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Abstract of the Dissertation 

RapidCaP, a mouse model for analysis and therapy of 

prostate cancer reveals drivers of Pten-mutant metastasis. 
by 

Hyejin Cho 

Doctor of Philosophy 

in 

Molecular and Cellular Biology 

Stony Brook University 

2013 

 The functional loss of PTEN through mutations, deletions, or protein degradation has 

been found at a high frequency in many human cancers. Therefore, the Pten gene locus has been 

targeted to generate clinically relevant mouse models for metastatic prostate cancer. The first two 

chapters include the development and exploration of RapidCaP, a novel mouse model for 

prostate cancer metastasis, that is based on surgical gene transfer to overcome the need for 

extensive animal breeding. Through prostate specific delivery of transgenic virus, model 

generation times have been reduced from several years to a few weeks. Moreover, non-invasive 

Xenogen-based imaging can be used to monitor disease progression. Using RapidCaP, it is 

shown that focal loss of Pten and Trp53 genes in prostate triggers distant metastasis at 56% 

penetrance by 4 months. Molecular pathology analysis revealed spontaneous Myc activation in 

metastatic nodules. Importantly, it was confirmed that Myc can induce local metastasis using a 

Myc-transgenic RapidCaP model. This demonstrates the identification and functional validation 

of the system. In castration therapy trials, both primary and metastatic disease respond with 

regression, but later relapse to produce lethal, castration resistant disease, as seen in human.  The 

RapidCaP system thus introduces a fast and faithful platform for research and therapy of 

metastatic prostate cancer in genetically engineered mice. The last chapter presents the 

generation of a dual color reporter system for identification of the regulators of PTEN stability.     

 Taken together, this thesis introduces novel tools for cancer discovery and their 

application for understanding prostate metastasis.
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I. Introduction 
 

1. Prostate cancer 
 

 A. History 

 In 1853, John Adams, a surgeon in London hospital, described the first case of prostate 

cancer (CaP) as a rare disease (Adams, 1853). One hundred sixty years later, it has become the 

most commonly diagnosed cancer and the second most frequent cause of cancer related deaths in 

men in the United States. This remarkable increase in CaP incidence can be due to several 

reasons. First, CaP was not distinguished from other incidences of urinary obstruction until the 

early 1900’s. Second, the incidence of CaP rises with age more than any other cancer type 

(Greenlee et al., 2001). Therefore, as the average life expectancy has increased, many more CaPs 

are diagnosed. Third, the rising number of CaP cases is related to the Western lifestyle. The 

incidence of CaP is notably lower in Asian populations, moreover, case numbers increase in 

Asian men after they immigrate to Western countries (Ingles et al., 1997). The majority of disease 

related death is due to the complications, such as infections and hemorrhage, resulting from 

advanced bone metastasis and multiple treatments. Prostatic metastasis is often found in bone 

and soft tissues. In the 1940s, Charles Huggins opened the doors to the new era of CaP therapy 

by discovering that metastatic CaP requires androgen as it responds to castration (Huggins, 1941). 

Ever since, androgen ablation has remained the most powerful intervention to prevent death from 

this disease.   

 
 B. Diagnosis and disease progression  
 CaP is a slowly progressing disease. It is not fully understood when a localized cancer 

will spread and cause clinically manifest problems. Two major advances have led to today’s 

standard for quantification of the disease and its speed of progression: 

 

           (1) Gleason scoring 
 CaP histopathology is closely related to the rate of growth and spread of CaP, therefore it 

is most commonly recorded using the Gleason grading system, which is based on the 

architectural pattern of cancerous glands (Gleason and Mellinger, 1974). The most differentiated 
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(benign) regions are graded as 1 

and the least differentiated as 5 

(see Figure 1). Due to multi-

focality, the overall Gleason 

score is defined as the sum of the 

two most prevalent patterns. 

Individuals with a higher 

Gleason score tend to have more 

aggressive cancer and shorter 

survival. Despite attempts to 

identify genetic signatures 

distinguishing low– and high–

Gleason grade cancer, different 

signatures show little overlap 

between individual genes, and 

the processes driving the 

different architectural patterns 

remain unknown (Kallioniemi et 

al., 1996). It has been reported 

that men with low grade CaP 

(Gleason sum score 2 to 4) had 

such a low rate of progression 

that survival over 15 years was 

very similar to that of age-

matched men, who did not have 

cancer. However, patients with 

Gleason 8-10 disease show only 

a 50% survival rate at 5 years 

(Egevad et al., 2002) (Figure. 2), 

while intermediate progression 

and death rates are seen in men 

 Figure 1. Gleason Scale 

   After biopsy, cancer cells are graded according to the Gleason scale. 
 * Pattern 1 –The glands are small, well-formed, and closely packed. 
 * Pattern 2 – The tissues are larger and have more tissue between them. 
 * Pattern 3 – The tissue still has recognizable glands, but the cells are  
   darker. At high magnification, some of these cells have left the glands  
   and are beginning to invade the surrounding tissue. 
 * Pattern 4 – The tissue has few recognizable glands. Many cells are  
   invading the surrounding tissue. 
 * Pattern 5 – The tissue does not have recognizable glands. There are  
   often just sheets of cells throughout the surrounding tissue. 
froProstate.net)  
 

 Figure 2. Disease-specific survival  
  According to the Gleason score, the tumors were grouped into four 
categories, i.e. 4–5, 6, 7 and 8–10. The disease-specific survival of these 
categories differed significantly (P<0.001); the numbers of patients at 
risk in the respective categories at 5/10/15 years were 46/30/2, 53/25/6, 
30/10/2 and 32/7/1. (Egevad et al., 2002)   
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with Gleason 6-7 sum scores. In comparison to many types of cancer, CaP is slow to infiltrate 

adjacent tissues and spread to distant sites.  

 

          (2) Prostate specific antigen (PSA) : prediction and surveillance 
 In 1986, prostate specific antigen (PSA) was approved as a marker to monitor the 

response to therapy and disease recurrence and it has been the most common standard to 

diagnosis of disease since 1994. In the last two decades, a number of studies have accumulated 

evidence that the serum PSA level is closely associated with CaP risk (Aus et al., 2005; Gann et 

al., 1995; Stenman et al., 1994; Thompson et al., 2004; Ulmert et al., 2008). However, recent 

reports have proposed that PSA testing causes the over-diagnosing and treatment of harmless 

cancers (Schroder et al., 2009; Schroder et al., 2012b). Moreover, the evaluation of serum PSA 

levels can be misleading because the PSA level can be affected by various factors, such as age, 

race/ethnicity (Richardson and Oesterling, 1997), infectious and inflammatory status, body mass 

index (Banez et al., 2007) (Werny et al., 2007) (Rundle and Neugut, 2008), hyperplastic status 

and also by the detection method (Link et al., 2004). In terms of detection of CaP, higher PSA 

levels than 4 ng/ml are used as direct criteria for performing a biopsy. However, this value has 

been criticized as a number of studies have shown that the frequency of CaP is not negligible 

among men with lower than 4 ng/ml PSA level (Thompson et al., 2004). Therefore it has been 

suggested to include a number of other risk factors to determine CaP probability (Thompson et 

al., 2006). In contrast, the recurrence of CaP, which is also mostly detected by monitoring PSA, 

has been undoubtedly beneficial. An increasing PSA level, for example after a radical 

prostatectomy, is the most valuable indicator for disease recurrence.     

 On the other hand, novel treatments may have unexpected effects on PSA levels, and so 

the use of PSA in monitoring castrate-resistant CaP (CRPC) is becoming controversial (Chen et 

al., 2004). Taken together, identifying new CaP biomarkers that facilitate early cancer detection 

with high accuracy are still in need, while post-treatment monitoring could also still benefit from 

improved approaches.   

 
 (3) Metastasis 
 CaP is the second leading cause of cancer deaths of men in the United States (Greenlee et 

al., 2000). The vast majority of CaP deaths are related to metastatic disease and more than 70% 
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of deaths are due to complications resulting from late-stage tumors that have spread to distant 

sites (Zhau et al., 2000). CaP typically first spreads to the tissues immediately adjacent to the 

prostate, including the seminal vesicles and nearby lymph nodes and then migrates to bone. In a 

majority of advanced prostate disease, metastasis is found particularly in bone, which is a well 

known and leading cause of mortality and morbidity. Bone metastasis is most commonly seen in 

the lower spine, the pelvis, and the upper legs, though CaP can spread to bones anywhere in the 

body. The second most common CaP metastatic site is liver, followed by the lungs and adrenal 

glands (Bubendorf et al., 2000). In order to form a metastatic lesion, initiating cells have to retain 

proliferation properties subsequent to their migration to a secondary site. The simplified 

presumed sequence of metastasis is initiated by local invasion to seminal vesicles and the lymph 

nodes, intravasation, survival in circulation, extravasation and colonization of distant organs. For 

a particular malignancy to progress to metastatic disease a complex series of biological 

properties must be acquired (Chambers et al., 2002). In this vein, it has been observed that only a 

small portion of cells from a primary tumor are able to initiate secondary growth (Nguyen et al., 

2009)(Chambers et al., 2002). Most intriguingly, there is also evidence that tumor cell 

dissemination occurs early in disease progression for a variety of cancers, including CaP, but the 

vast majority of these cells cannot establish metastases. It had indeed been reported that the 

genetic aberrations in metastatic cells from bone marrow samples did not resemble those in the 

primary tumor, and this was explained by tumor cells disseminating very early and evolving 

independently in metastasis and in the primary tumors (Schmidt-Kittler et al., 2003) (Eyles et al., 

2010) In contrast however, recent whole genome analysis of CaP evolution suggests a 

monoclonal origin of lethal metastasis (Liu et al., 2009). In the same vein, single nucleus 

sequencing to analyze breast cancer evolution has revealed a close relationship between primary 

and metastatic cells (Navin et al., 2011). 

 

 C. Molecular Pathology - Molecular changes associated with CaP 
 Genetic alterations are observed in over 90% of cancers, some of these are inherited, 

while others are sporadic, or in response to long-term environmental exposure. The enormous 

amount of research into CaP has demonstrated a complicated interaction of multiple genes and 

environmental factors involved in the molecular pathology of CaP. At the time CaP is detected, 

cancer cells are found to contain various genetic alterations, such as somatic mutations, gene 
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deletions/amplifications, chromosomal rearrangements and changes in DNA methylation, which 

are thought to have accumulated for several decades (Baca et al., 2013). With the rapidly 

growing technology and research tools, an increasing amount of data has revealed genetic 

variations regulating the initiation, development, and progression of CaP. The recent landmark 

genetic study on CaP performed at Memorial Sloan Kettering Cancer Center (Taylor et al., 2010) 

has revealed that a steady increase in copy number alterations (more than gene mutations) is seen 

in disease progression, resulting in complex patterns in late stage metastasis. 

 

 (1) Genetic changes in hereditary CaP 

 The hereditary component in the risk of CaP has been reported in multiple studies 

(Schleutker et al., 2000). Most inherited cases which show early onset of CaP were caused by 

both autosomal dominant and X-linked alleles. So far, three genes of linkage were identified in 

the first genome wide screen for polymorphic markers, HPC2/ELAC2 on 17p (Tavtigian et al., 

2001), RNASEL on 1q25 (Carpten et al., 2002) and MSR1 on 8p22-23 (Xu et al., 2002). Although 

ELAC2, a metal dependent hydrolase, was first known to be associated with familial CaP in an 

earlier study (Rebbeck et al., 2000), the significance of ELAC2 in cancer progression has not 

been confirmed in other reports (Dong, 2006). The chromosomal region, 1q24-25, assigned as 

the hereditary CaP (HPC1) gene locus, has been most investigated and shown the strongest 

linkage to CaP. A putative gene in the HPC1 locus, RNASEL (encoding ribonuclease L), is a 

ubiquitously expressed endoribonuclease associated with the antiviral and pro-apoptotic pathway 

by degrading viral and cellular RNA (Kerr and Brown, 1978; Zhou et al., 1997).  Recent studies 

have suggested that the reduced enzymatic activity of RNASEL is seen in about 13% of CaP 

cases (Casey et al., 2002) (Rennert et al., 2002) (Rokman et al., 2002). The MSR1 gene encodes a 

macrophage scavenger receptor responsible for cellular uptake of molecules. The MSR1 

susceptibility in hereditary CaP has been controversial based on familial studies of hereditary 

CaP (Wang et al., 2003). An individual harboring an MSR1 mutation may thus have increased 

CaP risk due to chronic inflammation, which could indirectly cause or accelerate the disease. 

Taken together, two inherited susceptibility genes, RNASEL and MSR1, may primarily have roles 

in host response to infections, owing to the possibility that prostate infection or inflammation 

could initiate carcinogenesis. 
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In the last few years, a number of genome wide analyses have identified more than a dozen 

germline single nucleotide polymorphisms (SNPs) associated with increased CaP risk. The 

combination of these SNPs might raise the probability of CaP occurrence (Alvarez-Cubero et al., 

2012). Currently, the etiology of CaP remains to be identified since the increasing amounts of 

research have suggested that the combination of genetic variations and numerous environmental 

factors can affect CaP progression. Unlike other cancers, for example breast of colorectal, CaP 

has not so far been associated with a strong hereditary component that could help with early 

identification of people who are at risk. 

 

 (2) Genetic changes in sporadic CaP 

 Most CaPs are sporadic, developing spontaneous chromosomal rearrangements, some 

somatic mutations, gene deletions, amplifications and or changes in DNA methylation at the time 

of diagnosis. Based on studies on CaP onset, these alterations probably accumulate over a period 

of several decades (Vogelstein et al., 2013). 

Copy number changes - Now classic studies have reported somatic genome alterations by using 

comparative genomic hybridization (CGH). The most frequently found chromosomal 

abnormalities were gains at 7q, 7p, 8q and Xq, losses at 8p, 10q and 16q (Elo and Visakorpi, 

2001). Today, rapid advances in whole genome analysis have validated most of these but added a 

number of hot spots in the genome (Figure 3) These include deletions on chromosomes 13q, and 

17p harboring RB1 and TP53, respectively (Taylor et al., 2010). 

Translocations - The most common gene fusion in CaP is between TMPRSS2 (transmembrane 

protease serine 2) and ERG (a member of the erythroblast-transformation specific (ETS) gene 

family), which has seen in about 50% cases (Tomlins et al., 2005) (Kumar-Sinha et al., 2008; 

Tomlins et al., 2007). Functional studies in mouse (see below) have demonstrated cooperation of 

the fusion with other genetic lesions, for example loss of PTEN. However, it has emerged that 

this event is generally more important in tumor initiation than in tumor progression to metastasis. 

Methylation/silencing - Another observed somatic change in CaP is DNA methylation. The 

comparative analysis of genome-wide DNA methylation patterns within tumor and benign 

prostate samples has revealed greater than 147,000 cancer related epigenetic changes. 

Interestingly, a significant difference in global methylation was associated with TMPRSS2-ERG 
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fusion free EZH2 

activation, indicating 

that an altered 

methylation pattern 

in rearrangement free 

tumor might be 

important for disease 

progression (Borno 

et al., 2012).  

  

 Tumor 

suppressor genes 

 Increasing 

evidence has led to a 

revision of the initial 

requirement that 

‘tumor suppressor genes are defined by loss of both alleles (“two hit hypothesis” (Knudson, 

1971) ). Indeed, whole genome studies now reveal that the deletion of validated prostate tumor 

suppressors is most commonly seen in heterozygosity (see Taylor et al. and TCGA prostate 

provisional data at http://www.cbioportal.org/public-portal/index.do). The comprehensive 

genome analysis has found relatively rare somatic point mutations in primary and advanced CaP 

compared to other cancer types. Also a greater number of deletions than amplifications was seen 

throughout the genome, suggesting that loss of tumor suppressors might be the major driving 

force for disease initiation and progression. In addition, single allele deletion in haploinsufficient 

tumor suppressors, such as PTEN, combined with loss of other tumor suppressors, has been 

observed to co-operatively affect the PI3K-AKT pathway, at least in primary cancers (Taylor et 

al., 2010). The best characterized tumor suppressor genes in CaP are summarized below: 

 PTEN (Phosphatase and Tensin homolog deleted on chromosome Ten  (Li et al., 1997), 

is a dominant prostate tumor suppressor gene. Its protein expression is lost in 75% of CaP (Chen 

et al., 2011), and gene deletion is found in 50%-63% after CaP progression to metastasis.  

 Figure 3 Global View of the CaP Genome 

 
(Taylor et al., 2010)  
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As shown in Figure 3, co-deletion of both PTEN and NKX3.1 are common in CaP and 

haploinsufficiency of PTEN contributes to active proliferation in prostate cells (Taylor et al., 

2010). PTEN copy number loss and down regulation of PTEN protein is also correlated with 

poor prognosis (Cordon-Cardo et al., 1998; Guo et al., 1997). On the other hand, PTEN has been 

described to regulate the level of p27, encoded by CDKN1B. Not only is somatic deletion of 

CDKN1B frequent in primary and metastatic CaP (Taylor et al., 2010) but also the expression 

and nuclear localization of p27 (Shin et al., 2002) are suppressed by the PI3K-AKT signaling 

pathway. Therefore, PTEN performs an important role as a tumor suppressor by regulating p27 

level in CaP progression (Gottschalk et al., 2001)(Nakamura et al., 2000).      

 Rb1 (Retinoblastoma 1) is an important tumor suppressor in various human cancers, 

including CaP. The Rb protein inhibits transcription of various genes involved in cell growth by 

binding to E2F transcription factors (Bookstein et al., 1990; Brooks et al., 1995). Inactivation 

mechanisms of Rb have been reported through allelic loss, mutation and decreased transcription 

(Lalani el et al., 1997; Tricoli et al., 1996).  

 A relatively low frequency of TP53 mutations as well as rare case of copy number loss 

was found in early stages of CaP (Taylor et al., 2010). Consistently, no major effects on prostate 

have been seen in Trp53pc-/- mice (Chen et al., 2005). However, the combined loss of Pten and 

Trp53 showed aggressive invasive CaP. Indeed human metastatic samples with PTEN-loss also 

show TP53-deletion prompting us to postulate that TP53-loss is a bottleneck for PTEN-mutant 

prostate cancer (Chen et al., 2011).  

 NKX3-1, located at 8q21, encodes a prostate specific homeobox protein and binds to the 

PSA promoter to repress gene expression (Chen et al., 2002; Steadman et al., 2000).  Prostatic 

epithelial hyperplasia and dysplasia have been shown in mice harboring a disrupted NKX3-1 

allele (Abdulkadir et al., 2002; Bhatia-Gaur et al., 1999). In human studies, loss of 8q21 was 

shown as an early event during prostate carcinogenesis and also more than 90% of CaP cases 

have lost heterozygosity at 8q21 (Emmert-Buck et al., 1995). However, due to the broad nature 

of deletions other tumor suppressors cannot be excluded as the selective factor in the 

chromosomal loss observed in this region.   

 Oncogenes  

 The positive correlation between c-MYC expression and CaP has been reported in 

multiple studies. The MYC oncogene is a member of the basic helix-loop-helix-leucine zipper 
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(bHLHZ) family of transcription factors. c-MYC is often found amplified in CaP and is closely 

linked to worse prognosis (Sato et al., 1999). Mutations of the androgen receptor (AR) are rare at 

early stages, however, the frequency of mutations dramatically increases in advanced, androgen 

independent CaP, indicating that AR mutations are associated with tumor progression. Greater 

than 70 different somatic missense AR mutations have been found in CaP patients (Brooke and 

Bevan, 2009). Most AR mutations are known to provide growth advantages by altering binding 

affinities for either AR co-factors or ligands (Gottlieb et al., 2004). Amplification of the AR gene 

has been closely associated with recurrence in CaP patients who failed androgen deprivation 

therapy (Chen et al., 2008).   

 

 D. Advanced prostate cancer and treatment 
 In 1941, Huggins and Hodges concluded that “Prostatic cancer is influenced by 

androgenic activity in the body” (see (Huggins and Hodges, 1972)). Ever since, androgen 

deprivation therapy, or ‘hormone therapy’, achieved through castration or oalternative 

mechanisms of androgen neutralization has been the standard care treatment for CaP. 

 The first-line therapy for localized CaP, prostatectomy or radiation, is however mostly 

beneficial. Some 20% of patients show recurrence, as detected by a rising serum PSA level after 

5 years. Moreover, surgical castration or radiation therapy is not beneficial for patients diagnosed 

after the cancer has spread. Advanced CaP is almost always treated with androgen deprivation 

therapy (ADT), achieved by either surgical castration (orchidectomy), estrogen-therapy, 

luteinizing hormone-releasing hormone (LHRH) agonist therapy, anti-androgens and more 

recently through gonadotrophin-releasing hormone antagonists. Degarelix, the most actively 

studied antagonist, has been shown to control testosterone better, and increase survival without 

biochemical recurrence (PSA rising above 0.2 ng/ml) (Schroder et al., 2012a). Subsequently 

most patients proceed to a more aggressive disease, now termed castration-resistant prostate 

cancer (CRPC) because it is still sensitive to AR inhibition (Ryan and Tindall, 2011). Increased 

AR expression due to gene amplification and mutation has often been found in CRPC. A number 

of studies with mouse xenograft models have proven that the resistance to ADT can be explained 

with increased AR levels (Cai et al., 2009; Sun et al., 2010). Therefore, the AR has been the 

major target for ADT emergence. The first generation AR antagonists, bicalutamide and 

flutamide, block androgen binding to the AR effectively lowering serum PSA level. In 2012, the 
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FDA approved a new second generation AR antagonist Enzalutamide, (previously known as 

MDV3100, and related to ARN509) developed by Charles Sawyers and Michael Jung (at UCLA) 

to better treat CRPC through higher binding affinity for AR, including mutated or overexpressed 

AR, and to prevent the nuclear translocation of AR (Tran et al., 2009). In phase I/II clinical trials, 

these drugs have proved their potential by demonstrating sustained lowered serum PSA levels. 

Another recently FDA approved drug, Zytiga (Abiraterone) targets the CYP17A enzyme of the 

testosterone biosynthesis pathway and has also shown significant, 4 month increased, relapse-

free survival benefits in CRPC patients (de Bono et al., 2011). However, most likely, patients 

treated with these drugs will eventually develop resistance with rising PSA levels. Possible 

mechanisms for drug resistance could be AR mutations (truncated or constitutively active), or 

synthesis of androgens independent of the CYP17A pathway, and crosstalk with other growth 

pathways (Figure 4) (Carver et al., 2011; Craft et al., 1999; Zhu and Kyprianou, 2008). Taken 

together, 

efforts to 

defeat death 

from prostate 

cancer are 

today focused 

on identifying 

the molecular 

mechanisms 

behind 

resistance to 

these second- 

and third-line 

therapies of 

metastatic 

CRPC.  

 

  

 Figure 4. Promising Targets in Castration-Resistant CaP. 
(1) Sipuleucel-T induce the immune system to recognize and kill prostate-cancer cells. (2) 

Abiraterone blocks androgen synthesis. (3) MDV3100 blocks androgen binding, nuclear 
translocation of the receptor, and coactivator recruitment to the DNA-binding complex. 
HSP90 can be blocked by (4) geldanamycin and its congeners. Endothelin receptor 
antagonists ((5) zibotentan and atrasentan) block by endothelin. RANK ligand inhibitor 
(6) denosumab. (7) Heregulin and Dasatinib inhibit epidermal growth factor (EGF). 
(Longo, 2010) 
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2. Mouse models of CaP 
 

 Introduction 

 Anatomically mouse prostate differs from the human organ. Mouse prostate is divided 

into four lobes: anterior, ventral, dorsal and lateral (Abate-Shen and Shen, 2002), whereas human 

prostate has a single globular lobe, which consists of the, central, transitional and peripheral 

zones. Most human CaPs are found in the peripheral zone, which constitutes almost 75% of the 

tissue. No clear relationship has emerged between any of the mouse prostate lobes and the zones 

of human prostate (Shappell et al., 2004). Noticeably, it is known that mouse does not develop 

spontaneous carcinoma in prostate. In fact, only three large animals are known to spontaneously 

develop high-grade PIN and CaP at high frequency, humans, dogs and lions. 

Hence, a large amount of research has focused on genetically engineering mice to recapitulate 

human CaP accurately. The mouse model is by far one of the best animal models to study human 

cancer, as mice can be made tumor-prone by gene manipulation. Importantly, the human and 

mouse genomes are about 95% identical, and various genes and genomic alterations that were 

identified in human cancers were also shown to facilitate mouse cancers (de Jong and Maina, 

2010; Maser et al., 2007). Genetic engineering is relatively easy in mice and also housing and 

breeding are relatively affordable due to the small size and short gestation time.   

 The purpose behind developing a mouse model of human cancer is to identify 

mechanisms of disease and test new therapies. The ideal CaP mouse model would evolve along 

the following expected path: early epithelial hyper-proliferation and hyperplasia, resulting in 

prostatic intraepithelial neoplasia (PIN), which does not invade stroma. Then a region with high 

grade PIN would develop a locally invasive phenotype, carcinoma, and finally proceed to first 

local and later distant organ metastasis, such as to bone, lymph nodes and liver. The ideal model 

would also recapitulate response and resistance to castration therapy, as discussed above. Even 

though genetic engineering succeeded to recreate primary cancer, the following caveats remain 

to be solved: 1) absence of metastasis, 2) lethality of primary cancer. Importantly, the commonly 

observed bone metastasis in human patients has proven difficult, if not impossible, to 

recapitulate in mouse (Ittmann et al., 2013). Genetically engineered mouse models have been 

tailored to modify (mutate, delete or over-express) genes of interest in the whole body, the entire 

prostate epithelial tissue, or in a subset of cells that form the gland. These genetic changes are 
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typically acquired after puberty in a conditional knockout (cko) approach or through the 

germline (ko) approach. However, gene alterations in human are thought to most commonly 

occur in a random single cell of a prostate gland and this is expected to initiate focal disease first.  

 In order to test therapy efficiently, disease progression needs to be monitored by live, 

non-invasive imaging. The most commonly used imaging technique use firefly luciferase 

(bioluminescent imaging), and green fluorescent protein or its derivatives for fluorescence 

imaging. Recently, transgenic models, expressing firefly luciferase in the prostate in an androgen 

dependent manner, have been developed (Ellwood-Yen et al., 2006; Hsieh et al., 2005; Lyons et 

al., 2006). However, the sensitivity of luminescence signal in these models is limited by 

significant background and relatively weak reporter gene expression in the anterior and 

dorsolateral lobes of the murine prostate. A slightly different approach has used Cre- LoxP-

mediated activation of either luciferase or a GFP reporter gene combined with conditional Pten 

deletion and revealed live prostate cancer signal but lymph node metastasis in less than 3 out of 

120 mice (Liao et al., 2007). The conventional ways of monitoring tumor progression and 

metastasis of tumor cells are positron emission tomography (PET), magnetic resonance imaging 

(MRI), and Micro-computed tomography (CT) scanning. However, these techniques are very 

expensive for routine monitoring of large cohorts and require highly trained staff, a team of 

radiologists and physicists to run experiments and interpret results.  

 Various CaP mouse models have been developed over the last few decades, xenograft 

models and genetically engineered mouse models (GEM models), which both will be discussed 

below. 

 

 A. Xenograft models  
 Immunodeficient mice have been used as recipients of foreign tissues, such as human 

tumor tissues, primary cells and cell lines. The first transplantation of a human androgen-

responsive prostate tumor was conducted in athymic nude mice in 1980 (Hoehn et al., 1980). 

These models facilitate human tumor analysis by allowing patient derived tumors or cell lines to 

engraft and expand in vivo so that researchers can test effective treatments. Since it is possible to 

graft combinations of multiple genetic changes (manipulated ex vivo) into immunodeficient 

mice, the system can be used to study many different genetic modifications.  
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 Nude mice - The first xenotransplantation model used for human CaP tissue was in nude 

mice (Hoehn et al., 1980). Nude mice are deficient in T lymphocytes due to lack of a thymus 

caused by a genetically engineered mutation. Subcutaneous and orthotopical injection of a 

castration resistant CaP cell lines (C4-2) resembles human CaP by metastasizing to the lymph 

node and bone, as analyzed by histopathology. (Thalmann et al., 1994).  

 SCID (Severe combined immunodeficiency) mice are deficient in mature B and T cells 

due to a defect in genetic recombination necessary for lymphoid development (Bosma and 

Carroll, 1991), however natural killer (NK) cells and myeloid cells are normal. This model was 

specifically used to study if HER2/NEU mediated the growth of androgen independent CaP 

(Craft et al., 1999).  

 NOD (nonobese) -SCID mice are an improved model of SCID mice by crossing to 

nonobese diabetic (NOD) mice, which are deficient in NK cells, circulating complement, and 

functional antigen-presenting cells (APCs) (Greiner et al., 1995; Serreze and Leiter, 1988). This 

model shows a higher success rate of transplantation relative to SCID mice due to high 

acceptance of foreign tissues (Shultz et al., 1995).  

 NOG/NSG mice - A further improved model of NOD-SCID mice with complete loss of 

B, T, and NK cells generated by crossing X-SCID mice, which is lacking interleukin 2 receptor γ 

(IL2Rγ) and NK cells (Cao et al., 1995; Ohbo et al., 1996). Currently this is the most severe 

immunodeficient model. As such, it shows a higher success rate in xenograft derived tumor 

growth and no tumor regression has been described in long term monitoring.  

 RAG mice - deficient in the recombination activating gene (RAG), leading to deficiency 

in both B and T cells. This model possesses an inflammatory response and NK cell activity. To 

study specific anti-tumor treatment, TRAMP-C2 (TRAMP model driven prostate epithelial cell 

line, see below for TRAMP model) cells were injected to RAG mice to establish a link between 

TGF-beta signaling and immune responses (Zhang et al., 2006).   

 Patient-derived xenografts (PDX) mice were generated to recapitulate the human tumor 

microenvironment and heterogeneity better than cell lines. They use direct implants of tumor 

tissues into immune deficient nude mice. PDX has been accepted as a beneficial model to depict 

the characteristics of patient’s original tumor, such as the expressions of immunohistochemical 

markers, genetic alterations and representing the response to therapies (Lawrence et al., 2013). 
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  Despite these benefits of the xenograft model, there are severe restrictions to this 

approach. First, the lack of an immune system can be misleading as it plays a critical role in 

progression of human CaP and metastasis (Buijs and van der Pluijm, 2009; Eshhar et al., 2005). 

Second, normal tumor development and evolution of tumor architecture can not be recapitulated 

in a xenograft model. Therefore, the tumor microenvironment, including vasculature, stromal 

cells, lymphatic circulation and infiltrating immune cells, is very different from that seen in 

patients, and may make treatment artificially more successful (Becher and Holland, 2006; Frese 

and Tuveson, 2007; Sikder et al., 2003). Another major pitfall of xenograft models is the 

misreading of cells stuck in circulation as metastasis. Moreover, the ability of xenograft models 

to predict the drug efficiency in human has not been successful. Yet, mouse xenograft models 

derived from human prostate tumor cells have been used extensively in drug discovery due to 

their overall practicality and low cost.   

 

 B. GEM models of CaP 
 
 (1) Transgenic T Antigen models 
 GEM models have allowed for the development of models carrying genetic modifications 

similar to those found in human tumors. This has not only validated the importance of these 

alterations in tumor initiation and progression but has also facilitated the development of 

improved models for therapeutic testing in several human tumors. The challenge of finding a 

suitable prostate specific promoter for oncogene expression was first met by choosing expression 

of the simian virus 40 (SV40) Large T antigen (TAg), as an oncoprotein that can inhibit both p53 

and retinoblastoma proteins. The resulting models showed aggressive prostate phenotypes and 

with some metastatic and castration-resistant characteristics. However, the models have been 

criticized as too artificial because metastases typically had a neuroendocrine pathology, which is 

not typical of human metastatic disease. Thus, faithfulness and clinical relevance of these mouse 

models remained to be determined.  

 C3(1)-Tag - Researchers targeted the expression of the SV40 large tumor antigen (Tag) 

to the prostate by using a region of the C3(1) gene, which is known as the rat prostatic steroid 

binding protein gene. Male C3(1)-Tag mice developed early (3 month) prostatic epithelial 

hyperplasia, and the majority of males developed locally invasive adenocarcinoma by 7–11 
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months.  Metastasis was rarely found in this model. The drawback of this model was that 

expression of SV40 was not prostate specific (Yoshidome et al., 1998).  

 TRAMP  - In this model Norman Greenberg and colleagues, drove the expression of both 

the large and small SV40 tumor antigens (T/tag) by the prostate-specific rat probasin promoter 

(rPB) (Greenberg et al., 1995). TRAMP mice developed epithelial hyperplasia by 8 weeks of 

age, progressing to prostatic intraepithelial neoplasia (PIN) by 18 weeks of age, and at 28 weeks 

old, 100% of the mice developed lymphatic metastases, and approximately two-thirds acquired 

pulmonary metastases. Thus, TRAMP was the first mouse model to display distant organ 

metastasis, albeit only rarely to bone. As mentioned above, an issue with the TRAMP model is 

that metastasis in these mice has been reported to be of neuroendocrine origin (Chiaverotti et al., 

2008). Neuroendocrine tumors (NETs) share a common histopathology but are found to originate 

in a variety of tissues, most famously pancreas, and also intestine (also termed carcinoids) or 

lung. It has been reported that only about 10% of prostate adenocarcinoma includes 

neuroendocrine differentiation (McLeod et al., 1992).  

 FG (fetal globin-γ) Tag - This model was initially designed to study erythroid cells since 

the fetal globin-γ gene was thought to be specifically expressed in embryonic erythroid cells. 

The mice with human FG promoter driven expression of T antigen developed prostate tumors at 

50% penetrance after 16 weeks and metastasis to the renal lymph nodes, adrenal glands and 

kidneys as well as micrometastases to the lung, bone and thymus (Calvo et al., 2010; Chada et 

al., 1986; Perez-Stable et al., 1997). However, T antigen expression was not exclusively prostate 

specific and several lines of evidence showed that carcinogenesis was caused by the expression 

of T antigen in other cell types (Reiner et al., 2007).  

 CR2 (cryptdin-2) Tag - CR2-Tag mice were originally designed to study intestinal 

epithelial cells (secreting antimicrobial peptides, cryptdins), however, it had been discovered 

unexpectedly the CR2-Tag male mice died harboring large prostate tumors at 5 to 7 months 

(Garabedian et al., 1998). Locally invasive CaP was found in all male mice by 24 weeks. Mice 

displayed metastases to the liver, abdominal lymph nodes, lung, and bone marrow. However, 

Tag expression was also strongly induced in neuroendocrine cells, which formed the basis of 

tumorigenesis in this model (Hu et al., 2002).  

 ARR2PB Tag-The Tag construct has been modified by adding hepsin since hepsin mRNA 

was identified to increase CaP (Klezovitch et al., 2004). PB-hepsin was also known as ARR2PB 
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owing to the promoter harboring androgen receptor binding site 1 (ARBS-1) and 2 (ARBS-2) 

(Zhang et al., 2000) which importantly lead to higher expression of transgenes. ARR2PB Tag 

mice promoted the disruption of epithelial organization, resulting in invasion and distant 

metastasis in more than half of the males within 21 weeks. However, the majority of metastatic 

regions obviously contained neuroendocine cells (Garabedian et al., 1998; Klezovitch et al., 

2004).  

 Despite failures to recapitulate some human disease characteristics, these transgenic T 

antigen models have led to identification of potent prostate specific promotor systems.  

 
           (2) Transgenic models and prostate oncogenes 
 

 Based on the above promoter results, the later generation of transgenic models have 

adapted natural oncogenic genes which are often found to be amplified or over-expressed during 

disease initiation and progression, such as the androgen receptor (AR), Myc,  Ras, Her2/Neu, and 

FGR1.  

 PB-mAR- This model was developed to study the effect of androgen receptor (AR) 

overexpression in prostate epithelium. Most male mice developed hyperproliferation, neoplasia 

and microinvasive high-grade PIN, proving the role of AR in  promotion of CaP (Stanbrough et 

al., 2001). However, the precise role of AR in cancer progression still remains to be determined 

as mouse models with loss of AR also showed enhanced epithelial proliferation (Wu et al., 2007).  

 ARR2PB (PB) -Myc - Increased copy number of Myc is seen in approximately 30% of 

CaP cases. The PB and ARR2PB promoters were used to generate transgenic mice expressing 

different levels of Myc transgene expression, (Ellwood-Yen et al., 2003). This study has revealed 

that disease progression was dependent on Myc expression levels. No metastasis was observed in 

this model.   

 PB -Ras - Ras has been implicated in many cancers. The constitutively active forms 

(G12V, G12D and G13D) of have been used to drive tumorigenesis in multiple models. 

However, Ras mutation is rare and insignificant in CaP although Ras pathway activation is 

common in human CaP. PB-Ras mice were designed to study the effect of H-Ras in CaP 

progression. The PB-Ras mice have not developed further than the PIN and this data implicated 
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Ras may have a role only in early transformation in CaP (Gumerlock et al., 1991; Scherl et al., 

2004). 

 ARR2PB -ERG - The fusion protein, TMPRSS2-ERG, between the transmembrane 

protease, serine 2 (TMPRSS2) and ETS transcription factor is frequently found in human CaP 

(Tomlins et al., 2005). The mouse model was generated to validate that the truncated form of 

ERG, the product of the fusion drives cancer under the control of ARR2PB. However, low 

frequency of low grade PIN has been reported in this model. In combination with loss of PTEN 

or activation of PI3K pathways, the model progressed to more aggressive disease. These results 

suggested that the translocation might depend on PI3K pathway activation for tumorigenesis 

(Carver et al., 2009; King et al., 2009; Klezovitch et al., 2008).       

 PB -Akt (MPAKT) - AKT activation is often observed with loss of PTEN, therefore, Akt 

transgenic mice were designed to determine if CaP can be triggered by activation of Akt alone. 

The MPAKT model showed that Akt1 activation is sufficient to develop PIN but not for invasive 

prostate carcinoma. These data have demonstrated that additional events are necessary for the 

progression to adenocarinoma (Majumder et al., 2003).  

 These transgenic mouse models established potential drivers of the disease. But they 

mostly displayed mild cancer phenotypes, and hardly any adenocarcinoma. This suggested that 

other genetic events are critical for cancer and metastasis.  

 

           (3) Traditional knockout models and tumor suppressors 
 

 Traditional knockout models are great tools to study the roles of tumor suppressor genes 

or essential DNA regions in CaP. In 1989, the first traditional knockout was introduced to adapt 

homologous recombination in embryonic stem cells (ESCs). This event was awarded with the 

2007 Nobel Prize in Physiology or Medicine (Capecchi, 1989).  

 PTEN - The Pten knockout mouse was created by three different groups in 1998 and 

1999 (Di Cristofano et al., 1998; Suzuki et al., 1998)(Podsypanina et al., 1999). Pten was found 

to be essential for early embryonic development, thus, Pten heterozygotes animals had to be 

analyzed in lieu of complete KO animals. In these animals, prostates developed enlarged, 

hyperplastic glands and high-grade PIN in addition to cancer phenotypes in a number of other 

organs. These data suggested that Pten may be crucial in early prostate carcinogenesis. To study 
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the disease beyond PIN and the combined effects of tumor suppressors, various other tumor 

suppressor knockout mice were crossed to Pten heterozygotes. Most double knockout mice 

presented a far more aggressive phenotype than the single knockouts. The Pten heterozygote and 

p27 knockout developed CaP at 100% penetrance, which supported the cooperation of both 

genes in the human disease (Di Cristofano et al., 2001). The cross of Pten+/- mice with ARR2Pb-

ERG resulted in adenocarcinoma confirming cooperation between concomitant loss of PTEN and 

the EGR genetic rearrangement in human CaP (Carver et al., 2009). Besides cooperation, a series 

of Pten hypomorphic alleles was used to demonstrate that the levels of Pten protein below 

heterozygosity trigger prostate cancer (Trotman et al., 2003), demonstrating haploinsufficiency 

for disease initiation. Taken together, Pten plays a master role in suppressing CaP initiation and 

also prevents tumor progression in cooperation with other genes.   

 p27 - Loss of p27 (the Cdkn1b gene) induced high proliferation, enlarged glands and 

increased fibromuscular stromal cells in prostate and also hyperplasia of various organs, 

consistent with the aberrant expression pattern of p27 that was detected in human CaP samples 

(Cordon-Cardo et al., 1998). In histological analysis, prostatic hyperplasia, enlargement of the 

glands, and increased fibromuscular stromal cells were observed in p27 knockout mice, 

demonstrating that they are ideal models for BPH (Benign Prostatic Hyperplasia) but not for 

CaP. However, the cross with Pten heterozygotes did result in aggressive CaP (Di Cristofano et 

al., 2001).   

 RB1 - The retinoblastoma gene , the first identified human tumor suppressor, has been 

shown to be directly involved in various human cancers. Since the knockout is embryonic lethal, 

Rb1 heterozygotes were crossed to other tumor suppressor mutant mice, such as Pten, and Trp53 

due to the absence of an obvious phenotype in Rb heterozygous mice, resulting in CaP 

development (Kwabi-Addo et al., 2001; You et al., 2002).  

 

           (4) Conditional knockout models 
 

 Conditional knockout (cko) modeling was made possible by development of the Cre-loxP 

system, which was developed in the Sternberg laboratory at the National Cancer Institute 

(Sternberg, 1979; Sternberg and Hamilton, 1981). By using the above discussed promoters (see 

‘Transgenic Models’) for Cre recombinase, it has been possible to generate mouse models with 
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cell type or tissue specific genetic alterations. Conditional knockout modeling prevents off-target 

effects and enables the study of tissue specific functions of target genes. Most importantly, it 

allows deletion of both alleles of embryonic lethal genes. Moreover, cko models resemble the 

human patient situation more closely than knockout models since the genetic modification is 

restricted to the target tissue (or a specific cell type) while the rest of the organ and the micro-

environment remains normal, in principle.  

 Probasin-Cre - Two different versions of Probasin-Cre have been generated. One was 

designed with the PB promoter −426/+28, known as PB-Cre (Maddison et al., 2000). The second 

one, the ARR2PB, known as PB-Cre4, is specific for prostate epithelial cells (Wu et al., 2001) 

and has emerged as the most widely used promoter in CaP conditional knockout models. 

Conditional Rb (PBCre;Rbflox) mice (Maddison et al., 2004) and Trp53 mice were generated 

separately, however the phenotypes from each mice were observed only hyperplasia.  

The Pten cko, (PBCre;Ptenflox and PBCre4;Ptenflox)(Freeman et al., 2003; Trotman et al., 2003) 

demonstrated complete penetrance of CaP with 6 month latency. The combined cko model for 

Pten and Trp53 revealed that Pten-loss depends on p53 for senescence growth arrest and resulted 

in the most aggressive early onset CaP with a grossly enlarged lethal prostate phenotype (Chen et 

al., 2005). The cko for Pten and Smad4 showed an identical prostate phenotype (Ding et al., 

2011). Importantly, either Trp53 or Smad4 loss on its own showed no disease. Thus, the concept 

of Pten-loss as driver, and Smad4 or Tp53 activation as downstream response elements of tumor 

suppression has emerged. 

 Nkx3-1 - CreERT2 - Nkx3-1 has been known to express only in luminal epithelial stem 

cells, also called castration resistant Nkx3-1-expressing cells (CARNs, (Wang et al., 2009)). The 

derived Pten cko model, Nkx3-1CreERT2 ; Ptenflox, was generated deletion of Pten upon tamoxifen 

treatment. This model developed PIN and microinvasive carcinoma rapidly, as well as castration 

resistance (Wang et al., 2009). 

 In sum, GEM models for prostate cancer have broadly contributed to our understanding 

of prostate cancer genetics and local progression. However, these models hardly recapitulate the 

lethal stages of human disease, such as distant metastasis. Another drawback of GEM models is 

the need for breeding, which makes them unsuitable for pre-clinical trials. For example, the 

generation of low Pten expressing mice (hypomorphic Pten, Ptenhy/-) for Pten stability studies 

required years of breeding periods and also resulted in infertile mice which could not be 
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efficiently studied. In addition, cancer researchers are facing hurdles when investigating the 

biology of metastasis. The major problem is low frequency in prostatic metastasis, together with 

inadequate monitoring techniques for detecting the disseminated disease with current models. 

Therefore, at the start of my PhD, there was a strong incentive for producing a mouse model that 

would circumvent the above issues. The approach that we chose was aimed at generating the fast 

mouse model by using viral injection, avoiding the problems and complications associated with 

breeding. The results of this work are presented in chapters II-III. 

  

3. Post-translational regulation of PTEN 

 PTEN is a critical tumor suppressor gene in many cancers. Using mouse models, it has 

been shown that PTEN heterozygotes develop hyperplasia in endometrium, thyroid, adrenal 

gland, prostate and liver. In addition, the conditional PTEN knockout demonstrated that loss of 

PTEN is sufficient for tumor formation. Furthermore, studies of a hypomorphic series of Pten 

alleles suggested that its levels control prostate and breast cancer initiation (Alimonti et al., 2010; 

Trotman et al., 2003). In some cancers, PTEN deletion and mutation can not explain the low 

levels or loss of PTEN protein, instead suggesting PTEN to be down-regulated by post-

translational degradation (Naguib et al., 2011). The E3-ubiquitin ligase NEDD4-1 (neural 

precursor cell-expressed, developmentally down-regulated 4-1) has been identified as a PTEN 

E3 ligase. Several studies have found NEDD4-1 over-expressed in cancers with low PTEN 

protein (Amodio et al., 2010; Kim et al., 2008; Yanagawa et al., 2012). Therefore, NEDD4-1 

mediated degradation of PTEN is likely a mechanism of PTEN regulation in some cancers. 

However, further studies suggested that there are also other PTEN E3 ligases, like the E3 ligase, 

X-linked inhibitor of apoptosis protein (XIAP) (Van Themsche et al., 2009). Most importantly, 

the above E3 ligase genes are not frequently amplified at DNA or RNA level, suggesting that the 

regulation of PTEN protein may be encoded indirectly by alteration of other genes. 

 PTEN localization is also regulated by its phosphorylation status. There are several 

kinases that phosphorylate PTEN and by doing so, they may indirectly increase or decrease 

PTEN stability (Leslie et al., 2008). Taken together, changes in PTEN post-translational 

modification are linked to its loss at the protein level, but the identity or causality of the 

underlying genetic drivers in cancer remain to be established. To address this problem, I decided 
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to carry out an RNAi based screen for regulators of PTEN stability. The results of this work are 

discussed in chapter IV. 
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II. RapidCaP : A therapeutic mouse model for the advanced prostate 
cancer 

 

Summary 
 

 Genetically engineered mouse (GEM) models for Pten-deficient Cancers of the Prostate 

(CaP) have greatly helped us understand the biology of tumor initiation, but their characteristic 

of developing lethal primary disease is obstructing research and therapy of the advanced 

metastatic disease stages. Thus, the genetic requirements needed to trigger metastatic prostate 

cancer have remained ill defined. Here we developed RapidCaP, a GEM modeling approach that 

uses surgical injection for viral gene delivery. We show that in Pten-deficiency, complete loss of 

the Trp53 tumor suppressor triggers CaP metastasis to distant sites at greater than 50% 

penetrance by 4 months, entirely consistent with results from human genome analysis. Through 

live tracking of the endogenous prostate metastasis via bioluminescence imaging, we find that 

both primary and metastatic disease first respond to castration, but later relapse to produce lethal, 

castration resistant disease, as seen in human. To our surprise, analysis of these lesions and of 

metastatic nodules in lung consistently failed to reveal activation of Akt, the signature oncogene 

downstream of Pten-loss. Instead, these metastases showed strong activation of the Myc 

oncogene, which was even more pronounced in the castration resistant tumors. 

 Taken together, these data suggest that an ‘Akt-switch’ to Myc is a critical event in 

prostate cancer metastasis and resistance to castration therapy. Thus, the RapidCaP system 

greatly helps address the hitherto unmet need for analysis, gene validation and therapy of 

prostate cancer metastasis in genetically engineered mice. 

  

Introduction 

 

 Prostate cancer is the most common malignancy in men and the second-leading cause of 

cancer-related deaths in the Western world. Similar to other solid tumors, metastasis is the major 

cause of mortality and morbidity of prostate cancer patients (Jemal et al., 2003). 
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 For studying human prostate cancer, genetically engineered mouse (GEM) models are 

considered the best system due to mouse susceptibility to cancer, 95% genomic identity to 

human, and a relatively short lifespan, making mice feasible to maintain and breed, hence 

multiple genetic modifications can be accomplished by breeding. The ultimate goal for 

developing GEM models is to identify the mechanisms of cancer progression and accelerate 

preclinical testing of novel drug candidates as well as finding the best therapeutic treatment 

options for already existing drugs. 

 To fulfill these purposes, GEM models must recapitulate the critical aspects of human 

prostate cancer: disease progression to metastasis and emergence of castration resistant 

metastatic tumors. However, currently no GEM models obviously mimic these features of human 

prostate cancer (Valkenburg and Williams, 2011). While metastasis could indeed be seen during 

autopsy of some, the reported penetrance is far too low for pre-clinical studies. Moreover, 

prostate conditional GEM models expressing common androgen dependent transgenes (eg, 

probasin promoter driven expression) are incompatible with castration and thus cannot be used 

for therapeutic trials on castration resistant prostate cancer.  

 Furthermore, an imaging system for detecting advanced prostate cancer and monitoring 

the response to therapy is indispensable. Given the small size of the murine prostate, the 

proximity to the bladder, its variable position and the complicated multi-partite anatomy, 

imaging prostate has been challenging (Lyons et al., 2006). On top of these high demands, there 

are only a limited number of genes that can be manipulated within couple of years time to build 

novel GEM models. The above major shortcomings of classic GEM models have put them 

hopelessly out of sync with today’s speed of human cancer gene discovery and the resulting need 

for fast validation of candidate oncogenes and tumor suppressors. As a consequence, animal 

model scientists are actively exploring new approaches.  

 Here, we propose a new prostate cancer mouse model that is designed for therapeutic 

trials. Using a surgical process to deliver a viral transgene specifically to prostate, we are able to 

achieve prostate specific single or multiple gene alternations, such as knockout, knockdown and 

over-expression without cross breeding of multiple animals harboring engineered alleles. In 

addition, introduction of a luciferase marker together with target genes enables live imaging and 

monitoring of disease progression as a function of the delivered target genes. 
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Results 
 

 1. Injection based recombination of Pten and Trp53 results in focal  
              proliferation in the prostate epithelium 

 After showing the feasibility of viral transgene delivery to prostate (see Supplemental 

figure 2.1), Lentiviral Cre-luciferase virus (LV-Cre/Luci) was injected into prostates of 

Ptenloxp/loxp; Trp53loxp/loxp mice to examine recombination. As shown (Figure 2.1 A) LV-Cre/Luci 

injected mice typically show a strong luciferase signal in the genitourinary (GU) region. Post-

mortem analysis (69 days post injection) reveals that the injected anterior prostate and associated 

seminal vesicle are the source. In contrast, 62% of LV-Luci virus injected mice demosntrated 

loss of signal within 78 days (not shown). PCR analysis of genomic DNA from prostate revealed 

recombination of the tumor suppressors, Pten and Trp53, specifically in LV-Cre/Luci injected 

right anterior prostate (AP, Figure 2.1 B, ΔPten, Δp53). The immunohistochemistry (IHC) 

analysis with indicated antibodies revealed the focal nature of disease initiation in this model: 

only a small region showed increased proliferation, loss of Pten and strong AKT activation, 

while the majority of tissue in the prostate retained normal morphology and staining for these 

proteins. Furthermore, we observed no immunogenicity of the viral injection procedure as shown 

by CD3 staining in various settings  (see, Supplemental figure 2.2 B). These data demonstrated 

that surgery based viral delivery triggered highly focal disease initiation, which is thought to be a 

normal feature of the human disease process. Note that classic conditional knockout systems in 

contrast delete target genes in every cell of the prostate epithelium (Chen et al., 2005; Ding et al., 

2011; Trotman et al., 2003). 

 

 2. Pten/Trp53 deletion triggers disease dissemination 

 Analysis of the human prostate cancer genome has revealed that PTEN and TP53 are co-

deleted in half of all metastatic samples (Chen et al., 2011). In mouse however, the complete 

Pten and Trp53 deletion in prostate resulted in massive and lethal tumor growth (Chen et al., 

2005; Ding et al., 2011). In order to investigate disease progression in the RapidCaP model 

system (LV-Cre/Luci injection into Ptenloxp/loxp; Trp53loxp/loxp prostate), mice were monitored for a
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Figure 2.1 Prostate specific LV-Cre/ Luci delivery results in focal disease. A. Live and post-mortem 
images of LV-Cre/Luci injected Ptenloxp/loxp; Trp53loxp/loxp mouse at 69 days post injection. Dissection 
reveals similar distribution to that shown in S2.1C. Luminescence signal was displayed in LV-Cre/Luci 
injected prostate and seminal vesicle. B. PCR analysis confirms recombination of Pten and Trp53 in LV-
Cre/luci injected Ptenloxp/loxp; Trp53loxp/loxp specifically in the injected right (Rt) anterior prostate. C. 
Immunohistochemistry analysis of LV-Cre/luci injected Ptenloxp/loxp; Trp53loxp/loxp prostate reveals a focal 
lesion in the luminal epithelium of one gland (H&E), which also displays increased proliferation, specific to 
epithelial cells (Ki-67). Loss of Pten expression and activation of Akt (pAkt) and high proliferation are also 
found in this region (middle panels), which is a unique focus of disease in the cross section of the entire 
anterior prostate (right panels). Note that surrounding stroma remains unaffected in all panels. Scale bars, 
100 μm (top right), 50 μm (all other panels).
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period of several months. As shown in Figure 2.3 A, the luminescence signal was initially 

observed in the lower abdominal region (up to 25 days post injection, p.i.). Later however, a 

signal spread was detected to the upper and mid body (72d to 140d p.i.). Typically, the signal 

first disseminated to below the neck and later to the mid-abdomen, as shown (Figure 2.2 A). 

Quantification of whole body, primary and secondary signal and illustrated in graph (Figure 2.2 

B), revealed how both primary and secondary signals increased over time. Importantly, no 

spreading of luminescence signal was observed in any of the control injection cohorts as most 

(62%) of the non-gene modifying control injections showed loss of primary luciferase signal 

within 78 days (see Figure 2.2 C) 

Overall (see Figure 2.2 C), 50% of animals showed dissemination 4 months post injection. Using 

post mortem analysis, secondary signals were confirmed in lymph nodes (mediastinal, lumbar 

and caudal), spleen and liver (Figure 2.2 D), while often pancreas and lung as well as organs near 

the GU tract were also signal positive (not shown). Importantly, LV-Cre/Luci injected prostate 

was macroscopically indistinguishable from the non-injected prostate (Figure 2.2 D, nl, inj), 

consistent with absence of inflammatory responses of the procedure shown above (Supplemental 

figure 2.2 B). Note that seminal vesicles were luminescence positive also in control injections. 

However, we found neither a phenotypic change by IHC analysis nor could we isolate marker 

gene positive cells by flow sorting (not shown), suggesting that the signal does not come from 

intact cells. Recombination of Pten and Trp53 in the signal positive secondary organ sites was 

confirmed by recombination PCR (Figure 2.2 E). Histopathological examination of prostates 

revealed local invasion as shown by the focal budding of epithelial cells (Figure 2.2 F).  

       
 3. Histopathological analysis confirms metastatic disease 

 To investigate if the signal dissemination in the RapidCaP mouse is really prostate 

metastasis, histopathological analysis was performed. As shown in Figure 2.3A, lungs of 

RapidCaP animals were often luciferase positive. First, we defined markers for mutant cancer 

cells based on prostate analysis. As expected, focal regions in prostate lost Pten expression. As 

shown, the epithelial markers, cytokeratin-8 (CK-8) and androgen receptor (AR), were absent 

specifically in regions where Pten (and Trp53) was no longer expressed (Figure 2.3 B, arrows) 

consistent with previous reports (Carver et al., 2011). Using these negative markers in the lung,  
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Figure 2.2 Pten/Trp53 deletion triggers disease dissemination. A. Time course of a typical RapidCaP 
experiment (showing one LV-Cre/Luci injected Ptenloxp/loxp; Trp53loxp/loxp mouse) reveals disease spreading 
to distant sites starting at 72 days post injection. B. Quantification of the luminescence signal intensity 
from mouse shown in Fig. 3A. Total body, secondary and primary signal measurements are shown. C. 
Kaplan-Meier analysis of disease dissemination reveals early onset and high penetrance, specifically in 
Ptenloxp/loxp; Trp53loxp/loxp mice (p<0.0001). D. Live (at 219 days post injection) and post-mortem autopsy of 
an LV-Cre/Luci injected Ptenloxp/loxp; Trp53loxp/loxp mouse reveals luciferase positive secondary organ sites 
(lymph-nodes, LN, spleen and liver) and a minor difference in size of prostate lobes (injected, inj. vs. non-
injected, ni). Scale bar, 1 cm. E. PCR analysis reveals Pten/ Trp53 recombination in the secondary 
tissues (weakest in kidney). Scale bar, 1 cm. F. H&E staining of an LV-Cre/Luci injected Ptenloxp/loxp; 
Trp53loxp/loxp prostate lesion (192 days post injection) reveals a typical budding gland with features of focal 
invasion. Scale bar, 50 μm.
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Figure 2.3 Immunohistology analysis confirms prostate cancer metastasis to lung. 
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Figure 2.3. Immunohistology analysis confirms prostate cancer metastasis to lung. A. Autopsy imaging of 
the mock-castrated RapidCaP mouse from Fig. 2.4 reveals disease dissemination to lung, lymph 
nodes,spleen and liver at the trial endpoint (10 month post injection). B. Identification of histogenic 
markers that define prostate cancer cells by immunohistochemistry (IHC) analysis of prostate in animal 
from A: Pten & CK8 (black arrows, see black arrowhead for region with normal protein levels) and Pten & 
AR (red arrows, see red arrowhead for region with normal protein levels). Note that ʻlossʼ of AR staining is 
a hallmark of Pten/p53-null prostate (see also Carver BS. et al., Cancer Cell. 2011 Aug 16;20(2):173-86). 
Scale bar, 100 μm. C, D. IHC analysis of lung from above mouse reveals metastatic nodules that are 
Pten-, CK8- and AR-negative with low magnification (left panel) of lung stained with Pten and CK8 and 
the images with high magnification (right panel) of the area displayed nodules negative for both Pten and 
CK8 (area in the block box). Scale bars, 100 μm (top left), 50 μm (all other panels). E. Double-
immunofluorescence (IF) labeling confirms double-negativity for Pten and CK8 in a metastatic lung 
nodules (nod) shown in (C-D) (yellow circles & arrowheads). Note that in contrast, co-labeling of Pten and 
CK8 in adjacent normal lung epithelia (nl, white dashed circles and arrowheads) shows double positive 
staining. Scale bar, 50 μm. F. Anti-luciferase antibody staining and IF analysis of lung from (C-F) confirms 
that metastatic nodules are luciferase positive (white arrows), and it correlates with Pten-CK8 deficiency 
(red arrowheads). Scale bar, 100 μm.
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we observed that this organ was littered with nodules of cancerous cells, that clearly separated 

them from surrounding lung tissue, confirming their metastatic histology. (Figure 2.3 C and D). 

Importantly, the metastatic nodules stood out from lung tissue, as they retained the loss of Pten, 

Ck8 and AR which were all characteristically absent from the primary cancer as well. In order to 

confirm the that metastatic cells were truly double negative for Pten and Ck8, double 

immunofluorescence (IF) labeling was performed on lung sections (see Figure 2.3 E). Indeed, 

metastatic nodules in lung (nod) were negative for both Pten and CK8 (Figure 2.3 E, yellow 

circle and arrowhead) while normal lung epithelium (nl) stained positively for both proteins. 

Finally, IF analysis revealed that metastatic nodules are readily detected by luciferin antibodies. 

Taken together, our analysis confirmed widespread prostate cancer metastasis to lung in 

RapidCaP. 

 

 4. RapidCaP metastasis responds to castration 
 Androgen ablation therapy is the standard of care for advanced prostate cancer causing 

widespread atrophy of prostate cells. Surgical castration was conducted on mice with secondary 

signals and bioluminescence imaging was continued once per week on two untreated control 

(one mock castrated) and two castrated animals (Figure 2.4 A).  

 In both castrated animals, partial (cast-1) or complete (cast-2) responses were seen at 7 

weeks post castration, importantly in both the primary and secondary signals. However, 

regression was followed by aggressive relapse of both primary and secondary signals, now 

growing much more rapidly than prior to castration (see Figure 2.4 A and quantification in 2.4 C, 

whole body), a hallmark of human castration resistance. In contrast (see Figure 2.4 B), both 

control animals showed steadily increasing signal intensity, requiring sacrificed in order to 

prevent excessive tumor burden. Separate quantification confirmed the sharp increase in intensity 

for both primary and secondary disease, resulting in the typical ‘hockey stick’ growth behavior 

(Figure 2.4 C, compare pre-castration to post-castration growth), with massive cell expansion 

just prior to termination due to obvious signs of morbidity, palpable tumors, low activity, 

hunched backs, and rough hair coat among other adverse phenotypes. These data indicated that 

the disseminated disease was also dependent on androgen. A closer analysis of regression and 

breakdown into primary and secondary disease (Figure 2.4 D) illustrates how prostate and
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Figure 2.4. Secondary signals respond to castration. A. Live imaging time course of two castrated 
RapidCaP mice (LV-Cre/Luci injected Ptenloxp/loxp; Trp53loxp/loxp mouse). Surgical castration (Castr.) was 
performed at 5 months post injection on mice harboring distant secondary disease. Analysis reveals 
differential response and recurrence of disease post castration. B. 3D signal intensity time course from 
(A), including control mice: 1, wt untreated mouse- 2, RapidCaP mouse- 3, RapidCaP mouse mock-
castrated- 4&5, castrated RapidCaP mice. C. Quantification of luminescence signals in castrated animals 
reveals a sharp increase in the rate of disease progression after relapse. “C” denotes castration. D. 
Close-up analysis of graphs from (C) shows that both primary and secondary disease respond to 
castration, confirming their hormone dependence.
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metastatic signals in both animals responded to castration, confirming the metastatic nature of all 

luminescent cells. 

 Post-mortem analysis of a castration resistant animal (#4, Figure 2.4 B) revealed 

metastatic disease in various secondary organs, including lymph node, liver, spleen and pancreas. 

Most notably, prostate was massively enlarged spanning close to 3 cm in diameter, as opposed to 

the 5-7 mm typically seen for wt prostate (not shown). IHC analysis of this prostate confirmed 

loss of PTEN, AR and CK8, consistent with the staining result obtained on non-castrated mice 

(Figure 2.3 B). Surprisingly however (see Supplemental figure 2.4 C), Akt was not activated 

prostate in spite of Pten-loss. However, there was strong c-Myc activation that went beyond what 

is observed in normal prostate (see Supplemental figure 2.4 C). These data suggested that c-Myc 

and not phospho-Akt may be driving the castration resistant cancer, unlike during disease 

initiation (compare pAkt, Figure 2.1 C). 

 Taken together, the castration experiments confirmed that RapidCaP mice developed 

prostate metastatic disease, which initially respond to androgen deprivation and eventually 

relapsed to form castration resistant prostate cancer that contains a new driver pathway signature.     

   

Discussion 
 
 Strategy 
 The RapidCaP system presents us with new technology for the exploration of metastatic 

prostate cancer and its therapy. The injection based technique combines rapid gene modification 

driven by viral Cre delivery with monitoring of disease progression by live bioluminescence 

imaging. The time- and labor-consuming breeding process to generate prostate conditional 

knockout mouse lines is a serious obstruction to establishing pre-clinical GEM models.   

 The striking characteristic of this model compared to the germline Probasin-Cre driven 

counterpart is that the viral mediated deletion of Pten and Trp53 suffices to trigger frequent 

metastatic disease within a few months. Indeed, disease dissemination occurs surprisingly early 

compared with the current GEM models where the secondary diseases is rarely observed (Chen 

et al., 2005; Ding et al., 2011). It has been previously reported that tumor cells disseminated to 

distant organs early during development of a primary tumor in model systems of several cancer 

types, including breast cancer. (Chambers et al., 2002; Nguyen et al., 2009). These findings 
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support that the genetically altered cells in RapidCaP were dispersed to the other tissues in early 

stage of disease hence, the model shortens the lag time for developing metastatic disease and 

thus early applications of the therapeutic trials are possible. This feature of RapidCaP clearly 

distinguishes it from the invasive adenocarcinoma observed already at 11 weeks in the prostate 

conditional Ptenpc-/-; Trp53pc-/- mice. In addition, these mice survived only for about 7 months 

when the prostate cancer is so large that it obstructs bladder function and little or no metastasis is 

found (Chen et al., 2005; Ding et al., 2011). The two most striking differences between the 

models are therefore in the primary cancer size and the frequency of metastasis. Several reasons 

may explain this difference. First, sensitive BLI imaging facilitates the detection of metastases 

thus resulting in more metastatic cells that are sufficiently bright for detection in RapidCaP. In 

our hands, as few as 1000 luciferase positive cells could easily be detected in live prostate (not 

shown), yet these could easily be missed by histopathology analysis. Second, RapidCaP mice 

survive longer due to non-lethality of their primary disease, thus enhancing the chances to detect 

metastasis by luciferase. While both of these explanations look convincing at first glance, they 

cannot fully explain the discrepancy. Importantly, a third explanation has recently emerged 

through studies in our own lab. After losing Pten and Trp53, cells release IL6, which activates 

Stat3 signaling and paracrine proliferation. In the Ptenpc-/-;Trp53pc-/- mice, this results in massive 

stromal expansion occurring on top of the epithelial cell proliferation (D. Nowak, et al. in 

preparation). The stromal expansion in these animals is a hallmark of the model (Chen et al., 

2005) and not typically seen in human. The RapidCaP system does not show this stromal 

proliferation (see Figure 2.1 C and 2.2 F), which may facilitate the metastatic escape of the 

mutant epithelial cells. 

 Taken together, the RapidCaP system may reveal an unknown requirement for metastasis 

of Pten/Trp53 mutant prostate cells.  

 

 New Biology 

 Using the RapidCaP system, we have seen that metastatic disease is still androgen 

dependent, thus the model will be suitable to design therapeutic strategies against castration 

resistant prostate cancer, and also to study the drivers for metastasis by genomic analysis. These 

properties are likely to greatly contribute to advances in treating CRPC if human and mouse have 

similar drug responses and genetic events.  
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 Importantly, there are RapidCaP cases that do not react to castration. Typically, this 

happened when therapy was started in mice with very high secondary signals (see also Figure 

2.4). It will be very important investigate whether these variations are due to the different genetic 

events, accumulated along with disease progression.



 

35 

Supplemental figure 2.1 Stable transgene delivery to epithelial prostate cells by virus injection. 
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Supplemental figure 2.1 Stable transgene delivery to epithelial prostate cells by virus injection. A. The 
RapidCaP system. 1- Design and production of virus harboring candidate cancer genes and marker 
genes. 2- Surgical injection of virus directly into anterior prostate gland. 3- Non-invasive bioluminescence 
imaging to monitor disease progression and therapeutic effects. B. Live imaging of lentiviral luciferase 
(LV-Luci) injected Bl6 mice and non-injected control at 60 days post injection demonstrates persistent 
transgene expression. C. Post-mortem autopsy imaging of LV-Luci and non-injected control mice at 98 
days post injection. The genito-urinary (GU) tract comprises bladder (B), seminal vesicle (SV) and 
anterior prostate (AP). Luminescence signal is found in the (injected) right anterior prostate lobe and also 
in the seminal vesicle. Note that FACS sorting experiments fail to identify infected (tomato-FP) seminal 
vesicle cells, potentially suggesting SV signal to be extracellular, while our technique infects between 1-
4% of the ~100 million anterior prostate cells by FACS analysis (not shown). PCR of prostate genomic 
DNA reveals the luciferase transgene (300 bp) only in the LV-Luci injected prostate lobe. D. Anti-
luciferase immunofluorescence on LV-Luci- and control-injected prostate reveals luciferase expression in 
prostate luminal epithelium (note that while infection of other cell types cannot be excluded, whole body 
knockout mouse studies have revealed that epithelial cells specifically respond to Pten-suppression with 
proliferation). Scale bar, 47 μm. E. H&E staining of LV-Luci injected and non-injected control prostate 
reveals retention of normal glandular architecture. Scale bar, 100 μm.
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Supplemental figure 2.2 Immunohistological analysis of LV-luci injected wt mice. A. IHC analysis reveals 
normal Pten, pAkt and Ki-67 staining in LV-Luci injected wt (Bl6) prostate. Scale bars, 50 μm. B. Injection 
procedures do not trigger an inflammatory response as measured by CD3 staining of indicated tissues. 
Scale bars, 50 μm (middle panel, bottom right), 100 μm (all other panels).
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Supplemental Figure 2.3 Typical examples of RapidCaP experiments and bioluminescense visualization 
of disease progression over time.
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Supplemental figure 2.4 Analysis of castration resistant prostate cancer. A. Castration results in 
prostate epithelium atrophy and diffuse cytoplasmic AR staining (upper panels). Note that Pten/Trp53-loss 
in RapidCaP model does not cause a significant increase in prostate size (lower panels). Scale bar, 100 
μm. B. Post mortem analysis of Cast-1 (see Figure 2.4) animal after relapse (see Fig. 4A) shows 
metastasis to distant organs and massive prostate enlargement. C. IHC analysis of Cast-1 prostate 
shows loss of Akt activation, loss of cytokeratin epithelial and basal cell markers CK8 and CK5, 
respectively. In contrast, there is strong activation of c-Myc in tumor cells throughout the therapy-resistant 
prostate tumor. Scale bars, 1 mm (top panel, Myc), 50 μm (all other panels).
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Supplemental figure 2.5 Myc succeeds Akt activation in metastasis and can drive local dissemination of 
prostate cancer. A. IHC analysis of phospho-Akt (Ser473) in metastatic lung nodule reveals absence of 
activation. In contrast, Myc is strongly increased, especially in the cytoplasm (compared to prostate, Fig. 
S6E). Note the apparent further Myc increase in castration resistant prostate (Fig. 5C), when compared to 
this mock-castrated metastasis). Scale bar, 50 μm. B. Identification of metastatic prostate cancer nodules 
(red arrows) in lung using staining with luciferase antibody. Scale bar, 100 μm.
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Supplemental figure 2.6 Immunohistological analysis of RapidCaP. A. IF analysis of prostates after 
injection shows specificity of luciferase expression as probed with anti-luciferase antibodies. Scale bars, 
42 μm (left panel), 15 μm (right panel). B. Double-immunofluorescence (IF) labeling confirms double-
negativity for Pten & CK8 in LV-Cre/Luci injected Ptenloxp/loxp; Trp53loxp/loxp prostate (yellow arrows). Note 
that in contrast, co-labeling of Pten and CK8 in adjacent normal prostate epithelium shows double positive 
staining. Scale bar, 50 μm. C. Cytokeratin-8 (CK8) shows membrane associated staining in normal 
prostate epithelium while androgen receptor is nuclear in these cells. In normal lung a similar localization 
pattern is observed. Scale bar, 100 μm. D. Prostate cancer metastatic nodules in lung show increased 
proliferation as measured by Ki-67 staining (compare to Figure S2.2 A, Ki-67). Scale bar, 50 μm. E. Myc 
staining in sham-castrated prostate is comparable to that observed in normal prostate shown in (C) and 
much weaker than that seen after castration (Figure S2.4 C, Myc) or in lung metastases (Figure S2.5 A). 
Scale bar, 50μm. 
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III. Versatility of the RapidCaP system 
 
Introduction 
 

 This chapter illustrates the versatility of the RapidCaP model and the conditional 

spontaneous genetic engineering that can be accomplished in relatively short time period. The 

applications of RapidCaP include the viral mediated over expression or knock down of targets, 

viral driven marker expression as well as the simultaneous multiple target delivery with different 

viruses. The major and unique advantage of RapidCaP is the rapid and high-throughput genetic 

in vivo screening of the cancer candidates, previously identified in human diseases. It has been 

successfully used to modify multiple targets in a prostate specific manner by delivering several 

viruses at the same time. In addition, the most remarkable characteristic of RapidCaP,-the high 

frequency of metastasis- provides a great opportunity to investigate the driver genes promoting 

disease dissemination.            

     

Results 
 
 1. RapidCaP oncogene system(s) 
 1.1. Exploration of Pten-Myc cooperation 
 Alterations of chromosome 8, including amplification at 8q24 harboring the c-MYC 

oncogene, have been noted as one of the most common chromosomal abnormalities in prostate 

cancer (CaP) progression. In addition, human tissue microarrays have found frequent 

overexpression of c-MYC in luminal cells in PIN, as well as in most primary carcinoma and 

metastatic disease. These results suggested that increased expression of c-MYC is a critical 

oncogenic event, driving prostate cancer initiation and progression. Therefore, c-Myc was 

introduced to murine prostate via the RapidCaP system to determine the applicability of  

RapidCaP for transgene overexpression. To this end, a retroviral construct harboring c-MYC and 

luciferase was designed and tested in vitro prior to injection (data not shown). It has been 

previously published that c-Myc initiates prostate cancer in cooperation with Pten and Trp53 

(Kim et al., 2012). Also the association between PI3K-pathway alteration and c-MYC 
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amplification has been reported in a cohort of primary and metastatic human prostate cancer 

samples (Jenkins et al., 1997; Sato et al., 1999). Therefore, hypermorphic Pten mice (Trotman et 

al., 2003), mice with 25% reduction of Pten, were selected for the Myc trial in order to to test if it 

accelerates disease progression. In Myc-luciferase retrovirus (RV-Myc-luci., see Supplemental 

figure 3.1 for the construct map) injected Ptenhy/+ mice, the luminescence signals were detected 

and remained until the animals were sacrificed for analysis (Figure 3.1 A). Post mortem imaging 

(54 days post injection) revealed that the viral-injected side of the prostate was positive for 

luminescence signal (Figure 3.1 B). From the post mortem analysis, the majority of Myc 

delivered mice have been found to have secondary signals. These signal spreads were not 

recognized until ex vivo imaging was conducted because the signal spreads were mainly in 

organs proximal to prostate, such as lymph node and epididymal fat pad. These signal spreads 

were observed in Myc injected Bl6 cohorts also (Figure 3.1 C, marked with green arrows). The 

obvious visual differences in shape and size were not observed in Myc injected prostate 

compared to the non-injected prostate (data not shown). Compared to control injected animals, 

the significant signal spreads in Myc injected Ptenhy/+ mice and Bl6 mice are depicted (Figure 3.1 

D). Importantly, significantly higher frequencies of secondary signal were observed in Myc 

injected Ptenhy/+ mice than in Bl6 control mice. These data suggest that cooperation of Myc with 

Pten-loss can be modeled in the RapidCaP system to recapitulate human disease progression. 

The increased Myc expression was confirmed by RT-qPCR, demonstrating delivery of the 

transgene to prostate (Figure 3.1 E). These results demonstrate that RapidCaP is not only able to 

deliver and stably express oncogenes in prostate, but also that the Myc overexpression is 

sufficient to induce disease dissemination to proximal organs. Moreover, consistent with other 

studies, over-expressed Myc efficiently promoted disease dissemination in cooperation with 

Pten.   

          

 2. Tumor suppressor-hairpin systems 
 The RNAi mediated down-regulation of targets has been broadly accepted as valuable 

tool for functional studies of target genes. However, the majority of research utilizing RNAi 

technology has been based on in vitro experiments. The increasing demands for the in vivo 

relevance of knocking down targets has forced the development of useful RNAi mouse models, 

such as inducible RNAi transgenic mice in which target specific shRNA expression is achieved 
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Figure 3.1 Viral injection delivers oncogene, c-Myc, to prostate. A. Typical live imaging of Ptenhy/+ ; RV-
Myc-luci /RV-luci injected mice shows lower abdominal signals and absence of distant metastasis. Note 
that Ptenhy/+ mice express only 75% Pten throughout their body (see: Trotman et al., Pten dose dictates 
cancer progression in the prostate. PLoS Biol., 2003;1:E59). B. Post mortem imaging of RV-Myc-luci 
injected Ptenhy/+ mouse, harvested in 56 days post viral injection. Note that RV-Myc-luci injected(Lt) 
anterior prostate (AP) shows luminescence signal. C. Autopsy analysis of Myc-driven RapidCaP models 
(RV-Myc-Luci into Ptenhy/+ or Bl6 wt mice) unveils local, mostly lower abdominal disease dissemination 
from prostate (yellow arrows) to secondary sites (green arrows), including local lymph nodes. Note that in 
contrast, Pten/Trp53-deletion generates distant metastasis. D. Kaplan-Meier analysis of disease spread 
in indicated RapidCaP models reveals that Myc expression can drive local dissemination of prostate 
cancer and cooperate with Pten-suppression, as revealed by RV-Myc-luci injection into Ptenhy/+ mice. 
Log-rank (Mantel-Cox) testing shows that wt and Ptenhy/+ study arms are significantly different (p=0.004). 
E. Reverse transcript qPCR analysis of c-MYC reveals over-expression in injected prostate at harvest, 
416 days p.i. 



 

45 

by viral mediated delivery to embryonic stem cells (Dow et al., 2012). However, this model is 

also genetically engineered, the effects of target knock-down are observed only after the time 

required for engineering of embryos, gestation and development. As RapidCaP can deliver 

transgenes directly to target organs  (Chapter II and above), hairpins were also developed for 

delivery to prostate with this system. To determine whether the RapidCaP system can be used for 

studying the biological effects of target knockdown, Trp53 (LMP, Supplemental figure 3.1, 

(Dow et al., 2012)) was initially selected and injected into Pten+/- mice for observation of the 

development of a prostate disease phenotype. Note that loss of Trp53 alone has not been shown 

to be sufficient to promote prostate neoplasia in mice (Chen et al., 2011). At 79 days post viral 

injection, prostate sections were prepared for histological analysis. H&E staining and 

immunofluorescence with Ki67 antibody demonstrated that frequently Ki67 positive cells were 

found in GFP positive regions (Figure 3.2 A and B). These data suggested that shRNA driven 

down-regulation of Trp53 promoted active cell proliferation, compared to the GFP-negative 

neighboring regions. To further study the cooperative effect of Trp53-loss with Pten-loss in 

prostate disease progression, Ptenloxp/loxp; Trp53loxp/+ mice were injected with LV-Cre/luci and RV-

shp53-GFP, in parallel to LV-Cre/luci control injections. Prior to performing double injections 

into mouse prostate, double infection with LV-Cre-Tdtomato and RV-shp53-GFP of MEFs 

demonstrated that double infection can be achieved (Supplemental figure 3.2, white arrow). Live 

imaging 50 days post injection of control mice demonstrated the presence of signal restricted to 

the primary organ (prostate). However the shp53 injected mice consistently revealed 

dissemination of signal (Figure 3.2 C). Surprisingly, the signal spread from the LV-Cre/luci and 

RV-shp53-GFP  injected Ptenloxp/loxp; Trp53loxp/+ cohort was observed in a shorter time post-

injection than that from mice in the LV-Cre/luci injected Ptenloxp/loxp; Trp53loxp/loxp cohort (see 

Chapter II). The post mortem analysis of secondary tissues with luminescence signals proved that 

both virus infections were shown in the same tissues (Figure 3.2 D). Also, the positive 

correlation of either Ki67 or AKT activation was commonly found in the region where GFP was 

strongly expressed, based on immunofluorescence (Figure 3.2 E). These data supported the 

notion that that primary and secondary diseases were caused by simultaneous infection of both 

viruses in the prostate.
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Figure 3.2 Trp53 knockdown cooperates with Pten-loss.
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Figure 3.2 Trp53 knockdown cooperates with Pten-loss. A. H&E staining of RV-shp53-GFP injected (Rt) 
and un-injected (Lt) Pten+/- prostate. The disorganized luminal structure is shown in virus injected prostate 
(Rt). B. Immunostaining of Ki67. Active cell proliferation is associated with GFP expression in RV-shp53-
GFP injected (Rt) Pten+/- prostate. Scale bars, 51 μm (top panel), 38 μm (bottom left and middle), 70 μm 
(bottom right). C. The representative live imaging of double virus (LV-Cre/Luci and RV-shp53-GFP) (Left) 
and single virus (LV-Cre/Luci) (Right) injected Ptenloxp/loxp; Trp53loxp/+ mice. High primary and secondary 
signals are detected only in double injected mouse compared to single virus injected mouse. D. The 
luminescence/fluorescence imaging of tissues from double virus (LV-Cre/Luci and RV-shp53-GFP) 
injected Ptenloxp/loxp; Trp53loxp/+ mice. Note that the collected secondary and primary tissues are positive for 
both markers. E. The immunostaining of LV-Cre/Luci and RV-shp53-GFP injected Ptenloxp/loxp; Trp53loxp/+ 

prostate. The strong GFP expression is shown in a fixed prostate section (top left panel). Frequent Ki67 
(top right panel) and activated Akt (bottom right panel) are correlated with GFP signals. Scale bars, 15 μm 
(left panel), 100 μm (top right) and 20 μm (bottom right) F. The genome wide analysis of primary and 
secondary disease. DNA copy number analysis with GFP positive prostate and liver cells reveals several 
common genomic events (deletions/ampplifications), implying there might be an evolutionary link between 
primary and secondary disease (see Navin, N., J. Kendall, et al. 2011; Baslan, T., J. Kendall, et al. 2012 
for the method)
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For further proof of disease dissemination in this model, the GFP positive cells from prostate and 

liver (Supplemental figure 3.3) were isolated and subjected to whole genome analysis to derive 

copy number alterations (CNAs) in collaboration with Dr. Jim Hicks. Several common CNA 

events were found in both the prostate and metastatic cells confirming their common origin. The 

detailed analyses and identification of specifically altered genomic loci are ongoing (Figure 3.2 

F).   

 

 3. RapidCaP and tumor suppressor screening - a proof of principle  
 With current GEM models, it is challenging and time consuming to generate animal 

models harboring multiple genetic modifications, alone or in combination. This, however, is 

essential for understanding deletion or amplification of DNA regions during the progression of 

human disease. The RapidCaP approach can target multiple genes and this trait could be the 

basis for an in vivo screening model for identifying or validating tumor suppressors. To this end, 

a sensitized genetic background, depicted in Figure 3.2, Pten null and Trp53 heterozygous 

prostate, which can be generated by injecting LV-Cre/luci into Ptenloxp/loxp; Trp53loxp/+ mice, was 

utilized. The three genes, FOXP1, RYBP and SHQ1, have been described as residing in a focal 

region (3p14.1-p13) which is frequently deleted in human prostate cancer (Figure 3.3 A) (Taylor 

et al., 2010), especially in combination with loss of PTEN or TP53. It has remained unclear if 

one of them or all together are involved in disease progression. For each candidate, the best 

shRNAs were selected after Western blotting or competition assays (Figure 3.3 B, note that no 

functioning SHQ1 antibodies are available commercially (not shown, C. Sawyers & Phil 

Iaquinta, personal communication). RV-shp53-GFP was tested as positive control for disease. 

Live imaging demonstrated that all signals disappeared over time except for RV-shp53-GFP, the 

positive control, and RV-shShq1-GFP injected animals, in which the primary signal was 

maintained and a signal spread appeared after 60 days post-injection (Figure 3.3 C). As the 

signal became stronger in the primary and secondary regions, the LV-Cre/luci + RV-shp53-GFP 

injected mice were terminated for analysis subsequent to 93 days of non-invasive live imaging. 

The experiments were repeated with more Shq1-targeted animals and cohorts were monitored 

and are displayed in the Kaplan-Meier plot (Figure 3.3 D). The other genes in the loci or their 

combination showed no effects and only loss of signal in the mice.
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Figure 3.3 RapidCaP and Human genomics validation. A. The frequent focal deleted locus at 
chromosome 3p14 in human prostate cancer. The region contains 3 potential cooperative tumor 
suppressors, FOXP1, RYBP, and SHQ1. (Taylor et al. Cancer Cell, 2010) B. The western blot and 
competition assay to validate shRNA targeting FOXP1, RYBP, and SHQ1. For the injection, shFoxp1 
(lane 7), shRybp1 (lane 7) and Shq1 (shShq1-3) was selected based on in vitro tests. C. Live imaging of 
LV-Cre/Luci and RV-shRNA-GFP injected mice. Each target shRNA or combined sh (shShq1, shFoxp1 
and shRybp or shS/F/R) was injected to Ptenloxp/loxp; Trp53loxp/+ mice with either LV-Cre/Luci or LV-Luci. 
Notably, shp53 and shShq1 injected mice maintain the primary signal and developed the secondary 
signals. D. The Kaplan-Meier curve of the signal spreads. The frequency of signal spreads is high in 
shp53 and shShq1 injected mice but none of other injections shows the signal spreads. 
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These results suggested that SHQ1 deletion may be the driver tumor suppressor of the 3p13 

locus, which warrants further detailed analysis of its tumor biology (ongoing collaboration with 

P. Iaquinta and C. Sawyers, MSKCC).  

 

 4. Marker genes in RapidCaP 
 Cre-loxp dependent expression of fluorescence proteins has been used as a powerful 

biological tool for cell lineage tracing, fate-mapping, and genetic analysis. Live tissue imaging 

has significantly improved with the development of far-red fluorescent proteins, with optimized 

spectral characteristics for in vivo applications (Deliolanis et al., 2008). Lox-stop-lox (LSL)-

Tdtomato (lsl-Tdtomato) and lox-stop-lox (LSL)-Luciferase (lsl-Luci) strains were crossed to 

generate triple loxp mice (Ptenloxp/loxp; Trp53loxp/loxp; lsl-Tdtomato, Ptenloxp/loxp; Trp53loxp/loxp; lsl-

Luci). The triple loxp strains should allow labeling of cells with both fluorescence and 

luminescence markers subsequent to single virus injection (with either LV-Cre/luci or LV-Cre-

Tdtomato). As a result of either LV-Cre/luci or LV-Cre-Tdtomato injection, luminescence 

signals were detected , however no signals were shown by Xenogen fluorescence imaging 

(Figure 3.4 A and B). This suggests that the Tdtomato fluorescence signal intensity may not be 

enough for live detection, unlike luminescence signals. The post mortem imaging also 

demonstrated that Tdtomato fluorescence signals are not specific to the target organs as high 

background signals were shown in both viral injected and un-injected mice, which is dissimilar 

to the luminescence signal (Figure 3.4 A, B and C). Cell-level analysis for Tdtomato 

fluorescence protein expression (from lsl-Tdtomato mice or from LV-Cre-Tdtomato) revealed 

expression in fixed LV-Cre/luci injected (Lt) prostate sections. Flow cytometry analysis (Figure 

3.5 A and B) revealed that up to 16% of cells were recombined at 197 days post injection, 

indicating the expansion rate of mutated cells in this experimental cohort.   

 

Discussion 
 

 The unique characteristics of RapidCaP allowed us to demonstrate that the various 

genetic modifications in target tissue are deliverable by a single or combined viral injection. This
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Figure 3.4 Marker delivery for sorting. A-B. Live and post mortem luminescence and fluorescence 
imaging of LV-Cre/Luci injected Ptenloxp/loxp; Trp53loxp/loxp; lsl-Tdtomato mice (A) and LV-Cre/Tdtomato 
injected Ptenloxp/loxp; Trp53loxp/loxp; lsl-Luci mouse (B). Note only luminescence signal is detected in live 
imaging and is specific in post mortem imaging in both cases (A, B). C. Live and post mortem 
fluorescence imaging of LV-Cre/Tdtomato injected Ptenloxp/loxp; Trp53loxp/loxp mice. The fluorescence signal 
is not detected in live imaging and high background signal is shown in post mortem imaging. 
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Figure 3.5 Analysis of fluorescence marker expression. A. The expression of Tdtomato fluorescence 
protein in prostate. LV-Cre/Luci injected Ptenloxp/loxp; Trp53loxp/loxp; lsl-Tdtomato mice was analyzed 198 
days post injection. Scale bars, 25 μm (left panel) and 38 μm (right panel). B. The flow cytometry analysis 
of LV-Cre/Luci injected/uninjected  Ptenloxp/loxp; Trp53loxp/loxp; lsl-Tdtomato prostate. The cell suspensions 
were obtained from the same prostates, shown in A, 16% of cells are positive for Tdtomato fluorescence 
protein expression in virus injected prostate (Lt(+)-injected). 
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chapter has focused on the expansion of RapidCaP applications to explore the range of genetic 

manipulations that can be accomplished without conventional breeding.  

 Among the most studied oncogenes in prostate cancer is MYC. It also has been suggested 

that the overexpression of MYC transformed prostate epithelial cells, is immortalizing cells in a 

single step that was sufficient to generate tumors with increased proliferative capacity 

(Hawksworth et al., 2010). The initiation and early progression of prostate cancer has been 

recapitulated in GEM models with the loss of tumor suppressors and activation of Myc (Ellwood-

Yen et al., 2003). Interestingly, the RapidCaP trial with Myc overexpression revealed 

cooperation between Myc and Pten-suppression in local metastasis. This finding is supported by 

recently published research that the cooperation of Myc and Akt promote the progression to 

invasion in a murine prostate cancer model (Carver et al., 2011). However, histopathological 

analysis of secondary tissues derived from Myc overexpression-induced primary lesions is still 

required to confirm the contribution of Myc in these disseminated lesions. Importantly however, 

the spontaneous activation of Myc has been found in metastatic lung regions in LV-Cre/Luci 

injected Ptenloxp/loxp; Trp53loxp/loxp (Supplemental figure 2.5 A).        

 Unlike with luminescence, live tracking was not possible with the Tdtomato fluorescence 

protein driven by either viral delivery or Cre-mediated endogenous expression. This trial for 

fluorescence marker expression suggested that RapidCaP can be used for the Cre-loxp based 

expression of fluorescence/luminescence markers which will be a useful tool for harvesting 

tumor cells in post-mortem analysis. 

 This chapter highlighted that RapidCaP has great potential as a platform to validate and 

investigate key genetic events resulting in metastasis by combining the property of rapid disease 

dissemination with the specific expression of fluorescence markers in primary and secondary 

disease. By straightforward engineering of multiple targets at the same time, the system enables 

the distinction of driver from passenger mutations. It will be interesting to see if the process can 

be adapted to large scale in vivo screening of cancer candidate genes identified in human 

genomics research.      
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Supplemental figure 3.1 The viral constructs for prostate injection. The lentiviral constructs (LV-
Cre/Tomato and LV-Luci) were modified from LV-Cre/Luci, purchased from Addgene (Tyler Jacks, 
Plasmid 20905: Luc.Cre empty vector). The retroviral constructs (RV-shp53-GFP;LMP and RV-Myc-luci) 
were gifts from Scott. Lowe laboratory. Other shRNA harboring constructs were made by replacing shp53 
with target shRNA.
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Supplemental figure 3.2 The double virus delivery in vitro. The expressions of Tdtomato fluorescence 
protein and GFP in MEFs. The LV-Cre-Tomato and RV-shp53-GFP were simultaneously infected to 
MEFs. The image displays the cells express both of fluorescence proteins, indicating both virus can infect 
the same cells. Scale bar, 33 μm.   
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Supplemental figure 3.3 FACS analysis of disseminated cells in liver. The FACS analysis of liver cells 
from LV-Cre/Luci and RV-shp53-GFP injected Ptenloxp/loxp; Trp53loxp/+ mouse. These cells were used for 
whole genome analysis (Figure 3.2 F), no GFP positive cell was shown from control Bl6 liver.
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IV. A dual color screening system to identify regulators of PTEN 
stability   
 

Introduction 
 The PTEN tumor suppressor gene is located on chromosome 10q23. A surprisingly high 

number of mono-allelic mutations of this locus have been shown to cause 50-80% of sporadic 

tumors. Complete loss of PTEN is frequently observed in advanced cancer and metastases 

(Salmena et al., 2008; Vivanco and Sawyers, 2002; Yoshimoto et al., 2006). Various mouse 

models in which Pten was deleted developed multiple tumors. It was also shown that loss of one 

PTEN allele in mice promotes the initiation of cancer in conjunction with other genetic insults 

(Di Cristofano et al., 2001; Trotman et al., 2006). Moreover, a series of Pten hypomorphic alleles 

was used to demonstrate that cellular levels of Pten protein have an inverse correlation with the 

occurrence of prostate cancer (Trotman et al., 2003). A number of human and mouse studies 

indicate that PTEN is functionally haploinsufficient and does not conform to the Knudson ‘two-

hit hypothesis’(Knudson, 1971). The discovery that complete loss of Pten triggers a Trp53-

dependent senescence response finally explained why partial loss might be beneficial and 

therefore so frequent in early tumors that still have wild type Trp53.  

 Functionally, the PTEN phosphatase antagonizes the phosphatidylinositol-3-kinase (PI 3-

K)/ AKT pathway thereby controlling cell growth, proliferation, cell polarity and metabolism by 

catalyzing the production of phosphatidylinositol 4,5-bisphosphate (PIP2) from 

phosphatidylinositol 3,4,5-triphosphate (PIP3), a second messenger generated by activated PI3-K 

subsequent to activation by growth stimuli. With PTEN loss, PIP3 is accumulated which in turn 

allows AKT recruitment to cell membranes where it is activated by PDK1 and subsequently the 

mTOR kinase complex 2 (mTORC2). Activated phospho-AKT (pAKT) works through direct 

phosphorylation of a great number of substrates, including GSK3, FOXO3a and p27 as well as 

through indirect activation of mTORC1, which induces translation of many targets. In many 

human cancers the PI 3-K/AKT/mTOR pathway is overactive and PTEN-loss or alteration is a 

major underlying cause of prostate, breast, endometrial and colon cancers. In addition, it has 

been reported that PI 3-K mutation and PTEN loss could cooperate in breast, endometrial and 

colon cancer (Yuan and Cantley, 2008).  
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 Taken together, the PTEN/ PI 3-K pathway is a major axis deregulated in cancer and 

partial PTEN inactivation is a common cause of tumor initiation. This demonstrates the 

importance of understanding PTEN regulation. 

 1. Regulation of PTEN levels  

 PTEN is a target of multiple post-translational modifications including phosphorylation, 

ubiquitination, acetylation and oxidation (Salmena et al., 2008). In respect to PTEN stability, 

phosphorylation of PTEN appears to affect turnover indirectly through ubiquitin mediated 

proteasomal degradation, a common mechanism mediating protein stability.  

 The first defined PTEN E3 ubiquitin ligase, NEDD4-1, was identified through a 

biochemical approach: recombinant GST-tagged PTEN, recombinant E1, E2, ubiquitin and ATP 

were incubated with chromatography-fractionated HeLa cell cytosol and in vitro poly-

ubiquitinated PTEN was detected by Western blotting. Using this assay the strongest activity-

containing fraction was further fractionated through various chromatography and precipitation 

steps to produce a high activity-containing sample with only few proteins, of which only 

NEDD4-1 was demonstrated to be a PTEN E3 ligase (Wang et al., 2007).  

 2. PTEN nuclear import versus degradation 

 Two major conserved sites (lysine 289 and 13) for PTEN ubiquitination were identified 

at the same time through mass spectrometry; mono-ubiquitination of either of these two sites was 

shown to be necessary for nuclear-cytoplasmic translocation of PTEN (Trotman et al., 2007). In 

addition, recent work from our group showed that double mutants of these sites together are 

highly stable and unable to enter the nucleus, indicating that both mono- and poly-ubiquitination 

occur mainly through these two sites.  

 In patients with esophageal squamous cell carcinoma, colon cancer and pancreatic 

cancer, lack of nuclear PTEN was often seen to correlate with worse prognosis (Perren et al., 

1999; Zhou et al., 2002) and later studies showed that enhanced nuclear expression of PTEN 

could block anchorage-independent growth in transformation assays (Liu et al., 2005). While 

such data suggested that nuclear localization of PTEN is important for its tumor suppressive 

function, no clear mechanisms could be established. Many nuclear functions for PTEN have 

been proposed (Salmena et al., 2008), however most of these could also be achieved by 

cytoplasmic PTEN. Trotman et al. identified the PTEN K289E patient mutation, which has 

nuclear import defect but normal phosphatase activity; this allowed the separation of PTEN 
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nuclear localization from function in the pathway. These studies showed that nuclear PTEN is 

more stable than cytoplasmic PTEN, presumably due to cytoplasmic localization of NEDD4-1. 

Therefore, nuclear import of mono-ubiquitin conjugated PTEN could be a way to protect PTEN 

from proteasomal degradation in the cytoplasm.  

 3. Studies on PTEN half-life and mechanism of its degradation  

 PTEN is known as a relatively stable protein even though it contains two PEST motifs, a 

feature of short-lived proteins that undergo proteasomal degradation (Vazquez et al., 2001). In 

general, it has been suggested that PTEN is stable in normal cells because the activity of 

NEDD4-1 is suppressed and degradation occurs only when it is needed (Wang and Jiang, 2008). 

The high steady-state level of PTEN is key to maintain low PIP3 levels in normal cells, allowing 

them to boost PIP3 only transiently after growth stimulation. This is in contrast to the p53-

degradation system, where basal levels of p53 in normal cells are low but build up rapidly in 

response to DNA damage or other stress by suppressing Mdm2-mediated degradation. However, 

these models cannot explain why PTEN is relatively stable even in cells with high NEDD4-1 

levels. Moreover, only very robust over-expression of NEDD4-1 was shown to reduce PTEN 

levels (Wang et al., 2007) and previously produced Nedd4-1 heterozygous and null MEFs 

showed hardly any Pten turnover in 12 hours in one report (Fouladkou et al., 2008). In sharp 

conflict to these results however, subsequent studies including the conditional knockout of 

Nedd4-1 in brain fully confirmed its role in Pten regulation (DiAntonio, 2010). Previous studies 

suggest that Nedd4-1 could therefore need to be activated in order to suppress PTEN (Wang and 

Jiang, 2008). However, our preliminary data suggest an altogether different mechanism of 

regulating E3 ligase activity, namely the differential subcellular localization of the Ubiquitin-

Proteasome System (UPS) system in respect to the PTEN target.   

       4. Ubiquitin proteasomal degradation 

    Regulated protein degradation by the UPS affects multiple cellular process such as 

proliferation, signal transduction and differentiation, as well as many diseases such as 

autoimmune, neurodegenerative disease and cancer (Cavo, 2006; Schwartz and Ciechanover, 

1999). Degradation of a protein via the ubiquitin-proteasome pathway is the major pathway of 

non-lysosomal proteolysis of intracellular proteins and proceeds in two successive steps: 1) 

conjugation of ubiquitin to the specific substrate and 2) degradation of the tagged protein by the 

proteasome complex (Hough et al., 1986). 
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 Selective attachment of ubiquitin to the target protein is the initial signal for degradation. 

The ubiquitination of protein is carried out in three sequential steps involving three enzymes; E1-

activating, E2-conjugating enzymes and E3-ligase. There is major E1 in human cells, which 

activates ubiquitin and transfers it to all E2s. Each E2 works with different E3s to promote 

modifications of target proteins. The high specificity and selectivity of the UPS relies on E3s that 

can recognize a specific substrate and only few E2 enzymes (Hershko and Ciechanover, 1998). 

E3 ligases have been classified into two subfamilies: one contains a homology to the E6AP C-

terminus (HECT) domain, the other contains the Really Interesting New Gene (RING) domain. 

HECT type E3 ligases are monomeric enzymes and have conserved an active cysteine residue, 

which is required for activity (Scheffner et al., 1993). The family of RING type E3 ligases 

transfers ubiquitin from E2 to the specific substrate without having enzymatic activity 

themselves. This subtype can be either single-subunit proteins or multi-subunit complexes 

(Saurin et al., 1996).   

 Deubiquitination, the reverse reaction, also regulates the fate and function of ubiquitin-

conjugated proteins. Deubiquitinating enzymes (DUBs) catalyze the removal of ubiquitin from 

specific ubiquitin-conjugated substrates as well as its precursor proteins (Amerik and 

Hochstrasser, 2004). By doing so, DUBs proofread Ub-modified substrates and also recycle 

ubiquitin. DUBs occupy the largest family of enzymes in the ubiquitin system, implying their 

diverse functions in regulation of the ubiquitin-mediated pathways. 

 In this respect, it is important to note that DUB and Ub function should not be seen as 

primarily related to degradation but as equally important means of protein regulation.  Mono- 

and alternative chain linked ubiquitination serves various purposes including transcriptional 

regulation, membrane trafficking, protein kinase activation, DNA repair, chromatin dynamics 

(reviewed in (Chen and Sun, 2009)) and nuclear-cytoplasmic shuttling (Plafker et al., 2004; 

Trotman et al., 2007). Thus, the prevalence of DUBs highlights the role of the UPS as a highly 

dynamic and reversible modification similar to phosphorylation and de-phosphorylation. 

 Recently, USP7 has been suggested as PTEN de-ubiquitinase in the nucleus causing its 

export by using a candidate approach (Song et al., 2008). Even though the mechanistic basis for 

de-ubiquitination and nuclear export is entirely lacking, these results illustrate the need for a 

comprehensive analysis of the interactions between PTEN and the UPS and its role in cancer. 

 5. The UPS in Cancer therapy  



 

61 

  An increasing number of studies suggest that abnormal regulation of E3 ubiquitin ligases 

is involved in tumor development; major E3 Ub ligases are frequently overexpressed in human 

cancers. Tp53 levels are mainly regulated by ubiquitin-mediated proteasomal degradation 

(Brooks and Gu, 2003). The gene amplification and overexpression of mdm2, the Tp53 E3 ligase, 

has been reported in various tumors (Onel and Cordon-Cardo, 2004; Toledo et al., 2006). 

Similarly, expression of the cyclin-dependent kinase (CDK) inhibitor, p27 has been found to be 

decreased in many human cancers, however not through gene mutation (Ponce-Castaneda et al., 

1995). Instead, it was shown that E3 ligase SCFSkp2 (Skp1/Cul1/F-box protein) uniquitinates p27 

for degradation (Carrano et al., 1999). Overexpression of Skp2, the component of SCF, 

correlated with reduced level of p27 in several tumors. Skp2 can mediate transformation and is 

up-regulated during oral epithelial carcinogenesis which supports the role of Skp2 as a proto-

oncogene in human tumors (Gstaiger et al., 2001). A number of agents that inhibit proteasomal 

degradation, like Bortezomib, which was approved by the FDA for treatment of relapsed 

multiple myeloma, have been shown to induce apoptosis, and kill tumor cells (Adams and 

Kauffman, 2004). However it has been reported that there is a resistance mechanism to 

Bortezomib, increased expression of heat shock protein-27, the inhibition of which overcomes 

drug resistance (Chauhan et al., 2003). Since proteasomal inhibitors block broadly functioning 

and essential molecular targets, the so-called chemotryptic activity of the 20S proteasome, they 

also show high patient toxicity. Another specific inhibitor of proteasomal degradation, Nutlin, 

interferes with the interaction between mdm2 and Trp53 (Vassilev, 2004). This shows that there 

is promise in designing drugs to target an E3/target interaction if we know how they interact each 

other.  

 Obviously target specificity is very desirable from a point of view of efficacy and 

tolerability of a new anticancer drug and hence, inhibiting E3 ligases in particular has great 

potential. Since many human cancers are caused by decreased but partially retained PTEN, 

targeting of its regulators could be a promising approach for treatment.     

 In this chapter, in order to identify the regulators for PTEN stability, major emphasis was 

placed on establishing a proper screening system with reliable readout reflecting the subtle 

changes in PTEN stability.     
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Results  
  

1. Preliminary screen  
 Prior to testing PTEN stability in target shRNA stable HeLa cell lines, a preliminary 

experiment, using the Cre-loxP system, was conducted to re-confirm if endogenous PTEN is 

regulated by post-translational degradation as it has been shown (Trotman et al., 2007). To this 

end, mouse embryonic fibroblasts (MEFs) harboring loxP flanked Pten (Ptenloxp/loxp) were 

infected with Adenoviral Cre (Ad-Cre) recombinase and cells were harvested to detect Pten by 

Western blotting at different time points. In parallel, the same procedure was performed with 

wild-type (WT) MEFs as a control. In Ptenloxp/loxp MEFs, a significant decrease in Pten level was 

seen 38 hrs post Ad-Cre infection whereas no Pten changes were shown in WT MEFs (Figure 

4.1 A and B). To investigate whether the decrease of Pten is due to post-translational regulation, 

24 hrs post Ad-Cre infection, MG132, a proteasome inhibitor, was added to Ptenloxp/loxp MEFs and 

the cells were then harvested to measure Pten by Western blotting. As expected, MG132 (50 

μM) prevented Pten degradation and the difference in Pten level with added MG132 was 

measurable after 4 hrs of MG132 treatment (Figure 4.1 C and D). To further test if Pten 

regulation is mediated by the proteasome, Pten ubiquitin modification was monitored by 

immunoprecipitation and immunoblotting after MG132 treatment. With and without Ad-cre 

infection a significant amount of ubiquitinated PTEN adducts (higher molecular weight 

intensities above 47 KDa as shown by Western blot) were detected with ubiquitin antibody after 

Ptenloxp/loxp MEFs were immunoprecipitated with Pten antibody (Figure 4.1 E and F). These data 

suggested that endogenous Pten is regulated by proteasomal degradation.                        

 For the pilot screen, the lentiviral pGIPZ construct (from Codex RNAi)(Figure 4.2 A) 

was utilized to establish single shRNA stable HeLa lines. Based on previous literature, 9 target 

genes (7 de-ubiquitinases and 2 E2 conjugating enzymes) were selected and 3-13 short hairpins 

(Table 4.1) against each gene were selected for generating target knockdown cell lines. For 
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Figure 4.1 Post-translational regulation of Pten stability. A. Reduced Pten stability after Ad-Cre infection 
into Ptenloxp/loxp MEFs. B. The quantification of Pten bands. The intensities of Pten bands, shown in A, 
were measured and the change of Pten levels are shown as relative number. (Virus infection time point 
set as ʻ0ʼ) C. Western blot of Pten with or without MG132 treatment post Ad-Cre infection to Ptenloxp/loxp 
MEFs. The hours of MG132 treatment and harvesting time points are shown on top. Note MG132 
stabilized Pten compared to DMSO treated control. D. Quantification of Pten intensities shown in C. Pten 
levels are rescued by MG132 treatment. E. Ubiquitin modification of Pten. MG132 treatment increases 
ubiquitinated Pten bands.  
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controls, NEDD 4-1 (a known PTEN E3 ligase), an empty vector, and a hairpin against PTEN 

itself were included. Given the small target number, Western blotting was used as a readout. 

First, high knock-down efficiency of each target gene and PTEN stability were confirmed by 

RT-qPCR and/or Western blotting with specific antibodies (Figure 4.2 C and D). Since there 

were no significant steady state differences in endogenous PTEN levels, cycloheximide (CHX) 

was used to block translation and measure PTEN turnover. Using this approach, reproducible 

differences in PTEN levels were seen after 12 hours of CHX treatment (Figure 4.2 B) that were 

consistent with earlier published results (Trotman et al., 2007). The change in PTEN stability 

from each line was then compared with those from the vector control and shPTEN stable line. 

Since these control experiments generated similar turnover, we went on to rank hairpins 

according to their effects on PTEN stability. The duplicated results are shown in Figure 4.2 E. It 

was then possible to confirm that PTEN level differences were due to post-translational 

regulation by comparing the PTEN Western blot to the PTEN RT-qPCR results (Figure 4.2 C, 

Primer set in Table 4.2). This ranking approach resulted in confirmation of NEDD 4-1 as an E3 

ligase, and suggested that the E2 enzyme, E2E1, is involved in PTEN degradation. On the other 

hand, it pointed to USP14 as a PTEN DUB. Since USP14 is associated with the proteasome, this 

effect could be very broad. Similarly, the E2 effect could be unspecific. However, the closely 

related E2 enzyme, E2E2 did not score (Figure 4.2 E) and it is known that E2E1 can work with 

NEDD 4-1 (Anan et al., 1998). While validating E2E1 effects on PTEN with CHX, it was 

observed that one form of the E2 enzyme has a very short half-life and almost completely 

disappears within 6 hrs after drug addition (Figure 4.2 F). If several components of the PTEN-

degradation machinery are turned over fast, then CHX will artificially stabilize PTEN. While this 

might have worked in favor of the E2E1 knockdown experiment, it could greatly bias our screen 

by introducing an uncontrollable parameter that can amplify or mask results. For this reason, it 

was decided not to use inhibitors of translation for the screen. Stable expression of PTEN in 

PTEN-null PC3 cells was attempted independently by myself and a lab colleague, which clearly 

showed that PTEN-levels became undetectable by Western blotting when passaging the cells. 

This was observed in spite of constant antibiotic selection. RT-qPCR analysis revealed that 

PTEN protein loss was closely correlated with its mRNA reduction.
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Figure 4.2 Regulation of PTEN stability in stable shRNA HeLa lines. A. pGIPZ lentiviral construct. B. The 
relative PTEN levels in shRNA stable HeLa lines with cycloheximide treatment. Note that no changes in 
PTEN levels without cycloheximide. C. PTEN RT-qPCR reveals post transcriptional changes in PTEN 
levels in stable shRNA HeLa lines. D. Validation of target knock down in sh HeLa stable lines. E. The 
candidates are ranked based on the PTEN stability in HeLa stable lines. Note the consistent ranking of 
E2E1 and USP14 in separate trials. F. Rapid degradation of E2E1 after cycloheximide treatment. The 
stability of potential PTEN regulator, E2E1, is affected rapidly by CHX.
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Thus, these stable lines could not be used in our screen. The alternative of using an 

enzymatically dead PTEN-mutant did give stable expression, however it is known that 

ubiquitination of many substrates is tightly coupled to their activity. Therefore, inactive PTEN 

might not be a suitable replacement for the active form. Based on these findings, an inducible 

expression approach was taken for the next trial. 

 

 2. Construction and validation of reporter systems  
      2.1. GPS (Global Protein Stability) system 
 A very elegant way to circumvent pulse/ chase associated complexity in a screen is to 

evaluate PTEN stability by expressing it from a plasmid that contains a fluorescence protein 

marker (e.g. DsRed) under an Internal Ribosomal Entry Site (IRES) from the same promotor 

(e.g. CMV GFP-PTEN-IRES-DsRed). Using this approach, transcriptional effects are largely 

ruled out by doing GFP to DsRed ratios (Yen and Elledge, 2008; Yen et al., 2008). The principle 

of this system is that DsRed and GFP-PTEN are expressed at a constant ratio because these two 

proteins are translated from the same transcript, therefore, the GFP/DsRed ratio measured by 

FACS at any given time point reveals the degradation rate of GFP-PTEN in a given hairpin cell. 

An inducible construct harboring GFP-PTEN (Yen et al., 2008) or the non-degradable PTEN 

mutants can be transfected into target knock-down cells, the ratio of GFP/DsRed analyzed when 

GFP-level is visible by FACS and then high and low expressers can be sorted for sequencing of 

the hairpin that caused the result. In this screen, DsRed was replaced with mCherry for better 

separation in FACS analysis (Figure 4.3 A). The screen was performed by infecting and selecting 

the reporter cell line with virus harboring shRNA, followed by introducing PTEN for FACS 

analysis.   

 
       2.2. Generation of the shRNA library 
 For the comprehensive screening, a target library was constructed using the Biopred-si 

algorithm with 412 genes total (Table 4.3); this includes genes involved in the ubiquitin 

proteasome system (UPS), including 4 controls.  Six short hairpins were designed for each gene. 

In order to increase relevance for cancer and the hit rate, the library size was reduced to contain 

UPS genes that are highly relevant in prostate cancer. To this end, 186 patient samples from our 

collaboration on the human Sloan Kettering data set that contains immunohistochemistry on 
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tumor tissue microarrays and gene copy number, was analyzed (Chen et al., 2011; Taylor et al., 

2010). In samples showing normal PTEN copy number but low protein in IHC, DNA copy 

number changes of UPS genes were investigated. In addition, UPS genes that were frequently 

deleted or amplified were also considered and a final 35 genes were defined as a priority set 

(Figure 4.3 B). Using the Biopredsi algorithm (developed by Novatis, http://www.biopredsi.org), 

6 siRNAs/gene were designed (Table 4.4) and cloned into the retroviral construct (MSCV) under 

the guidance of Dr. Johannes Zuber. According to sequence verification, 187 out of total 210 

shRNAs were successfully cloned into the target vector (5.3 shRNAs/gene) (Figures 4.3 C and 

D). Each shRNA was infected into the reporter cell line to establish stable single shRNA 

expressing lines.  

 

      2.3. Construction and validation of a reporter line  
             2.3.1. Establishing a dual color reporter line for PTEN stability  
 Results from the previous trial showed that the PTEN stable expression cell lines lost 

PTEN expression over time. Therefore, it was decided to use an inducible system to obtain a 

consistent level of PTEN expression by adding doxycycline (Dox) to the cells. An inducible 

single color reporter line (GPURIN) was established by using the designated retroviral construct 

(GPURIN) harboring TRE promoter-controlled GFP-Pten and rtTA3 (Supplemental figure 4.1 

A). PC3 cells were infected with either GPURIN virus or GFP control virus (TRIN) and the 

initial infection efficiency and induction of PTEN were measured by flow cytometry (Guava 

easyCyte Flow Cytometers) with or without Dox treatment. As the previous experiment showed, 

in the GPURIN line, the intensity of GFP was significantly lower than control line within 2 days 

of Dox treatment, although the percentages of GFP positive cells were comparable in both lines 

(data not shown). Since the GPURIN line was made as a mixed population and the various 

intensities of GFP were detected in each cell, clonal selection was performed to obtain a more 

homogenous system. The top 2% of high GFP-expressing cells were sorted and re-seeded for 

further clonal selection. About 40 clones from the high GFP population were selected under Dox 

treatment and expanded without PTEN induction. During the validation of selected clones, to our 

surprise, PTEN was barely detected by Western blotting in the high GFP expresser  (clone 12) 

however the mediocre GFP expresser (clone 9) retained PTEN expression (Supplemental figure 

4.1 B). 



 

68 

Figure 4.3 Establishing the screening system. A. The GPS system. FACS based screening for protein 
stability. B. The priority set for the screening. Candidates are selected from prostate cancer genomic 
analysis. C. The number of cloned shRNA for each candidates. 5-6 shRNA per each target were cloned in 
the priority shRNA library except for 3 genes (red box). D. Redundancy of shRNA library sequence reads. 
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These data suggested that even the transiently induced PTEN is toxic to the cells and therefore 

cells either lost PTEN but kept high GFP expression (clone 12) or maintained low PTEN levels 

with weak GFP intensity (clone 9).  Based on the experiences with the GPURIN system, the 

PTEN induction was minimized during the establishment of our next reporter system. To 

improve the reporter system, dual color reporter constructs (GPITCH, VPITCH) were  designed 

based on the GPS system (Supplemental figure 4.1 C). The mCherry and GFP-PTEN expression 

and their ratio were tested in these reporter lines (Supplemental figure 4.1 D, F), however, the 

FACS distributions of mCherry and GFP-PTEN were not ideal for performing screening due to 

the broad range of GFP-PTEN expressions shown (Supplemental figure 4.1 E, marked with red 

triangle).   

 In one of the attempts to solve the issue in the dual color system, GFP-PTEN and 

mCherry were switched to generate a new construct, called TCHIP (Supplemental figure 4.2, 

A). A TCHIP stable line was made with PC3 and the induction of both GFP-PTEN and mCherry 

was tested. As expected, mCherry was brighter than GFP under microscopic observation (Figure 

4.4 A) and a remarkably sharp diagonal cell distribution was shown in flow cytometry analysis 

(Figure 4.4 C). The TCHIP line appeared to express higher GFP-PTEN and mCherry than those 

from the previous reporter lines (VPITCH vs. VITCH). The induction of functional PTEN 

expression was checked by PTEN immunoblotting (Figure 4.4 B). For further validation of the 

TCHIP system, a control cell line was also made by replacing GFP-PTEN with GFP alone 

(termed TCHIG) (Supplemental figure 4.2 A). In addition, another control with mCherry alone 

(2X mCherry) was made to see the distribution of cells in flow cytometry (Supplemental figure 

4.2 A) and was later used to gate the mCherry positive population. From these control lines, 

either single GFP or mCherry alone and TCHIG was induced with Dox and the FACS profiles 

were made as controls (Figure 4.4 C).  

 For validation of the TCHIP reporter system, flow cytometry analysis was performed 

with MG132 treatment after PTEN was induced (FACS profile data not shown). The FACS 

based ratio of GFP/mCherry was increased in MG132 treated TCHIP but not in TCHIG (Figure 

4.5 A), which indicated that the GFP signal faithfully represented the PTEN protein stability in 

this reporter system. This was confirmed by immunoblotting with PTEN antibody (Figure 4.5 B). 

with MG132 treatment after PTEN was induced (FACS profile data not shown). The FACS 

based 
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Figure 4.4 FACS based screening system for PTEN stability. A. The dox induced expressions of GFP-
PTEN and mCherry in TCHIP reporter line. Scale bar, 50 μm. B. The dox induced expression of PTEN 
suppresses AKT activation. C. The FACS profile of TCHIP reporter line. The diagonal cell distribution is 
shown in dox induced TCHIP line. 
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ratio of GFP/mCherry was increased in MG132 treated TCHIP but not in TCHIG (Figure 4.5 A), 

which indicated that the GFP signal faithfully represented the PTEN protein stability in this 

reporter system. This was confirmed by immunoblotting with PTEN antibody (Figure 4.5 B).  

With MG132 treatment, PTEN was increased (lane 3 compared to lane 2).  In contrast, the GFP 

level in TCHIG as well as mCherry in both TCHIP and TCHIG was not affected. This result 

supports the notion that PTEN is post-translationally regulated by proteasomal degradation and 

also that the fluorescence marker proteins used in this system were not influencing PTEN 

stability.      

 Next, validation of the TCHIP system was conducted to confirm that the reporter line was 

suited for introducing shRNA to knock down target genes. For this validation, shPTEN or 

shRLuc harboring virus was used to infect TCHIP cells and infected cells were selected to 

establish sh stable lines. With Dox induction, GFP positive cells were barely detected in shPTEN 

stable TCHIP. However, mCherry single positive cells were still apparent (Figure 4.5 C). These 

data suggested that shPTEN was targeting PTEN but not affecting mCherry expression. The flow 

cytometry analysis also determined that there was weaker GFP level and fewer GFP positive 

cells in the shPTEN stable TCHIP, whereas the expressions of GFP-PTEN and mCherry were 

not affected in shRLuc expressing TCHIP (Figure 4.5 C). Furthermore, the ratio of 

GFP/mCherry was measured in each line.  Based on the FACS profile, there was obvious loss of 

the GFP positive population (marked with dotted red circle, compared to solid red circle) in the 

shPTEN line with Dox induction (Figure 4.5 E) and accordingly clear reduction in ratio was 

shown in shPTEN TCHIP compared to shRLuc stable TCHIP (shown a relative ratio, 1)(Figure 

4.5 D). Immunoblotting re-confirmed the remarkably reduced PTEN level in the shPTEN line 

after various lengths of Dox induction compared to the shRLuc stable line (Supplemental figure 

4.2 B). For further validation of the TCHIP system, PTEN in TCHIP was replaced with the 

published PTEN K19,289E mutant (PTEN-DK), which is known to be very stable (Wang et al., 

2007). Indeed, the GFP/mCherry ratio from TCHIP-DK shifted toward the right compared to 

WT PTEN expressing TCHIP, demonstrating that the system was sensitive to the stabilization of 

PTEN (Figure 4.6 A). Also, as expected, MG132 treatment and shPTEN stable TCHIP displayed 

a striking movement toward the right and shrunk, respectively. However, the TCHIP expressing 

shNEDD4-1 did not show any obvious change in its FACS profile compared to TCHIP (Figure 

4.6 A). From these experiments, TCHIP was validated as a viable reporter system to screen for 
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Figure 4.5 Validation of TCHIP. A. MG132 increases GFP/mCherry ratio in TCHIP but not in TCHIG 
control. The relative GFP/mCherry ratio made out of FACS profiles. B. MG132 stabilizes PTEN in TCHIP. 
Note stabilities of GFP and mCherry are not affected by MG132. C. The absence of dox induced GFP-
PTEN expression in shPTEN. Scale bar, 50 μm. D. The decreased ratio of GFP-PTEN/mCherry in 
shPTEN reporter line. The relative ratio was measured from FACS profiles with dox treatment. E. The 
GFP positive population (marked with dotted red circle) in shPTEN reporter line is disappeared. 
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                  2.3.2. Screening with the priority set 
 As mentioned in the previous description (see 2.2. shRNA library), 187 shRNAs from the 

priority set were successfully cloned (Figure 4.3 B and C) and amplified to produce virus. Each 

virus was used to infect TCHIP cells leading to the establishment of 187 shRNA expressing cell 

lines after selection. For each line, PTEN was induced with 2 days of Dox treatment for analysis. 

As a readout, triplicated FACS analysis every other day for each single sh expressing line and 

immunoblotting with PTEN antibody using the same materials was performed. Each cell line 

displayed various cell distribution patterns in FACS analysis (Figure 4.6 B). The biggest issue in 

interpreting FACS profiles during the screening was the inconsistent patterns shown from the 

same shRNA stable line in duplicated or triplicated FACS analyses (Figure 4.6 B). The 

difficulties in analyzing the ratio of GFP-PTEN/mCherry from FACS profiles lead to 

consideration of an alternative readout option. Western blotting using cell lysates from each 

shRNA cell line at different passages was adopted to measure and compare the expression level 

of PTEN and mCherry individually. PTEN and mCherry were detected and quantified using the 

ImageJ software. The PTEN and mCherry ratios were calculated and the average of ratios from 3 

different loadings (shown in Western blotting) was presented as a bar with error rate in this graph 

(Figure 4.7 A). Data without error bars indicate that they were loaded in only one lane. TCHIP 

was loaded in each gel as an internal control and the ratio of GFP-PTEN/mCherry from TCHIP 

was normalized to the relative value 1, shown in the blue dotted box. The ratio from the shPTEN 

line is located to the far left of the graph (red dotted box). While the Western blotting was 

performed, PTEN and cherry expression patterns in some shRNA lines changed according to 

FACS analysis. For example, lysates prepared from different passage of the UBE2J.567 line 

gave different ratios (marked as red and green cross in graph). This indicated that the Dox-

induced PTEN expression in the TCHIP short hairpin stable reporter line was not consistent over 

time.  

 The possible reasons for inconsistent results from both trials could be that the repetitive 

induction of PTEN affects cell viability due to PTEN toxicity. In other words, once the PTEN 

was induced, cells could be selected against during culture conditions. Thus, only low PTEN 

expressing cells were measured during the next measurement and these cells were subsequently  
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Figure 4.6  Screening - shRNA stable TCHIP. A Validation of TCHIP with known controls. TCHIP 
responds to controls but not for NEDD4-1 knockdown based on FACS readout. B. The FACS profiles are 
not consistent in sh stable TCHIP lines. Note the different cell distributions in FACS profiles from the 
same sh stable TCHIP.
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Figure 4.7 TCHIP reporter system only works with direct PTEN affecting controls. A. The western blot 
readout (GFP-PTEN/mCherry) is not consistent. Note different ranking of ratio from the same sh 
stableTCHIP line (eg. UBE2J1.567). Controls are marked with dotted boxes (red, shPTEN; blue, TCHIP) 
B. The leakiness of TCHIP. FACS profile shows the weak expression of GFP-PTEN without dox induction 
(the population marked with red dotted box). C. Western blot shows the leakiness of TCHIP. PTEN 
protein is detected without dox treatment (red dotted square).
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selected for. Another problem could be leakiness of the TRE promoter, which has been observed 

previously (Danke, Grunz et al. 2010). Without Dox treatment, PTEN would be constantly 

expressed at low levels, which has a toxic effect on cells.  Therefore, the leaky cells could be 

selected against during the maintenance period. To support this, cells positive for both GFP and 

mCherry were detected in FACS analysis even without Dox induction (Figure 4.7 B). Moreover, 

immunoblotting with PTEN antibody showed also weak expression of PTEN without induction 

(Figure 4.7 C).        

 

Discussion 
 

 This chapter was dedicated to constructing a screen for identifying the regulators of 

PTEN stability.  The major hurdle in the search for PTEN regulators is in the construction of an 

efficient readout that can reflect small changes in PTEN in a screening system. The conventional 

way of demonstrating protein stability is to measure protein levels by immunoblotting after 

inhibiting translation by adding reagents such as cycloheximide (CHX), which is a commonly 

used reagent to prove the post-translational regulation of protein. There is a CHX-independent 

assay that is used for this reason, the pulse chase assay, however, this is not feasible for 

screening purpose. From our preliminary data, the CHX approach was shown to be inadequate 

when applied to specific proteins with long half-lives, such as PTEN, since certain proteins in the 

ubiquitination pathway, E2 ubiquitin conjugating enzymes, and NDFIP1, co-operating 

component in E3 complex (Howitt, Lackovic et al. 2012), are rapidly downregulated due to their 

short half-life when translation is blocked. Thus, PTEN is likely to lose its degradation 

machinery soon after translation is blocked, possibly making PTEN more stable.  In addition, it 

is critical to circumvent the introduction of any gross effects on the ubiquitination system itself 

in a protein stability screen.  

 In this regard, the global protein stability (GPS) (Yen and Elledge 2008) system was 

adapted and improved to achieve a suitable tool for PTEN analysis. The major advantages of the 

GPS were to that it utilized a sensitive fluorescence protein readout for stability and employed an 

internal control translated from the same construct from which the target is expressed. The 

problems were noticed immediately after the system started to express PTEN; it was observed 

time after time that it is not possible to express PTEN stably and reliably in the PC3 cell line 
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(PTEN/Tp53 null human prostate cancer cell line). Either cells were not viable, or retained a 

small amount of PTEN expression but did not survive in the long run. To remedy this, an 

inducible promoter was used, but the expression level of PTEN was not consistent in repeated 

inductions even from a selected clone, again demonstrating the relationship between PTEN 

biology and PTEN toxicity. A third major problem for setting up the PTEN stability screen was 

the absence of any well-established positive or negative PTEN regulators, which could be used 

as control targets to determine the screening window or practically validate the screening system. 

One repeated technical issue in most reporter systems that were attempted was that the 

expression of the internal fluorescence control was not fully comparable to the expression of the 

target. This was presumably due to the lower efficiency of IRES driven translation (Technical 

pitfall 1). The other obstacle was that the leakiness of the TRE promoter allowed the for 

constant, low-level expression of PTEN without induction, which drives negative selection for 

those cells (Technical pitfall 2). These issues resulted in the inconsistency of FACS profiles and 

Western blot analyses from the same shRNA line in repeated analyses, which created misleading 

data that was difficult to draw conclusions from.  

Despite these pitfalls, the reporter system responded to all UPS derived controls in a very reliable 

way. Therefore, this reporter system may be readily modified for the screening of regulators of 

stability of more amenable protein targets.
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Supplemental figure 4.1 The examination of diverse reporter systems. A. GPURIN reporter construct. B. 
The clonal selected GPURIN line showed clones either GFPhi ; PTENlow (clone 12) or GFPlow ; PTENhi 
(clone 9). C. The dual color reporter constructs. D. The expressions of GFP-PTEN and mCherry in 
GPITCH reporter line. Note the weaker mCherry expression. Scale bar, 50 μm. E. The FACS profile of 
GPITCH. The stronger expression of GFP-PTEN in GPITCH reporter line (marked with red triangle). F. 
PTEN expression in GPITCH reporter lines (PC3 and HeLa). Dox induced PTEN suppresses AKT 
activation.
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Supplemental figure 4.2 The reporter system-TCHIP. A. The maps of TCHIP and control constructs. B. 
The colorless retroviral construct for shRNA library. C. The PTEN knockdown is shown in shPTEN stable 
TCHIP
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V. Conclusions and Future Perspectives  
 Mouse models have remarkably contributed to the understanding of the molecular and 

pathological features of prostate cancer initiation and progression. Especially, transgenic mouse 

models based on multiple genetic alterations can reveal unexpected mechanisms of prostate 

cancer initiation and disease progression. They can be used to validate new therapies as well. 

New cancer treatments mainly rely on testing in preclinical cancer models. However, significant 

obstacles have been evident in past and current preclinical mouse models. For instance, 

subcutaneously implanted tumor cell lines are known to grow much more rapidly than most 

human cancers; therefore, a transplanted tumor is generally more sensitive to most chemotherapy 

drugs, which target dividing cells and have easy access to the foreign cancer cells that are not 

naturally embedded. Moreover, the tumor harboring mice are treated with drug doses that cannot 

be applied to humans. In addition, contrary to the many Phase I and Phase II clinical trials where 

most of the patients have already failed other therapies at least once prior to a new therapeutic 

test, the cancer cells in most preclinical mouse models have not been similarly exposed and 

selected. These are among the major concerns and may be the reason why many clinical trials 

have failed in Phase I, II and III, even though the therapy had been successful in pre-clinical 

mouse models.  

Success and problems with genetically engineered spontaneous cancer progression models  

 Based on the above, a more scientifically feasible pre-clinical trial approach is to use 

models with endogenous gene alterations that will eventually lead to spontaneous progression. 

These include some instances of prostate metastasis (Ding et al., 2011) that may better resemble 

human disease sthan a traditional xenograft model. In prostate cancer research, this approach has 

indeed been used to successfully derive therapies and signatures of aggressive disease (Carver et 

al., 2011; Ding et al., 2011). However, these spontaneous metastasis models tend to grow the 

primary tumor to unnatural sizes (filling the entire lower abdominal space). These tumors are 

also impacting surrounding tissues, leading to death through bladder obstruction. Such 

hindrances limit the most successful GEM prostate cancer models to analysis and therapy of 

tumor development, which can be tracked by MRI and ultrasound. In contrast, the rare instances 

of metastasis in these models cannot be readily detected by imaging modalities; therefore, they 

have not been used for pre-clinical trials on advanced disease. Another drawback of widespread 
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use for pre-clinical disease studies of the Probasin-Cre driven models lies in the complicated 

breeding scheme that would be required. Taken together, in spite of great advances in the 

understanding of tumor development, the above approach has only gained traction in the 

academic setting and is unfortunately not used by industry. 

RapidCaP and pre-clinical trials        

 Due to the above limitations of germline conditional prostate knockout models, it has 

remained unclear if metastasis is not detected for a) technical, b) genetic or c) mouse-specific 

biological reasons. This ambiguity became obvious when analysis of human metastatic prostate 

cancer genomes revealed the critical role of PTEN/Tp53 co-deletion, and thus suggested that the 

PbCre-conditional Pten/ Trp53 double-null prostate, at least on paper, fulfilled the basic genetic 

requirements for metastasis, assuming that Trp53-loss after Pten-loss would present a natural 

bottleneck for spontaneous further tumor evolution (Chen et al., 2011). 

The work presented in chapter 2 has addressed this discrepancy by showing that the genetic 

setting of Pten/ Trp53-loss is sufficient for metastasis (while Pten-loss and Trp53 heterozygosity 

was not). Thus, the lack of metastasis in the germline model is unlikely due to mouse-specific or 

genetic deficiencies, but rather caused by technical differences between the RapidCaP and 

germline approaches. While the verdict is not yet out, it will be interesting to see which feature 

marks the difference to allow cells of the same genotype to metastasize early and frequently only 

in the RapidCaP model. 

Another major insight afforded by the new model is that metastasis and changes in disease 

burden can be tracked by luciferase imaging. This is among the most beneficial aspects over the 

germline prostate models, and makes preclinical studies possible without dedicated, hi-tech 

imaging staff and technology. Standard of care methods, such as MRI, ultrasound and CT, are 

unfortunately still cost-inefficient and too complicated to conduct frequently for a bulky cohort, 

at least outside of a research hospital setting. Bioluminescence-based imaging technology greatly 

facilitates routine preclinical approaches. First, with live imaging, the researcher can easily 

identify experimental cohorts with disseminated disease (currently 56% at 4 months) for therapy 

studies. Moreover, these ‘future patients’ can be more closely monitored at little cost as 
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metastasis evolves further to create experimental baselines of progression. The RapidCaP 

animals can also be castrated to allow studying the biology of relapse and second/ third-lane 

therapy approaches. Most currently used GEM models for pre-clinical studies are ideal for first-

line trials (Singh and Johnson, 2006). In contrast, our results show that first-line resistance is 

easily achieved in RapidCaP and a window for treatment with second- or third-line therapy 

clearly exists. This is critical, especially in prostate cancer, because first-line hormone ablation 

therapy is very consistently used in humans and invariably fails. Thus, studies to test if 

RapidCaP resistance biology indeed reflects changes in human are critical to establish it as a new 

platform for lethal prostate cancer therapy. 

Detecting metastatic drivers in RapidCaP     

 While chapter 2 showed the potential for gaining new insights into prostate cancer 

metastasis, in chapter 3, we are addressing how RapidCaP can be used to find and validate genes 

of interest. Among these applications, the most intriguing result was observed when the three 

short hairpins targeting the known genes (FOXP1, RYBP, SHQ1) inside the common human chr. 

3p14.1-p13 deletion of advanced metastatic prostate cancer (Taylor et al., 2010). This locus is 

commonly co-deleted with PTEN and TP53, and RapidCaP results suggested that the Shq1 loss 

cooperates with deletion of the two tumor suppressors. Strikingly, independent analysis by the 

team of Dr. Charles Sawyers at MSKCC using renal capsule grafts of Pten-deficient mouse 

prostate cells infected with the Shq1 hairpin have confirmed this cooperation (C. Saywers/ P. 

Iaquinta, ongoing collaboration). If validated, by molecular pathology analysis of the metastatic 

lesions, these findings would suggest that RapidCaP could be used for high-throughput in vivo 

validation of candidate metastasis drivers. 

 Finally, the preliminary work on incorporation of fluorescent protein expression for 

enrichment and separation of mutant cells by FACS analysis suggests that several avenues can be 

taken to isolate mutant cells. In a proof-of-principle approach, whole genome copy number 

changes have been determined by bulk analysis and have revealed the common origin of primary 

and metastatic cells. Now, two general approaches can be further explored. The comparison of 

genomes from cells in different primary and metastatic loci will help elucidate the nature of 

disease progression and metastasis. On the other hand, comparison of primary and metastatic 
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genomes from treated/ relapsed animals with those of untreated animals will answer the 

important question of whether or not mouse resistance genetics are related to those observed in 

human.  

 Taken together, my work has introduced a novel approach for prostate cancer mouse 

modeling. The hallmarks of this system are speed, flexibility and metastasis.  

This combination allowed me to improve the technology and study the biology at the same time.   

 During the investigation of prostatic metastasis on the molecular level, we found defined 

activation of Myc and absence of Akt activation in metastatic regions resulting from Pten/Trp53 

loss in RapidCaP. In subsequent trials to suppress Myc, the metastatic disease responded to JQ1 

(collaboration with Jay Bradner and Chris Vakoc)(Filippakopoulos et al., 2010), a Brd4 inhibitor 

that epigenetically suppresses Myc transcription. This confirmed the significance of Myc 

activation in metastasis. Further analysis of the mechanism of Myc up-regulation will highlight 

traits of the metastatic disease. For example, it will be important to test if Myc activation with 

p53 loss will develop the same phenotype as Pten/Trp53 null mice. This can be readily achieved 

by co-injecting the Myc and Cre viruses into Trp53lox/lox mice.  

 My results also showed that Myc might promote castration resistance. To test this 

hypothesis, Myc injected mice can be castrated to test if the disease in these mice still responds 

to castration. Furthermore, Pten/Trp53 null mice with Myc overexpression are expected to be 

refractory to castration.  

 I also found that Shq1 plays an important role in metastasis progression. SHQ1 is an 

essential factor for H/ACA ribonucleoproteins (RNPs) required for ribosome biogenesis, pre-

mRNA splicing, and telomere maintenance. Specifically, SHQ1 interacts with dyskerin/NAP57, 

the catalytic subunit of human H/ACA RNPs (Walbott et al., 2011). Importantly, dyskerin 

(Dkc1) has previously been linked to tumorigenesis (ruggero et al. 2003) and it will be 

interesting to see if SHQ1 cooperates with DKC1 in prostate cancer suppression. Intriguingly, 

studies in the lab of Dr. Charles Sawyers also confirmed the cooperation of Shq1 with Pten. We 

are now collaborating to publish these results.  

 

Future optimization of the RapidCaP system 

 
 Despite extensive studies, we have not been able to identify extensive prostate 
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adenocarcinoma in Pten/Trp53 null RapidCaP; however, prostatic metastasis was observed at 

high penetrance. This property is surprising and evident only in the RapidCaP system. In fact, it 

is actually the reverse of other prostate models, even those with identical genetic insults, where 

cancers are very large but metastasis is not found. This may be the consequence of focally 

engineered prostate cells having acquired enough genetic events to undergo dissemination, 

allowing spread of disease to occur even before the tumor has formed a large mass in the primary 

region. In addition, I found that RapidCaP-mediated loss of Pten/Trp53 in prostate does not 

trigger the stromal expansion response, which in contrast, is always taking place in the 

genetically engineered Pten/p53 mouse models (Dawid Nowak, unpublished results). Thickened 

stroma, and also the observed sarcoma in the GEM model might act as a barrier against 

disseminating the disease from the primary cancer to secondary organs. This observation could 

thus explain  why metastasis has not been found, precisely when large primary tumors are 

reported in the Probasin-Cre driven GEM models.     

 I would conclude here by stating that therefore, the RapidCaP model appears ideal for 

studying metastasis, rather than primary disease. 
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VI. Materials and Methods 
 

Mice 

Ptenloxp/loxp; Trp53loxp/loxp, Ptenhy/+, Ptenloxp/loxp; Trp53loxp/loxp ; lsl-Tdtomato, Ptenloxp/loxp; Trp53loxp/loxp; 

lsl-Luci transgenic mice and C57BL/6 were used in this study. All protocols for mouse 

experiments were in accordance with institutional guidelines and were approved by the 

Institutional Animal Care and Use Committee (IACUC). Ptenloxp/loxp; Trp53loxp/loxp transgenic mice 

were generated by crossing Ptenloxp/loxp with Trp53loxp/loxp (From Scott W. Lowe laboratory). For 

genotyping, tail DNA was subjected to polymerase chain reaction analysis with the following 

primers. For Ptenloxp/loxp, primer 1 (5′-TGTTTTTGACCAATTAAAGTAGGCTGTG-3′) and 

primer 2 (5′-AAAAGTTCCCCTGCTGATGATTTGT-3′) were used. For Trp53loxp/loxp, primer 

1 (5′-CACAAAAACAGGTTAAACCCAG-3′) and primer 2 (5′-

AGCACATAGGAGGCAGAGA C-3′) were used. The homozygous reporter allele Rosa-LSL-

Tdtomato (no. 007905) and Rosa26-LSL-Luciferase transgenic mice (FVB background, no. 

005125) were obtained via Jackson Laboratories and crossed with Ptenloxp/loxp; Trp53loxp/loxp 

transgenic mice to generate triple loxp mice (Ptenloxp/loxp; Trp53loxp/loxp ; lslTdtomato, Ptenloxp/loxp; 

Trp53loxp/loxp ; lslLuci).  

 

Viral constructs 

Lentiviral constructs - The Luc.Cre lentiviral plasmid (Taylor Jacks, Addgene plasmid 20905), 

pMD2.G and psPAX2 were purchased. The luciferase lentiviral plasmid was generated by 

eliminating CreNLS from above construct. Lentiviral Cre-Tomato construct was cloned by 

replacing luciferase with TdTomato from the Luc.Cre construct. Retroviral Myc-luciferase, 

shp53, shRLuc constructs were received from the Scott W. Lowe  laboratory. For generating 

other short hairpin harboring retroviral constructs, 5 siRNAs were selected for each gene using 

the RNAi Codex algorithm and cloned to a retroviral GFP expressing construct (LMP)(Dickins, 

Hemann et al. 2005) for the further validation.     

Retrovirus productions and infections 

Retrovirus was produced by calcium phosphate transfection, 6X106 phoenix cells were plated in 

10 cm plates 6 to 12 hours prior to transfection with 15 μg of target construct and 5 μg of 
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ecotropic helper plasmid. Fresh media was added 12 hours after transfection and viral 

supernatant was collected four times at 24, 36, 48 and 60 hours post-transfection. Viral 

supernatant was filtered through a 0.45 μm filter, then supplemented with polybrene (4 μg/mL 

final concentration) for infection of target cells. Target cells (PC3, HeLa) were split 1:3 from 

confluent plates 12-24 hours prior to virus collection. To establish each reporter line, cells were 

treated with the antibiotics (puromycin, hygromycin and neomycin, Invitrogen) for selection. To 

establish reporter cell lines, PC3 cells were infected with RIEN virus to introduce rtTA and 

Ecotropic receptor, cells were then selected with neomycin (500 μg/ml). The second infection 

with each of three PTEN harboring target constructs (GPITCH, VPITCH and TCHIP) was 

conducted to the RIEN stable line (referred to as PC3E). Then the infected cells were selected 

with hygromycin (200 μg/ml). The Guava flow cytometer (Millipore, Billerica, MA) was used to 

determine the infection rate and expression level of GFP-PTEN. To measure the fluorescence 

ratio of GFP/mCherry, the LSRII flow cytometer (BD) was used. The each shRNA was 

transfected to packaging cells and generated virus was infected to the stable reporter line 

individually.  

      

Lentivirus productions, infections and injections 

Lentiviruses were produced by calcium phosphate transfection. 293T cells were plated for 

transfection density 8X106 cells per 10 cm plate. 10 μg of target plasmid was combined with 

helper constructs, 8.5 μg of pMD2.G and 3.5 μg of psPAX2, for transfection. Lentiviruses were 

harvested at 24, 36, 48 and 60 h post-transfection and centrifuged (4500 rpm, 15 min) prior to 

filtering through 0.45-μm-pore cellulose acetate filters. Viral supernatant was concentrated by 

ultracentrifugation (2 h at 20,000 × g). For the viral injection to prostate, the filtered virus was 

concentrated by ultracentrifugation (2 hours at 50,000 x g), and then an in vitro infection test for 

each batch of virus was conducted in advance.  

 

Intra-prostate injection 

After exposure to anesthesia (Isoflurane, 2%), the lower half of the abdomen was shaved and 

mouse was placed in surgery hood. The mouse was constantly exposed to Isoflurane via a nose 

cone for the entire duration of the 10-minute surgery. The shaved region was cleaned with 

betadine followed by sterile PBS 3 times. A 0.5 inch long incision in both the skin and 
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peritoneum was made along the lower abdominal midline, 5 to 8 mm above the external 

genetalia.  The right seminal vesicle was pulled out through incision and placed on sterile gauze 

in order to position the anterior prostate for injection.  30 μl of concentrated virus was taken up 

with 31G needle and bubbles were carefully removed from the syringe. Virus was injected to 

prostate, which inflates as virus is successfully injected. The seminal vesicle was then returned to 

the abdomen and repositioned. The incision in the peritoneum was then sutured with a size 4-0 

suture. The skin was then stapled shut using 2 to 3 stainless steel EZ Clip wound closures. After 

animals were observed for complete recovery from anesthesia, they were warmed under a 

heating lamp to regain the ability to maintain sternal recumbence and given DietGel.  The mice 

were then returned to their respective cages and to the biohazard mouse room.  

 

Surgical castration  

An anesthetized and surgically prepared animal was placed in dorsal recumbency.  Both testes 

were then pushed down into the scrotal sacs by gently applying pressure to the abdomen. A 1-2 

cm ventral midline incision was made in the scrotum and the skin was retracted to expose the 

tunica. The tunica was pierced and the testes were pushed out one at a time. The testes were then 

raised to expose the underlying blood vessels and tubules. The fat pad, which adheres to testis, 

was then grasped with blunt forceps to locate the vas deferens with the prominent blood vessel 

running along it. The testis is then dissected away from the fat pad and removed. The fat pad is 

then pushed back into the scrotal sac. All deferential vessels and ducts were replaced back into 

the tunica. Skin incisions were closed with stainless steel wound closures and removed 7-10 days 

post-operation. 

 

Bioluminescence Imaging and Fluorescence Imaging 

In vitro, in vivo and ex vivo Bioluminescence and fluorescence imaging was performed using an 

Xenogen IVIS Spectrum imager, which utilizes a highly sensitive, cooled CCD camera mounted 

in a light-tight camera box.  

For in vitro imaging, MEFs (1X 105 cells/well) were seeded in 12-well plate and infected with 

serial volume of virus. At 24 hrs post infection, the medium was replaced with fresh medium and 

infection efficiency was measured by bioluminescence imaging 5 days post infection. For in 

vitro imaging, luciferin (D-luciferin, Potassium Salt, Gold Biotechnology) was added to each 
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well at 150 mg/ml of final concentration in PBS and photons were collected for 3 min.  For in 

vivo imaging, animals received luciferin at 200 mg/kg by intra-peritoneal injection  5 min prior 

to imaging. The animals were then anesthetized using 2% isoflurane and placed onto the warmed 

stage inside the camera box. The animals received continuous exposure to 2% isoflurane to 

sustain sedation for 3 min of imaging. For the quantification, regions of interest (ROI) were 

measured with standardized rectangular regions covering the mouse trunk and extremities. 

The measured signal was quantified as photons/second (ph/sec) using the Living Image software 

v.4.2 (Xenogen). Background bioluminescence in vivo was in the range 3~6X104 ph/sec.  

For ex vivo imaging, animals were humanely euthanized, tissues of interest excised, and placed 

individually on paraffin film and imaged for 3 min after 3 mg of D-luciferin (200 ul of 15 mg/ml 

in PBS) were dropped in each organ. Tissues were subsequently fixed in 10% neutral-buffered 

formalin (Sigma) overnight and prepared for standard histopathology evaluation. 

 

Dissociation of cells from tissue  

For flow cytometry analysis, isolated mouse tissues were minced with a sterile scalpel and 

washed 3 times with Hanks’ Balanced Salt Solution (HBSS). Then collagenase was added at 100 

units/ml and tissues were incubated at 37 °C for 4 hours. The cell suspension was filtered 

through a sterile mesh to separate the dispersed cells and tissue fragments from the larger pieces. 

The cell suspension was then washed 3 times with HBSS.    

 

PCR analysis to confirm injection  

PCR analysis of Cre-mediated recombination in Ptenloxp/loxp; Trp53loxp/loxp  transgenic mice was 

performed on genomic DNA extracted from Cre virus injected or non-injected prostates. For 

Pten recombination, primer 2 (5′-AAAAGTTCCCCTGCTGATGATTTGT-3′) and primer 3 

(5′-CCCCCAAGTCAATTGTTAGGTCTGT-3′)(Trotman et al., 2003) were used. For Trp53  

recombination, primer 1 (5′-CACAAAAACAGGTTAAACCCAG-3′) and primer 3 (5′-

GAAG ACAGAAAAGGGGAGGG-3′)(Marino et al., 2000) were used. For detecting 

luciferase, primer 1 (5′-GAGGTTCCATCTGCCAGGTA-3′) and primer 2 (5′-

CACACAGTTCGCCTCTT TGA-3′) were used. 
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Histology and Immunohistochemistry analysis 

Tissues were fixed in 10% buffered formalin for 24 hrs, followed by gentle wash and transfer to 

PBS. Then, paraffin-embedded tissues were sectioned 6 μm thick, placed on charged glass slides 

and stained with hematoxylin & eosin, or the appropriate immunohistochemical stains.  

Antigen retrieval was performed by incubating the slides in 0.01 M citric acid buffer (pH 6.0) at 

95°C for 15 min. Slides were then allowed to cool to room temperature for 20 min in a citric acid 

buffer. After washing with deionized water, the slides were transferred to TBS (pH 7.4) for 5 

min. The following detection and visualization procedures were performed according to 

manufacturer's protocol. Slides were counterstained in Mayer's hematoxylin, dehydrated, cleared, 

and cover slipped. Negative control slides were run without primary antibody. Control slides 

known to be positive for each antibody were incorporated.  

For androgen receptor (AR;D6F11, 1:500, Cell Signaling) and cytokeratin 8 (CK8; EP1628Y, 

1:250, Novus Biologicals), cytokeratin 5 (CK5; AF138; 1:4000; Covance), luciferase (NB100-

1677; 1:500; Novus Biologicals), pAKT(S473) (D9E; 1:50; Cell Signaling), pAKT(Thr308) 

(9275; 1:100; Cell Signaling), PTEN (138G6; 1:50; Cell Signaling), Pan-CK (sc-15367; 1:1000; 

Santa Cruz Biotechnology), Ki67(VP-K452; 1:2000; Vector Laboratories) , cMyc (1472-1; 1:50; 

Epitomics), CD3 (ab5690; 1:1000; Abcam) staining, pretreated sections were first blocked with 

5% normal horse serum and 1% BSA (in TBS) for 1 hour at room temperature. Then the primary 

antibodies were diluted, as suggested by the manufacturer, and incubated overnight at 4°C. 

Following three 10 min. washes with TBS, sections were incubated with biotinylated secondary 

antibody for 30 min. at room temperature and rinsed with TBS three times for 10 min. Finally, 

the sections were treated with diaminobenzidine for 3 min and rinsed with distilled water to end 

the reaction, mounted on gelatin-coated slides, air-dried, dehydrated with 70%–100% alcohol, 

cleared with xylene and cover-slipped for microscopic observation. After examination of all 

immunohistochemical and special stains, stained slides were digitally scanned using the Aperio 

ScanScope software (Vista, California). 

Double immunofluorescence staining was done with rabbit monoclonal cytokeratin 8 (CK8; 

EP1628Y, 1:250, Novus Biologicals) and mouse monoclonal PTEN antibody (138G6; 1:50, Cell 

Signaling), followed by incubation with Alexa Fluor 488 donkey anti-rabbit (1:500, Life 
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Technologies) and Alexa Fluor 546 goat anti-mouse (1:500, Life Technologies) antibodies for 1 

hour at room temperature for visualization. To stain cell nuclei, sections were incubated with a 

10 μg/mL solution of 4’,6-diamidino-2-phenylindole (DAPI) for 1 hour at room temperature. 

Sections were rinsed in TBS and distilled water serially, and finally mounted with Mounting 

Medium (H-1000, Vector Laboratories, Burlingame, CA). Stained slides were imaged and 

analyzed using both the Ultraview VoX Spinning disk confocal microscope (PerkinElmer) and 

the Aperio ScanScope software (Vista, California). 

 

Doxycycline treatment  

Doxycycline-contained media was prepared at concentration of 1 μg/ml (Sigma-Aldrich, St. 

Louis, MO). 

 

Adenoviral Cre 

Adenoviral Cre virus was purchased commercially from the Gene Transfer Vector Core of the 

University of Iowa. For in vitro infection, 3 μl of adeno-Cre was added to MEFs (2X105 ) at a 

dose of 109 pfu for 24 hrs.  

 

Building HeLa shRNA stable lines for pilot screening 

Each shRNA stable HeLa line was established by infecting with pooled shRNA harboring 

lentivirus (2-8 shRNA/each gene) (Table. 4.1). Lentiviruses were produced by calcium 

phosphate transfection, and 293T cells were plated for transfection density 8X106 cells per 10 cm 

plate. 10 μg target plasmid was combined with helper constructs, 8.5 μg of pMD2.G and 3.5 μg 

of psPAX2 for transfection. Lentiviruses were harvested at 24, 36, 48 and 60 h post-transfection 

and filtered through 0.45-μm-pore cellulose acetate filters prior to infection. shRNA-infected 

HeLa cells were selected with exposure to puromycin (2 μg/ml) for 2 days.      

 

Immunoprecipitation 

Immunoprecipitations were carried out by scraping cells off a 10 cm dish with lysis buffer (1% 

Triton X-100, 1% Na-Deoxycholate in PBS, containing PMSF, Leupeptin, Aprotinin, Pepstatin 

protease inhibitors and phosphatase inhibitors, Calbiochem set I) and brief sonication at 4 °C. 

The cell lysates were collected after centrifugation at 13,000 rpm for 30 min at 4 °C and then the 
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supernatants were pre-cleared with Protein-G Sepharose beads (Amersham) for 1 hr.  Polyclonal 

rabbit anti-Ub antibody was added for 4 hour incubation at 4 °C, followed by Protein-G 

Sepharose co-precipitation and 3 consecutive washes.   

 

Western Blotting 

For Western blotting analysis, cells were treated as indicated and total lysates were produced by 

addition of modified RIPA buffer (20 mM Tris pH7.5, 100mM NaCl, 1 mM EDTA, 0.1% NP-

40, 0.1% SDS with fresh β-mercaptoethanol).  Protein concentration was determined using the 

Bio-rad DC Protein Assay. 50 μg per sample were subjected to SDS-Polyacrylamide Gel 

electrophoresis (SDS-PAGE) and transferred to a nylon membrane. The following antibodies 

were used for further immunoblotting: Rabbit polyclonal antibodies used were: pAKT (Ser 

473)(Cell Signaling, #9271), AKT (Cell Signaling, #9272), anti-ubiquitin (Cell Signaling, 

#3933). Monoclonal antibodies were: anti-PTEN (Cascade Biosciences 6H2.1, #ABM2052), 

anti-GFP (Clonech, #632381), anti-mCherry (Clontech, #632543), anti-α-Tubulin (Sigma, 

#T5168), anti-β Actin (Sigma, #A5316). Detection was performed using horseradish peroxidise-

conjugated anti-rabbit-IgG (NA943V; GE Healthcare) and anti-mouse-IgG (NA931V; GE 

Healthcare) secondary antibodies with ECL Plus detection reagent and ECL-Hyperfilm (GE 

Healthcare). The density of bands was quantified by ImageJ software. For protein stability, cells 

were treated with 30 μg/ml cycloheximide for the designated amount of time. 

 

RNA Extraction, Reverse Transcription, and Quantitative Polymerase Chain Reaction 

(RT-qPCR) 

Total RNA was extracted from cell lines and tissue samples using the RNeasy kit (Qiagen) 

(follow the manufacturer’s instruction). 2 μg of RNA were used for first strand synthesis and 

production of cDNA using random primer and SuperScript II (Invitrogen). RNA expression was 

measured by real-time quantitative reverse transcription-PCR, using the Roche LightCycler 480 

(Roche Applied Science) based on the SYBR Green method. Each assay was done in triplicate 

and the expression of each gene was calculated relative to expression of β-actin. Quantification 

was based on a standard curve obtained by serial dilution of the indicated control RT reaction. 

Primer sequences are reported in Table 4.2.  
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shRNA library production 

BIOPREDsi small interfering RNA predictions were used to design siRNA sequences. 125-bp 

oligonucleotides encompassing the whole stem-loop miR-30 shRNA precursor, flanked by 

EcoRI and XhoI cloning sites were ordered from Agilent (Santa Clara, CA) and amplified with a 

library-specific reverse primer (for the priority set : CTCAGCTGCTGTCTAAGGCACAGG) 

and a common forward primer (miRXhoF : TACAATACTCGAGAAGGTATATTGCTGTTG 

ACAGTGAGCG). Pooled cloning was conducted with the Platinum Pfx kit (Invitrogen) using 

the following conditions: a 50 μl reaction containing 0.05 ng oligonucleotide template, 1× Pfx 

buffer, 1 mM MgSO4, 0.3 mM of each dNTP, 0.8 μM of each primer, and 1.25 U Pfx 

polymerase; cycling: 94 °C for 2 min; 33 cycles of 94 °C for 15 s; 54 °C for 30 s and 68 °C for 

25 s; 68 °C for 5 min. To avoid the introduction of oligonucleotides with synthesis errors such as 

mutations introduced during PCR amplification steps or concatamerization of inserts during 

vector ligation, each unique shRNA vector was verified by sequencing before inclusion in the 

resulting library. Clones were mini prepped and sequenced in 96-well format.
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VIII. Appendix 
1. Submitted manuscript related Part II : The following abstract and figures were submitted to 

Cancer Discovery. 

RapidCaP, a Genetically engineered mouse model for analysis and therapy of 

metastatic prostate cancer reveals drivers of Pten-mutant metastasis. 
 

Hyejin Cho1, Tali Herzka1, Wu Zheng1, Mireia Castillo-Martin2, Carlos Cordon-Cardo2, 

Lloyd C. Trotman1 
1Cold Spring Harbor Laboratory, One Bungtown Road, Cold Spring Harbor, NY 11724, USA. 
2Mount Sinai School of Medicine, One Gustave L. Levy Place, New York, NY 10029, USA. 

 

 Genetically Engineered Mouse (GEM) models are the gold standard for functional cancer 

research. GEM models for Pten-deficient Cancers of the Prostate (CaP) have greatly helped us 

understand the biology of tumor initiation, but their characteristic of developing lethal primary 

disease is obstructing research and therapy of the advanced metastatic disease stages. Thus, the 

genetic requirements needed to trigger metastatic prostate cancer have remained ill defined. 

Here we developed RapidCaP, a GEM modeling approach that uses surgical injection for 

viral gene delivery. We show that in Pten-deficiency, complete loss of the p53 tumor suppressor 

triggers CaP metastasis to distant sites at greater than 50% penetrance by 4 months, entirely 

consistent with results from human genome analysis. Through live tracking of the endogenous 

prostate metastasis via bioluminescence imaging, we find that both primary and metastatic 

disease first respond to castration, but later relapse to produce lethal, castration resistant disease, 

as seen in human. To our surprise, analysis of these lesions and of metastatic nodules in lung 

consistently failed to reveal activation of Akt, the signature oncogene downstream of Pten-loss. 

Instead, these metastases showed strong activation of the Myc oncogene, which was even more 

pronounced in the castration resistant tumors. 

 Taken together, these data suggest that an ‘Akt-switch’ to Myc is a critical event in 

prostate cancer metastasis and resistance to castration therapy. Thus, the RapidCaP system 

greatly helps address the hitherto unmet need for analysis, gene validation and therapy of 

prostate cancer metastasis in genetically engineered mice.
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2. List of hairpins and primers used in chapter IV  
 
Table 4.1 List of pGIPZ lentiviral shRNA expressing construct 

 shRNA Accession pGIPZ Clone IDs 

USP15 NM_006313 V2LHS_196921    

 NM_006313 V2LHS_5710 

 NM_006313 V2LHS_13436 

 NM_006313 V2LHS_13437  

 NM_027604 V2LHS_196921  

USP28 NM_020886 V2LHS_14019    

 NM_020886 V2LHS_14020 

 NM_020886 V2LHS_6063 

USP28 NM_175482 V2LHS_14020  

 NM_175482 V2LHS_6063  

BAP1 NM_004656 V2LHS_246612  

 NM_004656 V2LHS_41473  

 NM_004656 V2LHS_41478 

 NM_004656  V2LHS_41476  

USP8 NM_005154=XM_215821 V2LHS_13384         

 NM_005154=XM_215821 V2LHS_254594 

 NM_005154=XM_215821 V2LHS_49252  

 NM_005154=XM_215821 V2LHS_49323 

 NM_005154=XM_215821 V2LHS_49253 

 NM_005154=XM_215821 V2LHS_49254 

 NM_005154=XM_215821 V2LHS_49250 

 NM_005154=XM_215821 V2LHS_49251 

 NM_005154=XM_215821 V2LMM_37945 

NEDD4-1 NM_006154 V2LHS_254872  
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 shRNA Accession pGIPZ Clone IDs 

 NM_006154 V2LHS_72555  

 NM_006154 V2LHS_72553  

USP4 NM_003363=U20657 V2LHS_221699   

 NM_003363=U20657 V2LHS_171855 

 NM_003363=U20657 V2LHS_171854  

USP14 NM_005151 V2LHS_49355  

 NM_005151 V2LHS_254586  

 NM_005151 V2LHS_49357  

 NM_005151 V2LHS_49358  

E2E1 NM_003341=BC079134=NM_009455 V2LHS_13163  

 NM_003341=BC079134=NM_009455 V2LHS_171754  

 NM_003341=BC079134=NM_009455 V2LHS_220497  

 NM_003341=BC079134=NM_009455 V2LHS_171755  

 NM_003341=BC079134=NM_009455 V2LHS_171757  

 NM_003341=BC079134=NM_009455 V2LHS_171753  

E2E2 NM_152653 V2LHS_43620  

 NM_152653 V2LHS_243310  

 NM_003341 = B079134 V2LHS_13163  

 NM_003341 = B079134 V2LHS_171754  

 NM_003341 = B079134 V2LHS_220497  

 NM_003341 = B079134 V2LHS_171755  

 NM_003341 = B079134 V2LHS_171757  

 NM_003341 = B079134 V2LHS_171753  

 NM_152653  V2LHS_43620  

 NM_152653  V2LHS_243310  
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 shRNA Accession pGIPZ Clone IDs 

 NM_144839 = XM_341288 = NM_152653 Only GIPZ Mm EXCEPT 
NM_152653 

 NM_152653 V2LHS_43620  

 NM_152653 V2LHS_243310  

USP7 XM_340747 = NM_001003918 = NM_003470 V2LHS_222871  

 XM_340747 = NM_001003918 = NM_003470 V2LMM_214243  

USP7 NM_003470 V2LHS_222871   

 NM_003470 V2LHS_172409 

 NM_003470 V2LHS_172411  

PTEN AF019083,NM_000314,NM_008960,NM_031606 V2LHS_531 

 AF019083,NM_000314,NM_008960 V2LHS_529 

 AF019083,NM_000314,NM_008960 V2LHS_192536 

 NM_000314,AF019083,NM_008960,NM_031606 V2LHS_531 

 NM_000314,NM_008960 V2LHS_231477 

 NM_000314 V2LHS_92314 

 NM_000314 V2LHS_231772 

 NM_000314,AF019083,NM_008960 V2LHS_529 

 NM_000314,XM_071675 V2LHS_92319 

 NM_000314 V2LHS_92317 

 NM_000314,AF019083,NM_008960 V2LHS_192536 

 NM_008960,NM_031606,AF019083,NM_000314 V2LHS_531 

 NM_008960,NM_000314 V2LHS_231477 

 NM_008960,NM_000314,AF019083 V2LHS_529 

 NM_008960,NM_000314,AF019083 V2LHS_192536 
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Table 4.2 Primer sequence for RT-qPCR 

 GenBank 
Accession 

Primer 
Bank ID 

Forward Primer Reverse Primer 

BAP1 NM_004656 4757836a1 ACCCTGCTCGTGGAAGATTTC TCATCAATCACGGACGTATCATC 

  4757836a2 GATACGTCCGTGATTGATGATGA GCATATCCTTTGCTCTCAGGG 

  4757836a3 TGAGAGCAAAGGATATGCGATTG GCACTAAGGCCATTCTGCTTCT 

E2E 1  NM_003341 4507779a1 ATGTCGGATGACGATTCGAGG AGGTGGAGGGTCTAAAGTGATG 

  4507779a2 GGAGAGTAAAGTCAGCATGAGC AGGTGGAGGGTCTAAAGTGATG 

  4507779a3 TCGGATGACGATTCGAGGG TGCAATTAGGTGGAGGGTCTAAA 

E2E 2 NM_152653 22749327a1 GAGGCACAAAGAGTTGATGACA GCGGTTTTGCTGGATATTTTTCC 

  22749327a2 AGCAAAACCGCTGCTAAATTG CTTTGGGTCCAGCACTACAGT 

  22749327a3 TACCTTTTCACCAGACTATCCGT GTCCAGACAGATCACACCTTG 

hPTEN NM_000314 4506249a1 TGGATTCGACTTAGACTTGACCT TTTGGCGGTGTCATAATGTCTT 

  4506249a2 TGCAGAGTTGCACAATATCCTT GTCATCTTCACTTAGCCATTGGT 

  4506249a3 GACAATCATGTTGCAGCAATTCA CCCATAGAAATCTAGGGCCTCT 

NEDD4-1 NM_006154 577313a1 GGAAGCGTTCGGAAATGGC CGTAAGGATCACTAGCTCCCA 

  577313a2 GAGCTAGTGATCCTTACGTGAGA TCGGTTTTCGTCAAACACTTCA 

  577313a3 AGTGTTTGACGAAAACCGATTGA CAGCCTGTTCTGCATTATCATCT 

USP4 NM_003363 4507853a1 TCAGCAAGTCCCTATTCCTCA GGCTCCTGACAATTATACGAAGC 

  4507853a2 TCAGCAAGTCCCTATTCCTCA GAGAAAGTAGTCAGTCAGTGGTG 

  4507853a3 GCTTCGTATAATTGTCAGGAGCC TGAGTTTTGAACATCGAGGGTG 

USP7 NM_003470 4507857a1 GGAAGCGGGAGATACAGATGA AAGGACCGACTCACTCAGTCT 

  4507857a2 CCTTAGCCCTCCGTGTTTTGT GACGACTGAACGACTTTTCATCA 

  4507857a3 TGAAAAGTCGTTCAGTCGTCG CTCAGGATCGGTCACTTCACT 
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 GenBank 
Accession 

Primer 
Bank ID 

Forward Primer Reverse Primer 

USP8 NM_005154 4827054a1 AAAAAGCTGTCGAAGAAGCTGA CCAAAGAGCCTTTAGCCAATGT 

  4827054a2 TTGGCTAAAGGCTCTTTGGAG TGCATTCTTCGAGCATCCATTAT 

  4827054a3 GTCCAGGAGTCACTGCTAGTT GCCTCCCTCTAAAACCAAAGG 

USP14 NM_005151 4827050a1 ATGCCGCTCTACTCCGTTACT GACTCCAGTCAACGCAAACAG 

  4827050a2 GTGAAAGGAGGAACGCTAAAGG TCCACATGGTAACTCCATAGCA 

  4827050a3 CTGTGCCTGAACTCAAAGATGC GGAAAGCCATGTGCAAAAACTG 

USP15 NM_006313 14149627a1 CGACGCTGCTCAAAACCTC TCCCATCTGGTATTTGTCCCAA 

  14149627a2 ACCTAGTCGATAGTCGCTGGT TCCCATCTGGTATTTGTCCCAA 

  14149627a3 CTGGAAGAAACAATGAACAGCCA AGTGGAGGTGTGTTGCTCAAA 

USP28 NM_020886 16507200a1 GCACTGAGTGAGGTGATGCTG CAAAGGTCTGACGGGCTTTAG 

  16507200a2 GCACTGAGTGAGGTGATGCTG TGCTTCAGACCCATCTCGGT 

  16507200a3 ACCCTTCCTTTCTCCATGAAGC GGGCTCCTTAACTCTCTCATCA 
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Table 4.3 The big library - Ubiquitin Proteasome System (UPS) 
symbol name 

SH3MD2 SH3 multiple domains 2 

CHFR checkpoint with forkhead and ring finger domains 

KIAA1333 KIAA1333 

UBE3C ubiquitin protein ligase E3C 

ISGF3G interferon-stimulated transcription factor 3, gamma 48kDa 

FBXO21 F-box protein 21 

FBXO7 F-box protein 7 

RBBP6 retinoblastoma binding protein 6 

BRAP BRCA1 associated protein 

ZNRF2 zinc and ring finger 2 

|LOC244421|FLJ23
749|LOC306505 

similar to hypothetical protein FLJ23749; hypothetical protein FLJ23749 

FAF1 Fas (TNFRSF6) associated factor 1 

FBXO9 F-box protein 9 

UBE4B ubiquitination factor E4B (UFD2 homolog, yeast) 

Socs6|SOCS6 suppressor of cytokine signaling 6 

TRIM8 tripartite motif-containing 8 

WSB1 WD repeat and SOCS box-containing 1 

RNF128 ring finger protein 128 

FBXO10 F-box protein 10 

FAF1 Fas (TNFRSF6) associated factor 1 

RNF7 ring finger protein 7 

RNF25 ring finger protein 25 

UBXD2 UBX domain containing 2 

SOCS3 suppressor of cytokine signaling 3 

FBXL6 F-box and leucine-rich repeat protein 6 

BIRC4 baculoviral IAP repeat-containing 4 

FBXW7 F-box and WD-40 domain protein 7 (archipelago homolog, Drosophila) 

RNF128 ring finger protein 128 

SKP2 S-phase kinase-associated protein 2 (p45) 

RNF166 ring finger protein 166 

KIAA0794 KIAA0794 protein 

RAF1 v-raf-1 murine leukemia viral oncogene homolog 1 

RNF7 ring finger protein 7 

RBX1 ring-box 1 

RNF111 ring finger protein 111 

FBXO46 F-box protein 46 

FBXW11 F-box and WD-40 domain protein 11 

HECTD1 HECT domain containing 1 

RCHY1 ring finger and CHY zinc finger domain containing 1 

MAP3K1 mitogen-activated protein kinase kinase kinase 1 

DZIP3 zinc finger DAZ interacting protein 3 

NFX1 nuclear transcription factor, X-box binding 1 

TRIM55 tripartite motif-containing 55 

RNF167 ring finger protein 167 

FBXL5 F-box and leucine-rich repeat protein 5 
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symbol name 

ATRX alpha thalassemia/mental retardation syndrome X-linked (RAD54 homolog, S. cerevisiae) 

PEX12 peroxisomal biogenesis factor 12 

RNF139 ring finger protein 139 

RKHD2 ring finger and KH domain containing 2 

C20orf18 chromosome 20 open reading frame 18 

RNF146 ring finger protein 146 

Raf1|RAF1 
murine leukemia viral (v-raf-1) oncogene homolog 1 (3611-MSV); v-raf-1 leukemia viral oncogene 1; v-raf-1 
murine leukemia viral oncogene homolog 1 

KIAA1542 CTD-binding SR-like protein rA9 

TRAF5 TNF receptor-associated factor 5 

MLL3 myeloid/lymphoid or mixed-lineage leukemia 3 

RGD:621856|RNF
38 RING finger protein OIP1; ring finger protein 38 

MKRN3 makorin, ring finger protein, 3 

PXMP3 peroxisomal membrane protein 3, 35kDa (Zellweger syndrome) 

IBRDC3 IBR domain containing 3 

HACE1 HECT domain and ankyrin repeat containing, E3 ubiquitin protein ligase 1 

Rchy1|RCHY1 ring finger and CHY zinc finger domain containing 1 

BIRC7 baculoviral IAP repeat-containing 7 (livin) 

WHSC1L1 Wolf-Hirschhorn syndrome candidate 1-like 1 

RNF125 ring finger protein 125 

TRIM31 tripartite motif-containing 31 

ZNF183|LOC3134
50 

zinc finger protein 183 (RING finger, C3HC4 type); similar to RIKEN cDNA 2810428C21 

FLJ30092 AF-1 specific protein phosphatase 

FLJ12875 hypothetical protein FLJ12875 

TRAF3 TNF receptor-associated factor 3 

ARIH1 ariadne homolog, ubiquitin-conjugating enzyme E2 binding protein, 1 (Drosophila) 

DTX4 deltex 4 homolog (Drosophila) 

RNF13 ring finger protein 13 

FBXO30|Fbxo30 F-box protein 30 

FBXL15 F-box and leucine-rich repeat protein 15 

FBXL5 F-box and leucine-rich repeat protein 5 

HERC6 hect domain and RLD 6 

TRIM49 tripartite motif-containing 49 

BTRC beta-transducin repeat containing 

RKHD2 ring finger and KH domain containing 2 

ISGF3G interferon-stimulated transcription factor 3, gamma 48kDa 

RGD:1307339|-
|TRIM33|Trim33 

tripartite motif protein 33 (predicted); -; tripartite motif protein 33; tripartite motif-containing 33 

UHRF1 ubiquitin-like, containing PHD and RING finger domains, 1 

KIAA0317|111001
8G07Rik 

KIAA0317; RIKEN cDNA 1110018G07 gene 

WHSC1L1 Wolf-Hirschhorn syndrome candidate 1-like 1 

WSB2 WD repeat and SOCS box-containing 2 

MID1 midline 1 (Opitz/BBB syndrome) 

TRIM26 tripartite motif-containing 26 

RNF170 ring finger protein 170 
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symbol name 

MRPL49 mitochondrial ribosomal protein L49 

KIAA1333 KIAA1333 

LRSAM1 leucine rich repeat and sterile alpha motif containing 1 

SOCS2 suppressor of cytokine signaling 2 

MAP3K1 mitogen-activated protein kinase kinase kinase 1 

KIAA0317 KIAA0317 

D6Ertd365e|ZNRF
2 DNA segment, Chr 6, ERATO Doi 365, expressed; zinc and ring finger 2 

PCGF3 polycomb group ring finger 3 

TRIM32 tripartite motif-containing 32 

VHL von Hippel-Lindau tumor suppressor 

Ube3c|UBE3C ubiquitin protein ligase E3C 

ASPSCR1 alveolar soft part sarcoma chromosome region, candidate 1 

FBXL12 F-box and leucine-rich repeat protein 12 

TRIM38 tripartite motif-containing 38 

FBXO7 F-box protein 7 

RNF8 ring finger protein (C3HC4 type) 8 

DTX3L deltex 3-like (Drosophila) 

ATRX alpha thalassemia/mental retardation syndrome X-linked (RAD54 homolog, S. cerevisiae) 

NEDD4L neural precursor cell expressed, developmentally down-regulated 4-like 

RNF12 ring finger protein 12 

DZIP3 zinc finger DAZ interacting protein 3 

FBXW11 F-box and WD-40 domain protein 11 

RING1 ring finger protein 1 

UBE3C ubiquitin protein ligase E3C 

RNF146 ring finger protein 146 

ZNRF1 zinc and ring finger 1 

UBE3A ubiquitin protein ligase E3A (human papilloma virus E6-associated protein, Angelman syndrome) 

RNF26 ring finger protein 26 

TRIM36 tripartite motif-containing 36 

CISH cytokine inducible SH2-containing protein 

D8S2298E reproduction 8 

BIRC3 baculoviral IAP repeat-containing 3 

FLJ23749 hypothetical protein FLJ23749 

BAZ1B bromodomain adjacent to zinc finger domain, 1B 

UBE3B ubiquitin protein ligase E3B 

FBXO7 F-box protein 7 

RAG1|RGD:13082
24|Rag1 recombination activating gene 1; recombination activating gene 1 (predicted) 

FBXO9 F-box protein 9 

ATRX|Atrx 
alpha thalassemia/mental retardation syndrome X-linked (RAD54 homolog, S. cerevisiae); alpha 
thalassemia/mental retardation syndrome X-linked homolog (human) 

BRCA1 breast cancer 1, early onset 

FBXO5 F-box protein 5 

BTRC beta-transducin repeat containing 

RGD:1310460|Fbx
w2|FBXW2 F-box and WD-40 domain protein 2; F-box and WD-40 domain protein 2 (predicted) 

LOC339843|WWP
1 

WW domain containing E3 ubiquitin protein ligase 1; similar to Nedd-4-like E3 ubiquitin-protein ligase 
WWP1 (WW domain-containing protein 1) 
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symbol name 

FBXO4 F-box protein 4 

BARD1 BRCA1 associated RING domain 1 

BRCA1 breast cancer 1, early onset 

FLJ10597 hypothetical protein FLJ10597 

TRIM9|Trim9 tripartite motif-containing 9; tripartite motif protein 9 

SOCS3 suppressor of cytokine signaling 3 

RNF6|Rnf6 ring finger protein (C3H2C3 type) 6 

RBX1 ring-box 1 

FBXL6 F-box and leucine-rich repeat protein 6 

TRIM52 tripartite motif-containing 52 

BIRC2 baculoviral IAP repeat-containing 2 

FLJ21156 hypothetical protein FLJ21156 

TRIM46 tripartite motif-containing 46 

HECW1 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 1 

TRIM36 tripartite motif-containing 36 

FBXL2|Fbxl2 F-box and leucine-rich repeat protein 2 

KIAA0804 KIAA0804 protein 

LMO7 LIM domain 7 

MLL3 myeloid/lymphoid or mixed-lineage leukemia 3 

ZMYND11 zinc finger, MYND domain containing 11 

SOCS5 suppressor of cytokine signaling 5 

PRP19 PRP19/PSO4 homolog (S. cerevisiae) 

TRIM9 tripartite motif-containing 9 

HERC1 
hect (homologous to the E6-AP (UBE3A) carboxyl terminus) domain and RCC1 (CHC1)-like domain 
(RLD) 1 

TRAF6|Traf6 TNF receptor-associated factor 6; Tnf receptor-associated factor 6 

PCGF3 polycomb group ring finger 3 

RNF13 ring finger protein 13 

-
|LOC260337|UHR
F2 

zinc finger protein Np97 pseudogene; ubiquitin-like, containing PHD and RING finger domains, 2 

RNF111 ring finger protein 111 

RNF125 ring finger protein 125 

DPF2 D4, zinc and double PHD fingers family 2 

MLL3 myeloid/lymphoid or mixed-lineage leukemia 3 

RNF103|Rnf103 ring finger protein 103 

AMFR autocrine motility factor receptor 

FBXO10 F-box protein 10 

RCHY1 ring finger and CHY zinc finger domain containing 1 

RGD:1306453|TRI
M54 ring finger protein 30 (predicted); tripartite motif-containing 54 

NEDD4 neural precursor cell expressed, developmentally down-regulated 4 

NEDD4L neural precursor cell expressed, developmentally down-regulated 4-like 

BARD1 BRCA1 associated RING domain 1 

TRAF2 TNF receptor-associated factor 2 

ZNF183L1 zinc finger protein 183-like 1 
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symbol name 

RGD:1306607|Trip
12|TRIP12 thyroid hormone receptor interactor 12; gene trap locus 6 (predicted) 

RNF26 ring finger protein 26 

UBOX5|Ubox5 U box domain containing 5; U-box domain containing 5 

FADS1 fatty acid desaturase 1 

UBE4B ubiquitination factor E4B (UFD2 homolog, yeast) 

PCGF4|Bmi1 polycomb group ring finger 4; B lymphoma Mo-MLV insertion region 1 

PDZRN3 PDZ domain containing RING finger 3 

RNF32 ring finger protein 32 

Brca1|BRCA1 breast cancer 1; breast cancer 1, early onset 

HACE1 HECT domain and ankyrin repeat containing, E3 ubiquitin protein ligase 1 

ASB3 ankyrin repeat and SOCS box-containing 3 

RNF127 ring finger protein 127 

RGD:727935|Fbxo
11|FBXO11 F-box only protein 11; F-box protein 11 

CCNF cyclin F 

RNF26 ring finger protein 26 

FBXL5 F-box and leucine-rich repeat protein 5 

RNF150 ring finger protein 150 

TRAF6 TNF receptor-associated factor 6 

MAP3K1 mitogen-activated protein kinase kinase kinase 1 

RNF128 ring finger protein 128 

FBXO32 F-box protein 32 

RNF126 ring finger protein 126 

PEX10 peroxisome biogenesis factor 10 

FADS1 fatty acid desaturase 1 

FBXO30 F-box protein 30 

LMO7 LIM domain 7 

BAZ1A bromodomain adjacent to zinc finger domain, 1A 

FLJ10597 hypothetical protein FLJ10597 

TRAF6 TNF receptor-associated factor 6 

FBXO40 F-box protein 40 

TRIM55 tripartite motif-containing 55 

FBXO3 F-box protein 3 

VHL von Hippel-Lindau tumor suppressor 

RNF150 ring finger protein 150 

CUL7 cullin 7 

PAK6 p21(CDKN1A)-activated kinase 6 

HACE1 HECT domain and ankyrin repeat containing, E3 ubiquitin protein ligase 1 

HECW1 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 1 

FBXO38 F-box protein 38 

CHD6 chromodomain helicase DNA binding protein 6 

MNAB membrane associated DNA binding protein 

FBXL17 F-box and leucine-rich repeat protein 17 

RFFL fring 

Huwe1|UREB1 upstream regulatory element binding protein 1; HECT, UBA and WWE domain containing 1 
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symbol name 

TRIM6|TRIM6-
TRIM34 tripartite motif-containing 6; tripartite motif-containing 6 and tripartite motif-containing 34 

FBXO18 F-box protein, helicase, 18 

BTRC beta-transducin repeat containing 

Fbxl5|FBXL5 F-box and leucine-rich repeat protein 5 

TRIM62 tripartite motif-containing 62 

FBXO9 F-box protein 9 

RNF34 ring finger protein 34 

ZNRF2 zinc and ring finger 2 

UREB1 upstream regulatory element binding protein 1 

TPT1|UREB1 upstream regulatory element binding protein 1; tumor protein, translationally-controlled 1 

RNF135 ring finger protein 135 

RNF130|Rnf130 ring finger protein 130 

WHSC1L1 Wolf-Hirschhorn syndrome candidate 1-like 1 

RAB40B RAB40B, member RAS oncogene family 

Mdm2 transformed mouse 3T3 cell double minute 2 

MNAT1 menage a trois 1 (CAK assembly factor) 

FBXL11|RGD:1309
419 

F-box and leucine-rich repeat protein 11; F-box and leucine-rich repeat protein 11 (predicted) 

TRIM8 tripartite motif-containing 8 

ZNRF1 zinc and ring finger 1 

DTX3L deltex 3-like (Drosophila) 

RNF144 ring finger protein 144 

MDM4 Mdm4, transformed 3T3 cell double minute 4, p53 binding protein (mouse) 

D8S2298E reproduction 8 

TRIM49|LOC2831
16 similar to RING finger protein 18 (Testis-specific ring-finger protein); tripartite motif-containing 49 

SOCS5 suppressor of cytokine signaling 5 

TTC3 tetratricopeptide repeat domain 3 

RGD:1308638|MT
AP|Phf7|PHF7 PHD finger protein 7 (predicted); PHD finger protein 7; methylthioadenosine phosphorylase 

HERC6 hect domain and RLD 6 

VHL von Hippel-Lindau tumor suppressor 

RNF19 ring finger protein 19 

SH3MD2 SH3 multiple domains 2 

HECW2 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 2 

RNF133 ring finger protein 133 

CHD6 chromodomain helicase DNA binding protein 6 

FBXL7 F-box and leucine-rich repeat protein 7 

SPPL2B SPPL2b 

ZNF313 zinc finger protein 313 

BARD1 BRCA1 associated RING domain 1 

RNF133 ring finger protein 133 

RNF130|Rnf130 ring finger protein 130 

RNF34 ring finger protein 34 

Smarca3|RGD:130
9031|SMARCA3 

SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 3; 
SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 3 
(predicted) 
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symbol name 

C20orf18 chromosome 20 open reading frame 18 

TRAF3 TNF receptor-associated factor 3 

LOC291860_predi
cted|KIAA1972|49
30470D19Rik 

similar to SPla/RYanodine receptor SPRY (1J970) (predicted); KIAA1972 protein; RIKEN cDNA 
4930470D19 gene 

SKP2 S-phase kinase-associated protein 2 (p45) 

RNF41 ring finger protein 41 

RNF127 ring finger protein 127 

HECW1 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 1 

BAZ1A bromodomain adjacent to zinc finger domain, 1A 

FBXL12 F-box and leucine-rich repeat protein 12 

TRIM39 tripartite motif-containing 39 

TTC3|LOC286495 similar to Tetratricopeptide repeat protein 3 (TPR repeat protein D); tetratricopeptide repeat domain 3 

Rnf139|RNF139 ring finger protein 139 

RNF26 ring finger protein 26 

BAZ1A bromodomain adjacent to zinc finger domain, 1A 

FBXW2 F-box and WD-40 domain protein 2 

RNF139|TATDN1 TatD DNase domain containing 1; ring finger protein 139 

KIAA0794 KIAA0794 protein 

RGD:621856|RNF
38|Rnf38 RING finger protein OIP1; ring finger protein 38 

DTX3L deltex 3-like (Drosophila) 

TRIM6 tripartite motif-containing 6 

HERC5 hect domain and RLD 5 

PEX10 peroxisome biogenesis factor 10 

ASPSCR1 alveolar soft part sarcoma chromosome region, candidate 1 

RGD:1306361|UBE
3A 

ubiquitin protein ligase E3A (predicted); ubiquitin protein ligase E3A (human papilloma virus E6-associated 
protein, Angelman syndrome) 

FBXO38 F-box protein 38 

PCGF2 polycomb group ring finger 2 

UBXD2 UBX domain containing 2 

UBE3A ubiquitin protein ligase E3A (human papilloma virus E6-associated protein, Angelman syndrome) 

VHL von Hippel-Lindau tumor suppressor 

SOCS3|Socs3 suppressor of cytokine signaling 3 

UBE3B ubiquitin protein ligase E3B 

TRAF6 TNF receptor-associated factor 6 

RNF32 ring finger protein 32 

MAFK|PPIL2 v-maf musculoaponeurotic fibrosarcoma oncogene homolog K (avian); peptidylprolyl isomerase 
(cyclophilin)-like 2 

BIRC3 baculoviral IAP repeat-containing 3 

RNF138 ring finger protein 138 

LOC51255 hypothetical protein LOC51255 

RFFL fring 

FBXL4 F-box and leucine-rich repeat protein 4 

FBXL10 F-box and leucine-rich repeat protein 10 

ANAPC11 APC11 anaphase promoting complex subunit 11 homolog (yeast) 

FBXO18 F-box protein, helicase, 18 

Cbll1|CBLL1 Casitas B-lineage lymphoma-like 1; Cas-Br-M (murine) ecotropic retroviral transforming sequence-like 1 
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symbol name 

RNF13 ring finger protein 13 

TRIM23 tripartite motif-containing 23 

FBXL12 F-box and leucine-rich repeat protein 12 

KIAA1333 KIAA1333 

Socs7|SOCS7|RG
D:1307720 suppressor of cytokine signaling 7 (predicted); suppressor of cytokine signaling 7 

RNF121 ring finger protein 121 

RNF19 ring finger protein 19 

RFFL fring 

C20orf55 chromosome 20 open reading frame 55 

TRIM49 tripartite motif-containing 49 

LRSAM1 leucine rich repeat and sterile alpha motif containing 1 

RNF10 ring finger protein 10 

FBXW7|Fbxw7 F-box and WD-40 domain protein 7 (archipelago homolog, Drosophila); F-box and WD-40 domain protein 
7, archipelago homolog (Drosophila) 

VHL von Hippel-Lindau tumor suppressor 

RNF19 ring finger protein 19 

RAPSN receptor-associated protein of the synapse, 43kD 

LOC288469_predi
cted|Smurf1|SMUR
F1 

SMAD specific E3 ubiquitin protein ligase 1; similar to RIKEN cDNA 4930431E10 (predicted) 

CUL7 cullin 7 

PCGF4|Bmi1 polycomb group ring finger 4; B lymphoma Mo-MLV insertion region 1 

PDZRN3 PDZ domain containing RING finger 3 

FBXO40 F-box protein 40 

FBXO46 F-box protein 46 

FBXO8 F-box protein 8 

RGD:1308654|Ttc
3|TTC3|LOC2864
95 

similar to Tetratricopeptide repeat protein 3 (TPR repeat protein D); tetratricopeptide repeat domain 3; 
tetratricopeptide repeat domain 3 (predicted) 

ZZANK1 zinc finger, ZZ type with ankyrin repeat domain 1 

RNF41 ring finger protein 41 

FLJ20225 hypothetical protein FLJ20225 

0610009K11Rik|FL
J12875 hypothetical protein FLJ12875; RIKEN cDNA 0610009K11 gene 

FBXL7 F-box and leucine-rich repeat protein 7 

PML promyelocytic leukemia 

FBXW11 F-box and WD-40 domain protein 11 

ZNF183L1 zinc finger protein 183-like 1 

ASB3 ankyrin repeat and SOCS box-containing 3 

ATRX|RGD:61979
5|Atrx 

alpha thalassemia/mental retardation syndrome X-linked (RAD54 homolog, S. cerevisiae); alpha 
thalassemia/mental retardation syndrome X-linked (RAD54 homolog, S.cerevisiae); alpha 
thalassemia/mental retardation syndrome X-linked homolog (human) 

RNF40 ring finger protein 40 

TRIM56 tripartite motif-containing 56 

ZNRF3|BC019575 zinc and ring finger 3; cDNA sequence BC019575 

FBXL17 F-box and leucine-rich repeat protein 17 

FBXO28 F-box protein 28 

RGD:1308885|Tri
m41|TRIM41 

tripartite motif-containing 41; tripartite motif-containing 41 (predicted) 
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symbol name 

RAG1 recombination activating gene 1 

NEDD4 neural precursor cell expressed, developmentally down-regulated 4 

FBXO42 F-box protein 42 

ZNF183 zinc finger protein 183 (RING finger, C3HC4 type) 

Zmynd11|RGD:13
03252|ZMYND11 

zinc finger, MYND domain containing 11; BS69 protein 

UBE4A ubiquitination factor E4A (UFD2 homolog, yeast) 

TRIM68 tripartite motif-containing 68 

TRIM10 tripartite motif-containing 10 

MNAT1 menage a trois 1 (CAK assembly factor) 

ARIH1 ariadne homolog, ubiquitin-conjugating enzyme E2 binding protein, 1 (Drosophila) 

DZIP3 zinc finger DAZ interacting protein 3 

UBE3B ubiquitin protein ligase E3B 

BTRC beta-transducin repeat containing 

RNF20 ring finger protein 20 

SOCS3 suppressor of cytokine signaling 3 

FBXO5 F-box protein 5 

RNF149 ring finger protein 149 

SOCS6 suppressor of cytokine signaling 6 

RAD18 RAD18 homolog (S. cerevisiae) 

NEDD4L neural precursor cell expressed, developmentally down-regulated 4-like 

HACE1 HECT domain and ankyrin repeat containing, E3 ubiquitin protein ligase 1 

HACE1|Hace1|RG
D:1306114 

HECT domain and ankyrin repeat containing, E3 ubiquitin protein ligase 1; HECT domain and ankyrin 
repeat containing, E3 ubiquitin protein ligase 1 (predicted) 

ITCH itchy homolog E3 ubiquitin protein ligase (mouse) 

UBOX5 U-box domain containing 5 

RNF26 ring finger protein 26 

Fbxw2|FBXW2 F-box and WD-40 domain protein 2 

DTX4 deltex 4 homolog (Drosophila) 

KIAA0794 KIAA0794 protein 

FBXO3 F-box protein 3 

FBXO24 F-box protein 24 

FBXL5 F-box and leucine-rich repeat protein 5 

RNF39 ring finger protein 39 

MKRN3 makorin, ring finger protein, 3 

RNF19 ring finger protein 19 

RNF2 ring finger protein 2 

RNF138 ring finger protein 138 

LMO7 LIM domain 7 

PAK6 p21(CDKN1A)-activated kinase 6 

RGD:1306366|HE
RC1 

hect (homologous to the E6-AP (UBE3A) carboxyl terminus) domain and RCC1 (CHC1)-like domain 
(RLD) 1 (predicted); hect (homologous to the E6-AP (UBE3A) carboxyl terminus) domain and RCC1 
(CHC1)-like domain (RLD) 1 

TIF1 transcriptional intermediary factor 1 

UBE3B ubiquitin protein ligase E3B 

HERC2 hect domain and RLD 2 

RNF8 ring finger protein (C3HC4 type) 8 

FBXO11 F-box protein 11 
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symbol name 

RFP2 ret finger protein 2 

SOCS2 suppressor of cytokine signaling 2 

SMARCA3 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 3 

FBXW11 F-box and WD-40 domain protein 11 

TRIM22 tripartite motif-containing 22 

UBE3B ubiquitin protein ligase E3B 

MGC4734 hypothetical protein MGC4734 

FLJ30092 AF-1 specific protein phosphatase 

TRIM5 tripartite motif-containing 5 

FBXO7 F-box protein 7 

WSB1 WD repeat and SOCS box-containing 1 

FBXO28 F-box protein 28 

PCGF3 polycomb group ring finger 3 

ZNF364 zinc finger protein 364 

BRAP BRCA1 associated protein 

TRIM6|TRIM6-
TRIM34 

tripartite motif-containing 6; tripartite motif-containing 6 and tripartite motif-containing 34 

WHSC1L1 Wolf-Hirschhorn syndrome candidate 1-like 1 

BRCA1 breast cancer 1, early onset 

FLJ31951 hypothetical protein FLJ31951 

FBXO3|Fbxo3|RG
D:1306352 

F-box protein 3; F-box only protein 3 (predicted); F-box only protein 3 

UBE3C ubiquitin protein ligase E3C 

VPS41 vacuolar protein sorting 41 (yeast) 

RFFL fring 

Trim23|TRIM23 tripartite motif-containing 23; tripartite motif protein 23 

ZNRF4 zinc and ring finger 4 

FBXO28 F-box protein 28 

Rnf19|RNF19 ring finger protein (C3HC4 type) 19; ring finger protein 19 

BRCA1 breast cancer 1, early onset 

PDZRN4 PDZ domain containing RING finger 4 

PCGF4 polycomb group ring finger 4 

Trim8|TRIM8 tripartite motif protein 8; tripartite motif-containing 8 

RNF146 ring finger protein 146 

RFFL fring 

KIAA1333 KIAA1333 

4432411E13Rik|ED
D|RGD:621236 

E3 identified by differential display; RIKEN cDNA 4432411E13 gene; progestin induced protein 

FLJ30092 AF-1 specific protein phosphatase 

RNF167|Rnf167|R
GD:1305972 

similar to RIKEN cDNA 5730408C10 (predicted); ring finger protein 167 

ASB1 ankyrin repeat and SOCS box-containing 1 

RNF11 ring finger protein 11 

SOCS1 suppressor of cytokine signaling 1 

FBXO22 F-box protein 22 

UHRF2 ubiquitin-like, containing PHD and RING finger domains, 2 

LMO7 LIM domain 7 

TRIM52 tripartite motif-containing 52 

BIRC7 baculoviral IAP repeat-containing 7 (livin) 
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symbol name 

CISH cytokine inducible SH2-containing protein 

FBXO46 F-box protein 46 

FBXO3 F-box protein 3 

RNF20 ring finger protein 20 

WSB2 WD repeat and SOCS box-containing 2 

CHD6 chromodomain helicase DNA binding protein 6 

RNF44 ring finger protein 44 

FBXO32 F-box protein 32 

4931406I20Rik|FLJ
10597 

hypothetical protein FLJ10597; RIKEN cDNA 4931406I20 gene 

ZC3HDC5 zinc finger CCCH type domain containing 5 

FBXL4 F-box and leucine-rich repeat protein 4 

RNF150 ring finger protein 150 

TRIM5 tripartite motif-containing 5 

FBXL11|RGD:1309
419 F-box and leucine-rich repeat protein 11; F-box and leucine-rich repeat protein 11 (predicted) 

ARIH1|Arih1 ariadne homolog, ubiquitin-conjugating enzyme E2 binding protein, 1 (Drosophila); ariadne ubiquitin-
conjugating enzyme E2 binding protein homolog 1 (Drosophila) 

ZNRF2 zinc and ring finger 2 

FBXL11 F-box and leucine-rich repeat protein 11 

RNF7 ring finger protein 7 

LRRC29|Lrrc29 leucine rich repeat containing 29 

FLJ32785 hypothetical protein FLJ32785 

SOCS2 suppressor of cytokine signaling 2 

RNF149 ring finger protein 149 

WSB2 WD repeat and SOCS box-containing 2 

RNF144 ring finger protein 144 

PCGF6 polycomb group ring finger 6 

RNF122 ring finger protein 122 

RNF167 ring finger protein 167 

PCGF3 polycomb group ring finger 3 

RNF138 ring finger protein 138 

NOSIP nitric oxide synthase interacting protein 

MRPL49 mitochondrial ribosomal protein L49 

FLJ30092 AF-1 specific protein phosphatase 

FBXW8 F-box and WD-40 domain protein 8 

RGD:1310374|FBX
O9 

f-box only protein 9 (predicted); F-box protein 9 

HERC1 
hect (homologous to the E6-AP (UBE3A) carboxyl terminus) domain and RCC1 (CHC1)-like domain 
(RLD) 1 

PDZRN3 PDZ domain containing RING finger 3 

PJA2 praja 2, RING-H2 motif containing 

FBXL17 F-box and leucine-rich repeat protein 17 

ANKIB1 ankyrin repeat and IBR domain containing 1 

RNF38 ring finger protein 38 

FBXO40 F-box protein 40 

C20orf18 chromosome 20 open reading frame 18 

RNF10 ring finger protein 10 
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symbol name 

SH3MD2 SH3 multiple domains 2 

MNAB membrane associated DNA binding protein 

Socs2|SOCS2 suppressor of cytokine signaling 2 

RNF6 ring finger protein (C3H2C3 type) 6 

UBE3A ubiquitin protein ligase E3A (human papilloma virus E6-associated protein, Angelman syndrome) 

TRIM26 tripartite motif-containing 26 

ITCH itchy homolog E3 ubiquitin protein ligase (mouse) 

TRIM33 tripartite motif-containing 33 

HACE1 HECT domain and ankyrin repeat containing, E3 ubiquitin protein ligase 1 

FBXO8 F-box protein 8 

FBXO25 F-box protein 25 

LRRC29 leucine rich repeat containing 29 

MYLIP myosin regulatory light chain interacting protein 

PEX12 peroxisomal biogenesis factor 12 

TTC3|LOC286495 similar to Tetratricopeptide repeat protein 3 (TPR repeat protein D); tetratricopeptide repeat domain 3 

CISH cytokine inducible SH2-containing protein 

WSB1 WD repeat and SOCS box-containing 1 

MRPL49 mitochondrial ribosomal protein L49 

DTX3L deltex 3-like (Drosophila) 

FBXO4 F-box protein 4 

FBXO11 F-box protein 11 

RNF150 ring finger protein 150 

WWP1 WW domain containing E3 ubiquitin protein ligase 1 

TRIM45 tripartite motif-containing 45 

ATRX alpha thalassemia/mental retardation syndrome X-linked (RAD54 homolog, S. cerevisiae) 

BIRC2 baculoviral IAP repeat-containing 2 

LMO7 LIM domain 7 

Cbll1|CBLL1 Casitas B-lineage lymphoma-like 1; Cas-Br-M (murine) ecotropic retroviral transforming sequence-like 1 

MGRN1 mahogunin, ring finger 1 

ASPSCR1 alveolar soft part sarcoma chromosome region, candidate 1 

RNF150 ring finger protein 150 

FBXO44 F-box protein 44 

HECTD1 HECT domain containing 1 

ARIH1 ariadne homolog, ubiquitin-conjugating enzyme E2 binding protein, 1 (Drosophila) 

FBXL5|RGD:13068
87 F-box and leucine-rich repeat protein 5 (predicted); F-box and leucine-rich repeat protein 5 

Zmynd11|ZMYND
11 

zinc finger, MYND domain containing 11 

FBXW11 F-box and WD-40 domain protein 11 

ASB2 ankyrin repeat and SOCS box-containing 2 

FBXW7 F-box and WD-40 domain protein 7 (archipelago homolog, Drosophila) 

KIAA1333 KIAA1333 

RNF44 ring finger protein 44 

FBXL10 F-box and leucine-rich repeat protein 10 

WWP2 WW domain containing E3 ubiquitin protein ligase 2 

RNF38|Rnf38 ring finger protein 38 

ZFYVE19 zinc finger, FYVE domain containing 19 

RNF128 ring finger protein 128 
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symbol name 

TRAF6 TNF receptor-associated factor 6 

FBXL5 F-box and leucine-rich repeat protein 5 

RKHD2 ring finger and KH domain containing 2 

SMURF1 SMAD specific E3 ubiquitin protein ligase 1 
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Table 4.4 The priority set-shRNA library 
Target blastID Target blastID Target blastID 

CUL1 

CUL1.1201  LMO7.6395 

STAMBP1 

STAMBPL1.1091 

CUL1.2227 

LONRF1 

LONRF1.1239 STAMBPL1.1919 

CUL1.2599 LONRF1.1923 STAMBPL1.1958 

CUL1.3048 LONRF1.2552 STAMBPL1.695 

CDUB3 

DUB3.1007 LONRF1.2564 STAMBPL1.812 

DUB3.1023 LONRF1.3153 STAMBPL1.175 

DUB3.1385 

PSMA2 

PSMA2.1164 

TCEB1 

TCEB1.161 

DUB3.598 PSMA2.1424 TCEB1.286 

DUB3.790 PSMA2.649 TCEB1.404 

DUB3.851 PSMA2.656 TCEB1.408 

FBXL4 

FBXL4.1645 PSMA2.741 TCEB1.62 

FBXL4.2349 

PSMD7 

PSMD7.1339 

TRIM13 

TRIM13.3487 

FBXL4.338 PSMD7.342 TRIM13.4494 

FBXL4.771 PSMD7.369 TRIM13.5301 

FBXL4.934 PSMD7.370 TRIM13.5308 

FBXO25 

FBXO25.1989 PSMD7.380 TRIM13.752 

FBXO25.2021 PSMD7.653 TRIM13.848 

FBXO25.2196 

PXMP3 

PXMP3.1646 

UBAP1 

UBAP1.1618 

FBXO25.2240 PXMP3.1647 UBAP1.217 

FBXO25.758 PXMP3.1648 UBAP1.2417 

FRK 

FRK.1365 PXMP3.2619 UBAP1.296 

FRK.1604 PXMP3.2684 UBAP1.893 

FRK.1608 PXMP3.542 

UBAP2 

UBAP2.1647 

FRK.1666 

RNF122 

RNF122.1366 UBAP2.3002 

FRK.1709 RNF122.1580 UBAP2.3303 

FRK.472 RNF122.1581 UBAP2.4038 

LMO7 

LMO7.187 RNF122.649 

USP45 

USP45.2805 

LMO7.5433 RNF122.833 USP45.3824 

LMO7.5494 

TPT1 

TPT1.358 USP45.538 

LMO7.5545 TPT1.365 USP45.5952 

LMO7.5783 TPT1.488 USP45.4470 

UBXN8 

UBXN8.186 

SIAH3 

SIAH3.1829  UBE2H.477 
UBXN8.490 SIAH3.2195 

UCHL3 

UCHL3.335 

UBXN8.538 SIAH3.3410 UCHL3.497 

UBXN8.557 SIAH3.3429 UCHL3.678 
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Target blastID Target blastID Target blastID 
UBXN8.675 

UFM1 

UFM1.1188 UCHL3.679 

UBXN8.577 UFM1.1972 UCHL3.715 

UBE2J1 

UBE2J1.2135 UFM1.1973 

ZNRF1 

ZNRF1.2018 

UBE2J1.2856 UFM1.2242 ZNRF1.2211 

UBE2J1.4153 UFM1.448 ZNRF1.2537 

UBE2J1.4325 UFM1.475 ZNRF1.3180 

UBE2J1.567 

USP10 

USP10.1333 ZNRF1.4280 

UBE2J1.881 USP10.1532 ZNRF1.4433 

UBE2R2 

UBE2R2.1134 USP10.1750 

HACE1 

HACE1.1602 

UBE2R2.1782 USP10.3003 HACE1.2496 

UBE2R2.2366 USP10.3101 HACE1.2933 

UBE2R2.4399 USP10.613 HACE1.3979 

UBE2R2.950 

USP33 

USP33.1007 HACE1.609 

UBE2W 

UBE2W.1045 USP33.1302 HACE1.3456 

UBE2W.1078 USP33.1358 

UBE2CBP 

UBE2CBP.1358 

UBE2W.2614 USP33.2176 UBE2CBP.1581 

UBE2W.262 USP33.2507 UBE2CBP.1582 

UBE2W.2810 USP33.624 UBE2CBP.1584 

UBE2W.3779 

USP42 

USP42.121 UBE2CBP.1813 

UBR5 

UBR5.161 USP42.4144 

WHSC1L1 

WHSC1L1.1233 

UBR5.1629 USP42.4569 WHSC1L1.1396 

UBR5.7005 USP42.4745 WHSC1L1.1501 

UBR5.7606 USP42.4972 WHSC1L1.1718 

UBR5.7682 

UBE2H 

UBE2H.1148 WHSC1L1.768 

RNF166 RNF166.1316 UBE2H.1389 WHSC1L1.845 

 RNF166.364 UBE2H.1714  
 RNF166.714 UBE2H.2017 
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