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ABSTRACT 

 

Prostate cancer is of significant public health importance since it is the most 

common non-cutaneous cancer and the second leading cause of cancer death among men 

in the United States. While the majority of prostate cancer patients will not die of the 

disease and some may not even need treatment, about 15% of prostate cancer patients 

may progress to metastatic disease. Therefore, while it is important to diagnose men with 

prostate cancer, it is probably more important to distinguish which patients will likely 

progress so they can be aggressively treated and hopefully to improve the survival. 

Genetic components are important risk factors to be associated with not only prostate 

carcinogenesis but also prostate cancer progression. PTEN deletion and MYC gain have 

been individually well-delineated in prostate carcinogenesis/progression. Our preliminary 

studies showed an association between somatic DNA deletion at PTEN and gain at MYC 

with prostate cancer-specific death in genome-wide association study (GWAS), 

independent of grade, stage and pre-operative PSA levels. The goal of this project is to 

test the hypothesis that somatic PTEN deletion interacts with MYC gain to promote 

prostate cancer progression, especially prostate cancer-specific death. 

 We first developed a multi-color fluorescence in situ hybridization (multi-color 

FISH) technology to simultaneously assess PTEN deletion and MYC gain in prostate 

cancer formalin-fixed, paraffin-embedded (FFPE) tissues. 20 prostate cancer samples 

with known DNA copy number status of PTEN and MYC from previous SNP array 

analysis were evaluated by multi-color FISH. The concordance was excellent between 

multi-color FISH and SNP array with a concordance rate of 90 % (κ=0.80) for PTEN 

deletion and 95% (κ=0.90) for MYC gain. In addition, multi-FISH could simultaneously 
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detect PTEN deletion and MYC gain in single cells and showed heterogeneity in prostate 

cancer. Further validation of multi-color FISH for detecting PTEN deletion and MYC 

gain in FFPE tissues may allow it to be a reliable prognostic tool for prostate cancer 

patients in clinical settings. 

We continued to generate transgenic mouse models with various combinations of 

prostate specific Pten deletion and Myc overexpression to study whether and how the two 

genetic variations accelerate prostate cancer progression. We found that double 

transgenic mice with Pten heterozygous or homozygous deletion combined with Myc 

overexpression (Pten
+/-

;Myc
T
 and Pten

-/-
;Myc

T
) developed more aggressive prostate 

cancer as compared with mice harboring only Pten deletion or Myc overexpression. 

Increased tumor growth resulted from significantly increased cell proliferation but not 

decreased apoptosis.  No metastasis was found in lymph nodes, lung, liver, femurs and 

tibias from 6-month old mice. However, Pten deletion and Myc overexpression 

cooperatively contributed to decreased survival. Pten
+/-

;Myc
T
 mice had worse survival 

compared with Myc
T
 mice (P=0.0346) or Pten

+/-
 mice (P=0.0797), while Pten

-/-
;Myc

T
 

mice had the shortest survival (P<0.05) among all groups. These results suggest that 

PTEN deletion and MYC overexpression have a joint effect on promoting prostate cancer 

progression and biological outcome. 

In addition to study the cooperation of PTEN deletion and MYC gain in prostate 

cancer progression, we investigated the role of germline genetic changes of PTEN in 

susceptibility to prostate cancer.  Both common (with a minor allele frequency ≥ 5%) and 

rare (with a minor allele frequency < 5%) germline variants of PTEN were 

comprehensively evaluated. Fifteen germline variants were identified by re-sequencing 
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the PTEN gene, including 5’ UTR, all 9 exons, exon-intron junctions, and 3’ UTR, in 188 

probands of hereditary prostate cancer (HPC) families recruited from Johns Hopkins 

Hospital. Two microsatellite markers surrounding PTEN were used to test the co-

segregation of 10 rare variants, which may give rise to highly penetrance in HPC. Two 

common SNPs were evaluated in the 188 HPC families using a family-based association 

study approach. To study low penetrant SNPs in prostate cancer susceptibility, 33 SNPs 

covering PTEN were selected from the GWAS from our available case-control studies in 

Sweden [Cancer of the Prostate in Sweden (CAPS)] and the publicly available Cancer 

Genetic Markers of Susceptibility (CGEMS) study. Germline copy number variations in 

PTEN were assessed in CAPS. Co-segregation of germline variants and prostate cancer 

was not observed among HPC families and no significant differences in the allele 

frequencies were observed in sporadic cases and controls, aggressive and non-aggressive 

prostate cancer (P>0.05). These results suggest that germline variants in PTEN do not 

play an important role in prostate cancer susceptibility. 
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1. Introduction 

 

Aggressive prostate cancer vs. non-aggressive latent prostate cancer  

Prostate cancer is the most common non-cutaneous cancer and second leading 

cause of cancer death among men in the United States. About 241,740 new cases of 

prostate cancer are estimated to be diagnosed in 2012 [1]. And about 28,170 prostate 

cancer patients are estimated to die of the disease this year [1] . Most prostate cancer is 

latent and non-progressive. The majority of prostate cancer patients will not die of 

prostate cancer and some may not even need to be treated. However, a small percentage 

(~15%), yet a large number of prostate cancer pateints may progress, leading to death. 

Therefore, while it is important to diagnose men with prostate cancer, it is probably more 

important to distinguish aggressive patients from non-aggressive pateints at the time of 

diagnosis. Patients at low risk to progress may avoid being over-treated and those at high 

risk to relapse or progress to metastasis or death will receive appropriate and systemic 

treatment. 

 

Markers for aggressive prostate cancer and prostate cancer-specific death  

Current methods to predict outcome of prostate cancer  

Clinicians and researchers have developed multiple working criteria to distinguish 

prostate cancer from aggressive to non-aggressive cancer. The current methods to predict 

outcome of prostate cancer are based on PSA levels at diagnosis, Gleason score, clinical 

TNM stage and tumor markers (DNA or RNA). Nomograms and multifactor staging 

schemes, based on multiple common factors (age, PSA, Gleason score, stage), have been 

developed to help to predict biochemical relapse (rising PSA), local recurrence, 



 

 

2 

 

metastasis and prostate cancer-specific modality[2, 3]. The risk that a prostate cancer will 

have metastases may be associated with a high serum PSA concentration, a locally 

advanced prostate cancer, or a poorly differentiated tumor[2]. Although the current 

methods provide good predictive information for men with prostate cancer, they are 

imperfect. The prognostic markers and tools need to be improved since they cannot help 

us correctly categorize the prognosis of those at immediate risk, which includes the major 

part of prostate cancer patients. In addition, these current methods do not help much in 

predicting prostate cancer-specific death. 

 

Prostate-specific antigen (PSA)  

Prostate specific antigen is a serine protease, mainly manufactured by prostate 

gland and functions to liquify seminal fluid [4].  PSA is only present in small quantities 

in the serum of normal men, however, the level of serum PSA is elevated in many 

situations, including the presence of prostate cancer, so that PSA testing (total PSA, free 

PSA, PSA density, PSA velocity and PSA doubling time) can be performed in human 

serum and used for prostate cancer screening [4]. Currently, the threshold of total PSA 

level to recommend prostate biopsy for prostate cancer screening is in the range of 2.5-

3.0 ng/ml[4]. High level of PSA has been shown not only to correlate with the presence 

of prostate cancer, but also with prostate cancer aggressiveness[5, 6]. In addition, PSA 

doubling time (PSADT) after radical prostatectomy has been used as an excellent marker 

for prostate cancer progression[7]. Shorter PSADT has been shown to be significantly 

associated with higher prostate-specific death[7]. However, although PSA testing helps to 

screen prostate cancer or indicate progression, there are several limitations in applying 
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PSA in daily practice. First, PSA can also be elevated in benign prostatic hyperplasia 

(BPH) and prostate infection. In addition, some medications (e.g., finasteride), 

ejaculation, and prostate manipulation (e.g., cystoscopy, prostatic massage) can alter PSA 

levels[8, 9]. In addition, because patients with low level of PSA also are found with 

prostate cancer, it is hard to define a threshold indicating there is no prostate cancer.  

 

Gleason score and clinical staging 

Gleason score and TNM staging are established predictors for grading prostate 

cancer patients as more or less aggressive. Gleason score is the most commonly used 

criteria for grading prostate cancer, which describes the grade of prostate cancer in biopsy 

material or prostae tissues after surgery [10]. Gleason score is reported as sum of two 

dominant scores which range from 1 to 5. Lower Gleason score indicates well 

differentiated tumor and score “2” means the least aggressive. On the contrary, higher 

Gleason score indicates poorly differentiated tumor and score “10” means the most 

aggressive.  High Gleason score is shown to associate with prostate cancer progression 

and prostate cancer patients with high Gleason score (8-10) tend to have a higher rate of 

biochemical recurrence, compared with those with low Gleason score [10]. However, 

some low or mediate-grade cancers develop metastasis and a few high-grade tumors are 

indolent [10]. Another prognostic predictor, staging (TNM), may also predict prostate 

cancer progression independent of PSA or Gleason score. Local staging of prostate 

cancer can be estimated based on digital rectal examination (DRE), computed 

tomography (CT), ultrasound or magnetic resonance imaging (MRI) [11]. However, 

imaging methods such as conventional MRI and CT scans are not sensitive enough to 
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provide good information for staging [12]. High-resolution MRI, which has been shown 

to image prostate cancer well, is not yet available for widespread clinical use [13]. 

Furthermore, although patients with high Gleason grade and TNM staging may benefit 

from adjuvant therapy, limited prognostic information is provided by these established 

clinical and pathologic parameters [14]. 

 

Identification of altered genes may improve current methods of predicting prostate 

cancer progression 

 Although people are able to predict prostate cancer progression with increasing 

accuracy, there are no definitive molecular biomarkers to predict prostate cancer 

progression. Also, many previous studies use increasing PSA after prostatectomy as 

biochemical recurrence as the study outcome, rather than development of metastatic 

disease or death from prostate cancer. Therefore, there is an urgent need to develop 

methods for novel biomarkers to distinguish aggressive from non-aggressive prostate 

cancer. Besides the clinicopathologic parameters, other markers for prostate cancer 

progression, including ploidy level, tumor proliferative activity, gene alterations and gene 

expression profiles, have been reported [15-17].  In some studies, integrative genetic and 

gene expression panels were performed to predict prostate cancer progression [18, 19]. 

For example, Demichelis et al. [20] reported that evaluated TMPRSS2: ERG fusion gene 

was found in 15% of the prostate cancer specimens and to be significantly correlated with 

Gleason score and prostate cancer-specific mortality. Novel biomarkers and improved 

criteria may better triage prostate cancer pateints to receive appropriate personalized 
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therapy, according to their risk to develop aggressive prostate cancer, and improve 

clinical outcome. 

 

Multiple molecular mechanisms may affect the expression of genes  

Germline SNPs and CNVs may affect expression of genes  

Previous studies on genetic susceptibility to prostate cancer suggest that there are 

altered germline DNA sequences that affect the function and/or expression of involved 

genes [21-23]. These germline alterations include point mutations such as single 

nucleotide polymorphisms (SNPs), and deletions/gains of a string of nucleotides such as 

copy number variations (CNVs). SNPs and CNVs appear to be common in the genome, 

and associated with gene expression [21-26]. In Stranger’s study, association between 

14,925 transcripts and germline SNPs/CNVs among 210 unrelated individuals from 

Europe, China, Japan, and Nigeria was tested[27]. They found that SNPs and CNVs
 

captured 83.6% and 17.7% of the total detected genetic variation
 
in gene expression, 

respectively.     

 

Somatic deletion and gain may affect the expression of genes 

Somatic DNA deletions and gains are commonly observed in prostate tumors. 

Hemizygous deletions may decrease the expression levels of implicated genes and 

homozygous deletions in tumors will abolish the expression of implicated genes. On the 

contrary, gain or amplication will increase gene expression. Recently, the frequency of 

DNA copy number alterations in the tumor genome was estimated and multiple genomic 

regions were found commonly deleted or gained in prostate tumors[28, 29]. Using a 
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combined analysis of all published comparative genomic hybridization (CGH) studies of 

prostate cancer, eight deleted and five gained chromosomal regions were found in more 

than 10% of the prostate tumors [28]. More importantly, six additional regions were 

commonly deleted and seven regions, including 8q, were commonly gained in advanced 

tumors[28], indicating that these region alterations play an important role in tumor 

progression.  

 

Methylation status may control levels of gene expression 

It is estimated that ~60% of human genes are associated with CpG islands (CGIs) 

in their promoter regions. Methylation of CpG islands can alter gene expression, resulting 

in changes of specific signaling pathway, which may contribute to carcinogenesis or 

cancer progression. Recent studies have reported associations between increased prostate 

cancer risk and methylation of a number of genes including those related to cell cycle 

control, apoptosis, tissue differentiation, cell growth regulation, DNA repair, 

detoxification, chromosomal stability, metastasis, and invasion [30, 31]. 

 

Genome-wide analysis is a systematic and objective approach for the identification 

of novel genes associated with risk and progression to prostate cancer  

There are a number of tumor suppressor genes and oncogenes that are known to 

be involved in prostate cancer. However, these known genes do not account for all 

prostate cancer, suggesting that additional genes are associated with the risk and 

progression of prostate cancer. Compared to a candidate gene approach, genome-wide 

analysis is a systematic and objective approach to comprehensively investigate genetic 
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variants, and therefore has a higher likelihood of identifying novel prostate cancer genes. 

Due to rapid advances in technology, high-throughput, high-resolution, and low cost, 

genome-wide approaches are feasible now. Multiple genome-wide approaches have been 

developed to genotype germline variants, including both SNPs and CNVs, detect somatic 

DNA copy number changes, and assess DNA methylation status. The feasibility and 

power of genome-wide analysis are demonstrated by recent success in identifying 

prostate cancer risk variants at 8q24 [32, 33], and detecting a common somatic deletion 

of MAP3K7 in high grade tumors [34]. In our preliminary study, using Affymetrix 

microarray 100k and 500k, we have found that somatic alterations of two genes-PTEN 

and MYC-can predict prostate cancer death. 

 

Accurate and sensitive methods are needed to detect DNA copy number alterations 

in clinics 

Difficulties in measuring DNA copy number alterations in prostate tumors 

Prostate cancer contains multiple foci in different locations within the prostate 

and is genetically very heterogeneous. Different loci may or may not have the same 

genomic alterations that lead to progression or death.  In addition, most specimens are 

preserved as FFPE tissues in clinical settings. DNA isolated from FFPE tissues is usually 

degraded at various levels and influence the quality of DNA for following studies, such 

as PCR and SNP array. These challenging issues make quantitative methods such as the 

comparison of probe intensity between tumor and normal DNA difficult to apply in 

clinical settings. Therefore, more sensitive and reliable in situ detection methods are 
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needed in clinics once target gene markers have been identified for prostate cancer 

progression. 

 

Fluorescence in situ hybridization (FISH) 

FISH analysis uses fluorescence labeled probes to detect the abnormality of 

chromosomal numbers and structures, including deletions, amplifications, and 

translocation of chromosome or specific genes in both interphase and metaphase nuclei 

hybridized. The copy number changes can also be distinguished from those caused by 

chromosome trisomies, monosomies, and other ploidy aberrations by carefully selecting 

an appropriate reference probe. FISH has become an essential method to help diagnosis 

and prognosis in clinical and research settings and is also a more suitable detection 

method for FFPE tissue samples. For example, overexpression or amplification of 

oncogene HER2 is tested for breast cancer in clinical settings by immunohistochemistry 

(IHC) or FISH as FDA-approved assays[35]. In FISH, HER2 amplification is indicated if 

the ratio of HER2 signals to chromosome 17 centromere signals is greater than 2.2[35]. 

Positive HER2 overexpression/amplification is taken as a marker for poor prognosis for 

breast cancer patients, who will receive and respond well to trastuzumab[35], a 

humanized monoclonal antibody to target HER2. In contrast to GWAS focusing on 

whole genome level, FISH is ideal for visualization and analysis of genetic changes 

affecting one or a few specific genes or loci in individual nuclei[36-38]. A very important 

fact about FISH is that it can be used to evaluate cell to cell heterogeneity in gene copy 

number and to detect small subpopulations of genetically aberrant cells. This is contrast 

to traditional molecular genetic methods based on isolated DNA, such as PCR, that can 
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provide only an estimate of the average copy number relative to a reference locus. In 

addition, probes with different color can be applied in FISH (multi-color FISH), for 

specific gene or reference locus, so that different genes or chromosome regions can be 

detected in single cells at the same time [39]. Multi-color FISH has been reported to help 

diagnosis and prognosis for malignancies, such as acute leukemia and renal tumors [40, 

41].  

These previous studies indicate the combination of PTEN deletion and MYC gain 

associated with prostate carcinogenesis/progression. A current research showed that copy 

number alteration at PTEN and MYC was associated with prostate cancer biochemical 

relapse after radiotherapy[42]. FISH analysis has previously been performed for PTEN 

deletion [43-45] and MYC gain [46-48], respectively, on prostate tumor specimens. 

However, no studies have been reported to find a method to simultaneously detect these 

two gene alterations in an attempt to identify an association with both disease progression 

and disease specific death. In our studies, we developed a multi-color FISH which could 

simultaneously identify PTEN deletion and MYC gains in prostate cancer FFPE 

specimens. 

 

PTEN (phosphatase and tensin homolog deleted from chromosome 10)  

PTEN acts as a tumor suppressor gene 

Located on chromosome 10q23 (chr10:89,623,195-89,728,532, GRCh37/hg39), 

PTEN was first identified to be common mutated or deleted in different types of tumors 

including prostate cancer [49]. PTEN has been shown to be involved in many cellular 

functions including apoptosis, cell cycle control, cell adhesion and migration [49]. The 
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primary function of PTEN is to dephosphorylate and inactivate the second messenger 

PIP3 produced by PI3K and thereby exerts its tumor suppressor function by acting as a 

negative regulator in the PI3K signaling pathway, which has be shown to be up-regulated 

in prostate cancers [49]. PTEN also exerts its tumor suppressor function by controlling 

the cell cycle. Introduction of wild-type PTEN into a variety of prostate cancer cell lines, 

as well as other cell types that lack PTEN function, negatively regulates cell survival by 

inducing cell cycle arrest and apoptosis [50, 51]. In addition, restoration of PTEN also 

inhibits integrin-mediated cell spreading and migration [52]. The function of PTEN in the 

regulation of cell adhesion and migration is also indicated in the observations that loss of 

PTEN is more frequent event in late-stage metastatic tumors [53].  

 

PTEN is commonly mutated and deleted in prostate cancer, especially in metastatic 

prostate cancer 

 Deletion of the long arm of chromosome 10 is one of the most frequent 

chromosomal deletions in prostate cancer [54, 55]. The consensus deleted region of the 

long arm of chromosome 10 at q23-24 led to the discovery of the PTEN gene [56, 57]. 

Somatic gene alterations of PTEN, including mutations and deletions, have been 

commonly observed in prostate cancer. The gene alterations may affect the expression, 

the ability to recognize its substrates or protein-protein interaction, which might 

contributes to the impairment of PTEN function in negatively regulating PI3K/Akt 

signaling pathway and increase cancer development risk. In Yoshimoto’s study, of the 24 

(total 35 samples) prostate cancer samples showing PTEN deletion, 100% had variable 

weak PTEN expression, suggesting that PTEN haplo-sufficiency contributes to prostate 
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cancer development [43]. Frequencies of mutations of PTEN in primary prostate cancer 

are ranging from 0-16% [58]. No PTEN deletions in benign prostate glandular epithelium 

or low-grade PIN were found, but PTEN deletions were found in 23% of high grade PIN 

and 68% of primary prostate cancer [43], indicating that PTEN deletions might play a 

role in the transition from PIN to prostate cancer. In addition, frequencies of 

mutations/deletions of PTEN are much lower in primary tumors (~40%), compared with 

advanced prostate cancer (up to 80%), suggesting that PTEN mutations/deletions play 

roles in the progression of prostate cancer [58, 59] [60]. Complete loss of PTEN 

expression has been shown to play an important role in the progress of prostate cancer 

and serves as an early prognostic marker for prostate cancer metastasis [61]. Furthermore, 

mouse models strongly suggest that loss of PTEN contributes to prostate cancer 

development [62]. Conditional homozygous PTEN knock-out mice all develop prostate 

cancer in 10-14 months while some of heterozygous knock-out mice only show focal PIN 

[63]. PTEN deletion may interact with the alterations of other genes, such as Nkx3.1, 

Cdkn2a, p27, p16 and p18, to contribute to prostate cancer development and progression 

[64-68]. Recent studies from Kim [69, 70] also suggest that interaction of Pten deletion 

and Myc overexpression might play an important role in prostate tumorigenesis in 

transgenic mouse models.  

 

Other types of genetic and epigenetic changes at PTEN 

Germline PTEN mutations are found in some autosomal dominant multiple 

hamartoma disorders, such as Cowden syndrome [71]. Nevertheless, no prostate cancer 

has been reported in affected males [72-74]. No obvious germline mutations in PTEN 
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have been found to link to prostate cancer, our published data (Chapter 5) also showed 

that germline mutations/CNVs of PTEN are unlikely to play a role in the development of 

prostate cancer. In addition, CpG island hypermethylation has been recognized as an 

alternative mechanism for tumor suppressor gene inactivation. Whang et al. [75] reported 

that treatment of 5-Azadeoxycytidine, which can demethylate promoter methylation, 

could restore mRNA expression of PTEN in one prostate cancer xenograft. Down-

regulation of PTEN due to hyper-methylation of PTEN promoter has been observed in 

some cancers [76-80] , however, no methylation of PTEN has been reported in prostate 

cancers [81]. Therefore, somatic copy number change in PTEN with or without 

interacting with alterations of other genes might be more important in prostate cancer 

progression.  

 

Pten mouse model 

Pten homozygous deletion is embryonic lethal while Pten heterozygous deleted 

mice display hyperplastic-dysplastic changes in many organs, including the prostate, 

which resembles the earliest lesions of prostate cancer [62, 82, 83]. Several prostate 

specific Pten knock-out mice have been developed using prostate-specific expression of 

Cre recombinase that is regulated by various promoters, including mammary tumor virus 

(MMTV), PSA, probasin (PB), or modified probasin (ARR2PB) [84, 85]. In our study, 

we used the ARR2RB-Cre-based model [84] , in which the prostate cancer is more 

aggressive compared with the PSA-Cre-based model [63].  

Cre-loxP system mediated PTEN specifically prostate knock-out mice, 

Pten
loxP/loxP

PB-cre4
T/-

mice (Pten 
-/-

), has been developed to study the effect of Pten 
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deletion on the development of prostate cancer. As a 38kDa recombinase from 

bacteriophage P1, Cre can induce recombination at loxP sites (locus of X over P1), which 

is a 34bp sequence consisting of inverted repeat with 8bp in the central [85]. When Cre 

and loxP express in the same genome, Cre can recognize loxP and mediate different ways 

to recombine the sequence between loxPs according to the direction of the two loxPs. Cre 

is able to delete the sequence between these two unidirectional loxPs and leaves one loxP 

site on the DNA. With proper and specific promoter, Cre-loxP system has been widely 

used for cell or tissue-specific deletion of genes. In mice with inactivation of PTEN 

medicated by Cre-loxP system, exon 5 of Pten is flanked by two unidirectional loxP sites 

[86], as shown in Figure 1-1.  

 

 

 

Figure 1-1. Deletion of Pten in Pten knockout mice 

 

Exon 5 encodes the phosphatase domain of Pten and has been found to the region with 

most mutations. With the ARR2/Probasin promoter (ARR2PB), which contains the 

Deletion of Pten

Exon 5

P1
P2

P3

P1 P3

Cre

loxP loxP

loxP
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original probasin sequence PB (-426/+28) plus two additional androgen response 

elements and target gene expression specifically to the epithelial cells of the prostate, Cre 

expression is driven specifically in the prostate and recognize loxP sites, resulting in exon 

5 of Pten deleted in the prostate and marked as Pten∆5. Pten 
-/-

 mice develop PIN around 

6 weeks, show spontaneous prostate cancer development at 9 weeks and metastasis at 12 

weeks [84]. However, compared with Pten homozygous deleted mice, Pten heterozygous 

deleted mice (Pten 
+/-

),  only develop PIN after 8 months and no prostate cancer [84] 

(Figure 1-3).  

 

c-MYC 

MYC acts as an oncogene 

The MYC proto-oncogene family, comprising c-MYC (8q24), N-MYC (2p24) and 

L-MYC (1p34), has been shown to be involved in many cellular processes including cell 

cycle, differentiation, cell adhesion and migration, angiogenesis and metabolism [87, 88]. 

Different MYC members are involved in different cancers development. c-MYC has been 

shown to be de-regulated in prostate cancer, Burkitt’s lymphoma, breast cancer, etc. The 

MYC talked about in our study is referred as c-MYC (chr8:128,748,315-128,752,723, 

GRCh37/hg39). MYC is most frequently found activated in human cancers including 

prostate cancer. MYC protein is a basic-helix-loop-helix-eucine zipper protein (bHLHZ), 

which can bind to Max, a ubiquitous bHLHZip protein. MYC-Max complex will bind the 

E-box sequence CACGTG which are found in promoter of the target genes. MYC-Max 

heterodimers can then regulate transcription of target genes [87, 88]. MYC up-regulate 

some gene to induce cell growth, including genes in protein biosynthesis, metabolism and 
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cell cycle factors, such as cyclin D and E [89]. In addition, some genes, including those 

involved in cell cycle arrest and cell adhesion, are down-regulated by MYC. The cellular 

MYC has also been well implicated in cell transformation [87, 88]. 

 

Somatic copy number gain of MYC in prostate cancer 

MYC oncogenicity depends on its over-expression, which has shown to be 

associated with poorly differentiated tumors [90, 91], lymph node metastases [92, 93] and 

poor clinical outcomes [92]. Mechanisms of over-expression is usually by gene 

amplification, translocation and rearrangements [94]. Amplification of gene appears to be 

the dominant mechanism of MYC overexpression[95]. Some prostate cancer cell lines, 

including LNCaP and PC-3 cell line, have significant MYC amplification and over-

expression [96]. Identification of additional increases in the MYC copy number relative to 

the centromere of chromosome 8 may serve as a potential marker of prostate cancer 

progression. In a comprehensive study using the more definitive fluorescence in situ 

hybridization (FISH) method with probes for MYC (8q24), 8q centromere, and other 

chromosomes, about 40% of primary tumors and over 90% of metastases showed varying 

levels of MYC copy number increases [96]. More frequent MYC amplification are 

observed in advanced prostate cancer, as compared with extra copy of 8q, which is 

common in primary tumors[97]. These findings suggest that MYC amplification is 

involved in prostate cancer progression.  

 

Myc transgenic mouse model 
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Some Myc transgenic mice models have been developed to study MYC 

amplification in prostate carcinogenesis. In one transgenic mouse model, over-expression 

of MYC in the ventral prostate epithelial cells leads to the development of abnormalities 

similar to PIN in humans, although no adenocarcinoma was observed in that study [98]. 

In 2003, Ellwood-Yen et al. [99] generated PB-c-Myc (marked as Lo-Myc) and 

ARR2PB-c-Myc (marked as Hi-Myc) transgenic mouse model, which specifically over-

express MYC in the prostate. 

 

 

 

 

 

 

 

 

Figure 1-2. Construction of Lo-Myc and Hi-Myc transgene in transgenic mice [99]. 

cDNA encoding human c-MYC was cloned along with the insulin polyA site (PAI) 

downstream of either the rat probasin or the modified composite probasin promoter. 

 

As shown in Figure 1-2, MYC expression is driven specifically in the prostate by 

probasin (PB) or ARR2/probasin promoter, which contains the original probasin 

sequence PB (-426/+28) plus two additional androgen response elements that increase the 

level of androgen-dependent expression. Compared with Lo-Myc mice that develop PIN 

at 4 weeks and progress to cancer at 6-12 months, Hi-Myc has PIN at 2 weeks and 
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PIN/cancer transition at 3-6 months (Figure 1-3), indicating the dosage of MYC plays a 

role in the prostate carcinogenesis/cancer progression. Also, using expression microarray, 

they found those tumors share molecular features with human prostate cancer, including 

reduced expression of Nkx3.1 and increased expression of Pim-1 [99].  

 

 

 
 

Figure 1-3. Phenotypes of several PTEN and MYC mouse models. Pten homozygous 

deleted mice (Pten 
-/-

) develop PIN and invasive PCa at 2 months. Pten heterozygous 

deleted mice (Pten 
+/-

) only develop PIN after 8 months. Lo-Myc mice develop PIN at 4 

weeks and progress to cancer at 6-12 months. Hi-Myc mice develop PIN at 2 weeks and 

PIN/cancer transition at 3-6 months. 
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2. Preliminary study: Somatic DNA copy number alterations at PTEN and 

MYC predict prostate cancer death 

 

 

Somatic DNA copy number alterations at PTEN and MYC predict prostate cancer 

death.  

 Study samples 

A total of 76 matched tumor and normal DNA samples were selected from a 

subset of patients undergoing RP from 1988 to 2003 at Johns Hopkins Hospital based on 

availability of 1) tumor DNA of sufficient quantity (>1µg) and purity (>70%) from 

frozen tumor tissue [100], and 2) matched normal DNA from frozen seminal vesicle 

tissues (Table 2-1). The median follow-up time for these patients was 6.4 years. Eighteen 

of these patients died of prostate cancer, while the remaining 58 were still alive or had 

died from other diseases. 
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Table 2-1. Characteristics of prostate cancer patients who progressed and did not 

progress, among eligible men who underwent radical prostatectomy at Johns 

Hopkins Hospital. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7. Clinical characteristics of prostate cancer patients

recruited at Johns Hopkins Hospital (12/2007)

N % N %

All cases recruited 6,473 509

Age at dx

  Mean (year) 58.1 56.8

Family history

  Yes 971 15% 97 17%

Pathological stage

  T2 4,402 68% 336 66%

  T3 or higher 2,071 32% 173 34%

Pathological Gleason score

  ≤ 6 3,948 61% 260 51%

  3+4 1,489 23% 142 28%

  4+3 583 9% 56 11%

  ≥ 8 453 7% 51 10%

Aggresiveness

  aPCa 2,461 38% 239 47%

  non-aPCa 4,012 62% 270 53%

Follow-up

  ≥ 5 years 3,265 56% 263 57%

  5-10 years 1,820 31% 142 31%

  > 10 years 740 13% 54 12%

EA AA
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Measurement of DNA copy number alterations 

We performed Affymetrix 100K or 500K SNP arrays and detected DNA copy 

number alterations in 76 pairs of tumor and normal DNA from radical prostatectomy (RP) 

patients; 18 of which died from prostate cancer. We focused on 10 genomic regions 

harboring tumor suppressor genes or oncogenes that have been implicated in prostate 

carcinogenesis and/or cancer progression based upon available results from human 

prostate cancer and/or animal models: they are AR [101], CDKN1B [102], CDKN2A 

[103], MAP3K7 [34], MYC [94], PTEN [104], RB1 [105], TMPRSSW-ERG [106], 

TP53 [107], and WWOX [108] .  

 

Univariate analysis using logistic regression and Cox regression models 

 Deletions or gains at each of these 10 genes were first evaluated for their 

associated with prostate cancer-specific death using univariate logistic regression and 

with prostate cancer-specific survival using univariate Cox proportional hazards model. 

Deletions at PTEN and TP53 were more common among the 18 patients who died from 

prostate cancer than the remaining 58 patients, and were associated with prostate cancer-

specific death. Alterations at MYC, CDKN2A and WWOX were associated with shorter 

prostate cancer-specific survival time (Table 2-2).  
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Table 2-2. Association of clinicopathologic variables and DNA copy number changes 

with prostate cancer specific death. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variables Values†

Prostate cancer 

specific death 

(N=18)

Remaining 

patients 

(N=58) OR (95% CI) P OR (95% CI) P

     Age at surgery 0.95   (0.88 - 1.02) 0.15 0.92   ( 0.86 - 0.99) 0.027

     Gleason Score ≥ 8 12 (67%) 21 (36%) 3.52 (1.15 - 10.77) 0.027 2.88   ( 1.07 - 7.74) 0.036

     T-Stage ≥ T3b 11/17 (65%) 20/56 (36%) 3.30 (1.06 - 10.27) 0.039 1.95   ( 0.71 - 5.35) 0.192

     Preoperative PSA ≥ 10 ng/mL 9/17 (53%) 26/57 (46%) 1.34   (0.45 - 3.92) 0.60 1.16   ( 0.44 - 3.04) 0.763

     MAP3K7  (6q15) d, dd 8 (44%) 26 (45%) 0.99   (0.34 - 2.85) 0.98 0.96   ( 0.37 - 2.49) 0.936

     MYC  (8q24) g, a 9 (50%) 15 (26%) 2.87   (0.96 - 8.57) 0.059 2.63   ( 1.03 - 6.73) 0.043

     CDKN2A  (9p21) d, dd 3 (17%) 2   (3%) 5.60 (0.86 - 36.61) 0.072 4.35 ( 1.21 - 15.62) 0.025

     PTEN  (10q23) d, dd 12 (67%) 21 (36%) 3.52 (1.15 - 10.77) 0.027 2.28   ( 0.85 - 6.13) 0.102

     CDKN1B  (12p13) d, dd 5 (28%) 18 (31%) 0.86   (0.27 - 2.76) 0.79 0.74   ( 0.26 - 2.11) 0.568

     RB1  (13q14) d, dd 9 (50%) 23 (40%) 1.52   (0.53 - 4.41) 0.44 0.94   ( 0.37 - 2.40) 0.898

     WWOX  (16q23) d, dd 10 (56%) 20 (38%) 2.05   (0.70 - 5.97) 0.19 2.70   ( 1.01 - 7.24) 0.048

     TP53  (17p13) d 10 (56%) 16 (28%) 3.28   (1.10 - 9.79) 0.032 2.49   ( 0.98 - 6.33) 0.055

     TMPRSS2-ERG  (21q22) d 8 (44%) 16 (28%) 2.10   (0.70 - 6.27) 0.18 1.52   ( 0.60 - 3.85) 0.382

     AR  (Xq12) g, a 1   (6%) 1   (2%) 3.35 (0.20 - 56.49) 0.40 3.78 ( 0.48 - 29.71) 0.207
†'d' and 'dd' stand for hemizygous and homozygous deletion, respectively. 

 'g' and 'a' stand for one or more than one additional copy of DNA, respectively.

Number of subjects (%)

Clinicopathological Variables

Somatic DNA copy number changes

Logistic regression Hazard ratio regression



 

 

22 

 

Multivariate analysis using logistic regression and Cox regression models 

A multivariate analysis was then performed examining the impact of DNA copy 

number alterations on prostate cancer-specific death independent of established 

clinicopathologic parameters. A step-wise logistic regression analysis of these 10 genes 

identified two genes (PTEN and MYC) were independently associated with prostate 

cancer-specific death after including (forced-in) known clinicopathologic variables such 

as age at surgery, Gleason score, T-stage, and preoperative PSA levels in the model 

(Table 2-3). The estimated Odds Ratio (OR) was 8.68 [95% confidence interval (CI): 

1.52-49.56] for PTEN, P = 0.015 and the OR was 5.48 (95% CI: 1.07-27.96) for MYC, P 

= 0.04. In addition, a step-wise Cox proportional hazards analysis of these 10 genes also 

identified the same two genes that were independently associated with PCa-specific 

survival time after including the known clinicopathologic variable s in the model (Table 

2-3). The estimated Hazard Ratio (HR) was 6.71 (95% CI: 1.66-27.19) for PTEN, P = 

0.008, and HR was 10.30 (95% CI: 2.57-40.00) for MYC, P = 0.001. The two analyses 

independently suggest that DNA copy number alterations at these two genes are 

associated with PCa-specific death independent of known clinicopathologic parameters. 
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Table 2-3. Multivariate analysis using step-wise model section. 

 
 

 

 

Joint effect of PTEN deletion and MYC gain on prostate cancer-specific death 

To explore a join effect of alterations at PTEN and MYC on PCa-specific death, 

we examined the distribution of these two alterations in these patients. Compared to 

patients who did not have any alteration at these two genes, patients with PTEN deletion 

only or MYC gain only had elevated ORs for PCa-specific death, although they were not 

statistically significant (Table 2-4). However, patients with both alterations had a 

significantly elevated OR for PCa death: OR = 30.00 (95% CI: 2.41-440.60), P = 0.002. 

They were found in 5 of 18 (28%) patients who died of PCa and 2 of the 58 (3%) 

remaining patients. The extremely high OR estimate and the wide range of 95% CI for 

this group of men are due to the small number of patients in this study. Alternatively, we 

examined the patients that had either PTEN deletion or MYC gain; they were found in 16 

of 18 (89%) patients who died of PCa and 34 of 58 (59%) of the remaining patients. The 

Variables Values‡ OR (95% CI) P OR (95% CI) P

     Age at surgery 0.90   (0.81 - 1.00) 0.050 0.88   (0.80 - 0.97) 0.011

     Gleason Score ≥ 8 4.58 (1.10 - 19.04) 0.036 3.55 (1.02 - 12.36) 0.046

     T-Stage ≥ T3b 3.48 (0.84 - 14.46) 0.086 3.00   (0.94 - 9.62) 0.065

     Preoperative PSA ≥ 10 ng/mL 1.48   (0.34 - 6.37) 0.598 1.79   (0.54 - 5.87) 0.339

Somatic DNA copy number changes at candidate genes

     PTEN  (10q23) d 8.68 (1.52 - 49.56) 0.015 6.71 (1.66 - 27.19) 0.008

     MYC  (8q24) d, dd 5.48 (1.07 - 27.96) 0.041 10.3 (2.57 - 40.00) 0.001
†Step-wise selection using P -entry = 0.2 and P -stay = 0.05. Clincopathological variables were forced

  to stay in the model during the model selection
‡'d' and 'dd' stand for hemizygous and homozygous deletion, respectively. 

Logistic regression Hazard ratio regression

Clinicopathological Variables
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OR for PCa-specific death was 5.65 (95% CI: 1.13 - 54.16), P = 0.03. As an independent 

confirmation of these two observations, we examined another series of somatic DNA 

samples of prostate tissues or prostate metastases from 14 men who died from metastatic 

PCa and underwent autopsy at Johns Hopkins Hospital. Eight of 14 samples (57%) had 

both loss of PTEN and gain of MYC, and 100% had alteration at either PTEN or MYC. It 

is noted that all these patients underwent androgen-deprivation during the course of their 

treatment for metastatic PCa, and died between 1995 and 2004. 

 

 

Table 2-4. Joint effect of DNA copy number changes at PTEN and MYC. 

 

    Number of subjects (%)   Association test
†
 

Deletion 

at 

PTEN 

Gain 

at 

MYC 

Prostate 

cancer 

specific 

death (N=18) 

Remaining 

patients 

(N=58)   OR (95% CI) P 

No No 2 (11%) 24 (41%) 

 

1 .00   (reference) 

 Yes No 7 (39%) 19 (33%) 

 

4.42 (0.71 - 47.12) 0.14 

No Yes 4 (22%) 13 (22%) 

 

3.69 (0.44 - 44.57) 0.19 

Yes Yes 5 (28%) 2   (3%) 

 

30.0 (2.41 - 440.6) 0.002 

Any alteration 16 (89%) 34 (59%)   5.65 (1.13-54.16) 0.023 
†
P-value and 95% confidence interval of OR were calculated by the Fisher exact 

test. 
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Kaplan-Meier survival analysis 

We also examined the PCa-specific survival probabilities for patients with 

different combinations of these two alterations using Kaplan-Meier survival analysis 

(Figure 2-2). Patients with alteration at PTEN only (blue line), MYC only (green line), 

and both genes (red line) had a worse PCa-specific survival as compared to those without 

any alteration at these two genes (black line). The differences of survival distributions 

among these four groups were statistically significant using a log-rank test (P=0.01). 

 

 

 

 

Test P-value 

Overall combination  0.0141 

No alter vs. PTEN alter 0.1999 

No alter vs. MYC alter 0.1058 

No alter vs. both alter 0.0003 

PTEN alter vs. MYC 

alter 0.7403 

PTEN alter vs. both 

alter 0.0538 

MYC alter vs. both 

alter 0.1388 

 

 

Figure 2-1. Kaplan-Meier survival curve for PCa-specific death. Significant 

differences in the PCa-specific survival time among patients with various CNA statuses 

at PTEN and MYC was illustrated. In comparison to PCa patients with no CNAs at both 

PTEN and MYC (gray curve), patients harboring CNAs at both PTEN and MYC (red 
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curve) had significantly short PCa-specific survival time after RP. Left panel shows log-

rank P values for various comparisons.   

 

Summary 

The preliminary study suggested somatic DNA copy number alterations at PTEN 

and MYC are associated with PCa-specific death, indicating PTEN deletion and MYC 

amplification could be applied as novel biomarkers in clinics for prostate cancer 

progression. This association was further investigated in our follow-up study. 
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Abstract  

Prostate cancer is one of the most common cancers and second leading cause of 

cancer death among men in United States. Most prostate cancer patients have a long term 

survival; however, a small percentage yet a large number of patients will progress and die 

of this disease. Novel biomarkers and sensitive methodologies are needed to help predict 

prostate cancer progression so that patients with poor prognosis can get aggressive 

treatments to improve clinical outcome. Copy number alterations at PTEN (Phosphatase 

and tensin homolog deleted on chromosome 10) and MYC (c-MYC) have been indicated 

to be associated with prostate cancer carcinogenesis and progression. In this study, we 

developed a multi-color fluorescence in situ hybridization (multi-color FISH) technology 

to simultaneously assess PTEN deletion and MYC gain in prostate cancer formalin-fixed, 

paraffin-embedded (FFPE) tissues. 20 prostate cancer samples with known DNA copy 

number status of PTEN and MYC from previous SNP array analysis were evaluated by 

multi-color FISH. The concordance was excellent between multi-color FISH and SNP 

array with a concordance rate of 90 % (κ=0.80) for PTEN deletion and 95% (κ=0.90) for 

MYC gain (P<0.05). In addition, multi-FISH could simultaneously detect PTEN deletion 

and MYC gain in single cells and showed heterogeneity in prostate cancer. Further 

validation of multi-color FISH for detecting PTEN deletion and MYC gain in FFPE 

tissues may allow it to be a reliable prognostic tool for prostate cancer patients in clinical 

settings. 
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Abbreviation 

BAC  Bacterial artificial chromosome 

CEP  Chromosome enumeration probe  

DAPI  6-Diamidino-2-phenylindole dihydrochloride 

FISH   Fluorescence in situ hybridization    

FFPE   Formalin-fixed, paraffin-embedded  

GWAS  Whole genome-wide association study 

IHC  Immunohistochemistry  

MYC   c-MYC    

PIN  Prostatic intra-epithelia neoplasia 

PSA  Prostate specific antigen 

PTEN  Phosphatase and tensin homolog deleted on chromosome 10 

RP   Radical prostatectomy   

SSC   Saline sodium citrate   

TMA   Tissue microarray   
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Introduction 

Prostate cancer is a common malignancy in men and second leading cause of 

cancer mortality in United States. Most prostate cancer is indolent and non-progressive. 

The majority of patients will not die of prostate cancer and some may not even need 

further treatment. However, a small percentage (15%), yet a large number of prostate 

cancer patients may progress, leading to death. In 2012, about 241,740 new cases of 

prostate cancer are estimated; and 28,170 patients are estimated to die of the disease [1]. 

While it is important to diagnose prostate cancer, it is probably more important to 

distinguish aggressive patients from non-aggressive pateints at the time of diagnosis. 

Patients with different risk of progression will then receive better personalized treatment. 

Clinicians and researchers have developed multiple criteria to distinguish tumors with 

aggressive characteristics at the time of diagnosis. Current common prognostic factors 

include PSA levels at diagnosis, Gleason score, and clinical TNM stage [2, 3]. Other 

biological markers for prostate cancer progression, including E-cadherin, DNA ploidy 

level in tumor cells, tumor proliferative activity (Ki-67), genetic alterations and gene 

panel expression profiles, have been reported [15-17]. Although the current methods 

provide good predictive information for prostate cancer progression, they are not perfect.  

Chromosomal alterations, including loss of RB1, PTEN, p53 and NKX3.1, gains at 

MYC and fusion of TMPRSS2: ERG, have been reported to be associated with prostate 

carcinogenesis/progression in previous studies [43, 55, 58, 59, 96, 106, 109]. A recent 

study showed that MYC gain or combined PTEN deletion and MYC gain was associated 

with prostate cancer biochemical relapse after radiotherapy [42]. Combination of Pten 

deletion and MYC overexpression have also been indicated to promote prostate cancer 
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progression in transgenic mice [69]. As a tumor suppressor, PTEN negatively regulates 

PI3K signalling pathway, which induces cell proliferation and transformation through 

activating downstream molecules including AKT [53, 110, 111]. Deletions and/or 

mutations of PTEN is found at up to 40% of primary prostate cancer, but at about 70% of 

advanced prostate cancer samples [43, 57, 60, 112]. Decreased PTEN expression is 

shown to be associated with high Gleason score and advanced stage of prostate cancer 

[113]. By contrast, MYC functions as an oncogene, and participates in many cellular 

functions including cell cycle, proliferation, apoptosis and metabolism [43, 87, 114, 115]. 

MYC overexpression, mainly induced by gene amplification [95], is shown to be 

associated with advanced stage and poor clinical outcome of prostate cancer [116]. Our 

previous genome-wide association study (GWAS) also showed that copy number 

alterations of PTEN and MYC, particularly when co-occurring, were associated with 

prostate cancer specific death, independent of grade stage and pre-operative PSA levels 

(data not shown). These findings indicate that combination of PTEN deletion and MYC 

gain may be used as biomarkers for prostate cancer progression.  

Although DNA alterations at PTEN and MYC can be simultaneously measured 

using the SNP array on DNA isolated from frozen tumor tissues, some challenges 

including that tumor DNA is frequently contaminated by surrounding normal tissues and 

multiple heterogenous foci exist in prostate cancer [117, 118], make quantitative methods 

such as the comparison of probe intensity between tumor and normal DNA difficult to 

apply in clinical settings. Therefore, a more reliable, sensitive, and targeted method with 

simultaneous evaluation of PTEN deletion and MYC gain is needed for further evaluation 

their roles in predicting prostate cancer prognosis. Detection methods which are both 
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quantitative and qualitative, such as fluorescence in situ hybridization (FISH), can be 

more reliable and sensitive than purely quantitative methods such as DNA arrays. Using 

fluorescence/dyes conjugated into the DNA probes, FISH analysis is a well-established 

technology to detect abnormality of numbers and structures of chromosome, including 

deletion, amplification and rearrangement of chromosome and specific genes. It is ideal 

for visualization and analysis of copy number changes affecting one or a few specific 

genes or loci in individual metaphases and interphase nuclei [119, 120]. The copy 

number changes can also be distinguished from those caused by chromosome trisomies, 

monosomies, and other ploidy aberrations. FISH has become an essential method to help 

in diagnosis and prognosis in clinical and research settings. For example, overexpression 

or amplification of oncogene HER2 is tested for breast cancer in clinical settings by 

immunohistochemistry (IHC) or FISH as FDA-approved assays. In FISH, HER2 

amplification is indicated if the ratio of HER2 signals to chromosome 17 centromere 

signals is greater than 2.2 [121]. Positive HER2 overexpression/amplification is taken as 

a marker for poor prognosis for breast cancer patients, who will receive and respond well 

to trastuzumab [121], a humanized monoclonal antibody to target HER2. Multi-color 

FISH, designed to assess multiple genetic variants simultaneously in the same cells 

through using probes labeled with different colors, has been reported to help in diagnosis 

and prognosis for malignancies, including acute leukemia and renal tumors [122, 123]. In 

addition, FISH analysis has been performed on evaluating PTEN deletion and MYC gain, 

respectively, in prostate cancer FFPE samples in previous studies [42-44, 124], making it 

possible that these two genetic variants can be simultaneously detected in prostate cancer 

by multi-color FISH. 
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In our studies, we developed a multi-color FISH technology to simultaneously 

examine PTEN deletion and MYC gain in prostate cancer FFPE specimens. We then 

assessed the agreement between multi-color FISH and SNP array when classifying the 

tumors as PTEN deleted and/or MYC gained. The results of multi-color FISH matched 

SNP array results well with the concordance rate 90% for PTEN deletion and 95% for 

MYC gain. Further validation of multi-color FISH for simultaneously detecting PTEN 

deletion and MYC gain in a larger sample size may allow it to be a prostate cancer 

prognostic indicator in clinical settings. 

 

Materials and methods 

Sample selection 

20 prostate cancer sampels were obtained from John Hopkins Hospital based on 

different combinations of genetic alterations of PTEN and MYC. Normal lymphocytes 

and tonsil tissues were obtained from Wake Forest Baptist Medical Center as controls for 

normal DNA. These 20 prostate cancer tissues were selected from a subset of prostate 

cancer patients, who underwent radical prostatectomy (RP) for treatement of clinically 

localized prostate cancer at John Hopkins Hospital from 1988 to 2003 [125] and were 

utilized for our previous GWAS of genetic variants on prostate cancer specific mortality 

using Affymetrix SNP array 100k or 500k (Liu et al, manuscript in preparation). As 

shown in Figure 3-1, within the 20 (numbered as from case 1 to 20) samples analyzed by 

SNP array, 12 samples had hemizygous and/or homozygous PTEN deletion and 11 

samples had MYC gain. The 20 cases consisted of 3 cases (1, 13 and 20) having no PTEN 

deletion or MYC gain; 6 cases (7, 11, 12, 15, 16 and 17) only having PTEN deletion; 5 
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cases (2, 3, 4, 9 and 10) only having MYC gain, and 6 cases (5, 6, 8, 14, 18 and 19) 

having both PTEN deletion and MYC gain. There are 3 duplicate samples (case 3 and 4, 

case 9 and 10, and case 11 and 12). 

 

 

 

 

 

 

 

 

 

 Figure 3-1A 
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Figure 3-1. Schematic figures for the genomic location, size, and probes for PTEN 

(A) and MYC (B) based on USCS 2009 (GRCh37/hg19) assembly. Copy number 

alterations at PTEN and MYC were detected by Affymetrix SNP array 100k or 500k. (A) 

Total 12 samples were found to have PTEN deletion in SNP array analysis. Red bar 

represents the probe spanning PTEN gene (RP11-383D9). Green and blue bars represent 

sizes of hemizygous or homozygous deleted region for each case, respectively. (B) Total 

11 samples were found to have MYC gain in SNP array analysis. Yellow bars represent 

 Figure 3-1B 
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the probes spanning MYC gene (RP11-440N17 and CTD-2034C17). Red bars represent 

size of gained region for each case. 

 

FISH probe preparation 

Figure 1 shows the DNA copy number status at regions of PTEN and MYC 

resulted from the previous SNP array analysis. In order to design probes for PTEN and 

MYC, we first evaluated genetic variations in a region about 500kb, flanking both 

upstream and downstream of the position of PTEN or MYC on the chromosome. We 

found that the deleted region spanning PTEN or gained regions spanning MYC were 

generally continous and large, spanning the whole region of these two genes. We 

designed the probes for PTEN and MYC based on the smallest overlapping region shown 

in Figure 3-1. Bacterial artificial chromosome (BAC) clones spanning PTEN (RP11-

383D9, ~162kb at 10q23.31, chr10:89,557,022-89,719,607) and MYC (RP11-440N17, 

~173kb at 8q24.21, chr8:128,596,756-128,777,986) were purchased from Empire 

Genomics (Empire Genomics, Buffalo, NY). Another BAC spanning MYC (CTD-

2034C17, ~173kb at 8q24.21, chr8:128,714,849-128,887,986) was purchased from 

Invitrogen (Invitrogen, Carlsbad, CA). Two overlapping probes labeling MYC made the 

whole probe larger and easier to be detected. The total length of probes for MYC was 

~291kb (Figure 3-1, 3-2).  

BAC clones for PTEN and MYC were cultured and DNA was isolated using 

Sigma PhasePrep
TM

 BAC DNA kit following the standard instruction (Sigma-Aldrich, St. 

Louis, MO). Briefly, 4ml of culture was centrifuged at 3000g for 10 minutes and the 

bacterial pellet was resuspended in 250µl RNase A/resuspension solution. 250µl of lysis 

solution was then added. After incubated at room tempreture for 5 minutes, the lysate was 
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added chilled 250µl neutralization solution, followed by incubation on ice for 5 minutes 

and then centrifugation at maximum speed (~16,000g) at 2-8°C for 5 minutes to pellet the 

cell debris. The cleared lysate was then transferred to a clean microcentrifuge tube, 

extracted with 2-propanol and the DNA precipitated after centrifugation at maximum 

speed at 2-8°C for 5 minutes and air dried. The dried pellet was resuspended in 500µl 

elution solution, followed by residual RNA digestion, ajustment of salt concentration and 

removal of endotoxins and other impurities. DNA then precipitated after adding 540ul 

DNA precipitation solution to the clear upper phase and centrifuging at maximum speed 

at 2-8°C for 20 minutes. After washed by 70% ethanol at room temperature, pellet briefly 

air dried and was dissolved in 20µl of steril deionized water. The presence of DNA was 

verified by agarose gel electrophoresis and the DNA was quantified 

spectrophotometrically. BAC DNA was then verified to contain the PTEN and MYC 

genes by Sanger sequencing [126].  

As shown in Figure 3-2, two of the five probes we used, CEP8 (chromosome 

enumeration probe for chromosome 8, spans 8p11.1-q11.1 centromeric region and is 

labeled with SpectrumAqua) and CEP10 (chromosome enumeration probe for 

chromosome 10, spans 10p11.1-q11.1 centromeric region and is labeled with 

SpectrumGreen) were commercially available (Abbott Molecular, Abbott Park, IL). In 

order to simultaneously identify the signals for PTEN, MYC, CEP8 and CEP10 in the 

same cells, probes for PTEN and MYC was labeled with SpectrumRed-dUTP (Abbott 

Molecular) and SpectrumGold-dUTP (Invitrogen) (Figure 3-2), respectively, using a 

nick-translation kit (Abbott Molecular) following the manufacture’s instruction. Briefly, 

50µl total volume of reaction was incubated at 15°C for 8-10 hours, including 1µg BAC 
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DNA, 0.2 mM SpectrumRed-dUTP or SpectrumGold-dUTP, 0.1mM dTTP, 0.1mM 

dNTP mix (dATP, dGTP, and dCTP), 10X nick translation buffer, nuclease-free water, 

and nick translation enzyme. After the size of labeled probes was determined by running 

an agarose gel (200-400 bp), the reaction was stoped by being heated in a 70°C wather 

bath for 10 minutes. Ethanol was added into BAC DNA (300ng for each of PTEN and 

MYC) to precipitate the DNA and remove the unincorporated dUTP and human Cot-1 

DNA was added to block possible cross-hybridization.  

 

 
 

 

Figure 3-2. Probes for PTEN, MYC, CEP8 and CEP10 in multi-color FISH analysis. 

(A) Probes for PTEN and CEP10 were labled SpectrumRed and SpectrumGreen, 

respectively; (B) Probes for MYC and CEP8 were labled SpectrumGold and 

SpectrumAqua, respectively. 
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Multi-color FISH analysis 

Five-micro-thick sections were prepared from paraffin embedded blocks and were 

first incubated in a Hybrid heating block overnight at 56°C. In order to de-paraffinize 

slides, slides were immersed into Hemo-D (xylene) for 10 minutes for 3 times, 

dehydrated in 100% ethanol for 5 minutes twice and air dried. Slides then were pretreated 

by being immersed in 0.2N HCL for 21 minutes, purified H2O for 3 minutes, 

pretreatment solution (Sodium Thiocyanate/NaSCN, Abbott Molecular) at 80°C for 30 

minutes, purified H2O and 2X SSC (saline sodium citrate) for 3 minutes, respectively. 

Pretreated slides were subsequently digested by 0.5 mg/ml protease solution (25 mg 

pepsin solved in 50 ml 0.01N HCL) at 37°C for 30-60 minutes according to the condition 

of each slide, washed by 2X SSC at room temperature for 5 minutes twice and air dried. 

A hybridization mix of each probe was prepared by adding 3 µl of LSI 

hybridization mix (Abbott Molecular), 1.8 µl of distilled water, 0.1 µl CEP8 probe and 

0.1 µl CEP10 probe to the precipitated and dried BAC (PTEN and MYC) pellets. The 

hybridization mixture was then applied to the pretreated slides seated in a humidified 

chamber set to 37°C, sealed with a coverslip, denatured at 74°C for 6 min and incubated 

at 37°C for overnight. After overnight incubation, slides were washed in 2X SSC /0.3% 

NP-40 (Tergitol-type NP-40) at room temperature until coverslips fell off, followed by a 

brief rinse through 2X SSC/0.3% NP-40 at 70°C for 2 min and 2X SSC/0.1% NP-40 at 

room temperature for 30 seconds and then air dried. Slides were counterstained with 10 

µl DAPI (4’, 6-Diamidino-2-phenylindole dihydrochloride) I (Abbott Molecular) and 

cover-slipped.  
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Cells were examined by using fluorescent microscopy (Zeiss Axioplan) with the 

appropriate filters to visualize DAPI, SpectrumGreen, SpectrumAqua, SpectrumGold and 

SpectrumRed. To illustrate the presence of signals, fluorescent images of probe 

hybridization were made using the Cytovision capture system equipped with a CCD 

camera (Photometrics). The fluorescences were captured as follows: SpectrumAqua 

(excitation 433nm/emission 480 nm), SpectrumGreen (excitation 497nm/emission 524 

nm), SpectrumGold (excitation 530nm/emission 550 nm), SpectrumRed (excitation 

587nm/emission 612 nm) and DAPI I (excitation 367 nm/emission 452 nm). The images 

wre captured in a gray scale, merged and pseudo-colored by the softwared to resemble 

the color of the original signals. 

At least total 50 interphase tumor nuclei were scored independently under the 

microscope by two individuals for each probe in each sample. A third reader helped the 

classification based on the pictures taken for each sample. Only intact, non-overlapped 

and morphologically abnormal nuclei were scored. Observers were blinded to 

information on the genomic status of PTEN and MYC. The fluorescence signals for each 

probe in each sample were counted. The criteria for the identification of PTEN deletion 

or MYC gain were based on the comparison of fluorescence signals between PTEN and 

CEP10 or between MYC and CEP8. Distribution of cells with loss of PTEN and gain of 

MYC was analyzed by histogram in the prostate cancer samples. For the samples defined 

as no PTEN deletion or MYC gain through SNP array, the number of cells with PTEN 

loss or MYC gain was found to be less than 10 of 50 in multi-color FISH (Figure 3-3). 

Therefore, tumors were classified as: 1) PTEN deletion when ≥12 cells with loss of PTEN 

were detected (hemizygous or homozygous deletion was shown as “d” and “dd”, 
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respectively, in Table 1, and homozygous PTEN deletion was defined when >60% 

PTEN-deleted cells had double deletion); 2) MYC gain, including gene amplification 

when ≥12 cells with gain of MYC as compared to CEP8, shown as “a” in Table 3-1, and 

gain of extra chromosome 8 when ≥12 cells with CEP8 >2; and 3) polyploidy when ≥12 

cells with both CEP10 and CEP8>2. After FISH evaluation, the results of multi-color 

FISH were then compared with the SNP array data. 
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Figure 3-3. Distribution of cells with PTEN loss and MYC gain in the prostate cancer 

samples. (A) Distribution of cells with PTEN deletion and (B) MYC gain in prostate 

cancer. In the samples defined as no PTEN deletion or MYC gain through SNP array, the 

number of cells with either PTEN loss or MYC gain was found to be less than 10 of 50 in 

multi-color FISH. Cutoff for prostate cancer samples with PTEN deletion or MYC gain 

was set as 12 positive cells. 
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Statistical analysis 

Cohen's kappa (κ) coefficient test was used to evaluate the concordance between 

SNP array and multi-color FISH when classifying the prostate cancer as PTEN deleted 

and/or MYC gained. Concordance was assessed by Fleiss’ equally arbitrary guidelines, in 

which the strength of agreement is considered as following when κ values are between: 

0.00 and 0.20, slight; 0.21 and 0.40, fair; 0.41 and 0.60, moderate; 0.61 and 0.80, 

substantial; and 0.81 and 1.00, almost perfect [35]. P values were calculated using a 2 tail 

test to determine statistical significance. P<0.05 was considered as statistically significant. 

The statistical analyses were performed using SAS software 9.1 (SAS Institute Inc, Cary, 

NC).  

 

Results 

Multi-color FISH analysis in prostate cancer FFPE samples 

The probes were first demonstrated to be able to hybridize well on normal 

lymphocytes, shown in Figure 3-5a. Multi-color FISH was then performed on FFPE 

samples of prostate cancer and tonsil tissues, which were used as controls for normal 

copy numbers of DNA. Multi-color FISH was shown to be able to simultaneously detect 

both PTEN deletion and MYC gain in the same single cells. Examples of SNP array and 

multi-color FISH analysis were shown in Figure 3-4 and Figure 3-5, respectively. We 

then compared the multi-color FISH data with the SNP array profiles of the 20 samples, 

which had known genetic variant status for PTEN and MYC from SNP array, as shown in 

Table 3-1. The overall concordance rates between multi-color FISH results and SNP 

array data were 90% for PTEN deletion and 95% for MYC gain (Table 3-1, 3-2). The κ 
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coefficient was 0.80 (95% confidence interval 0.54-1.00, P=0.0003) and 0.90 (95% 

confidence interval 0.71-1.00, P= 5.22E-05), for PTEN deletion and MYC gain, 

respectively, indicating an excellent correlation between multi-color FISH and SNP array 

results. 

The final conclusion for FISH was based on the discussion of the 3 readers’ 

results. As shown in Table 3-1, the discordance rate between FISH and SNP array from 

the 3 readers was different (for reader 1: 2/20 and 2/20, reader 2: 6/20 and 6/20, and 

reader 3: 4/20 and 1/20, for PTEN deletion and MYC gain, respectively). The reason for 

the different conclusions of the 3 readers’ might be that reader 1 was the first one to read 

the slides and the signals were the brightest to be seen. The fluorescence signals may be 

bleached out when the 2
nd

 reader looked them or different areas were observed on the 

slides. Reader 3, who did not look at the slides under the microscope, made his decision 

based on the photos.  

 

Concordance in multi-color FISH and SNP array data in evaluating PTEN deletion 

Among the 20 cases investigated, 12 cases were found to harbor PTEN deletion 

through SNP array analysis. Of these, 10 cases were classified as PTEN deletion 

(concordance rate 90%), and 2 cases (8 and 17) were classified as normal in multi-color 

FISH. In SNP array results, case 8 had one allele deletion at PTEN region, but also had a 

mild gain on the other allele. This co-occurrence of both deletion and gain at the same 

region might result in that the deletion could not be detected in multi-color FISH. Case 17, 

however, had very mild hemizygous PTEN deletion as shown in SNP array data, which 

may be induced by low level of mosaicism and might not be detected by multi-color 
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FISH. In addition, in the SNP array data of case 6 (Figure 1 and 3), a small region at 

PTEN was hemizygous deleted and the other part of PTEN was homozygous deleted. In 

multi-color FISH analysis, however, case 6 was found to be polyploidy (both 

chromosome 8 and 10 were gained). Multi-color FISH showed one or more copies of 

PTEN deletion as compared with amplified CEP10 in these polyploid cells. We defined it 

as PTEN partially deleted since most cells had PTEN deletion, but not completely 

(Figure 4h, Table 1).  

 

Concordance in multi-color FISH and SNP array data in evaluating MYC gain 

MYC gains, including extra chromosome 8q and amplification of MYC gene, were 

found in 11 cases in SNP array analysis. Full concordance of multi-color FISH and SNP 

array in detecting positive MYC gains was found in 10 cases (concordance rate 95%), 

except case 2, which was classified to have MYC gain in SNP array (Figure 3-1B and 3-

4), but only showed as normal in the multi-color FISH results. In multi-color FISH, gene 

amplification was defined as gain of copy number when more gene signals (MYC) were 

observed than centromere signals (CEP8). We only observed mild extra signals of CEP8 

and MYC in case 2 in multi-color FISH and could not make the conclusion whether there 

was MYC amplification or gain in this case. Reasons for the disagreement could be 

different sample loci for SNP and multi-color FISH and poor hybridization results, since 

we did not have good hybridization outcome for MYC on case 2 and the limited cells 

counted with good fluorescence signals did not show an evidence for MYC gain. 
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Figure 3-4. Examples of SNP array results for PTEN deletion and MYC gain. Tumor 

ID is labeled on the left and the genetic variants at PTEN and MYC are shown: case 2 

(MYC gain); case 6 (polyploidy and PTEN homozygous deletion); case 7 (PTEN 

homozygous deletion), case 8 (PTEN hemizygous deletion and MYC gain); case 9 (MYC 

gain); case 11 (PTEN hemizygous deletion); case 13 (no PTEN deletion or MYC gain); 

case 14 (PTEN homozygous deletion and MYC gain) and case 17 (PTEN hemizygous 

deletion). Dark blue and red dot-lines represent different alleles. Light blue horizontal 

line is the baseline. Values along the Y axis represent log2 ratios of tumor: control signal 

intensities. Position of PTEN and MYC was shown as marked with the black vertical lines. 



 

 

62 

 

 

 

 

 

 

 

 

 

 

 

MYC

CEP10

CEP8

PTEN

Normal 
lymphs

a

CEP8

PTEN

MYC

CEP10

Tonsil 

b

CEP10

CEP8

MYC

PTEN

Case 13

c

Case 11

CEP10

CEP8

PTEN

MYC

d



 

 

63 

 

 
 

 

 

 
 

 

Figure 3-5. Representative pictures of multi-color FISH on interphase nuclei of 

normal lymphocyte, tonsil tissues and prostate cancer. In the normal tissue (a, b), two 

signals for each probe are detected. In prostate cancer cells (c-h), no signal indicates two 

copies loss (e), one signal indicates one copy loss (d), and more than two signals indicate 

copy number gain (g). a-h: (a) normal lymphocyte; (b) normal tonsil; (c) case 13 (no 

PTEN deletion or MYC gain); (d) case 11 (PTEN hemizygous deletion); (e) case 7 (PTEN 

homozygous deletion); (f) case 9 (MYC gain); (g) case 14 (PTEN deletion and MYC gain); 

(h) case 6 (polyploidy). PTEN (red), MYC (gold), CEP10 (green), CEP8 (aqua). 
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Table 3-1. Comparison of SNP array data and multi-color FISH results in 20 

prostate cancer cases. "n" denotes normal genetic status; "d" and "dd" denote 

hemizygous and homozygous PTEN deletion, respectively; "a" denotes copy number 

amplification of MYC; "chr8" and "chr8q" denotes gain of chromosome 8 or 8q; * 

denotes samples in discordance in FISH results as compared with SNP array. Conclusion 

of FISH was made based on the discussion of 3 reader’s results (shown as 1, 2 and 3). 

 

 

 

 

 

 

 

 

 

SNP array SNP array

Case# Conslusion 1 2 3 Conslusion 1 2 3

1 n n n n n n n n a n

2 n n n n n a n* n n n or chr8

3 n n n n n chr8q chr8 chr8 chr8 chr8

4 n n n d n chr8q chr8 chr8 chr8 chr8

5 dd dd dd dd dd a a a a a

6 dd polyploidy+d polyploidy+d polyploidy+d polyploidy+d chr8 polyploidy polyploidy polyploidy polyploidy

7 dd dd dd dd dd n n n a n

8 d n* n d n a a a a a

9 n n n n n a a a a a

10 n n n n n a a a n n

11 d d d n d n n n n n

12 d d d d d n n n n n

13 n n n n n n n n n n

14 dd dd dd dd dd a a a a a

15 d d d n n n n n n n

16 dd dd dd n n n n n n n

17 d n* n n n n n n n n

18 dd dd dd dd dd a a a a a

19 dd dd dd dd dd chr8q chr8 chr8 chr8 chr8

20 n n n n n n n n n n

MYCPTEN

FISH FISH
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Table 3-2. Correlation between multi-color FISH and SNP array data. 

 

 
 

 

 

 

 

 

Concordance of multi-color FISH in duplicate samples 

We obtained three pairs of duplicate samples, including case 3 and 4, case 9 and 

10, and case 11 and 12 from JHH. The same results of multi-color FISH were observed in 

all the three pairs of duplicate samples, suggesting our multi-color FISH method was 

reliable. However, in contrast to case 9 (27 positive MYC amplified cells), the number of 

MYC amplified cells in case 10 (14 positive cells) was near the cutoff point (≥12), 

indicating the different location for tissues source would influence the outcome of genetic 

variation. 

 

Cooccurrence of PTEN deletion and MYC gain in single prostate cancer cells 

 To explore whether multi-color FISH can detect PTEN deletion and MYC gain in 

single cells and explore the heterogeneity in prostate cancer, we examined the percentage 

of cells with different combination of PTEN deletion and MYC gain in case 5, 14, 18 and 

Abnormal Normal Abnormal Normal

SNP array results Abnormal 10 2 10 1

Normal 0 8 0 9

Cohen's kappa test (κ)

 (95% confidence interval)

0.8 

(0.54-1.00)

0.90 

(0.71-1.00)

FISH results

PTEN MYC

Overall correlation, no. 

cases/total no. cases (%) 18/20 (90%) 19/20 (95%)
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19, for which the agreement of multi-color FISH and SNP array was 100%. In the tumor 

cells with PTEN deletion and/or MYC gain, the percentages of co-occurrence of double 

alterations were 52%, 70%, 59% and 54% for case 5, 14, 18 and 19, respectively (Table 

3-3). This finding showed that multi-color FISH could simultaneously detect these two 

genetic variants in single prostate cancer cells. In addition, percentages of cells with only 

PTEN deletion were 40%, 12%, 26% and 28%, and the percentage of cells with only 

MYC gain were 8%, 6%, 12% and 8%, for case 5, 14, 18 and 19, respectively, indicating 

the genetic heterogeneity in prostate cancer.  

 

 

 

Table 3-3. Cooccurrence of PTEN deletion and MYC gain in single prostate cancer 

cells. Percentages (%) and number (n) of cells with either or both PTEN deletion and 

MYC gain in case 5, 14, 18 and 19, were shown. Total 50 morphologically abnormal cells 

were analyzed. 

 

 

 
 

 

 

Discussion 

It is very important to identify prostate cancer patients as more or less aggressive 

so that patients having high risk to progress to lethal prostate cancer can receive early and 

Case # PTEN deletion + MYC  gain PTEN deletion MYC  gain Normal

5 52 (26) 40 (20) 8 (4) 0

14 70 (35) 12 (6) 6 (3) 12 (6)

18 60 (30) 26 (13) 12 (6) 2 (1)

19 54 (27) 28 (14) 8 (4) 10 (5)

Cells, % (n)
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systemic treatment. Somatic PTEN deletion and MYC gain may be used as biomarkers to 

predict prostate cancer progression/specific mortality [43, 58, 59, 96]. Here, we show that 

a new technology, multi-color FISH, can simultaneously detect PTEN deletion and MYC 

gain in prostate cancer FFPE tissues. This is the first study, to our knowledge, to 

simultaneously assess the somatic DNA copy number changes of these two genes in the 

same single cells. After interphase FISH evaluation of PTEN and MYC, we classified 

tumors according to the detected genetic variants and then compared the results with 

those of SNP array analysis. The concordance rate between our multi-color FISH results 

and SNP array analysis was 90% (κ=0.80) for PTEN deletion and 95% (κ=0.90) for MYC 

gain, indicating an excellent correlation between multi-color FISH and SNP array as 

evaluating PTEN deletion and MYC gain in prostate cancer FFPE tissues. 

There are many advantages of utilizing the multi-color FISH in both clinic and 

research settings. SNP array is known as a global screening method to comprehensive 

analyze genetic variants in the whole genome with high resolution, and has found many 

possible regions associated with prostate cancer carcinogenesis/progression [60] [127], 

including PTEN deletion and MYC gain. In contrast to SNP array to detect genetic 

alterations at the whole genome level, FISH usually only focuses on DNA variants of a 

few genome regions. Multi-color FISH can be a rapid and reliable detection method in 

clinics once target gene markers have been identified for prostate cancer progression. 

Also, there are some limitations of applying SNP array in clinical applicability at this 

time. First of all, FFPE samples are often the only available tissue samples in clinical 

settings and mainly for histological evaluation. Although tissue architecture and proteins 

are preserved well in FFPE samples, DNA often degrades much, limiting the application 
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of FFPE samples in molecular genetic analysis, such as PCR and SNP array. FISH, 

however, can evaluate genetic variants in a wide range of tissue materials, including both 

metaphase and interphase nuclei in freshly prepared and FFPE tissues. Secondly, in SNP 

array analysis, tumor DNA extracted from tissues is often contaminated by surrounding 

normal DNA including stromal cells, lymphocytes and normal cells. Multi-color FISH 

can focus on aberrant tumor cells and avoid contamination of normal DNA. Third, multi-

color FISH can simultaneously show genetic alteration status in different foci, which 

might be more useful in prostate cancer since it typically presents as a multifocal disease 

[128] [129] and genetically heterogeneous [60, 127, 130]. Multiple foci were reported in 

~70% prostate cancer samples after RP and associated with higher grade, stage and 

recurrence rate as compared with single focus [131]. Multifocal tumors with the same 

prostate may or may not have the same genomic alterations [132]. Furthermore, multi-

color FISH can reveal a direct relationship between different chromosomes and examine 

genetic alterations in single cells, which is better than single color FISH. Although PTEN 

deletion and MYC gain have been individually analyzed in prostate cancer using FISH 

[95, 112], this is the first time that these two genetic variants were simultaneously 

evaluated in single tumor cells using multi-color FISH. We found that different 

percentages of cells with either PTEN deletion or MYC gain, indicating heterogeneity in 

prostate cancer, consistent with previous studies [130-132]. Higher percentage of cells 

with co-occurrence of PTEN deletion and MYC gain suggests that the double genetic 

variants induce higher cell proliferation than the single genetic variant. 

There are some challenges in performing multi-color FISH in prostate cancer 

FFPE samples in this study. Most multi-color FISH findings were in general concordant 
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with SNP array; however, a few samples (2 samples for PTEN deletion and 1 sample for 

MYC gain) were discordant with the SNP array results. A few factors resulting in these 

inconsistencies need to be considered. First of all, different source of tumor samples can 

induce the discordance. Frozen sections were obtained to extract DNA that was then 

applied in our SNP array experiments. By contrast, FFPE samples were used in our multi-

color FISH experiments. Formalin fixation is able to form cross-linking methylene 

bridges between protein-DNA that are known to inhibit probe penetration and 

consequently decrease the hybridization efficiency [36]. Other factors about FFPE 

tissues, including time from excision to fixation, duration of original tissue fixation in 

formalin and time of FFPE tissues on slides vary among different samples and further 

affect the FISH efficacy [133]. There was also disagreement among the results of multi-

color FISH from 3 different readers. Therefore, appropriate processing tissues and 

optimizing the protocol of multi-color FISH in assessment of PTEN deletion and MYC 

gain in prostate cancer FFPE samples, especially protease treatment, is critical. Fresh 

frozen prostate cancer samples may be utilized to validate our multi-color FISH 

technology in the future. In addition, the FFPE sections we used in the multi-color FISH 

might or might be close to the frozen sections. Given the well-known heterogeneity in 

prostate cancer, samples from different locations may have different results of genetic 

variants [134]. Analysis of genetic alterations of two different areas of the same prostate 

cancer was also shown discrepancies in FISH and array-CGH [43]. We had the 

concordant results in the three pairs of duplicate sample, and the difference between the 

duplicates indicates the location of samples could affect the experiment results. 

Furthermore, in multi-color FISH, fluorescence signals of PTEN and MYC were 
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compared to those of CEP10 and CEP8, respectively, to define deltion or amplification. 

In SNP array, however, there are no probes on centromere, raising the possibility that 

SNP array cannot differentiate gain of gene due to simple gain of small region or 

chromosome. Cells having gain of whole chromosome 8 might be considered as MYC 

amplification by SNP array, but classified as aneuploidy/polyploidy with or without gene 

amplification by multi-color FISH. Extra copy of chromosome 8q are commonly 

observed in prostate cancer, however, MYC amplification itself appear more frequently 

in late-stage tumors [95, 96], indicating MYC amplification promotes prostate cancer 

progression. Therefore, accurate detection of the MYC status as gain of gene or whole 

chromosome is very important to classify patients for better predicting prostate cancer 

prognosis. In this study, we chose the cutoff for positive samples with PTEN deletion or 

MYC gain based on the comparison of SNP array and multi-color FISH on prostate 

cancer. We did require normal prostate tissue as a control, which, however, were not 

obtained. Further investigation of both normal and abnormal prostate tissues using multi-

color FISH will help to set more proper criteria for positive definition of PTEN deletion 

or MYC gain.  

In summary, we have developed a novel approach, multi-color FISH, to 

simultaneously assess PTEN deletion and MYC gain in prostate cancer FFPE samples. 

We observed an excellent concordance between the results of multi-color FISH and SNP 

array analysis. Further validation of our multi-color FISH technology, including how to 

select prostate cancer tissues (number of slides, locations, etc) and optimize the protocol, 

particular the steps of pretreatment and protease treatment, is needed in a larger sample 

size. Comparison of multi-color FISH and IHC to test the concordance of DNA status 
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and expression of genes may further validate this technology. Our multi-color FISH may 

be optimized to be a sensitive, stable and reproducible assay to improve prediction of 

prostate cancer prognosis by determining the DNA status of PTEN and MYC in clinics. 

Improved multi-color FISH may also be performed on biopsy tissue or tissue microarray 

(TMA), making it a high-throughput assay for analyzing a large number of prostate 

cancer samples in clinical settings. 
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Abstract 

PTEN (phosphatase and tensin homolog deleted on chromosome 10) loss and 

MYC (c-MYC) gain have been individually well-delineated in prostate carcinogenesis 

and cancer progression. We hypothesized that PTEN deletion may cooperate with MYC 

overexpression to promote prostate cancer progression. Transgenic mouse models with 

various combinations of prostatic specific Pten deletion and Myc overexpression were 

generated in this study. We found that double transgenic mice with Pten heterozygous or 

homozygous deletion combined with Myc overexpression (Pten
+/-

;Myc
T
 and Pten

-/-
;Myc

T
) 

developed more aggressive prostate cancer as compared with mice harboring only Pten 

deletion or Myc overexpression. Increased tumor growth resulted from significantly 

increased cell proliferation but not decreased apoptosis.  On histological analysis, no 

metastasis was found in lymph nodes, lung, liver, femurs and tibias from 6-month old 

mice. However, Pten deletion and Myc overexpression cooperatively contributed to 

decreased survival. Pten
+/-

;Myc
T
 mice had worse survival compared with Myc

T
 mice 

(P=0.0346) or Pten
+/-

 mice (P=0.0797), while Pten
-/-

;Myc
T
 mice had the shortest survival 

(P<0.05) among all groups. These results suggest that PTEN deletion and MYC 

overexpression have a joint effect on promoting prostate cancer progression and death. 
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Introduction 

Prostate cancer is of public health significance since it is the most common 

noncutaneous cancer and the second leading cause of cancer death among men in the 

United States [1]. While the majority of prostate cancer patients will not die of the 

disease and some may not even need treatment, about 15% of prostate cancer patients 

progress to metastatic disease [1]. Identification of patients who likely progress to lethal 

disease can help physicians make decisions, including treating high-risk prostate cancer 

patients more aggressively to improve the survival or reducing the unnecessary treatment 

of low-risk patients. Current clinicopathological factors predicting prostate cancer 

progression, including PSA (prostate specific antigen), Gleason score and TNM stage, are 

quite useful, but imperfect [2, 3]. Other biomarkers, such as DNA ploidy and genetic 

alterations, have been investigated to predict prostate cancer outcome and explore 

mechanisms for prostate cancer development and progression [15-17, 20]. Genetic 

variants may be important risk factors associated with  both prostate carcinogenesis and 

progression [135, 136]. In our preliminary studies, copy number alterations of PTEN and 

MYC were found to be associated with prostate cancer specific death in a SNP array 

analysis of 76 prostate cancer patients who had undergone radical prostatectomy (data not 

shown). In addition, prostate cancer patients with MYC gain or combined MYC gain and 

PTEN deletion appeared more likely to relapse after radiotherapy [42]. These studies 

suggest that there is a possible joint effect of PTEN loss and MYC gain on prostate cancer 

progression. 

PTEN deletion and MYC gain have been well-delineated, respectively, in prostate 

carcinogenesis and cancer progression. As a tumor suppressor, PTEN acts as a negative 
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regulator in the PI3K/AKT signaling pathway, which has been shown to be up-regulated 

in many cancers, including prostate cancer [52, 53]. Somatic mutations and deletions of 

PTEN have been found at lower frequencies, up to 40%, in localized prostate cancer [57, 

58, 137, 138] [139], but at much higher frequencies in advanced disease (up to 80% in 

metastasis and castration resistant prostate cancer) [61, 112, 139, 140], suggesting that 

PTEN deletion or mutation may play an important role in the progression of the disease. 

By contrast, as an oncogenic protein, MYC is a transcription factor and functions in many 

cellular processes including cell growth control, differentiation, apoptosis and survival. 

MYC overexpression has been shown to be associated with poorly differentiated tumors 

[90, 141], lymph node metastases [95, 116] and poor clinical outcomes [116]. In prostate 

cancer, gene amplification seems to be the dominant mechanism of MYC overexpression 

[95, 142-144]. Although gain of whole chromosome 8 or 8q is relatively common in 

prostate cancer [92, 142],  advanced prostate cancers have more frequent MYC 

amplification [95]. The region encompassing MYC (8q24) has been found amplified in up 

to 40% of primary tumors and in over 90% of metastases, and the presence of 

amplification correlates with both high histological grade and a worse prognosis [144]. 

Several prostate specific Pten knockout or Myc transgenic mouse models have been 

generated to study the development of prostate cancer and test novel therapies [63, 84, 98, 

99, 145, 146]. Kim et al. studied the interactions between overexpression of Myc and loss 

of Pten  and p53 in a prostate cancer transgenic mouse model and reported that MYC 

overexpression combined with loss of PTEN and p53 promoted prostate tumorigenesis 

[69, 147]. Clegg et al. generated transgenic mice with a combination of Pten homozygous 

deletion or Akt overexpression with Myc overexpression and found a cooperative effect of 
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MYC and AKT on prostate carcinogenesis [148]. However, the mechanism of the joint 

effect of PTEN deletion and MYC gain on prostate cancer progression and prostate cancer 

specific death is still not clear.  

In order to futher examine how PTEN loss and MYC gain work together in leading 

to prostate cancer progression, we generated transgenic mouse models in which one or 

both copies of Pten were deleted by prostate specific Cre expression [84], and Myc was 

prostate specifically overexpressed by a modified cDNA encoding human MYC [99]. 

Double transgenic mice with combined Pten heterozygous or homozygous deletion and 

Myc overexpression developed more aggressive prostate cancer as compared with single 

transgenic mice bearing only Pten deletion or Myc overexpression. Pten deletion and Myc 

overexpression contributed to both elevated proliferation and apoptosis. The high rate of 

proliferation exceeded apoptotic effect on tumor cells, resulting in accelerated tumor 

growth. Furthermore, Pten deletion and Myc overexpression cooperated to reduce mouse 

survival. Our study confirmed that PTEN deletion and MYC overexpression have a joint 

effect in accelerating prostate cancer progression. Furthermore, we found that combined 

PTEN deletion and MYC overexpression could promote prostate cancer death in mouse 

models.  

 

Material and methods 

Generation of transgenic mouse  

Prostate-specific Pten-knockout mice were generated by crossing Pten
loxP/loxP

 

mice [86] with mice of the ARR2/probasin-Cre transgenic line PB-Cre4 [149], where the 

prostate-specific deletion of Pten was achieved by expressing Cre recombinase under the 
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control of a modified rat prostate-specific probasin promoter, (androgen responsive 

probasin, ARR2/PB). as previously reported [150]. Probasin (PB) is activated by 

androgens which increase in male mice around 6 weeks of age. Prostate-specific Myc 

overexpression mice (ARR2/PB-Myc) were obtained from Mouse Models of Human 

Cancers Consortium (MMHCC) [99]. ARR2/PB contains two additional androgen 

response elements and enhances higher level of androgen-dependent expression of Cre or 

MYC than regular PB. Prostate-specific Pten-knockout and Myc overexpression mice 

were generated by crossing Pten
loxP/loxP

 PB -Cre4
T/-

 mice with ARR2/PB-Myc mice. For 

simplicity, ARR2/PB-Myc is referred as Myc
T 

(Myc overexpression); Pten
loxP/loxP

 PB-

Cre4
T/-

 ARR2/PB-Myc 
T/-

  and Pten
loxP/+

 PB-Cre4
T/-

 ARR2/PB-Myc
T/-

  are referred as  

Pten
-/-

;Myc
T
 (Pten homozygous deletion plus Myc overexpression) and Pten

+/-
;Myc

T
(Pten 

heterozygous deletion plus Myc overexpression), respectively; Pten 
loxP/loxP

 PB-Cre4
T/-

 

and Pten 
loxP/+

 PB-Cre4
T/-

 are referred as Pten
-/-

 (Pten homozygous deletion) and Pten
+/-

 

(Pten heterozygous deletion), respectively. Wild type is referred as WT. 

The PB-Cre4 transgenic mice were of a congenic C57BL/6 background. The 

Pten
loxP/loxP

 mice were of mixed C57BL/6 and BALB/c background. They were 

backcrossed to C57BL/6 for 8-10 generations. The ARR2/PB-Myc mice were of mixed 

FVB and C57BL/6. All mice were maintained in an isolated environment in barrier cages 

and fed with regular chow diet. Animal care was conducted in compliance with the state 

and federal Animal Welfare Acts and the standards and policies of the Department of 

Health and Human Services. The protocol was approved by our Institutional Animal Care 

and Use Committee at Wake Forest University.  
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Prostate tissue dissection and processing  

Mice were aged to the appropriate time points at 2, 3 and 6 months and then 

sacrificed for dissection. At least 6 mice were utilized for each genotype at each time 

point. Mouse bodies and whole prostates were weighed. The anterior (AP), dorsolateral 

(DL), and ventral prostate (VP) lobes of prostate were dissected, fixed, and embedded in 

paraffin for histology and immunohistochemistry (IHC) [150]. Lymph nodes, lung, liver 

and bones (tibias and femurs) were harvested for histologic analysis. 

 

Pathological evaluation 

Prostate tissue was fixed initially in 10% buffered formalin phosphate (Fisher 

SF100-4) for 8 hours followed by gently washing in running water, and transferred to 70% 

ethanol. Tissue sections (5µm thick) were cut from paraffin-embedded blocks and placed 

on charged glass slides. Hematoxylin and eosin (H&E) staining was performed using 

standard procedures to determine the presence of PIN, microinvasive and invasive cancer 

in AP, DL, and VP lobes [150]. Histopathological evaluation of mouse prostate tissues 

was performed by a board-certified pathologist. The Bar Harbor classification system for 

scoring prostate pathology of genetically engineered mice was used [151]. 

 

Immunohistochemistry  

Sections were deparaffinized with xylene and rehydrated through graded alcohol 

washes followed by antigen retrieval in a pressure cooker at 95 
0
C for 10 min in sodium 

citrate buffer (10mM, Ph 6.0). Slides were then cooled in sodium citrate buffer for 20 

minutes, washed in deionized water and PBS (Phosphate buffered saline, PH 7.4), and 
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incubated in 0.3% hydrogen peroxide to quench endogenous horseradish peroxidase for 5 

min. The slides were incubated with blocking buffer in a mix of 1% BSA (bovine serum 

albumin) and 5% FBS (fetal bovine serum) in 50 mm Tris-buffered saline at pH 7.4 for 

30 min and subsequently incubated with the following antibodies: anti-Ki67 polyclonal 

antibody (cat# ab15580, Abcam, Cambridge, MA) at 1:500 dilution, anti-phospho-AKT 

(cat# 3787; Cell Signaling Technology, Danvers, MA) at 1:500 dilution, anti-caspase-3 

primary antibody (cat# 9661; Cell Signaling Technology, Danvers, MA) at 1:250 dilution, 

and anti-c-MYC (cat#sc-788, Santa Cruz Biotechnology, Santa Cruz, CA ) at 1:500 

dilution in the blocking buffer. Negative controls were included for each assay. All 

primary antibodies were incubated at 4 °C overnight, followed by horseradish peroxidase 

(HRP) conjugated anti-rabbit secondary antibody (cat# K4010, Dako, Carpinteria, CA) 

and visualized using DAB (3,3'-Diaminobenzidine). Finally, sections were counterstained 

with hematoxylin, dehydrated, and mounted. Representative images were taken for VP, 

DL and AP lobes. The total number of epithelial cells and positively stained cells were 

enumerated in glands using Image-Pro Plus 4.5 software ((Media Cybernetics, San Diego, 

CA). The frequency was calculated by dividing the number of positive stained cells by 

the total number of epithelial cells (Ki67 and caspase-3) or area of positive staining by 

total area of the cells (for phospho-AKT and MYC). 

 

Survival analysis 

A cohort of 86 mice was followed for 21 months (16 WT, 11 Pten
+/-

, 11 Pten
-/-

, 21 

Myc
T
, 17 Pten

+/-
;Myc

T
, 11 Pten

-/-
;Myc

T
). Time from birth to death was recorded as 
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survival time. Death was either natural or by euthanasia (if mice were moribund), as 

recommended by veterinarians according to institutional policies. 

 

Statistical analyses 

Mouse prostate weights and proliferation and apoptosis index data were analyzed 

using one-way analysis of variance (ANOVA) model followed by Turkey test to evaluate 

pairwise comparisons using GraphPad Software (Abacus Concepts, Berkeley, CA). No 

mice were excluded for ANOVA analysis. P values were calculated using a 2 tail test to 

determine statistical significance. P<0.05 was considered as statistically significant. The 

Kaplan-Meier method was used to estimate the survival functions for mice with 

combinations of these two genetic alterations and the log-rank test was used to compare 

the survival distributions among groups over time. 

 

Results 

Expression of phospho-AKT and MYC was successfully induced in mouse prostates 

with Pten deletion and/or Myc overexpression 

PTEN deletion leads to activation of PI3K and subsequently increases expression 

of downstream signaling pathway members. Translocation and activation of AKT to the 

cell membrance can serve as a reliable indictor for PTEN inactivation [84]. In order to 

confirm that we successfully inactivated PTEN and overexpressed MYC in our mouse 

models, we performed IHC to analyze the expression of phospho-AKT and MYC 

proteins. In normal prostate epithelium, expression of phospho-AKT and MYC was 

tightly controlled by cellular events and was generally absent or low [84]. Expression of 



 

 

85 

 

phospho-AKT increased dramatically in Pten
-/-

 and Pten
-/-

;Myc
T
 mice, suggesting PTEN 

was sufficiently reduced by homozygous Pten  deletion (Figure 4-1). MYC protein was 

also successfully overexpressed in Myc 
T
, Pten

+/-
;Myc

T
 and Pten

-/-
;Myc

T
 mice at 6 months 

of age (Figure 4-1).  
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Figure 4-1. Phospho-AKT and MYC expression was increased in mouse prostates 

with Pten deletion and/or Myc overexpression. (A) Representative images of IHC with 

phospho-AKT or MYC staining in prostate sections of mice at 6 months of age are shown. 

Arrows show positive staining cells. Phospho-AKT was mildly increased in Pten 
+/- 

(a) 

and Pten 
+/-

;Myc 
T
 mice (d), and dramatically increased in Pten 

-/-
 (b) and Pten 

-/-
;Myc 

T
 

mice (e). MYC expression was increased in Myc 
T 

(h), Pten 
+/-

;Myc 
T
 (i), and Pten 

-/-
;Myc 

T
 mice (j). Images of the dorsolateral prostate were shown. Magnification: 20X. Scale bar: 

40µm. (B) Successful PTEN inactivation and MYC overexpression in prostate was 

revealed by phospho-AKT and MYC staining. No significant difference was found in the 

Figure 4-1B 
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expression of phospho-AKT between Pten
 -/-

 and Pten 
-/-

;Myc 
T
 mice or in the expression 

of MYC among Myc 
T
, Pten 

+/-
;Myc 

T
, and Pten 

-/-
;Myc 

T
 mice. 

 

Pten homozygous deletion promoted early prostate growth 

Pten
-/-

 mice and Myc
T
 mice have been reported to develop prostate cancer 

spontaneously after 3 and 6 months of age, respectively [84, 99]. To determine whether 

there is a join effect of Pten deletion and Myc overexpression on prostate growth, mice 

were euthanized at 2, 3 and 6 months of age. Mouse AP, DL, and VP lobes were 

dissected and weighed. Both the absolute prostate weights and the relative prostate 

weights (expressed as mg/25g body weight) were evaluated in each genotype group. 

Mouse body weights of each group at a given time point had no significant difference 

(data not shown). As shown in Figure 4-2A, the prostate weights increased from 40 to 75 

mg from 2 to 6 months in the WT and Pten
+/- 

groups and there was no significant 

difference between these two groups. The prostate weights of other groups, including 

Pten
-/-

, Myc
T
, Pten

+/-
;Myc

T
 and Pten

-/-
;Myc

T
, ranged from 60 to 175 mg from 2 to 6 

months, and were significantly higher than WT mice at all three time points. Prostate 

weights of Pten
-/-

 mice appeared to be the highest among the 6 groups at 2 and 3 months, 

indicating Pten homozygous deletion alone promoted early prostate growth. Although 

this was faster than Myc-induced prostate growth, the prostate weights were similarly 

increased in other groups (Myc
T
, Pten

+/-
;Myc

T
 and Pten

-/-
;Myc

T
) after 6 months of age, 

and there was no significant difference in prostate weights among Pten
-/-

, Myc
T
, Pten

+/-

;Myc
T
 and Pten

-/-
;Myc

T
 mice. However, each of these four groups had about twice the 

prostate weights of Pten
+/-

 mice and WT mice. Because there was no significant 
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difference of mouse body weight among all groups, we observed similar results for 

prostate weights in these 6 groups after adjusting mouse body weight (Figure 4-2B) 
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Figure 4-2. Prostate weights were enhanced in prostate with Pten deletion and/or 

Myc overexpression. Mouse prostates were dissected at the 2, 3 and 6 months of age. AP, 

DL and VP lobes were weighed and the sums were expressed as milligrams (A) and 

adjusted with body weights as milligrams per 25 gm body weights. (B) N=6-15 mice per 

group per data point in a cohort of 150 mice. Data are expressed as mean ± SEM. A one-

way ANOVA was used to assess the significance of data followed by Tukey test, and P < 

Figure 4-2A 

Figure 4-2B 
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0.05 was considered significant. Prostate weight of each group was compared within each 

time point. Groups designated with the same letter are not significantly different from 

each other, whereas groups designated with different letters are significantly different 

from each other.  

 

Combined Pten deletion and Myc overexpression induced invasive prostate cancer 

Although the double transgenic mice did not show a significant increase in 

prostate weights as compared with single-gene transgenic mice, Pten deletion and Myc 

overexpression could cooperate in prostate cancer progression. To test this hypothesis, 

pathological evaluation was performed to determine the presence of prostatic 

intraepithelial neoplasia (PIN) and invasive cancer in all prostate lobes of mice at 2, 3, 

and 6 months of age. Representative H&E-stained sections of prostates in the six groups 

of mice at 2 and 6 months of age were shown in Figure 4-3A. As shown in Figure 4-3B, 

Pten
+/-

 mice only developed PIN in 1 of 6 cases at 6 months of age. As expected, Pten 

homozygous deletion induced 100% penetrance of prostatic intraepithelial neoplasia 

(HGPIN) at 2 months of age. However, HGPIN in Pten
-/-

 mice did not progress to 

invasive cancer even up to 6 months of age. Myc
T
 mice developed HGPIN at 2 months of 

age (100%), which progressed to microinvasive (15.4%)/ or more obviously invasive 

cancer (7.6%) at 6 months of age. Pten
+/-

;Myc
T
 mice developed microinvasive cancer at 3 

months of age (29%) and invasive cancer at 6 months of age (25%), indicating the 

cooperation of Pten deletion and Myc overexpression in promoting the transition of PIN 

to invasive cancer. Pten
-/-

;Myc
T
 mice developed microinvasive cancer at 2 (43%), 3 (25%) 
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and 6 (11%) months of age and more fully invasive cancer at both 3 (12.5%) and 6 (22%) 

months of age.  

 

 

 

 

 

Figure 4-3A 
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Figure 4-3B 
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Figure 4-3. Combined Pten deletion and Myc overexpression induced invasive 

prostate cancer. (A) Representative images of H&E-stained sections of each group at 

age of 2 and 6 months. Views of the dorsolateral prostate were shown. Wild type (a, b) 

and Pten 
+/-

 mice (c, d) are normal; Pten 
-/-

 mice (e, f) develop HGPIN; Myc 
T
, Pten 

+/-

;Myc 
T
 and Pten 

-/-
;Myc 

T
 mice developed HGPIN (g, i, k), invasive cancer (h, j, l). 

Magnification: 20X. Scale bar: 40µm. PCa: prostate cancer. (B) Hematoxylin and eosin 

(H&E)-stained prostate sections were evaluated and the summary of the pathological 

grade is shown. (N, number of mice analyzed). 
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Pten deletion and Myc overexpression increased both proliferation and apoptosis 

MYC functions as a transcription factor and is involved in many cellular 

processes including proliferation and apoptosis [114, 115]. PTEN deletion also induces 

proliferation by promoting PI3K [52, 53] and apoptosis through activation of p53 [152, 

153]. To explore the mechanism of tumor growth in mice with Pten deletion and Myc 

overexpression, proliferation and apoptosis were analyzed by IHC with Ki67 and cleaved 

caspase-3, respectively. Ki67 was quantified by counting at least 1000 cells by counting 

three fields of each lobe. There was an increase in Ki67 staining in Pten
-/-

, Myc
T
, Pten

+/-

;Myc
T
 and Pten

-/-
;Myc

T
 mice when compared to Pten

+/-
 and WT samples. Figure 4-4A 

shows representative images of IHC of Ki67 and cleaved caspase-3 for the six types of 

mice at 6 month of age. As shown in Figure 4-4B, Pten
-/-

;Myc
T
 mice had the highest 

proliferation index (15-25%)  compared with all other groups, including Pten
+/-

;Myc
T
 

(10-17%), Pten
-/-

 (9-14%), and Myc
T
 mice (10-13%), at all three time points, but 

especially in mice at 2 months of age (P<0.05). The proliferation index of these 4 groups 

of mice was higher than that in Pten
+/-

 mice (3-5%) and WT mice (3-6%). Most mouse 

prostates had the highest proliferation index at 2 months of age and the lowest 

proliferation index at 6 months of age.   

Caspase-3 staining was quantified by counting at least 1000 cells by counting 

three fields of each lobe. As expected, Pten
+/-

 mice and WT mice had few apoptotic cells 

(0-2‰) (Figure 4-4C). When compared with the apoptosis index of Pten
-/-

 mice (6-8‰) 

or Myc
T
 mice (6-9‰), Pten

-/-
;Myc

T
 mice had a higher apoptosis index (6-14‰), 

especially at 2 months (P<0.05). Similar to the proliferation index, the apoptosis index 

was highest at 2 months of age for most groups. 
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Figure 4-4. Pten deletion and Myc overexpression increased both proliferation and 

apoptosis in prostates. (A) Representative images of IHC for proliferating cells (Ki67) 

and apoptotic cells (caspase-3) in prostate tissues of 6-month-old mice. Arrows indicate 

proliferating or apoptotic cells. Views of the dorsolateral prostate were shown. 

Magnification: 40X. Scale bar: 20µm. (B)Ki67 and (C) caspase-3 staining revealed an 

increase in both proliferation and apoptosis in prostates from mice at 2, 3 and 6 months of 

age. Data are expressed as mean ± SEM. A one-way ANOVA was used to assess the 

significance of data followed by Tukey test, and P < 0.05 was considered significant. 

Percentage of Ki67 or caspase-3 positive cells of each group was compared within each 

time point. Groups designated with the same letter are not significantly different from 

each other, whereas groups designated with different letters are significantly different 

from each other.  
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No metastases were found in mice with Pten deletion and Myc overexpression  

Pten
-/-

 mice were reported to develop invasive cancer and metastases after 3 

months of age [84]. In order to investigate whether cooperation of PTEN deletion and 

MYC overexpression promotes metastases, lymph nodes, lung, liver, femurs and tibias 

were obtained from 6-month old mice and evaluated pathologically for metastases. 

However, no metastases were found in these tissues. 

 

Combination of Pten deletion and Myc overexpression decreased mouse survival  

 To study the joint effect of Pten loss and Myc overexpression on survival, 

Kaplan-Meier survival analysis and a long rank test were performed in mice with various 

combinations of Pten deletion and Myc overexpression. As shown in Figure 4-5, only 2 

of 16 WT mice died at 16 and 21 months of age, respectively. The survival of Pten
+/-

 

mice was similar to WT mice (P=0.3025) and longer than Pten
-/-

 mice (P=0.0444), but 

insignificantly longer as compared with Pten
+/-

;Myc
T
 mice (P=0.0797). Pten

-/-
 mice had a 

much shorter survival as compared with WT mice (P<0.001) and were similar to Pten
+/-

;Myc
T
 mice. Surprisingly, Myc

T
 mice developed microinvasive/invasive cancer at 6 

months, but had an insignificantly shorter survival than WT mice (P=0.3848). Double 

transgenic mice (Pten
-/-

;Myc
T 

and Pten
+/-

;Myc
T
) had shorter survival than Myc

T
 mice 

(P<0.0001 and P=0.0346, respectively). In addition, Pten
-/-

;Myc
T
 mice had the shortest 

survival time among all groups, which was worse compared to Pten
+/-

;Myc
T
 and Pten

-/-
 

mice (P=0.0377 and 0.0468, respectively). 
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Figure 4-5. Combined Pten deletion and Myc overexpression reduced mouse 

survival. A cohort of 86 mice (17 Pten 
+/-

;Myc
 T

, 11 Pten 
-/-

;Myc 
T
; 11 Pten 

-/-
, 21 Myc 

T
, 

10 Pten 
+/-

, 16 WT) were monitored for a period of 21 months. The Kaplan-Meier 

survival plot shows the cumulative probability of survival of each group of mice. Pten 
-/-

;Myc 
T
 mice had the shortest survival with a median survival of 16 months. *P<0.05.  
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Discussion 

Effects of PTEN deletion and MYC gain on prostate carcinogenesis and cancer 

progression have been individually investigated in human and in mouse models [52, 53, 

57, 58, 116, 137, 154]. Copy number alterations of both PTEN and MYC were reported to 

cooperatively predict poor prognosis for patients with prostate cancer [42]. How the 

interactions of PTEN loss and MYC gain contribute to prostate cancer progression and 

death is still not clear.  In our studies, we generated mouse models to explore the joint 

effects of Pten deletion and Myc overexpression on prostate cancer progression and 

survival. 

We found that double transgenic mice with prostatic Pten deletion (heterozygous 

or homozygous) and Myc overexpression often exhibited invasive prostate cancer, which 

was consistent with previous studies [69, 147, 148]. Using the same Myc overexpression 

and Pten homozygous knockout mouse models, Clegg et al. reported that double 

transgenic mice developed prostate cancer at 3 months of age, and that AKT cooperated 

with MYC to accelerate progression of PIN to invasive cancer [148].  By contrast, other 

Myc transgenic mice in Kim’s study, in which a high level of MYC expression was 

induced through cytomegalovirus (CMV) enhancer/beta actin promoter, developed only 

PIN by 2 years of age; mice with both heterozygous Pten deletion and Myc 

overexpression had HGPIN/cancer within 1 year [69]. In our mouse model, we used the 

ARR2/PB promoter which enhances the level of androgen-dependent expression of MYC 

after 6 weeks of age [99]. Our Myc
T
 mice developed HGPIN at 2 months of age and a 

few progressed to invasive cancers at 6 months of age. As expected, our mice with both 

heterozygous Pten deletion and Myc overexpression developed more aggressive prostate 
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cancer, with evidence of microinvasive cancer at 3 months and more frequent invasive 

cancer at 6 months, than Myc overexpressed mice. These findings reveal that hemizygous 

Pten is sufficient to cooperate with Myc overexpression in promoting prostate cancer 

progression, and combined homozygous Pten knockout and Myc overexpression result in 

even more aggressive prostate cancer, suggesting a dose-dependent effect of Pten 

deletion. 

Double transgenic mice had significantly reduced survival compared with single-

gene transgenic mice or WT mice. The major cause of prostate cancer death for mice is 

bladder obstruction due to the prostate tumor enlargement which compresses the urethra 

[150]. Dilated bladder, enlarged prostate and strangulated seminal vesicles were observed 

frequently in the moribund or dead mice.  Interestingly, Pten
-/-

 mice only developed 

HGPIN from 2 to 6 months of age, but had a worse survival compared with Pten
+/-

 and 

WT mice, indicating that HGPIN progressed to invasive cancer, which reduced mouse 

survival. By contrast, Myc
T
 mice, which developed HGPIN at 2 months of age and 

invasive cancer at 6 months of age, showed a worse, but not significantly different, 

survival as compared to WT mice. This phenomenon indicates that although MYC 

overexpression induces carcinogenesis at early age [69], the progression is relatively slow 

or a second genetic challenge is needed to promote tumor progression. One possibility is 

that heterozygous or homozygous PTEN deletion may serve as a second genetic 

challenge and cooperate with MYC overexpression in prostate cancer progression, 

resulting in more invasive cancer and worse survival. Although no significant increased 

prostate weights were found in double transgenic mice till 6 months of age, mice with 

combined Pten deletion and Myc overexpression may develop locally aggressive and 
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larger prostate cancer than single-gene transgenic mice after 1 year, which further 

obstruct urethra and contribute to the poor survival. Therefore, the survival distribution of 

groups revealed a joint effect of PTEN loss and MYC overexpression on prostate cancer 

progression and death. 

Although the mechanisms underlying the interaction between PTEN and MYC in 

prostate cancer progression are not well understood, we found that tumors in double 

transgenic mice had a high rate of proliferation.  Interestingly, the apoptosis rate was also 

increased, suggesting increased apoptosis resulted from high cell turnover, and probably 

enhanced by MYC overexpression [114, 115]. Our data suggest that the tumor growth 

was due to increased proliferation, not decreased apoptosis, consistent with previous 

studies [69, 99, 148, 155]. Increased proliferation is likely due to enhanced activation of 

AKT and MYC. The former, an important cell survival signaling protein, can be activated 

by PTEN loss and accelerate cell proliferation [156]. Activation of MYC can induce both 

cell proliferation and apoptosis [87, 114, 115]. In addition, PTEN loss leads to activation 

of p53, which induces both apoptosis and senescence [69]. Senescence may be inhibited 

by MYC overexpression [69], thus failing to inhibit tumor growth. Therefore, increased 

proliferation exceeds the effects of apoptosis resulted in significant tumor cell growth in 

double transgenic mice. 

In our studies, both Pten
-/-

 mice and Myc
T
 mice did not have a high frequency of 

transformation from PIN to cancer as compared with previous studies [84, 99]. In the 

study by Wang et al., metastatic lesions were found in the lymph nodes (5 of 11 mice) 

and lung (2 of 11 mice) of 3-month old Pten homozygous knockout mice [84]. In our 

study, no metastases were found in lymph nodes, lung, liver, femurs or tibias from 6-
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month old mice. The discrepancy between our results and those of Wang et al. is possibly 

due to different genetic strains of mice or different levels of inactivation of PTEN and 

MYC overexpression.  

Antiandrogen therapy is the primary clincal treatment for advanced prostate 

cancer patients, but most patients eventually develop castration resistant disease. In Myc
T
 

mice, hormone ablation completely regressed PIN lesions and partially regressed invasive 

cancer [99], indicating that invasive cancer may be partially castration resistant. High-

level MYC amplification has been shown to be associated with AR amplification in 

hormone refractory prostate cancer [95]. These findings raise the possibility that 

inhibitors of MYC may augment hormone therapy by inhibiting castration resistant tumor 

growth. On the other hand, in conditional Pten homozygous knockout mice, castration 

increased apoptosis and survival, but did not reduce tumor growth [84], indicating 

development of castration-resistant cancer. Combined pharmacological inhibition of 

PI3K and AR signaling induced prostate cancer regression in Pten knockout mice [157]. 

Therefore, our mouse model may be used to test molecular-targeted inhibitors of MYC 

and PI3K-AKT, and androgen deprivation.  

In summary, we successfully generated a mouse model which harbors 

heterozygous or homozygous Pten deletion with Myc overexpression targeted to the 

prostate. Our data revealed that Pten deletion and Myc overexpression cooperatively 

promoted prostate cancer progression and reduced survival. This study provides a model 

for preclinical studies in advanced prostate carcinoma, which may be useful for the 

development of molecular-targeted therapies.  
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Abstract 

PTEN (phosphatase and tensin homolog deleted on chromosome 10) functions as 

a major tumor suppressor gene and is frequently deleted in different types of tumors 

including prostate cancer (PCa). It was hypothesized that germline genetic changes of 

PTEN affect susceptibility to PCa. Both common (with a minor allele frequency ≥ 5%) 

and rare (with a minor allele frequency < 5%) germline variants of PTEN were 

comprehensively evaluated. Fifteen germline variants were identified by re-sequencing 

the PTEN gene, including 5’ UTR, all 9 exons, exon-intron junctions, and 3’ UTR, in 188 

probands of hereditary prostate cancer (HPC) families recruited from Johns Hopkins 

Hospital. Two microsatellite markers surrounding PTEN were used to test the co-

segregation of 10 rare variants, which may give rise to highly penetrance in HPC. Two 

common SNPs were evaluated in the 188 HPC families using a family-based association 

study approach. To study low penetrant SNPs in PCa susceptibility, 33 SNPs covering 

PTEN were selected from the whole genome-wide association studies (GWAS) from our 

available case-control studies in Sweden [Cancer of the Prostate in Sweden (CAPS)] and 

the publicly available Cancer Genetic Markers of Susceptibility (CGEMS) study. 

Germline copy number variations in PTEN were assessed in CAPS. Co-segregation of 

germline variants and PCa was not observed among HPC families and no significant 

differences in the allele frequencies were observed in sporadic cases and controls, 

aggressive and non-aggressive PCa (P>0.05). These results suggest that germline variants 

in PTEN do not play an important role in PCa susceptibility. 
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Abbreviations 

CAPS  Cancer of the prostate in Sweden 

CGEMS Cancer genetic markers of susceptibility  

CNV  Copy number variation 

FBAT  Family-based association study   

GWAS  Whole genome-wide association study 

HPC  Hereditary prostate cancer 

HWE  Hardy-Weinberg Equilibrium  

LOH  Loss of heterozygosity 

PCa  Prostate cancer 

PSA  Prostate specific antigen 

PTEN  Phosphatase and tensin homolog deleted on chromosome 10 

SNP  Single nucleotide polymorphism 

 

 

 

 

 

 

 

 

 

 



 

 

113 

 

Introduction 

 Located on chromosome 10q23, PTEN is frequently deleted in multiple tumors 

including prostate cancer (PCa). PTEN has been shown to be involved in many cellular 

functions including apoptosis, cell cycle control, cell adhesion and migration, however 

the primary function of PTEN is to dephosphorylate and inactivate the second messenger 

PIP3 (Di Cristofano et al. 2000). It exerts its tumor suppressor function by acting as a 

negative regulator in the PI3K signaling pathway (Di Cristofano et al. 2000). Loss of 

PTEN has been shown to contribute to PCa development in mouse models (Di Cristofano 

et al. 1998; Wang et al. 2003; Abate-Shen et al. 2003; Halvorsen et al. 2003) and 

mutations or deletions of PTEN have been found to occur frequently in PCa in human, 

especially in advanced disease (Dong et al. 2001; Simpson et al. 2001; Schimitz et al. 

2006; Garraway et al. 2005; Verhagen et al. 2006). 

Deleterious germline variants in PTEN were not found to contribute to PCa 

susceptibility in previous studies, including mutation screening, linkage studies and 

genome-wide association (GWA) studies in case-control sporadic PCa populations (Witte 

et al. 2000; Gibbs et al. 2000; Cooney et al. 1999; Forrest et al. 2000; Bar-Shira et al. 

2006; Haiman et al. 2006). Some limitations of these studies were small sample size, low 

coverage of the PTEN gene for mutation screening, and the lack of evaluation of co-

segregation of PTEN germline variants and PCa risk. In this report, a comprehensive 

assessment of germline variants in the PTEN gene for PCa susceptibility was performed, 

which included mutation screening of a sizeable PTEN region in a large hereditary 

prostate cancer (HPC) sample, co-segregation analysis of high penetrant variants (rare 

variants with a minor allele frequency < 5%) in HPC families, association analysis of low 
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penetrant variants (common SNPs with a minor allele frequency ≥ 5%) in sporadic PCa 

and evaluation of copy number variation (CNVs) in PTEN in sporadic PCa populations. 

  

Material and methods 

Subjects 

HPC families 

 A detailed description of the HPC study families has been presented in previous 

work (Xu et al. 2003). In total, 188 HPC families with at least three first-degree relatives 

having a diagnosis of PCa were recruited into the study by investigators at the Brady 

Urology Institute at Johns Hopkins Hospital (JHH, Baltimore, MD). The mean age at 

diagnosis for these individuals was 64.3 years. Approximately 91.8% of the families were 

Caucasian and 9.2% were Black. The average number of affected individuals per family 

was 5.08. The number of families with 3, 4, and 5 or more affected individuals was 28, 

47 and 113, respectively. Probands were selected based on the following priorities: 

affected member with metastatic disease, local invasion, highest Gleason score, highest 

preoperative PSA levels, and youngest age at diagnosis. 

 

JHH case-control population 

The 1,527 cases were from a consecutive series of men who underwent treatment 

for PCa at JHH. Diagnosis of PCa of the cases was confirmed by pathology reports. 

Paraffin-embedded tissue and frozen tissue were available for 95% and 35% of cases, 

respectively. The mean age, PSA, Gleason Score and stage for the cases were 58.5 years, 

7.9ng/ml, 6.8 and 1.5. The 482 unaffected controls were recruited from a series of 
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consecutive men that participated in PCa screenings at the Brady Urological Institute at 

JHH. Mean age and PSA for the controls were 57.5 years and 1.6ng/ml. DNA from blood 

samples was available for all cases and controls. 

 

CAPS population 

The population-based, case-control study in Sweden, named CAPS (Cancer 

Prostate in Sweden) was used to complete fine-mapping in the study (Zheng et al. 2008). 

Cases with pathologically-diagnosed PCa were recruited from regional cancer registries 

in Sweden, between July 2001 and October 2003. DNA from blood samples, tumor-node 

metastasis stage, Gleason grade (biopsy), and PSA levels were available for 2,899 cases. 

Controls were recruited concurrently from the Swedish Population Registry and matched 

with cases according to age and geographic region. DNA from blood samples was 

available for 1,722 controls. Subsets of the CAPS population were used for two GWAS 

studies: GASP1 and GASP2. GASP1 included 500 cases and 500 controls and GASP2 

included 1,500 cases and 500 controls. 

 

CGEMS population 

The published data from the National Cancer Institute CGEMS study  was also 

utilized (Yeager et al. 2007; Thomas et al. 2008).The study population was the Prostate, 

Lung, Colon and Ovarian (PLCO) Cancer Screening Trial and it included 1,177 cases and 

1,105 controls. 
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Sequencing and genotyping of SNP and microsatellite markers 

A big genomic sequence of PTEN  was re-sequenced, including the ~2kb region 

of the promoter, all coding regions, the 3’ and 5’ untranslated regions (UTR), and regions 

that were evolutionarily conserved from multiple species comparison  in probands 

(n=188) of the HPC families. Figure 5-1 outlines the gene organization of PTEN and 

Table 5-1 list the primers used to amplify the PCR products, the sizes of amplified PCR 

fragments, and the annealing temperature for each pair of primers.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1. PTEN gene structure with sequence variants indicated (Map Distance in 

kb); 15 sequence variants were found. Physical location: 89,613,715-89,718,382bp, 

NCBI Build 35. 
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Table 5-1. Primers used for mutational analysis and SNPs identification in PTEN. 

(89,613,715-89,718,382bp), NCBI Build 35. 

 

 

 

 

 

 

 

 

 

 

 

 

PCR ID Forward primer Reverse primer

PCR product 

(bp)

Annealing 

temperature

1 AAGGGGGAATCTCTAGGCAA AGCATGCCCAGTGTAGCTG 453 62

2 AGCAAGTGCAGCTGCAGG AGAGGCTGCACGGTTAGAAA 579 62

3 CTCTCAGCGCCTGTGAGC GGACTTGGCGGTAGCTGAT 638 62

4 CCAGTCGCTGCAACCATC TGCAACCAGGCAAGAGTTC 473 68

5 CTGTCCATGTGGAAGTTACCTT CTGTATCCCCCTGAAGTCCA 460 62

6 CCATAGAAGGGGTATTTGTTGG CATGAATCTGTGCCAACAATG 420 58

7 AAAGATTCAGGCAATGTTTGTT ATGCTGCACTTTAGTCTTCCTG 350 60

8 TTTCTCTGGAATCCAGTGTTTC CAGATCCAGGAAGAGGAAAGG 413 60

9 GCTACGACCCAGTTACCATAGC CCAATGAGTTGAACAACAAAGC 404 60

10 TTGCTTGAGATCAAGATTGCA CTCACCAATGCCAGAGTAAGC 446 60

11 TTTTGTTGACTTTTTGCAAATG GTCAAGCAAGTTCTTCATCAGC 442 62

12 AAGAGGGTCATTTAAAAGGCC TCTGACACAATGTCCTATTGCC 453 60

13 CCAGAGAATGAACCTTTTGATG ACCCTTCGGAAACCTCTCTTAG 520 68

14 GTTCTGTCACCAACTGAAGTGG AGCATCCACAGCAGGTATTATG 679 63
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All reactions were performed using Taq polymerase (Invitrogen, Carlsbad, CA) at 

a 10-μl scale consisting of 20 ng genomic DNA, 0.2μmol/L of each primer, 0.2 mmol/L 

of each deoxynucleotide triphosphate, 1.5 mmol/L MgCl2, 20 mmol/L Tris-HCl, 50 

mmol/L KCl, and 0.5 units Taq polymerase (Invitrogen Corporation, Carlsbad, CA). PCR 

cycling conditions were as follows: 94°C for 3 minutes followed by 33 cycles of 94°C for 

30 seconds, a specified annealing temperature for 30 seconds, and 72°C for 30 seconds, 

with a final extension of 72°C for 6 minutes. The PCR products were purified using the 

QuickStep PCR Purification kit (Edge BioSystems, Gaithersburg, MD) to remove 

deoxynucleotide triphosphates and excess primers. All sequencing reactions were done 

using dye terminator chemistry (BigDye, ABI, Foster City, CA) and then precipitated 

using 75±5% ethanol. Samples were loaded onto an ABI 3700 DNA analyzer after 

adding 8 μl formamide. Single nucleotide polymorphisms (SNP) were identified using 

Sequencher software version 4.0.5 (Gene Codes Corp., Ann Arbor, MI).         

Genotyping for the two common SNPs (rs12573787 and rs1903858) was done 

using the MassARRAY system (Sequenom, Inc., San Diego, CA) in the 188 HPC 

families for which DNA samples were available. The SNP rs1903858 was selected to be 

genotyped in an additional 1,527 sporadic PCa cases and 482 unaffected controls from 

the JHH case-control population. PCR and extension reactions were done according to 

the manufacturer’s instructions and extension product sizes were determined by mass 

spectrometry. 

The microsatellite markers D10S1686 and D10S185, which lie on either side of 

the PTEN gene in the region of 100.5 cM~102.5cM and span an interval of ~9.6Mb, were 

genotyped in HPC families with rare sequence variants to estimate the co-segregation of 
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sequence variants with PCa in HPC families. The genotyping method has been previously 

described in detail (Amundadottir et al. 2006). 

 

SNPs in the PTEN gene selected from GWAS 

To study low penetrant SNPs in PCa susceptibility, 33 SNPs within the PTEN 

gene were selected from the GWAS of GASP1, GASP2 and CGEMS. Data from the 

three existing GWAS studies, which were deposited from Hapmap (www.hapmap.org, 

rel#21, dbSNPb125) was utilized to test the 33 SNPs spanning the complete PTEN gene 

(105.3kb), GeneChip Human Mapping 500k Array, 5.0 Array (Affymetrix, Santa Clara, 

CA) and HumanHap 300 BeadChips (Illumina, San Diego, CA) were used for GASP1, 

GASP2 and CGEMS (Yeager et al. 2007; Duggan et al. 2007). The detection of SNPs 

and CNVs in the CAPS population by means of Affymetrix SNP has been previously 

described in detail (Duggan et al. 2007; Liu et al. 2009). Results for a subset of the 33 

SNPs spanning PTEN were obtained from the GWAS (results from GASP1, GASP2 and 

CGEMS) and were used for the imputation of the remaining SNPs.  

         

Statistical Methods 

Family-based association tests (FBAT) were performed for 2 SNPs (rs12573787 

and rs1903858) in HPC families including 1,286 affected and unaffected members, using 

the software package FBAT (Laird et al. 2000). Linkage and linkage disequilibrium 

between PCa and SNPs were assessed by FBAT based on the data from nuclear families, 

sibships, or a combination of the two. 

http://www.hapmap.org/
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Parametric and nonparametric analyses were performed to test the co-segregation 

of the sequence variants in the HPC families using GeneHunter Plus. In the parametric 

analysis, the frequency of the susceptibility allele was assumed to be 0.003, and 

penetrance for non-carriers and carriers was 0.001 and 1.0, respectively. In the recessive 

model, the frequency of the susceptibility allele was set to be 0.15, and the penetrances 

for heterozygous carriers and homozygous carriers were assumed to be equal. Linkage 

heterogeneity among families (HLOD) was estimated using HOMOG (Ott 1999). In non-

parametric analysis, LOD scores were calculated using the Kong and Cox exponential 

allele sharing model score (KCLOD). Multipoint linkage statistics were performed at 0.5-

cM intervals across the region covering PTEN gene. 

To test associations between the SNPs and copy number variants and PCa, allele 

frequencies between cases and controls for each SNP were compared. LD structure was 

formed by Haploview (http://www.broadinstitute.org/mpg/haploview ) (Figure 5-2). The 

differences in allele frequencies between cases and controls were tested using standard 

contingency χ
2 

tests and P-values were determined via χ
2 

approximation. All of the known 

SNPs in PTEN were imputed based on the genotyped SNP information in the HapMap 

Phase II data (CEU) using a computer program, IMPUTE (Marchini et al. 2007). Odds 

ratio (OR) and 95% confidence interval (95% CI) were estimated using an unconditional 

logistic regression with adjustment for age and geographic region, assuming an additive 

model of inheritance. 

 

 

 

http://www.broadinstitute.org/mpg/haploview
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Figure 5-2. 33 SNPs spanning PTEN (89,623,195-89,728, 531bp, NCBI build 37); 

Color scheme is based on standard D’/LOD score option in Haploview 4. 
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Results 

SNP identification 

A total of 15 genetic variants were identified in the sequenced region of PTEN in 

the 188 HPC probands. Five of the variants had already been previously reported 

(rs1044322, rs12573787, rs1903858, rs34051577 and rs1044487) and none of the 15 was 

located in exons (http://www.ncbi.nlm.nih.gov/SNP/snp_ref ). The location and 

frequency of each variant are presented in Figure 5-1 and Table 5-2. Of the15 sequence 

variants, 5 are common variants with a minor allele frequency ≥5% and 10 are rare 

variants with a minor allele frequency <5%. Of the 5 common variants, 2 are SNPs and 

the 3 are insertion/deletions. 

 

Table 5-2. Sequence variants of PTEN identified in 188 HPC probands 

 
 

 

 

 

 

Variant ID(position)* Sequence variants Position Frequency

1(-1287) SNP -1287C/G Promoter CG: 1.2%; CC: 98.8%; GG: 0

2(-1060) SNP -1060C/G 5'UTR CG: 0.7%; CC:99.3%; GG:0

3(-976) SNP -976G/C 5'UTR GC:0.7%; GG:99.3%; CC:0

4(-904) SNP -904G/A 5'UTR GA: 3.4%; GG:96.6%; AA:0

5(-546) INDEL -546 5GGC/6GGC 5'UTR 5/6:2.6%; 5/5:97.4%; 6/6:0

6 rs12573787(-511) SNP -511G/A 5'UTR GA:22%; GG:77%; AA:0.7%

7(-500) INDEL -500 5GGC/6GGC/7GGC 5'UTR 5/6:0.7%; 5/7:0.7%; 5/5:98.6%; 6/6:0; 7/7:0

8(-461) SNP -461G/A 5'UTR GA:0.7%; GG:99.3%; AA:0

9(210) SNP 210T/C Intron 1 TC:0.6%; TT:99.4%; CC:0

10 rs1903858(29460) SNP 29460C/T Intron 1 CT:47.3%; TT:43.2%; CC:9.5%

11(66729) INDEL 66729 TCTTA/_ Intron 4 TCTTA/-:44%; _/_:45.6%; TCTTA/TCTTA:10.6%

12(68506) INDEL 68506 9T/10T Intron 4 9/10:1.8%; 9/9:98.2%; 10/10:0

13(93573) SNP 93573G/A Intron 7 GA:1.8%; GG:98.2%; AA:0

14(96422) INDEL 96422 15T/14T Intron 7 15/14:100%; 15/15:0; 14/14:0

15(101068) INDEL 101068 11T/10T 3'UTR 11/10:100%; 11/11:0; 10/10:0

* Position is relative to ATG translation start.

http://www.ncbi.nlm.nih.gov/SNP/snp_ref
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Co-segregation of rare SNPs and PCa in HPC families 

LOD scores for 2 markers (D10S1686 and D10S185) flanking PTEN located in 

the region of 100.5 cM~102.5cM are shown in Table 5-3. HLOD scores were used to 

present the LOD score for the family group of each SNP. Both dominant and recessive 

parametric analyses were performed and evidence of co-segregation of rare SNPs in the 

HPC families was not observed. Non-parametric analysis was also performed and co-

segregation of the rare SNPs and PCa was not found (data not shown). 

 

 

Table 5-3. Co-segregation of 10 rare SNPs in PTEN in HPC families. 

 

 

 

 

 

 

 

 

 

 

 

 

 

100.5 cM 101.5 cM 102.5 cM 100.5 cM 101.5 cM 102.5 cM

1 2 0.09 0.11 0.12 0.08 0.07 0.07

2 1 0.00 0.00 0.00 0.00 0.00 0.00

3 1 0.00 0.00 0.00 0.00 0.00 0.00

4 5 0.00 0.00 0.00 0.00 0.00 0.00

5 4 0.00 0.00 0.00 0.00 0.00 0.00

7 2 0.03 0.03 0.03 0.04 0.04 0.03

8 1 0.00 0.00 0.00 0.00 0.00 0.00

9 1 0.00 0.00 0.00 0.00 0.00 0.00

12 3 0.00 0.00 0.02 0.00 0.01 0.02

13 3 0.00 0.00 0.00 0.00 0.00 0.00

all_above_fam 23 0.00 0.00 0.00 0.00 0.00 0.00

Variant ID

family 

number

LOD score(HLOD)

Dominant Recessive
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Family based association study (FBAT) 

Two common SNPs, rs12573787 and rs1903858, which were in the 5’UTR and 

intron 1, were further genotyped in the family-based association study. An association 

between the two variants and PCa was not observed, suggesting the variants were not 

over-transmitted from parents to affected sons in the 188 HPC families including 1,286 

affected and unaffected family members (Table 5-4, P>0.05). Subset analysis of FBAT 

were also performed by breaking the families down by the number of affected males 

(number=3, 4 and >=5) and age at onset (<65 or >65). None of these sub groups showed 

significant association for these two SNPs in FBAT analysis (all P> 0.05). 

 

 

Table 5-4. Results of the family-based association tests (FBAT) for 2 common SNPs 

in PTEN. 

 

 

 

 

 

 

 

 

 

 

SNPs chromosome position alleles risk allele allele frequency P-values*

rs12573787 89613696 A/G A 0.12 0.90

rs1903858 89643666 C/T C 0.70 0.99

* FBAT test: HPC cases vs. controls
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Association test in sporadic PCa cases and controls 

 The SNP rs1903858 was selected for association analysis among sporadic PCa 

cases and controls. The frequency of rs1903858 is 0.31 in cases (n=1,527) and 0.30 in 

controls (n=482) from the JHH population. No significant difference in the allele 

frequencies was found between sporadic PCa cases and controls (P=0.592). 

Of the 33 SNPs that spanned the PTEN gene that were selected for association 

testing with sporadic PCa, there were 28 common SNPs (≥5% frequency) identified with 

an average spacing of one common SNP every ~3.7 kb. In the PTEN gene, 4 SNPs were 

genotyped in GASP1 and GASP2, and 6 SNPs were genotyped in CGEMS GWAS 

studies. The remaining SNPs in PTEN were imputed based on the 4 SNPs genotyped in 

GASP1 and GASP2 GWAS or 6 SNPs genotyped in CGEMS GWAS. None of the 33 

SNPs (genotyped or imputed) was found to be significantly associated with PCa 

susceptibility in any these studies, shown as in Table 5-5 (P>0.05). The 33 SNPs were 

also tested for their association with PCa aggressiveness in CGEMS and GASP2 

populations (all cases in GASP1 population are aggressive). None of them was found to 

be significantly associated with aggressiveness in these two populations, as shown in 

Table 5-6 (all P>0.05). 
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Table 5-5. Frequency of 33 SNPs spanning PTEN in 3 GWAS studies. 

 
 

 

 

 

 

 

 

 

 

F_A
▲

F_U
▲ P* OR* Status F_A

▲
F_U

▲ P* OR* Status F_A
▲

F_U
▲ P* OR* Status

rs3781195 89,632,589 G 0.03 0.02 0.81 1.05 Imputed 0.03 0.01 0.011 2.29 Imputed 0.02 0.02 0.79 1.07 Imputed

rs1234220 89,635,453 G 0.10 0.10 0.63 1.05 Original 0.11 0.09 0.19 1.22 Imputed 0.10 0.12 0.17 0.85 Imputed

rs11202596 89,637,134 A 0.09 0.08 0.70 1.04 Original 0.04 0.04 0.57 0.86 Imputed 0.05 0.05 0.95 0.99 Imputed

rs1234219 89,639,557 G 0.08 0.07 0.60 1.06 Imputed 0.06 0.06 0.96 1.01 Imputed 0.06 0.08 0.24 0.84 Imputed

rs7069904 89,639,818 A 0.02 0.02 0.16 1.34 Imputed 0.02 0.01 0.046 2.72 Imputed 0.01 0.00 0.61 1.33 Imputed

rs1234218 89,640,739 T 0.07 0.07 0.84 1.02 Imputed 0.05 0.06 0.74 0.94 Imputed 0.06 0.07 0.24 0.84 Imputed

rs1903858 89,643,666 G 0.31 0.28 0.03 1.16 Imputed 0.29 0.30 0.78 0.97 Imputed 0.27 0.28 0.95 0.99 Imputed

rs2299939 89,647,130 A 0.19 0.19 0.63 1.04 Original 0.08 0.10 0.24 0.79 Imputed 0.09 0.08 0.45 1.14 Imputed

rs1234225 89,663,549 T 0.35 0.32 0.08 1.12 Imputed 0.34 0.35 0.67 0.96 Imputed 0.33 0.35 0.39 0.93 Imputed

rs12569998 89,664,137 G 0.14 0.13 0.29 1.10 Imputed 0.14 0.14 0.85 0.98 Original 0.13 0.13 0.71 1.04 Original

rs1234224 89,665,276 G 0.35 0.32 0.08 1.12 Imputed 0.34 0.35 0.67 0.96 Imputed 0.33 0.35 0.39 0.93 Imputed

rs1234223 89,665,570 C 0.10 0.10 0.70 1.04 Imputed 0.11 0.09 0.21 1.21 Imputed 0.10 0.12 0.17 0.85 Imputed

rs17106896 89,667,087 T 0.05 0.04 0.23 1.19 Imputed 0.02 0.01 0.049 2.69 Imputed 0.01 0.00 0.40 1.59 Imputed

rs1676759 89,668,276 G 0.03 0.02 0.72 1.07 Imputed 0.01 0.01 0.58 1.35 Imputed 0.01 0.00 0.34 1.68 Imputed

rs11202600 89,672,813 C 0.07 0.07 0.84 1.02 Imputed 0.07 0.07 0.98 1.00 Original 0.08 0.10 0.053 0.79 Original

rs10490920 89,675,623 C 0.14 0.13 0.29 1.10 Imputed 0.14 0.14 0.82 0.97 Imputed 0.13 0.13 0.75 1.04 Imputed

rs1234213 89,679,301 A 0.35 0.32 0.07 1.12 Imputed 0.34 0.35 0.66 0.95 Imputed 0.33 0.35 0.39 0.93 Imputed

rs7078674 89,687,333 T 0.00 0.00 NA NA Imputed 0.00 0.00 NA NA Imputed 0.00 0.00 NA NA Imputed

rs12357281 89,690,651 C 0.09 0.08 0.75 1.04 Imputed 0.04 0.04 0.65 0.89 Imputed 0.05 0.05 0.88 0.97 Imputed

rs2299941 89,694,699 G 0.14 0.13 0.23 1.11 Imputed 0.14 0.14 0.99 1.00 Imputed 0.13 0.12 0.87 1.02 Imputed

rs2735343 89,695,409 C 0.35 0.32 0.09 1.11 Imputed 0.34 0.35 0.65 0.95 Imputed 0.33 0.35 0.37 0.93 Imputed

rs2248293 89,697,245 C 0.35 0.32 0.07 1.12 Original 0.31 0.31 0.98 1.00 Imputed 0.30 0.33 0.16 0.88 Imputed

rs17562384 89,699,396 C 0.19 0.19 0.59 1.04 Imputed 0.08 0.10 0.25 0.79 Imputed 0.09 0.08 0.44 1.14 Imputed

rs2673832 89,702,453 G 0.11 0.11 0.92 0.99 Original 0.01 0.02 0.22 0.56 Imputed 0.02 0.01 0.38 1.35 Imputed

rs12572106 89,706,087 C 0.14 0.13 0.27 1.10 Imputed 0.14 0.14 0.82 0.97 Imputed 0.13 0.13 0.75 1.04 Imputed

rs17431184 89,710,231 C 0.19 0.19 0.60 1.04 Imputed 0.08 0.10 0.25 0.79 Imputed 0.09 0.08 0.43 1.15 Imputed

rs2736627 89,711,074 C 0.09 0.10 0.43 0.92 Imputed 0.01 0.02 0.22 0.56 Imputed 0.02 0.01 0.38 1.35 Imputed

rs926091 89,711,392 T 0.14 0.13 0.27 1.10 Imputed 0.14 0.14 0.82 0.97 Imputed 0.13 0.13 0.75 1.04 Imputed

rs532678 89,713,322 T 0.35 0.32 0.08 1.12 Imputed 0.34 0.35 0.65 0.95 Imputed 0.33 0.35 0.37 0.93 Imputed

rs11202607 89,717,394 T 0.07 0.07 0.99 1.00 Original 0.05 0.06 0.74 0.94 Imputed 0.06 0.07 0.24 0.84 Imputed

rs478839 89,721,850 G 0.40 0.42 0.41 0.95 Original 0.40 0.38 0.39 1.11 Imputed 0.38 0.37 0.89 1.01 Imputed

rs17346680 89,727,081 A 0.04 0.03 0.29 1.19 Imputed 0.04 0.02 0.003 2.24 Original 0.07 0.08 0.11 0.80 Original

rs10509532 89,727,534 T 0.14 0.13 0.26 1.10 Original 0.14 0.14 0.78 0.96 Original 0.13 0.13 0.75 1.04 Original

Minor

AlleleSNP Position

▲
F_A, frequency in affected cases; F_U, frequency in controls

* P and OR are calculated based on an unconditional logistic regression with adjustment for age and geographic region, assuming an additive model of inheritance

CGEMS(1177 cases/1105 controls) GASP1(500 cases/500 controls) GASP2(1500 cases/500 controls)
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Table 5-6. Frequency of 33 SNPs spanning PTEN in 2 GWAS studies for PCa 

aggressiveness. 

 

 

 

 

 

 

 

F_A
▲

F_U
▲ P* OR* Status F_A

▲
F_U

▲ P* OR* Status

rs3781195 89632589 G 0.03 0.03 0.82 1.06 Imputed 0.02 0.02 0.84 0.95 Imputed

rs1234220 89635453 G 0.11 0.10 0.70 1.06 Original 0.11 0.09 0.15 1.19 Imputed

rs11202596 89637134 A 0.09 0.08 0.58 1.09 Original 0.04 0.05 0.44 0.85 Imputed

rs1234219 89639557 G 0.08 0.07 0.47 1.13 Imputed 0.07 0.06 0.26 1.20 Imputed

rs7069904 89639818 A 0.03 0.02 0.41 1.27 Imputed 0.01 0.00 0.21 1.91 Imputed

rs1234218 89640739 T 0.07 0.07 0.69 1.07 Imputed 0.07 0.06 0.30 1.17 Imputed

rs1903858 89643666 G 0.32 0.30 0.26 1.11 Imputed 0.27 0.28 0.66 0.96 Imputed

rs2299939 89647130 A 0.19 0.20 0.49 0.93 Original 0.08 0.09 0.19 0.80 Imputed

rs1234225 89663549 T 0.36 0.33 0.10 1.16 Imputed 0.33 0.33 0.72 1.03 Imputed

rs12569998 89664137 G 0.14 0.14 0.95 0.99 Imputed 0.13 0.13 0.56 0.94 Original

rs1234224 89665276 G 0.36 0.33 0.10 1.16 Imputed 0.33 0.33 0.72 1.03 Imputed

rs1234223 89665570 C 0.10 0.10 0.68 1.06 Imputed 0.11 0.09 0.15 1.19 Imputed

rs17106896 89667087 T 0.05 0.04 0.19 1.30 Imputed 0.01 0.01 0.32 1.58 Imputed

rs1676759 89668276 G 0.03 0.03 0.98 1.01 Imputed 0.01 0.01 0.96 1.02 Imputed

rs11202600 89672813 C 0.07 0.07 0.69 1.07 Imputed 0.09 0.07 0.06 1.29 Original

rs10490920 89675623 C 0.14 0.14 0.95 0.99 Imputed 0.12 0.13 0.48 0.93 Imputed

rs1234213 89679301 A 0.36 0.33 0.09 1.16 Imputed 0.33 0.33 0.75 1.03 Imputed

rs7078674 89687333 0 0.00 0.00 NA NA Imputed 0.00 0.00 NA NA Imputed

rs12357281 89690651 C 0.09 0.08 0.64 1.07 Imputed 0.04 0.05 0.38 0.84 Imputed

rs2299941 89694699 G 0.14 0.14 0.98 1.00 Imputed 0.12 0.13 0.41 0.91 Imputed

rs2735343 89695409 C 0.36 0.33 0.11 1.15 Imputed 0.33 0.33 0.79 1.02 Imputed

rs2248293 89697245 C 0.36 0.33 0.11 1.15 Original 0.30 0.30 0.75 0.97 Imputed

rs17562384 89699396 C 0.19 0.20 0.47 0.93 Imputed 0.08 0.09 0.17 0.79 Imputed

rs2673832 89702453 G 0.11 0.10 0.44 1.11 Original 0.02 0.02 0.38 0.76 Imputed

rs12572106 89706087 C 0.14 0.14 0.98 1.00 Imputed 0.12 0.13 0.48 0.93 Imputed

rs17431184 89710231 C 0.19 0.20 0.47 0.93 Imputed 0.08 0.10 0.15 0.78 Imputed

rs2736627 89711074 C 0.09 0.09 0.64 1.07 Imputed 0.02 0.02 0.38 0.76 Imputed

rs926091 89711392 T 0.14 0.14 0.98 1.00 Imputed 0.12 0.13 0.48 0.93 Imputed

rs532678 89713322 T 0.36 0.33 0.11 1.15 Imputed 0.33 0.33 0.80 1.02 Imputed

rs11202607 89717394 T 0.07 0.07 0.67 1.07 Original 0.07 0.06 0.31 1.17 Imputed

rs478839 89721850 G 0.39 0.42 0.25 0.91 Original 0.38 0.38 0.92 0.99 Imputed

rs17346680 89727081 A 0.04 0.04 0.98 1.00 Imputed 0.07 0.06 0.20 1.22 Original

rs10509532 89727534 T 0.14 0.14 0.91 0.99 Original 0.12 0.13 0.48 0.93 Original

* P and OR are calculated based on an unconditional logistic regression with adjustment for age and geographic region, assuming an additive model of inheritance
▲

F_A, frequency in aggressive cases; F_U, frequency in non-aggressive cases

GASP2(637 aggressive/863 non-aggressive)

SNP Position Minor Allele

CGEMS(650 aggressive/527 non-aggressive)
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CNVs analysis 

In addition to testing the association of germline SNPs and PCa susceptibility, 

germline CNVs in PTEN and the association with sporadic PCa was also evaluated with 3 

SNP probes (rs12569998, rs11202600, rs17107001) at PTEN region on GeneChip 

Human Mapping 5.0 Array (Affymetrix, Santa Clara, CA). The CNV defined by the 3 

probes in PTEN was not associated with PCa risk from GWAS in CAPS population (data 

not shown).  

 

Discussion 

 In this report, germline sequence variants of PTEN in both HPC and sporadic 

prostate caner were comprehensively evaluated. The PTEN gene was screened, including 

the 5’ UTR, all 9 exons, exon-intron junctions, and 3’ UTR, in HPC probands. The co-

segregation of PTEN mutations/sequence variants in HPC families and association in a 

sporadic PCa population were also evaluated. To summarize, 10 rare and 5 common 

variants were identified by sequencing. However, no potentially important mutations 

were identified, such as mutations in exons from germline DNA samples of 188 HPC 

probands. There was no statistically significant difference in allele frequencies of the 2 

common SNPs, rs12573787 and rs1903858, between cases and controls after genotyping 

1,286 HPC members and no statistical difference in the allele frequency of 1 common 

SNP after genotyping in 1,527 PCa cases and 482 controls. Additionally, there was no 

evidence of co-segregation of variants in PTEN in the HPC families. The 33 SNPs that 

spanned the PTEN gene showed no association between PTEN and PCa susceptibility in 

the CAPS and CGEMS population. None of the 33 SNPs was shown to be associated 
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with aggressiveness of PCa. Finally, in the results of evaluating CNVs in PTEN from the 

available data in CAPS, there were no detectable CNV changes associated with PCa (data 

not shown). The results suggest that PTEN gene variants do not have an effect on PCa 

susceptibility and aggressiveness. 

This is the first time that germline variants of PTEN, including both rare and 

common variants and CNVs, were comprehensively evaluated in hereditary and sporadic 

PCa populations. The PTEN region was re-sequenced in a large sample size (n=188) of 

HPC probands. No deleterious variants were found to contribute to PCa susceptibility, 

which was consistent with previous studies (Cooney et al. 1999; Forrest et al. 2000). Co-

segregation of 10 rare variants, which were believed to give rise to high-penetrant HPC, 

was further evaluated by testing 2 microsatellite markers flanking PTEN in the HPC 

families. However, co-segregation was not observed in the HPC families. Common 

variants, which were believed to contribute low-penetrant PCa, were explored in sporadic 

PCa populations and no association was found between the SNPs and PCa risk, consistent 

with previous studies (Bar-Shira et al. 2006; Haiman et al. 2006). It was also the first 

time that germline CNVs in PTEN were explored for PCa susceptibility. In our study, 

there were no CNV probes on PTEN region and 3 SNP probes were used to define CNVs 

for PTEN. No CNV defined by the 3 SNPs at PTEN was found to be associated with 

sporadic PCa. Based on the available CNV information from Hapmap (McCarroll et al. 

2008), the nearest CNVs on the 5’ and 3’ flank region of PTEN (89, 613, 715-89, 718, 

382) are 87, 791, 026-87, 798, 355 (~1.8Mbp on 5’ region) and 90, 932, 947-90, 938, 070 

(~1.2Mbp on 3’ region), respectively. It is possible that CNVs at PTEN can be detected 

by microarrays with higher resolution.  
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To date, there has not been any germline variants in PTEN found to contribute to 

PCa susceptibility. However, the possibility cannot be eliminated that germline and/or 

somatic sequence variants in PTEN may be associated with PCa aggressiveness. In the 

literature the presence of TMPRSS2: ERG fusion and a PTEN deletion was reported to be 

associated with a more aggressive form of PCa (Yoshimoto et al. 2008). In our studies, 

however, germline sequence variants of PTEN did not serve as indicator for the 

aggressiveness of PCa from the GWAS studies in both CGEM and GASP2 population. 

Therefore, germline sequence variants of PTEN could not serve as an indicator for the 

aggressiveness of PCa. 

In conclusion, this study suggests that PTEN germline SNPs are unlikely to play 

an important role in hereditary and non-hereditary PCa susceptibility. 
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