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Introduction 

In many solid tumors including prostate cancer, hypoxia-inducible factors (HIF) are up-regulated 

compared to their normal tissue counterparts. These HIF molecules are transcription factors, and supply the 

cancer with the proper proteins necessary for metabolism as well as angiogenesis. Recently, a set of proteins 

known as prolyl and asparaginyl hydroxylases (PHD and AHD respectively) have been shown to be essential 

in the regulation of HIF, and in some cancers have been transcriptionally and translationally silenced. We 

therefore proposed a study that focuses on the epigenetic control of these crucial enzymes. In addition, recent 

evidence has demonstrated a potential role for androgen insensitivity on the effect of suppression of these 

enzymes. In this report, we present data demonstrating our first findings of PHD expression in prostate cancer 

cell lines.  Furthermore, we begin to identify specific epigenetic mechanisms that may play a major role in the 

transcriptional and translational control of these enzymes.  Last, we will explain our future direction of the 

project for the remainder of the award period. 

 

Body 

 We first set out to characterize the expression level of PHD and AHD in an array of cell lines by 

quantitative real-time PCR. To obtain a larger-scale picture of PHD expression, some breast cell lines were 

also examined in addition to the prostate cancer cell lines discussed in the proposal.  It was observed that the 

expression of PHD3 (the main focus of our research) varied greatly amongst the cells lines queried (Figure 1).  

In addition, the level of AHD was not significantly different at the mRNA level (data not shown) and as such the 

remainder of our attention was focused on PHD3.  In one prostate cancer cell line, PC3, the mRNA level was 

essentially undetectable which made this cell line promising to study any epigenetic modifications that may be 

present.  Western blots were performed to ensure that PHD3 was also absent at the protein level (Figure 2).   

 With this novel observation, we attempted to understand what, if any, epigenetic modification was 

responsible for the decreased PHD3 expression in PC3 prostate cancer cells. A hallmark of epigenetic control 

is DNA methylation, so we attempted to identify if the promoter of PHD3 in PC3 cells was aberrantly 

methylated.  To identify this, we used a method previously discussed in the proposal known as sodium bisulfite 
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conversion sequencing.  Briefly, DNA is extracted from the tissue and exposed to sodium bisulfite.  This 

process converts all non-methylated cytosine’s to uracil, whereas methylated cytosines are unaffected.  The 

bisulfited DNA is then PCR amplified at a region of interest and sequenced.  Because methyl-cytosine and 

uracil are not incorporated during PCR, any cytosines that are remaining indicate methylation in the original 

sequence prior to bisulfite treatment.  It was observed that a large section of the PHD3 promoter (which 

contains the putative HIF binding site) in PC3 cells was hypermethylated (Figure 3).  In addition, the breast 

cancer line MB-435, which also demonstrated decreased PHD3 expression, was also hypermethylated.  Last, 

the remaining cell lines were shown to have unmethylated promoter regions, which is consistent with their 

detectable PHD3 expression levels. 

 DNA methylation is a powerful method of gene suppression, and many genes when methylated are 

unable to be activated by their regular cellular signals.  For example, it has long been established that PHD 

expression is controlled by hypoxia through the HIF’s.  In other words, HIF’s are able to control their own 

degradation by up-regulating PHD’s in times of hypoxia.  To understand if this control has been lost due to 

DNA methylation, quantitative real-time PCR for PHD3 was performed on PC3 cells in times of normoxia (21% 

O2) and hypoxia (1% O2).  It was observed that even during hypoxia, PHD3 expression was unchanged (Figure 

4).  Furthermore, in another cell line (DU145), the expression of PHD3 increased almost 10-fold in response to 

hypoxia, demonstrating the transactivation of the gene by HIF.  This lack of an up-regulation of PHD3 in PC3 

cells could also be explained by a lack of proper HIF up-regulation during times of hypoxia.  To test this 

hypothesis, western blot analysis for HIF1α and HIF2α was performed (Figure 5).  From this analysis, it was 

determined that PC3 cells demonstrate a proper HIF response to hypoxia, which suggests that the DNA 

methylation at the HIF responsive element in the PHD3 promoter is responsible for aberrant expression during 

times of normoxia and hypoxia. 

 To complete Aim 1 as outlined in the statement of work, we attempted to reactivate the expression of 

PHD3 by use of 5-aza-deoxycytidine (5-aza-dC).  5-aza-dC is a DNA methyltransferase inhibitor, which can 

elicit global DNA demethylation within a treated cell population.  Treatment with this drug incited an almost 5 

fold increase PHD3 expression in PC3 cells (Figure 6).  Treatment with 5-aza-dC on two low-expressing breast 
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cancer cell lines also increased PHD3 expression, suggesting that DNA methylation may be a common 

mechanism shared amongst different cancer types.  In addition to treatment with 5-aza-dC, a histone 

deacetylase inhibitor (i.e. Trichostatin A (TSA)) was also applied to the cells.  Histone deacetylation is another 

epigenetic modification in which cells may silence gene expression by altering histone modifications.  Histone 

deacetylase inhibitors (HDACI’s) are drugs that inhibit the removal of acetyl groups, allowing for more open 

chromatin and active gene expression.  Interestingly, the use of TSA alone and in combination with 5-aza-dC 

only slightly increased, had no significant effect, or even lowered PHD3 expression in any of the cell lines 

examined (data not shown).  This finding suggests that histone modifications may not play a major epigenetic 

silencing role with PHD3, and as such our attention should focus elsewhere.  

 To further examine our hypothesis that epigenetic modifications are at the root of silencing PHD3 in 

PC3 cells, we have begun preliminary studies on chromatin accessibility as outlined in Aim 2 of the original 

statement of work.  This assay will tests if the chromatin is in a relatively more open (e.g. transciptionally 

active) or closed (e.g. transciptionally silent) state.  It was discovered that the PC3 cells demonstrated a much 

more closed state of chromatin when compared to MCF7 cells, which are highly PHD3 expressing (Figure 7).  

These studies have only been performed once, and will have to be repeated to identify statistical significance, 

but preliminary results are quite promising.   

 With the completion of Aim 1 and part of Aim 2 of our original statement of work, we are shifting our 

focus to experiments outlined in Aim 3 as well as new assays that we hope will serve as an adjuvant to our 

original hypothesis.  Unfortunately, in our original hypothesis we proposed that there may have been some 

type of hormone responsiveness that may have played a role in the control of epigenetic mechanisms 

regulating PHD3.  From a preliminary experiment using the hormone responsive MCF7 and the hormone 

insensitive line MCF7-5C, we determined there to be a minimal difference in the expression level of PHD3 

(data not shown).  As such, we have focused our attention to the primary means behind PHD3 methylation in 

certain cancer cell lines.  We have acquired two new tools that we hope aid in elucidating more about the 

aberrant expression of these genes.  Specifically, we have obtained HIF-1α promoter1 and oxygen-dependent 

degradation domain (ODD) luciferase plasmids2 from Dr. Konstantin Salnikow at the National Cancer Institute.  
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The HIF-1α promoter construct will allow for identification of proper HIF transactivation within a cell population 

to aid in ruling out HIF functionality as a cause for loss of PHD3.  Along with that, the ODD construct produces 

a reporter protein that contains the same degradation domain as HIF.  By this methodology, we will be able to 

understand the capacity in which the cells are able to regulate hypoxia responsive genes.  These powerful 

tools serve to improve the impact of our data by truly elucidating the mechanism of PHD3 loss. 

 Last, a recent publication from our group demonstrated that certain reactive oxygen species (ROS) 

such as superoxide (O2
•-) are able to regulate the stabilization of HIF proteins3.  Since ROS are known to be 

elevated in cancers, this allows for another aspect of study to fully understand PHD3 control.  We have 

recently obtained mice that are floxed (flanked by loxP sites) for the SOD2 gene locus4.  SOD2 encodes for 

manganese superoxide dismutase, which is a mitochondrial antioxidant enzyme whose function is to neutralize 

superoxide.  By breeding with a mouse that expresses Cre-recombinase in a tissue specific manner (i.e. 

prostate by way of PSA or probasin promoter), we are able to make conditionally specific SOD2 knock-outs.  

This in vivo model will allow us to understand if there may be any direct link between ROS and epigenetic 

silencing of the PHD enzymes.  We are in the very early stages of this directive and are obtaining the proper 

mice and to initiate breeds, but this aspect provides great promise and novelty to the study of epigenetics and 

free radical biology. 

 

Key Research Accomplishments 

� Identification of PHD3 mRNA expression and protein level in prostate cancer cell lines 

� Observation of no change of ASD expression in prostate cancer cell lines 

� Detection of methylated promoter region in low PHD3 expressing cell lines 

� Identification of lack of hypoxia response for PHD3 in PC3 cells 

� Reactivation of PHD3 by way of DNA methylation epigenetic modifying drug 

� Observation of no significant response with histone specific epigenetic modifying drug 

� Identification of closed chromatin around PHD3 locus in PC3 cells 
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Reportable Outcomes 

Peer-reviewed publications: 

� Nam, C., Case, A.J., Hostager, B.S., and O’Dorisio, M.S. (2009) The role of vasoactive intestinal 

peptide (VIP) in megakaryocyte proliferation. Journal of Molecular Neuroscience 37(2): 160-167. 

� Venkataramen, S., Fitzgerald, M., Jettawatana, S., Case, A.J., Oberley, LW., and Domann, FE. (2008) 

Epigenetics, a key factor in hormone-independent prostate and breast cancers: New concepts for 

developing tailored therapies. Free Radical Biology and Medicine 45: S57-S58. 

Book Chapters: 

� Case, A.J. & Domann, F.E. Hypoxia-Induced Gene Regulation through Hypoxia Inducible Factor-1 

Alpha, In Redox Signaling and Regulation in Biology and Medicine (eds. Jacob, C. & Winyard, P.) 

(Wiley-VCH) 2009. – See appendix for full text. 

Abstracts: 

� Case, A.J., Johns, A., Takahashi, T., Waldschmidt, T., and Domann, FE. (2008) Aberrant thymic 

development in a T-lymphocyte specific SOD2 knock-out mouse. Free Radical Biology and Medicine 

45: S133-S134. 

Awards:  

� Case, A.J., Young Investigator Award, Annual Meeting of the Society for Free Radical Biology and 

Medicine, Indianapolis, IN, November 21, 2008. 

 

Conclusion 

 In summary, this project progressed as outlined in the statement of work.  Aim 1 was completed, Aim 2 

has begun before schedule, and we have already improved Aim 3 and are obtaining the proper reagents and 

tools to expand our knowledge of PHD3 control in prostate cancer.  Our studies have required us to make 

adaptive changes in our original plan so as to truly understand the mechanism underlying this epigenetic 

silencing, and much has been learned from our approaches. Finally, we hope that the addition of our in vivo 
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model allows for a more clinically relevant study, and as such may lead to novel epigenetic or antioxidant 

therapies that could effectively treat the growing population suffering with prostate cancer. 
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Figure 1. PHD3 mRNA levels vary amongst different prostate and breast cancer cell lines. 

RNA was extracted using Trizol reagent and reverse transcribed by using the ABI cDNA Archive 

Kit.  Quantitative real-time PCR analysis was performed using primers specific to the PHD3 mRNA 

transcript, and data was normalized using the ∆∆CT method to the normal prostate and normal 

breast cell lines NPrEC and HMEC-htert respectively.  PC3 prostate cancer cells and MB435 

breast cancer cells demonstrate the most abundant knock-down of PHD3 transcript. 
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Figure 2. PHD3 protein is non-detectable in PC3 prostate cancer cells.  Protein was extracted 

from both PC3 and MCF7 cells using a modified RIPA buffer.  Western blot analysis shows highly 

abundant protein in MCF7 cells, and virtually absent protein in PC3 cells (run in duplicate).  This 

data supports the mRNA expression data as seen in Figure 1. 
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Figure 3. DNA methylation analysis reveals the promoters of PC3 and MB435 cancer cells 

are hypermethylated.  Genomic DNA was bisulfite converted using the Zymo Research EZ-DNA 

Methylation kit, and then PCR amplified using primers specific to the promoter region of PHD3. 

PCR products were cloned into bacterial colonies for amplification and then followed by 

sequencing.  Closed/Black circles represent a specific methylated CpG within the promoter region 

while Open/White circles represent a non-methylated CpG. Data demonstrate that only the cell 

lines with minimal expression are highly methylated. 
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Figure 4. PC3 cells do not exhibit proper PHD3 hypoxia inducible response.  Cells were 

exposed to normoxia or hypoxia for 16 hours. RNA was extracted using Trizol reagent and reverse 

transcribed by using the ABI cDNA Archive Kit.  Quantitative real-time PCR analysis was 

performed using primers specific to the PHD3 mRNA transcript, and data was normalized using 

the ∆∆CT method to the hypoxia responsive cell line DU145. PC3 prostate cancer cells 

demonstrate no induction of PHD3 in response to hypoxia. 
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Figure 5. PC3 cells demonstrate proper HIF induction even in absence of PHD3.  Cells were 

exposed to normoxia or hypoxia for 16 hours.  Protein was extracted using a modified RIPA buffer.  

Western blot analysis demonstrates a strong induction of both HIF-1α and HIF-2α in response to 

hypoxia in PC3 cells, while PHD3 remains unchanged.  MCF7 cells also show proper induction of 

HIF proteins, but due to over-abundance of protein in normoxia the hypoxia response is not 

dramatic. 
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Figure 6. All low PHD3 expressing cell lines show reactivation with 5-aza-dC.  Cells were 

treated with 5µM 5-aza-dC every other day for 7 days. RNA was extracted using Trizol reagent 

and reverse transcribed by using the ABI cDNA Archive Kit.  Quantitative real-time PCR analysis 

was performed using primers specific to the PHD3 mRNA transcript, and data was normalized 

using the ∆∆CT method to PC3 prostate cancer cells.   Data show induction of PHD3 in all cell 

lines treated with 5-aza-dC. 
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Figure 7. PC3 cancer cells demonstrate decreased chromatin accessibility at the PHD3 

locus compared to MCF7 breast cancer cell lines.  Isolated nuclei from the cell lines were 

treated with DNase I to understand susceptibility to digestion by the endonuclease.  DNA was 

extracted post-digestion and analyzed by quantitative real-time PCR for both the PD3 locus (panel 

A) as well as GAPDH (panel B) as a relative control.  PC3 cells appear to have a more closed 

chromatin structure at the PHD3 locus than the high PHD3 expressing cell line MCF7. 
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