively colonize the bone microenvironment 

as tested by intracardiac injection.  

Genomic studies of human clinical samples have shown that the complete 

inactivation of TGFβ signaling by either the deletion or mutation of one of the canonical 

TGFβ signaling pathway components, either at the level of the receptors or Smad 

molecules, is not documented in prostate cancer primary or metastatic tumors that have 

been examined to date.[2]  However previous experimental studies have documented 

that the loss of TGFβ does occur and that it is potentially important for the early stages 

leading to the development of PIN lesions and some human prostate cancers.[101]  

Other studies implicate TGFβ in progenitor cell homeostasis and loss of SMAD 

dependent signaling as being an important event for driving intratumoral heterogeneity 

and the selection for tumor cell populations with bi-lineage potential.[99, 102] The 

findings in Chapter 4 also show that the loss of TGFβ SMAD signaling in Clone 2-

KrasG12V cells selects for cells populations with bi-lineage potential that express two key 

markers of basal epithelial cell differentiation.   
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Consistent with previous work in other epithelial cancers, we observed that the 

constitutive activation of oncogenic KrasG12V in the Pten;Trp53 deficient Clone 2 model 

enabled metastasis by cells having a luminal epithelial histology and immunophenotype; 

however, Clone 2-KrasG12V tumor cells did not exhibit a key feature of lethal cancers, 

mainly the ability to spread to the bone.  We demonstrated that in these cells with robust 

metastatic potential TGFβ signaling remained intact, and that when this pathway was 

suppressed invasion was negatively affected. These data suggest that TGFβ is 

important for invasion and, therefore, can indirectly affect metastasis.  Our data also 

suggests that ongoing signaling through this pathway appears to impeded both bone 

and brain metastasis.  In this regard, other experimental prostate cancer models have 

also shown a similar change in the biological behavior of tumor cells when receptor II 

mediated signaling is inhibited.[103] Furthermore there is clinical evidence that 

correlates the loss of the TGF-β type II receptor (TβRII) in tumor cells with those 

cancers being classified as a higher Gleason grade.[101]  These data generated in 

another experimental model of aggressive prostate cancer and also in the clinical 

setting independently support our current findings.  Therefore we conclude that TGFβ 

SMAD dependent signaling is not entirely essential for prostate cancer progression, 

provided tumor cells possess other genetic changes associated with having advanced 

disease.  

Analyses of well-characterized prostate cancer cell lines, such as PC3 and 

DU145, often show that TGFβ signaling factors and TGFβ driven metastasis gene 

profiles are upregulated in aggressive adenocarcinomas and bone metastases.[64]  

However, the applicability of these findings have not been completely validated in tissue 
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samples.  There are also questions about the representative nature of these two 

models, especially regarding selective pressures and genetic drift over time as well as 

the current genetic and biologic features of advanced prostate cancers that been 

treated with newer androgen deprivation therapies or immunotherapies.  Therefore, 

having a number of alternative experimental models of lethal metastatic disease will be 

useful for either proving or disproving the role for TGFβ regarding prostate cancer 

metastasis. 

In summary these studies have established that the loss of TGFβ SMAD 

dependent signaling through the expression of a dnRII enables the rapid progression of 

disease in both the Clone 2-KrasG12V and Clone 2 models.  At the same time, we 

established that tumor cells expressing oncogenic KrasG12V could acquire both a bone 

and brain metastatic phenotype when placed directly into circulation.  Thus, we 

conclude that having a period of inactivation of TGFβ SMAD dependent signaling is one 

potential mechanism for the development of more advanced disease phenotypes 

including bone and brain metastasis.  Therefore the Clone 2-KrasG12V and Clone 2 lines 

offer additional tools for studying lethal metastatic disease and validating findings from 

other model systems and the clinic.  
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CHAPTER FIVE:  Generation and characterization of the 
Clone 2;SR and Clone 2-KrasG12V;SR murine prostate cancer 
cell lines 
 

5.1 Introduction 
 

Previous work has shown that oncogenic KrasG12V leading to the upregulation of 

MAPK signaling is important for experimental prostate cancer metastasis as tested in 

Pten;Trp53 deficient Clone 2 murine prostate cancer cells.  Evidence from clinical 

specimens and other experimental cancer models harboring Ras mutations all indicate 

that the Ras signaling axis uses the canonical NFκB pathway for aspects of 

tumorigenesis and metastasis.  However, the role for canonical NFκB for prostate 

cancer metastasis in the Pten;Trp53 knockout mouse prostate cancer model has not 

been previously demonstrated.  Furthermore the role for canonical NFκB in human 

prostate cancers and metastatic disease is not well understood and should be explored 

as it represents a pathway with a number of druggable targets.   

In this chapter we investigate whether the NFκB pathway is important for the 

metastatic capability of Clone 2-KrasG12V cells.  In the mouse NFκB is one pathway that 

is important for luminal epithelial lineage commitment of prostate cells.  It is also 

important for the growth of Kras dependent tumors of the lungs.  [90][92][58] To directly 

test whether these observations were also true in the Clone 2-KrasG12V model we stably 

express an induced IKBα-super repressor (SR) into the line to stop canonical signaling 

and show that a reduction in NFκB signal transduction selects for basal epithelial cells 

that had poor invasive and metastatic potentials.  We also show that the canonical 

NFκB pathway is not required for metastasis as Clone 2;SR expressing cells can 
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colonize the lungs.  Therefore these studies highlight that NFκB has critical roles for 

both lineage commitment of prostate cancer cells as well as invasion and metastasis as 

tested in the Clone 2-KrasG12V model. 
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5.2 Results 
 

5.2.a The NFkB signaling factor p65 is upregulated in a subset of human prostate 
cancers and metastases. 
 

NFκB has been implicated in prostate cancer progression.[96]  To determine 

whether NFκB was important for human prostate cancer metastasis we stained and 

analyzed two tissue microarrays (TMA) for total P65 (Figure 11).  The TMAs contained 

both primary prostate cancers (UWTMA48) and metastases (UWTMA22).  Both TMAs 

were acquired from the University of Washington. In other published reports clinical 

samples often have a low overall frequency of nuclear P65 staining, which is attributed 

to specimen handling and fixation methods.[97]  Because there were a large number of 

tissue cores containing low percentages of prostate cancer cells with nuclear p65 

staining, an expanded scale was used for scoring: 0, none; 1, up to 10%; 2, up to 25%; 

3, up to 50%; 4, up to 75%; and 5, up to 100%. The intensity scoring method for p65 

was: 0, none; 1, weak; 2, moderate/intermediate; 3, strong; and 4, strong and obscuring 

details.  This system yielded a 20-point combined staining score.  For nuclear p65, 

combined scores were 0, negative; 1–3, weak; 4–6, intermediate; and 8–20, strong. 

Cores were marked as negative if less than 1% of the prostate epithelial cells were 

positive for nuclear NFκB p65 staining.  A subset of primary prostate tumors and 

metastases had a statistically significant increase in the combined values of intensity 

and percentage positivity compared with normal prostate or BPH samples. Interestingly, 

a higher percentage of metastases had intense staining compared with primary tumors, 

suggesting a potential role for p65 mediated NFκB for human prostate cancer cell 

invasion and metastasis.  
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Figure 11. NFκB signaling factor p65 is upregulated in a subset of human prostate cancers and 
metastases. 

 

A. Representative images and scores of tissue cores, including normal prostate 

tissue (0), BPH (0), primary prostate cancer (4) (UWTMA 48), and bone 
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metastasis (3) (UWTMA22) stained for p65. In the bone metastasis core, the 

cytoplasmic staining is strong, while nuclear staining is <10%. 

B. Plots summarizing the p65 scores in different groups of patient samples. The 

numbers of patient tissue samples in each group are: Normal, BPH, primary 

prostate cancer (55), and metastasis (115). **p<0.01 vs Normal, # # p<0.01, # # # 

p<0.001 vs BPH. 

C. Percentage of TMA tissue samples with negative, weak (1–3), intermediate (4–6) 

or high (>6) nuclear p65 staining from B. 

D. Further analysis for staining intensity in tissue samples from B that had a range 

of 1–10% of cells being positive for nuclear p65 positive. Shown is the 

distribution of the selected samples for staining intensity with weak (1), 

intermediate/moderate (2) and strong (3) intensity. 

Published in:  Yin, J., Liu Y-N, Tillman H., AR-Regulated TWEAK-FN14 Pathway 

Promotes Prostate Cancer Bone Metastasis. Cancer Research, 2014. 74(16): p. 

4306-4317. 

 

5.2.b Clone 2-KrasG12V tumor cells with invasive and metastatic potential express 
p-P65ser536  
 

Published studies and our own examination of total P65 expression in clinical 

samples suggested that the canonical arm of the pathway is constitutively activated in a 

subset of prostate cancer cells with metastatic potential.  There is also evidence in the 

literature that the nuclear localization of p65 is correlated with having signaling cascade 

that is active in the in vivo setting.[98]  Because we established the relevance for NFκB 

for the human disease we wanted to next test whether NFκB was important for the 
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metastatic phenotype we observed for the Clone 2-KrasG12V in vivo studies.  (Chapter 3)  

We assayed phospho-P65ser536 expression by immunohistochemistry.  This 

phosphoisoform of p65 is upregulated in invasive prostate cancer cells by both 

canonical and non-canonical kinases (Figure 12A).[68][104]  We observed that p-

P65ser536 was expressed in both the cytoplasmic and nuclear compartments of Clone 2 

sarcomatoid carcinoma cells and Clone 2-KrasG12V adenocarcinoma cells. (Figure 

12B)  Interestingly, Clone 2-KrasG12V cells, especially tumor cells with invasive and 

metastatic potential, had increased percentages of cells with more intense labeling by 

the anti-p-P65ser536 antibody. 

Because there was an apparent difference in the IHC labeling between the two 

groups we used a semi-quantitative approach to evaluate both the percentage of 

positive tumor cells and the intensity of labeling by the anti-p-P65ser536 antibody in 10 

high power (40X) fields of each tumor.  This method was comparable to the scoring 

scheme for the TMA analyses that was described in section 5.2.a.  The intensity scoring 

method for p65 was: 0, none; 1, weak; 2, moderate/intermediate; 3, strong; and 4, 

overstained.  The scores for the percentage of positive cells were: 0, none; 1, up to 

10%; 2, up to 25%; 3, up to 50%; 4, up to 75%; and 5, up to 100%.  This scheme 

resulted in a 20-point combined staining score.  For either the cytoplasmic or nuclear 

expression of p-p65ser536, combined scores were placed into the following categories: 0, 

negative; 1–3, weak; 4–6, intermediate; and 8–20, strong.  Clone 2-KrasG12V tumor cells 

had intermediate to strong cytoplasmic expression of p-P65ser536 by IHC and the 

following combined scores:  8 (4/5 tumors) and 6 (1/5 tumors).  Clone 2-KrasG12V tumor 

cells had the following combined scores for nuclear labeling:  4 (4/5 tumors) and 2 (1/5 



 85 

tumors).  Clone 2 tumor cells had weak to intermediate cytoplasmic expression of p-

P65ser536 by IHC and the following combined scores:  6 (1/5 tumors), 4 (3/5 tumors) and 

2 (1/5 tumors).  Clone 2 tumor cells had the following combined scores for nuclear 

labeling:  4 (1/5 tumors) and 0 (4/5 tumors).  The one Clone 2 tumor with nuclear 

labeling in the intermediate category also had the largest percentage of tumor cells with 

an epithelial cell morphology.  Clone 2-KrasG12V tumor cells had a significant increase in 

both the cytoplasmic and nuclear expression of p-p65ser536 by IHC when compared with 

the combined scores for Clone 2 tumor cells.  The results from the IHC findings and the 

semi-quantitative analyses of Clone 2 and Clone 2-KrasG12V orthotopic tumors show that 

there is a difference in NFκB signaling between the two models and that Clone 2-

KrasG12V cells may require this pathway for aspects of invasion and metastasis.   
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Figure 12. Clone 2-KrasG12V tumor cells with invasive and metastatic potential express phospho-
P65ser536  

 

A. Schematic of some kinases that may phosphorylate p65 at serine 536. 

B. Immunohistochemical labeling for active NFκB signal transduction.  Clone 2 (1) 

and Clone 2-KrasG12V tumor cells (2) both express the marker at the orthotopic 

sites.  However p-P65 is more highly expressed in cells invading vessels (*) and 

metastatic Clone 2-KrasG12V cells (3).  Image 1, 2X magnification image with 2 

inserts taken at 600X.  Images 2 and 3, 200x magnification with inserts taken at 

600X. 

C. Nuclear and cytoplasmic p-P65ser536 expression levels assessed by semi-

quantitative analyses of Clone 2 (n=5) and Clone 2-KrasG12V (n=5) orthotopic 

tumors labeled with anti-phospho-P65ser536. The central line represents the mean. 
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Error bars are ± SEM.  Significance was measured using an unpaired T test with 

Welch’s correction. 

5.2.c Clone 2-KrasG12V cells require NFκB for in vitro colony formation and 
invasion 
 

To test whether inhibiting the NFκB pathway would affect Ras dependent 

metastasis, we expressed an inducible IκBα super repressor (SR) into Clone 2-KrasG12V 

cells.  The schematic of the experimental design is shown in Figure 13A.  Following 

doxycycline induction of the genetic repressor mCHERRY fluorescent protein is 

expressed from an internal ribosomal entry site (IRES).  The expression of mCHERRY 

was used to sort for pure populations for all of the downstream experiments.  We 

analyzed the expression of mCHERRY in both un-induced and induced Clone 2-

KrasG12V cells harboring the SR to determine whether there was tight regulation of the 

inducible system.  The fluorescence-activated cell sorting (FACS) analyses showed that 

MCHERRY expression was only present when the vector was induced with doxycycline 

in both cell lines (Figure 13B).  In western blot analysis of cytoplasmic extracts from 

both un-induced and induced Clone 2-KrasG12V and Clone 2 cells, IκBα-super repressor 

infected cells showed an increase in total IκBα expression compared with un-induced 

cells and in the presence of positive pathway stimulation indicating that the vector was 

functioning as expected (Figure 13C).   

Constitutive NFκB activation is reportedly required for the proliferation and 

growth of Ras dependent cancers. [54] Because other Ras dependent cancers have a 

requirement for NFκB we wanted to know whether the growth of Clone 2-KrasG12V cells 

also would be negatively affected.  We observed that there was a decrease in the ability 

of Clone 2-KrasG12V;SR expressing cells to form colonies in soft agar.  These 
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experiments suggested that in vivo growth at an orthotopic site could be reduced or 

absent because there was a potential requirement for constitutive NFκB signaling for 

cell growth and proliferation by the tumor cells.   

Based on the IHC results (Section 5.2.b) we expected that Clone 2-KrasG12V cells 

would have either a partial or full requirement for NFκB for invasion and metastatic 

colonization.  We observed that Clone 2-KrasG12V;SR cells had reduced in vitro invasion 

towards a chemoattractant.  Because there were negative effects on tumor cell growth 

that were observed in the soft agar assay experiments it was difficult to determine 

whether the reduction in invasion was a direct or an indirect effect from NFκB 

inhibition.  Interesting Clone 2;IKBα-SR induced cells did not have a significant increase 

in invasive capability nor a reduced ability to form colonies in soft agar suggesting that 

there was not an in vitro requirement for constitutive NFκB signaling, at least in this cell 

line.  We then asked whether there would be similar effects on in vivo tumor cell growth 

and invasive and metastatic potentials of Clone 2-KrasG12V tumor cells that were 

orthotopically implanted into nude mice. 
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Figure 13.  In vitro evaluation of NFκB signal transduction, colony forming abilities and invasion 
following induction of the IKBα super repressor in both Clone 2-KrasG12V and Clone 2 cells 

 

A. Schematic of the experimental design for testing whether NFκB is important for 

Clone 2-KrasG12V metastasis. 

B. FACS plots showing that there is tight regulation of the inducible system in both 

Clone 2;SR and Clone 2-KrasG12V;SR lines.  Western blot analyses of cell lines 

used for FACS show that induction of the vector increases total IKBα levels. 

C. Clone 2>TRE IκBα SR and Clone 2;KrasG12V>TRE IκBα SR cells were treated 

with 1 μg/ml Dox, stimulated with 30ng/mL of mouse TNFα and assayed for 

expression of total P65 and IκBα in the cytosol by Western blot.  The analyses 
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show that SR induced cells have increases in total IKBα following the induction of 

the IκBα super repressor and in the presence of positive pathway stimulation.   

D. Clone 2-KrasG12V;SR expressing cells have a significant reduction in the number 

of colonies formed in soft agar compared with Clone 2-KrasG12V;SR un-induced 

cells. *** = < 0.001 using an unpaired T test with Welch’s correction. 

E. Clone 2-KrasG12V;SR induced cells have a reduction in chemotactic directed in 

vitro invasion as tested by Matrigel assay.  **** = < 0.0001 using an unpaired T 

test with Welch’s correction. 

 

5.2.d Histopathologic analysis of Clone 2-KrasG12V;SR orthotopic tumors 
 

Several lines of evidence suggest that NFκB is both required for Ras driven 

epithelial tumors to form and for prostate cancer cells to invade and colonize distal sites 

such as the bone and brain.[49, 58] Our approach to test whether NFκB was important 

for aspects of growth and invasion and metastasis was to implant SR expressing cells 

into the prostates of nude mice to see whether tumors would form and if distal 

metastasis could occur.   

NFκB is important for prostate cells to become committed to a luminal epithelial 

lineage.[97]   Clone 2-KrasG12V;SR cells formed bi-phenotypic orthotopic tumors that 

were mixtures of both basal epithelial and luminal epithelial phenotypes.  The four highly 

metastatic Clone 2-KrasG12V;SR orthotopic tumors that were harvested at 4-5 weeks 

following orthotopic implantation were comprised of mixtures of cell types with glandular 

(adenocarcinoma) or basaloid and squamous (basosquamous) morphologies, and were 

termed adenosquamous carcinomas.  The mice injected with SR induced tumor cells 
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that were harvested between 4 and 7 weeks were classified as basosquamous 

carcinomas with poor metastatic potential.  The histologies from the tumors in the 

induced cohort suggested that there was a selective pressure in vivo for epithelial cells 

with a basal cell phenotype to survival and continue to contribute to the bulk of the 

tumor mass.  Furthermore, the basal epithelial cells that were selected had poor 

metastatic potential.  We assayed CK8, CK5 and P63 lineage marker expression in 5 

orthotopic tumors.  Cells with glandular differentiation were strongly positive for CK8 

and did not express either P63 or CK5 by IHC.  Tumor areas having both basaloid 

morphologies were positive for P63 while areas having a squamous morphology were 

CK5+, P63+/- and CK8-. Tumor cells having a squamous morphology and being 

immediate adjacent to areas of keratinization did not always label with P63 but did label 

with CK5.  Phospho-P65ser536 expression was analyzed in 5 tumors taken between 4-8 

weeks and having a basosquamous morphology.  We observed that >95% of tumor 

cells at the orthotopic site had low or undetectable expression of phospho-P65ser536 in 

the nucleus by IHC.  Low to moderate expression of phospho-P65ser536 was observed in 

the cytoplasm of the tumor cells, which was consistent with an inhibition of NFκB 

signaling in the in vivo setting. (Figure 14A)  As expected the mice that were injected 

with un-induced cells formed metastatic luminal adenocarcinomas (5/5).   

One question was whether the inhibition of NFκB had negatively affected tumor 

cell growth, which could also have effects on invasion and metastasis.  The majority of 

mice implanted with Clone 2-KrasG12V;SR cells formed tumors (15/21).  Ki-67 labeling of 

orthotopic tumors harvested in a 4-7 week time period identified regions of tumor cell 

proliferation consistent with growth when the super repressor was continuously induced 
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(d0) or induced 14 days (d14) following implantation. (Figure 14B)  Thus, we also 

concluded that NFκB was not entirely required for in vivo tumor formation.  

In the tumors that formed we observed a decrease in lymphovascular invasion 

and the metastatic colonization of the lungs in a subset of mice that correlated with a 

significant increase in nude mouse survival from the in vivo studies. (Figure 14C)  Four 

out of the 21 mice that were taken approximately 4 and 5 weeks post implantation 

developed lung metastases that were grossly visible at the time of necropsy.  The 

majority of tumors (17/21 mice) had no evidence of distal disease or had small numbers 

of tumor cell emboli trapped within the pulmonary capillaries, which did not represent 

the ability to fully metastasize and grow within a novel microenvironment.  Therefore we 

concluded that NFκB was important for aspects of Ras dependent metastasis but it was 

not entirely necessary.   

We also observed that metastatic potential was inversely correlated with the 

phenotype of the orthotopic tumors.  The four mice with metastases formed orthotopic 

tumors that had an adenocarcinoma morphology.  These findings suggested three 

possibilities:  1) the tumor cells no longer stably expressed the vector, 2) NFκB signal 

transduction was not sufficiently suppressed in the in vivo setting or 3) the in vivo 

selection for cells with a basal lineage simultaneous selected for cells with a reduced 

potential to metastasize from an orthotopic site.  Thus our findings show that Clone 2-

KrasG12V cells have certain requirements NFκB for both luminal lineage commitment and 

for efficient invasion and metastasis from an orthotopic site.  
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5.2.e Histopathologic analysis of Clone 2;SR orthotopic tumors 
 

We also tested whether induction of the SR repressor would affect the growth, 

lineage characteristics and metastatic potential of Clone 2 cells.  Clone 2;SR cells were 

able to form tumors following orthotopic implantation (11/15) as suggested by the soft 

agar assay results (Figure 13D).   The orthotopic tumors formed from the vector induced 

cells had basosquamous and adenocarcinoma histologies that were comparable to the 

Clone 2-KrasG12V;SR tumors indicating that induced cells retained at least the bi-lineage 

potential of the Clone 2 parental cell line.  A subset of mice (5/11) formed tumors that 

only had a basosquamous morphology.  Again we assayed CK8, CK5 and P63 lineage 

marker expression in three orthotopic tumors.  Areas of the tumors having a basaloid 

morphology were positive for P63, while tumor cells having a squamous phenotype 

variably expressed P63 but were strongly CK5+.  Adenocarcinoma morphologies, where 

present, were positive for CK8 only. (Figure 14A) Phospho-P65ser536 expression was 

analyzed in 4 tumors taken between 4-8 weeks and having a basosquamous 

morphology.  Tumor cells had either low or undetectable expression of phospho-

P65ser536 in the nucleus with low or moderate expression in the cytoplasm. (Figure14A)  

These data again indicated that the inhibition of NFκB by inducing the SR resulted in the 

selective pressure for the survival and continued proliferation basal epithelial cells in the 

in vivo setting.  

We observed metastasis in 8 out of 11 mice. (Table 9)  Metastatic tumor cells 

also had basaloid and squamous morphologies that were observed within the 

corresponding orthotopic tumors.  The presence of metastatic basal cell populations in 

the lungs suggested that the inhibition of NFκB likely co-selected for a population basal 
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cells with metastatic potential.   Three out of 9 Clone 2;IKBα-SR un-induced tumors 

were produced following implantation.  All tumors of the tumors in the un-induced group 

had mixed histologic phenotypes that were commonly observed for Clone 2 tumors 

including areas with luminal, basosquamous, and sarcomatoid differentiation with 

osseous and cartilaginous metaplasia.  Two out of three of the mice in the un-induced 

group had lymphovascular invasion and formed metastatic lesions in regional lymph 

nodes.  Thus, these data show that NFκB inhibition in Clone 2 cells leads to the 

selective survival of basal cells with metastatic potential. Because it appeared that 

NFκB was not always a requirement for metastasis from an orthotopic site, we 

questioned whether having constitutive NFκB signal transduction in Clone 2 cells could 

cause metastasis.   
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Figure 14. Pathology analyses from Clone 2-KrasG12V;SR and Clone 2;SR in vivo orthotopic studies 

 

A. Representative histologies of the orthotopic tumors and metastatic lesions 

following the induction of the SR in Clone 2-KrasG12V and Clone 2 cells.  Both 

Clone 2-KrasG12V;SR and Clone 2;SR orthotopic tumor cells express p-P65ser536 

in the cytoplasm by IHC.  The orthotopic tumors have a basosquamous 

phenotype that is characterized by the expression of P63 in basaloid cells and 

some cells having a squamous morphology.  There is low or absent CK8 

expression in basosquamous tumors. 
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B. Induction of the super-repressor in Clone 2-KrasG12V cells at d0 or d14 following 

orthotopic implantation does not impair tumor cell growth as measured by the 

percentage of Ki-67 positive tumor cells. Error bars represent the mean ±SD for 

n=4-5 mice per experimental condition.  Significance determined by an unpaired 

t-test with Welch’s correction. 

C. NFκB suppression significantly increases athymic nude mouse survival when the 

SR is induced in Clone 2-KrasG12V cells.  Significance is determined by a Mantel-

Cox test. 

 

 

 

Table 9. Pathologic analyses for Clone 2;SR and Clone 2-KrasG12V;SR orthotopic implantation 
studies 
Animals that were reviewed by histology were included in this table.  Results are from two biologic replicates.   

  

 

 

 

 

 

 

 

Cell line tested Histologic phenotype Metastasis

Clone 2;IKBα-SR Uninduced 
Sarcomatoid carcinoma > luminal adenocarcinoma >                                 

basosquamous carcinoma
2/3*

Clone 2 IKBα-SR Induced Adenosquamous or Basosquamous carcinoma 8/11*

Clone 2-Kras
G12V

;IKBα-SR                      

Uninduced
Luminal adenocarcinoma 5/5*

Clone 2-Kras
G12V

; IKBα-SR Induced Adenosquamous or Basosquamous carcinoma 4/21*

Table 9. Pathologic analyses for Clone 2;SR and Clone 2-Kras
G12V

;SR orthotopic implantation studies 
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Table 10. Immunophenotypic analyses of Clone 2;SR and Clone 2-KrasG12V;SR tumors 

 

 

 

5.2.f Constitutive NFκB expression does not increase Clone 2 metastasis. 
 

Because we observed different results following the suppression of NFκB in our 

two models we next asked whether activation of this pathway was necessary or merely 

sufficient for metastasis.  We constitutively expressed a mutant Iκκβ177E,S181E vector in 

Clone 2 cells as the most direct experiment.  The Clone 2;Iκκβ line had both increased 

cytoplasmic IKKβ and nuclear p65 expression by western blot analysis indicating that 

the vector was functional. (Figure 15A)   

Iκκα-mediated NFκB signal transduction can induce breast cancer cells to 

undergo an EMT that results in metastasis.[101]  We observed that the constitutive 

expression of Iκκβ increased CDH-2 (N-cadherin) expression suggesting that in vivo 

sarcomatoid differentiation would occur.  Next we tested the tumor-forming and 

P63 (-) (++/-) (-)

 (++++)

(-) (++/-)

Data for Clone 2-Kras G12V ;SR tumors represents5 

tumors/antibody

(-)
(+++/-)

Data for Clone 2;SR tumors represents 3 

tumors/antibody

CK5 (+/-) (+++/-) (-)

(+/-)

Table 10. Immunophenotypic analyses of Clone 2;SR and Clone 2-Kras
G12V

;SR tumors

Clone 2 Clone 2-Kras
G12V 

IHC 
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Adenoca
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Sarcoma
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Adenocarcinoma Basosquamous

(-)
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(+/-)CK8
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metastatic abilities of Clone 2;Iκκβ177E,S181E  cells by intracardiac, orthotopic or 

subcutaneous injection into nude mice. (Table 11)  When tested by intracardiac injection 

(n=4) indications of tumor cell growth were not detected in the heart, lungs or brain.  In 

another set of in vivo experiments tumors did not develop following orthotopic 

implantation into nude mice (n=8).  However, when the cells were injected using a 

subcutaneous route 3/6 nude mice formed tumors.  The subcutaneous tumors 

demonstrated multi-lineage potential that had been observed in previous in vivo studies 

using the Clone 2 line and had the following morphologies: glands lined by a single 

layer of simple epithelium, complex and stratified squamous epithelium and sarcomatoid 

differentiation without evidence of osseous or cartilaginous metaplasia.  Neither 

lymphovascular invasion nor metastasis was observed in the lungs in mice following 

introduction into nude mice by three separate injection methods.   Thus we concluded 

that 1) the constitutive expression of the mutant Iκκβ177E,S181E vector in Clone 2 

negatively affected in vivo tumor cell growth, 2) did not alter the multi-lineage potential 

of Clone 2 cells and 3) was insufficient for metastasis. 
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Figure 15. Constitutive NFκB activation does not impair sarcomatoid differentiation nor does it 

increase the frequency of metastasis by Clone 2 cells 

 

A. Western blot analyses of nuclear and cytoplasmic fractions from Clone 2 and Clone 

2-IκκβS177E/S188E cells. Vector expressing cells have an increase in total Iκκβ in 

the cytoplasmic fraction.  This increase is paralleled by another increase in CDH2 

(N-cadherin) in the cytoplasm, which is consistent with having an EMT phenotype.  

Nuclear total-P65 expression is increased in Clone 2-IκκβS177E/S188E cells. 

B. Representative images from the intracardiac study (1-3) and the subcutaneous 

injection study shows that NFκB activation does not increase the frequency of brain 

metastasis by intracardiac injection.  Representative images from the subcutaneous 

study (4-6) show that NFκB activation results in the formation of subcutaneous 

tumors with multi-lineage plasticity and poor metastatic potential (7). 
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Table 11. Pathologic analyses of Clone 2;Iκκβ177E,S181E in vivo studies 

 
 

 

  

Cell line Metastasis Injection Method

Clone 2 0/6 Intracardiac 

Clone2;KrasG12V 6/9* Intracardiac

Clone 2;Iκκβ
177E,S181E 0/4 Intracardiac

Clone 2;Iκκβ
177E,S181E 0/9 Orthotopic

Clone 2;Iκκβ
177E,S181E 0/6 Subcutaneous

Table 11. Pathologic analyses of Clone 2;Iκκβ
177E,S181E

 in vivo  studies



 101 

5.3 Discussion 
 

Investigation of NFκB in the Clone 2-KrasG12V model shows that this pathway is 

dispensable for in vivo tumor growth, but it is critical for invasion and metastasis. 

However little is known about the participation of NFκB in invasion and metastasis using 

other experimental prostate cancer models that do not rely on the introduction of Ras 

activating mutations.  Thus, the data generated from the Clone 2 cell line provides a 

unique opportunity for investigating the additional roles for NFκB regarding 

metastasis.  Since NFκB is known to be important for the survival and continued 

proliferation of luminal epithelial cells in the mouse prostate,[97] the basal cell 

immunophenotype that was documented in Clone 2-KrasG12V and Clone 2 orthotopic 

tumors following induction of the SR is consistent with these previously published 

studies.  

Work performed with a Ras-driven lung cancer model show a requirement for 

NFκB for tumors to develop in mice.[58]  We also observed that there was a growth 

requirement that could be measured as a reduction in the formation of colonies by 

Clone 2-KrasG12V;SR induced cells when placed into inert soft agar.  However, most 

Clone 2-KrasG12V;SR induced tumors formed at orthotopic sites, indicating that this 

pathway is not entirely required in the in vivo setting.  Additionally we showed that Clone 

2-KrasG12V ;SR orthotopic tumors have an increase in the expression of Ki-67, a marker 

of cellular proliferation.  Previously published work using the PB-Cre4+; Ptenfl/fl;Trp53fl/fl 

model, tumor organoids and serially propagated primary tumor cell populations all show 

that the locally aggressive tumors that arise from the combined loss of Pten and Trp53 

in mouse prostate epithelial cell populations are attributed to two possibilities:  1) the 
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decreased senescence of terminally differentiated populations forming the bulk of the 

neoplasm and also 2) from the amplification of and continued renewal of the bulky 

tumor mass over time by cells having a stem and progenitor cell phenotype.[3, 4, 85] 

Therefore, given the advanced genetic changes that are already present in Clone 2 

cells these events probably select for a growth advantage in the in vivo setting, so it is 

unlikely that suppressing the canonical arm of NFκB in either cell line would have 

entirely prevented the formation of tumors at an orthotopic site.  

We also investigated whether Clone 2-KrasG12V cells required NFκB for 

metastasis.  The results from the Matrigel invasion assays suggested that Clone 2-

KrasG12V tumor cells would have reduced in vivo invasive potential.  At first this 

reduction in invasion was hypothesized to be a result of the negative effects on growth 

following NFκB inhibition by the super repressor and as measured by the soft agar 

assays.  However, when Clone 2-KrasG12V ;SR orthotopic tumors formed and the 

frequency of lung metastasis was greatly reduced, these findings implicated NFκB as 

having a more direct role regarding the full invasive and metastatic potential of Ras 

dependent Clone 2 cells.  More broadly we also asked whether NFκB was necessary or 

merely sufficient for Pten;Trp53 deficient cells to metastasize.  The in vivo data from the 

control Clone 2;SR line and the Clone 2-Iκκβ studies showed that this pathway is not 

entirely necessary for metastasis.  These data also highlight that Clone 2-KrasG12V cells 

probably have a unique requirement for NFκB regarding aspects of tumor cell invasion 

and metastasis that is similar to the findings from models of Ras-driven prostate 

cancer.[49]  



 103 

As discussed in Chapters 3 and 4 the complete EMT tumor phenotype that is 

observed in both the Pten;Trp53 mouse model and from tumors formed following the 

orthotopic implantation of the clonally derived murine cell lines is not correlated with 

having robust metastatic potential.  However the introduction of a strong oncogenic 

driver such as KrasG12V increases the frequency of metastasis by Clone 2 cells, and this 

increased frequency of metastasis correlated well with the loss of sarcomatoid 

differentiation, which marks a complete EMT phenotype. (Chapter 3)  Again, we 

observed the same correlation for the Clone 2;SR experiments.  Clone 2;SR cells 

formed either adenosquamous or basosquamous carcinomas and had lung metastases 

following orthotopic implantation without clear evidence of a complete EMT phenotype.  

Additional experiments using the Clone 2-Iκκβ cell line also showed that having 

constitutive activation of NFκB selects for multi-lineage tumors with a complete EMT 

phenotype and poor metastatic potential.  Again, multi-lineage plasticity in vivo does not 

correlate with the development of in vivo metastasis as tested in Pten;Trp53 deficient 

murine prostate cancer cells.  While these in vivo studies are limited in their sample size 

together the data presented in Chapter 5 show the complexities of NFκB signaling.  The 

data also show that there are several epithelial cell populations that are under selective 

pressure following the activation or inhibition of NFκB signaling, and each of these 

populations have different metastatic abilities.  Currently from this data we can conclude 

that 1) NFκB is one pathway that is important for the complete EMT tumor phenotype in 

the Pten;Trp53KO mouse model and 2) intact NFκB signaling can be protective again 

the development of metastatic disease in advanced tumors that do not have Ras 

dysregulation.   
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In summary these studies have established a role for NFκB regarding the 

invasive and metastatic potential of Clone 2-KrasG12V cells, provided additional rationale 

for studying NFκB in other experimental prostate model systems, and confirmed that 

NFκB is important for the selection of Pten;Trp53 deficient cells defined as having a 

luminal lineage commitment.  These studies show initial experimental evidence that less 

toxic NFκB inhibitors may benefit some prostate cancer patients, especially those 

patients that have cancers containing a Kras mutation.  The studies with the Clone 2;SR 

line also show that the inhibition of NFκB can lead to experimental metastasis.  

Therefore additional studies should be carefully undertaken to first understand the 

specific role for NFκB in different models of prostate cancer in order to define when it is 

most appropriate to target this pathway in human prostate tumors.  Therefore both the 

Clone 2-KrasG12V and Clone 2 lines represent important resources for studying 

questions centered around NFκB and prostate cancers.   
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CHAPTER SIX:  Lineage changes in Clone2-KrasG12V cells 
following the suppression of TGFβ and NFκB signal 
transduction 
 

6.1 Introduction 
 

The studies that are described in Chapters 4 and 5 using the Clone 2-KrasG12V 

and Clone 2 models have revealed that both the TGFβ and NFκB pathways select for 

epithelial cell populations that are committed to the luminal lineage.  Evidence from 

other experimental prostate cancer models also shows that both pathways work in a 

hierarchical way through Notch to affect cell fate choices, specifically luminal 

differentiation.[97, 105] 

In this chapter we more directly investigate whether TGFβ or NFκB have a role in 

luminal epithelial cell differentiation in the Clone 2-KrasG12V model.  These studies 

indicate that both TGFβ and NFκB are important for Clone 2-KrasG12V cells to become 

fully committed to a luminal epithelial cell lineage.  Additionally we also show that Notch 

is important for Clone 2-KrasG12V cells to remain fully committed as luminal 

cells.  However a direct relationship between TGFβ and Notch is not observed in this 

model.  Thus these studies show that all three pathways are important for luminal 

lineage commitment as tested in the Clone 2-KrasG12V model and serve as a foundation 

for future studies of each pathway regarding cell fate decisions. 
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6.2 Results 
 

6.2.a Pharmacologic inhibition of TGFβ in Clone 2 and Clone 2-KrasG12V cells 
increases the expression of basal lineage markers. 
 

Studies conducted in Clone 2 and Clone 2-KrasG12V cells showed that TGFβ was 

important for tumor cells to maintain a luminal lineage commitment. (Chapter 4) To test 

whether TGFβ was important for remaining committed as a luminal cell we treated both 

Clone 2 and Clone 2-KrasG12V cells with an ALK5 inhibitor at a dose of 180nM (ALK5i).  

This ALK5 inhibitor was chosen because it was reported to be more selective for a 

TGFβRII mediated response.  The absolute numbers of cells expressing CK8, CK5 and 

P63 or with co-expression of these lineage markers were determined by counting at 

least 200 cells.  The pharmacologic inhibition of ALK5 mediated signaling induced a bi-

lineage phenotype with the following lineage marker expression patterns:  CK8+ or 

P63+ only cells with subpopulations of cells co-expressing combinations of CK8 and 

P63. (Figure 16A)  These data showed by a second method that TGFβ is important for 

luminal lineage commitment in the tested lines. 

One question that remained to be determined was whether P63+ only cells would 

revert to a CK8+ only immunophenotype when treatment stopped.  In this experiment 

Clone 2-KrasG12V cells were first treated with the ALK5i for 2 weeks.  Treatment ceased 

after this time point, and the cells were then continuously cultured into PrEBM media + 

supplements for an additional 2 weeks.  Again the absolute numbers of cells expressing 

CK8, CK5 and P63 or with co-expression of these lineage markers were determined by 

counting at least 200 cells.  We observed that even after the cessation of the treatment 

there were still cell populations that singly expressed either P63 or CK5, as well as bi-
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potential populations that co-expressed these markers with CK8.  There were also cell 

populations that only expressed CK8.  In the Pten;Trp53 knockout mouse model system 

the acquisition of CK5 expression by serially propagated tumor cells is correlated with 

having an irreversible basal epithelial cell phenotype.[85]  While it was unclear whether 

these bi-potential populations could become recommitted as luminal cells the presence 

of CK5 positive cells indicated that there were populations of tumor cells that could not 

re-acquire a luminal phenotype.  Therefore these data indicated that the basal lineage 

commitment by tumor cells after short term TGFβ inhibition was not an entirely 

reversible phenotype.   
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Figure 16. Pharmacologic inhibition of TGFβ signaling in Clone 2 and Clone 2-KrasG12V cells 
increase the expression of basal lineage markers.  

 

Representative immunofluorescence images and graphs showing the quantification of 

chamber slides stained with prostate lineage markers. 

C. Quantification of CK8 and P63 expression by Clone 2 and Clone 2-KrasG12V cells in 

basal prostate media and following the addition of an ALK5 inhibitor in the culture 

media.   
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D. Quantification of CK8, P6 and CK5 expression by Clone 2-KrasG12V cells 14 days 

after stopping the ALK5 inhibitor treatment shows the expression of basal cell 

markers by sub-cultured cells is still observed.  

 
6.2.b  Pharmacologic inhibition of NFκB in Clone 2 and Clone 2-KrasG12V cells 
increases the expression of basal lineage markers 
 

As described in Chapter 5 we observed that Clone 2 and Clone 2-KrasG12V cells 

also had a requirement for NFκB in order to be remain committed as luminal epithelial 

cells.  These data are supported by other studies, which show that in the mouse NFκB 

is one pathway that is important for the survival and proliferation of luminal epithelial 

cells.[97]  Again we used a pharmacologic inhibitor of this pathway as a second method 

for testing whether NFκB was essential for luminal lineage commitment.  Both Clone 2 

and Clone 2-KrasG12V cells were treated with an Iκκβ inhibitor at a dose of 180nM 

(IKBαi).  This Iκκβ inhibitor was chosen because it was reported to be more selective for 

an IKBα-mediated signal.  The absolute numbers of cells expressing CK8 and P63 or 

having co-expression of these lineage markers were determined by counting at least 

200 cells.  The pharmacologic inhibition of Iκκβ mediated signaling induced basal 

lineage marker expression that was characterized by combinations of CK8+ and P63+ 

only cells with subpopulations of cells co-expressing the markers. (Figure 17A)  These 

data confirmed that NFκB was important for cells to retain full luminal lineage 

commitment. 

We also assayed whether cells that had an immunophenotype that was 

characteristic for a basal epithelial cell would be able to differentiate back towards a 

luminal lineage after the treatment was stopped.  In a similar manner to the method 
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described in 6.2.a, Clone 2-KrasG12V cells were first treated with the Iκκβ inhibitor for 2 

weeks and then continuously cultured into PrEBM media + supplements for an 

additional two weeks.  Again the absolute numbers of cells expressing combinations of 

CK8, CK5 and P63 were determined by counting at least 200 cells.  We observed that 

even after the cessation of the treatment in the two-week period to follow there were still 

cell populations that expressed either P63 or CK5 alone, as well as bi-potential 

populations that co-expressed these markers with CK8.  Therefore these data indicated 

that the commitment to the basal lineage was not an entirely reversible phenotype.  We 

observed a similar result following genetic repression of NFκB. (Figure 18)  In this one 

example, induction of the super-repressor to sort for mCHERRY+ cells resulted in a 

subpopulation of tumor cells that expressed basal lineage makers, which had not been 

previously detected in either the parental or vector un-induced lines.  Thus these results 

show that NFκB is a second pathway regulating basal and luminal lineage commitment 

choices for Pten;Trp53 deficient prostate cancer cells.  Because both TGFβ and NFκB 

suppression had similar phenotypic effects on both Clone 2 and Clone 2-KrasG12V cells 

we conducted further experiments to determine whether these pathways acted in a 

hierarchical or parallel manner. 
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Figure 17. Pharmacologic inhibition of NFκB in Clone 2 and Clone 2-KrasG12V cells increases the 
expression of basal lineage markers.  

 

Representative immunofluorescence images from the quantification of tumor cells 

plated onto chamber slides shows that pharmacologic repression of this pathway results 

in an increase in P63 expression as assayed by IF labeling. 
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A. Quantification of CK8 and P63 expression by Clone 2 and Clone 2-KrasG12V cells 

in basal prostate media and following the addition of an Iκκβ inhibitor (noted as 

IKBαi in the figure) in the culture media.  Quantification of CK8 and P63 

expression by Clone 2 and Clone 2-KrasG12V cells following treatment with an 

Iκκβ inhibitor in basal prostate media for 14 days. 

B. Quantification of CK8, P6 and CK5 expression by Clone 2-KrasG12V cells 14 days 

after stopping the Iκκβ inhibitor treatment shows that the expression of basal cell 

markers still persist in sub-cultured lines.  

Figure 18. Genetic suppression of NFκB signaling in Clone 2-KrasG12V cells increases the 
expression of basal lineage markers.  
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Representative immunofluorescence images from Clone 2-KrasG12V cells containing the 

IKBα-SR that was un-induced (1, 4), induced for mCHERRY sorting only (2, 5) and then 

induced for 72 hours in 1µg of doxycycline (3, 6).  Images show that genetic repression 

of NFκB for short periods of time increase basal lineage marker expression.  This 

finding is comparable to the results following pharmacologic suppression of the pathway 

and the in vivo studies with the cell lines containing the induced genetic repressor. 

 

6.2.c Nuclear translocation of p65 occurs following TGFβ1 stimulation in Clone 2 
cells. 
 

Because TGFβ or NFκB inhibition both resulted in the expression of basal 

lineage markers by Clone 2 and Clone 2-KrasG12V cells we asked whether there was a 

hierarchical relationship between the two pathways.  TGFβ1 stimulation resulted in the 

nuclear translocation of total P65 in the Clone 2 line but not in Clone 2-KrasG12V cells 

(Figure 19).  This finding indicated that TGFβ and NFκB did not have a hierarchical 

relationship in Clone 2-KrasG12V cells.  Because there was not a direct relationship 

between TGFβ and NFκB we asked whether there was another point of cross talk 

between the two pathways that could explain why suppression of both pathways both 

resulted in a basal epithelial cell phenotype.  One pathway that represents a point of 

cross talk between TGFβ and NFκB is Notch. 
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Figure 19.  NFκB p65 translocation is TGFβ1 dependent for Clone 2 cells. 

 

Western blot analyses show that TGFβ1 stimulation induces nuclear translocation of 

total-P65 in Clone 2 cells.  In contrast Clone 2-KrasG12V cells have persistent nuclear 

expression of total-P65 that remains the same even in the presence of TGFβ1 

stimulation.  These data show that the relationship between TGFβ and NFκB regarding 

lineage commitment is not linear in Clone 2-KrasG12V cells.  Both Clone 2 and Clone 2-

KrasG12V cells have nuclear translocation of pSMAD2/3 following TGFβ1 stimulation. 
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6.2.d Pharmacologic inhibition of Notch in Clone 2 and Clone 2-KrasG12V cells 
increases the expression of basal lineage markers 
 

TGFβ-mediated Notch signaling is necessary for luminal differentiation and the 

continued proliferation and survival of luminal committed cells in the mouse 

prostate.[97]  We first treated Clone 2 and Clone 2-KrasG12V cells with DAPT, a ϒ-

secretase inhibitor to determine whether pan-Notch inhibition would induce the 

expression of basal lineage markers. The DAPT inhibitor impairs Notch signaling by all 

four Notch receptor mediated pathways, so it does not directly show whether there is a 

specific contribution by one particular arm of the Notch signaling cascade.[106] 

Treatment at 1µM resulted in Clone 2 and Clone 2-KrasG12V cells that had a bi-potential 

phenotype that was characterized by combinations of CK8, CK5 and P63 expression 

(Figure 20A and B).  Together these results showed that Notch was a third pathway that 

can affect luminal lineage commitment as tested in Clone 2 and Clone 2-KrasG12V cells.  

Often Notch 1 and Notch2 signals are important for epithelial lineage commitment 

programs in the mouse prostate.[97]  Next we tested whether Notch was regulated by 

TGFβ in the Clone 2-KrasG12V model.  We examined this possibility by directly assaying 

lineage commitment markers CK8 and P63 by IF labeling in Clone 2-KrasG12V cells 

expressing a vector for constitutive Notch1 and also receiving a TGFβ inhibitor in the 

cell culture media. 

 

6.2.e  Pharmacologic inhibition of TGFβ in the presence of constitutive Notch 
expression does not rescue the luminal phenotype of Clone 2-KrasG12V cells.    
 

To ascertain whether TGFβ may signal through Notch to affect luminal lineage 

commitment we stably expressed a constitutive lentiviral vector expressing the Notch1  
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intracellular domain (NICD) into Clone-KrasG12V cells.  We hypothesized that if Notch 

was a direct downstream target for a TGFβ-mediated program then its constitutive 

activation would result in Clone 2-KrasG12V cells maintaining a luminal 

immunophenotype even when the TGFβ pathway was impaired.  After two serial FACS 

experiments Clone-KrasG12V ;NICD expressing cells were plated on 8 well chamber 

slides and treated with the TGFβ inhibitor SB431542,which suppresses TGFβRI 

signaling.  The expression of luminal and basal markers were examined at either 1, 3, 7 

or 14 days of treatment. The continued treatment resulted in a growing number of tumor 

cells expressing basal cell lineage markers P63+ or CK5+ cells over a period of 14 days 

(Figure 20C and D).  The results from this pilot experiment suggested that TGFβ may 

not signal through Notch 1 to maintain a luminal epithelial phenotype.  Thus, because 

an effect was not observed further experiments were not pursued. 

Figure 20. Assessment of lineage marker expression following experimental manipulations to the 
Notch and TGFβ pathways 
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A. Representative IF images of Clone 2 and Clone 2-KrasG12V cells treated with DAPT 

for 7 days shows that a large number of tumor cell express either CK5 or P63. 

B. Quantification of chamber slides for CK8, CK5 and P63 expression by Clone 2-

KrasG12V cells following treatment with DAPT for 7 days shows that there is an 

increase in the expression of basal lineage markers over time. 

C. Representative images of Clone 2-KrasG12V;NICD expressing cells labeled for CK8, 

CK5 and P63 before treatment (1, 4) following treatment for 1 day (2, 5) or after 7 

days (3, 6) of being placed in culture with a TGFβRI inhibitor.  

D. Quantification of chamber slides at the day 14 time point for CK8, CK5 and P63, 

which show that loss of TGFβ correlates with an increase in basal markers even 

when Notch1 is present.   
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6.3 Discussion 
 

The majority of prostate tumors (>95%) are overwhelmingly CK8+ luminal 

adenocarcinomas and do not contain P63+ CK5+ basal cells, although rare P63+ 

subtypes do exist.[107] Because there is paucity in the diversity in tumor phenotypes 

that are observed in primary cancers that arise within the prostate, there are many open 

questions regarding the cell of origin of prostate tumors.  There are also more basic 

questions that are centered on the identification of different classes of stem and 

progenitor cells that give rise to the unique cellular populations composing the normal 

prostate glands of the mouse and the anatomic zones in man.  Many studies conducted 

in mice and by propagating cells taken from either mouse or human prostate tumors 

have suggested that luminal epithelial cells may not possess the same progenitor cell 

activities unlike basal epithelial cells, thus making basal cells the putative cell of origin 

for tumors [108, 109].  However other reports have suggested the opposite and that it is 

the increased susceptibility to anoikois by luminal cells that makes them difficult to 

culture and study with regards to their self-renewal properties.[97]  A recent study using 

FACS sorted primary tumor cells taken from Pten;Trp53 deficient mouse 

adenocarcinomas also shows that difference classes of luminal progenitor cells exist 

within the mouse prostate and can be studied in vitro and in vivo.[85] 

Because we observed that Clone 2-KrasG12V tumor cells could transdifferentiate 

between luminal and basal epithelial cell lineages we asked whether TGFβ or NFκB 

were acting in either a parallel or hierarchical manner to affect this phenotypic 

switch.  Other mouse models have shown that TGFβ can signal through both Notch and 

NFκB in order for cells to become committed to a luminal lineage.[97, 105]  However, 
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this same relationship could not be determined for the Clone 2-KrasG12V model.  Thus, 

the data in this chapter only shows that TGFβ, NFκB and Notch are important for 

aspects of luminal lineage commitment in the tested models.   

While no tissue-specific markers for luminal progenitor cells have been identified, 

expression of keratins 8 and 18 are most characteristic of these cells.  In contrast the 

expression of keratins 5 and 6 characterize cells composing complex stratified epithelia 

and also label prostatic epithelial cells that are reported to have a transit-amplifying 

phenotype as well as terminally committed basal cells as assessed both in the prostates 

of mice, man and experimental prostate cancer models derived from these two 

species.[110-112]  Trp63, a transcription factor that is related to the tumor suppressor 

Trp53, is reported to represent an earlier stage epithelial progenitor cell that can give 

rise to both basal and luminal committed cells in the mouse.[113]  The studies 

discussed in Chapter 3 initially demonstrated that Clone 2-KrasG12V tumor cells were 

terminally committed as a luminal epithelial cells because the orthotopic tumors initially 

lacked any clear evidence for multi-lineage or bi-lineage differentiation, as they did not 

have detectable basal cell populations or a complete EMT tumor phenotype either in 

vitro or in the in vivo setting.  Furthermore this phenotype strongly correlated with 

having a robust metastatic potential.  However, the suppression of either TGFβ or NFκB 

signaling in Clone–KrasG12V cells by two different methods, genetic repression or 

pharmacologic inhibition, both show that this cell line also contains progenitor cell 

populations, like Clone 2, that have bi-lineage differentiation potential.  Additionally each 

of the lineages that emerge following the inhibition of either TGFβ or NFκB have unique 

metastatic potentials.  
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The differences between the in vivo metastatic outcomes as described in the 

dnRII and SR studies with Clone 2-KrasG12V cells suggest that there are several 

different kinds of progenitor epithelial populations that cannot be effectively separated 

by CK8, P63 or CK5 expression, and each of these populations have dramatically 

different biological behaviors.  Therefore it is reasonable to hypothesize that the basal 

cells that resulted from the suppression of NFκB in Clone 2-KrasG12V tumors may 

represent a different class of basal cells that cannot effectively metastasize and can be 

targeted to reduce bulky tumor growth at the primary site.  Likewise identifying and then 

targeting basal cells with metastatic potential that are selected for following inhibition of 

TGFβ receptor and/or SMAD signaling in Clone 2-KrasG12V tumors may be an effective 

strategy for preventing or reducing metastatic disease.  Therefore the findings from 

these studies will require validation in other aggressive prostate cancer models and 

from data generated using patient specimens.  In all, the data in Chapters 4-6 raises a 

more central question of whether there are pathway specific markers that can be used 

to identify the unique basal and luminal progenitor populations that are present within 

Clone 2-KrasG12V cells to show which cells are more likely to colonize distal sites or 

remain localized to the prostate.  By knowing this information, one can then ask whether 

these markers may also represent safely druggable targets.  Therefore both the Clone 2 

and Clone 2-KrasG12V cell lines not only serve as useful tools for asking questions about 

the pathways that regulate the orderly progression of the epithelial lineages composing 

the mouse prostate but also how cells selected downstream of specific pathway signals 

have biological behaviors that may be predictable and can be exploited in order to 

reduce either the burden of disease or cure the patient. 
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CHAPTER SEVEN:  Conclusions  
 

Many studies of metastatic prostate cancers rely on data that is derived from 

three human prostate cancer cell lines, LNCaP, DU145 and PC3.  While these cell lines 

are the most readily available models for in vitro and in vivo studies, they are not 

entirely representative of the biology of the tumor cells that are selected for when 

cancers are diagnosed earlier and treated with second generation androgen deprivation 

therapies or immunomodulatory drugs.  Because the diagnosis of metastatic prostate 

cancer is correlated with a poor patient outcome it is important to continually generate 

and validate new experimental systems that can be used to investigate how and why 

these changes in tumor biology arise.  Thus the studies using the Clone 2-KrasG12V and 

Clone 2 cell lines that are reported in this thesis show that these two models can be 

used to study and answer questions regarding basic prostate tumor biology and serve 

as good preclinical models for testing combinatorial therapies.  

In summary, these studies have characterized novel models of lethal, metastatic 

prostate cancers and have shown that each genetically modified cell line is suitable for 

asking questions about the lineage commitment of cancer cells that have a stem and 

progenitor phenotype and the specific roles for pathways regarding metastasis in the in 

vivo setting. First, this work has established a role for oncogenic Kras for increasing the 

frequency of metastasis by Pten;Trp53 deficient murine prostate cancer cells as tested 

in the Clone 2 cell line.  Second, these studies determined that TGFβ is not entirely 

required for metastasis as tested in the Clone 2-KrasG12V and Clone 2 models.  Thirdly, 

work with Clone 2-KrasG12V cells shows that NFκB is important for Ras-mediated 

invasion and metastasis.  Finally the work in this dissertation shows that TGFβ, NFκB 
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and Notch are important for luminal lineage commitment choices as tested in Clone 2 

and Clone 2-KrasG12V cells.  A graphical abstract summarizing several key findings from 

Chapters 3 through 6 is provided in Figure 21.  While these models can be used to 

study the TGFβ, NFκB and Notch pathways, which all have shared importance 

regarding both cell fate decisions and in the acquisition of metastatic potential, the cell 

lines may also aid in the identification of new pathways or pathway relationships that 

result in lethal disease phenotypes.  Thus, both the Clone 2 and Clone 2-KrasG12V lines 

represent important resources for the prostate cancer research community.   

 

Figure 21. Working model for the role of TGFβ and NFκB for lineage commitment and metastatic 
potential of Clone 2-KrasG12V as examined in the in vivo setting 
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