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INTRODUCTION 
 
Prostate cancer (PCa) is a common malignancy and a leading cause of cancer death 

among men in the United States. Racial differences in PCa incidence and mortality are 

well documented. The incidence and mortality for PCa is about twofold higher in African 

American (AA) in comparison with Caucasian (Cau) men, with AA men experiencing 

among the highest rates worldwide[1]. African American men have a 60% increased risk 

of developing prostate cancer, twice the risk of developing distant disease and twice the 

mortality relative to their Caucasian counterpart [2]. The disparity in PCa is believed to 

be a complex combination of socioeconomic factors, environment and genetics [3]. 

Genetic studies of prostate cancer cells shows a variety of genetic defects, including gene 

mutations, deletions, translocations, and amplifications, that endow the cells with new 

capabilities for dysregulated proliferation, inappropriate survival, tissue invasion and 

destruction, immune system evasion, and metastasis [4]. More recently, it has become 

apparent that prostate cancer cells also carry epigenetic defects, including changes in 

cytosine methylation patterns and in chromatin structure and organization, which are 

equivalent to genetic changes in effecting and maintaining neoplastic and malignant 

phenotypes [5]. For human prostate cancer, abundant evidence has accumulated to 

suggest that somatic epigenetic alterations may appear earlier during cancer development 

than genetic changes, as well as more commonly and consistently. Furthermore, 

epigenetic changes tend to arise in association with age [6] and/or in response to chronic 

or recurrent inflammation leading to cell and tissue damage [7]. 

Epigenetic inactivation of genes in cancer cells is largely based on transcriptional 

silencing by aberrant CpG methylation of CpG-rich promoter regions [8, 9]. Aberrant 
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promoter methylation of GSTP1, encoding the -class glutathione S-transferase (GST), 

an enzyme capable of detoxifying electrophilic and oxidant carcinogens remains the most 

common somatic genome abnormality of any kind (>90% of cases) reported thus far for 

prostate cancer, appearing earlier and more frequently than other gene defects that arise 

during prostate cancer development [10]. Since the recognition that the GSTP1 CpG was 

frequently hypermethylated in prostate cancer, more than 40 genes have been reported to 

be targets of DNA hypermethylation-associated epigenetic gene silencing in prostate 

cancer cells [11]. Despite the increasing number of aberrantly methylated genes in 

prostate cancer, only a few genes show promise as prostate cancer biomarkers for early 

diagnosis and disease risk assessment [12].  

Underlying this aberrant DNA methylation is the accumulating body of data hinting that 

normal prostate cells may be subjected to a relentless barrage of genome-damaging 

stresses due to both exogenous and endogenous carcinogens, with damage accumulating 

over time and age. Thus aberrant epigenetic DNA methylation changes may represent the 

integration of environmental or lifestyle exposures and genetic predisposition to prostate 

cancer. Such events may differ between individuals belonging the same ethnic group or 

individuals belonging to different ethnic groups. Thus the elucidation of methylation 

changes in prostate tissues from different ethnic groups would contribute to our 

understanding of the molecular mechanisms underlying prostate cancer disparity and 

potentially lead to the identification of “ethnic sensitive” biomarkers for early disease 

detection. We know that there are different thresholds for African American versus 

Caucasian men for PSA screening. Therefore other markers such as DNA methylated 

genes that can clarify such ethnic sensitive screening strategies would also be helpful. 
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Furthermore, differential methylation changes could also lead to identification of 

potential novel therapeutic targets for prostate cancer treatment.  

In this project, I sought to investigate if DNA methylation changes occur in 

human prostate tissues as a function of age and whether DNA methylation may potential 

contribute to neoplastic transformation of the human prostate tissue samples. 

Because aberrant epigenetic DNA methylation changes represents the integration of 

environmental or lifestyle exposures and genetic predisposition to prostate cancer, 

differences in DNA methylation patterns in prostate tissue specimens from African 

American men in comparison to Caucasian men may help in understanding the 

contribution of DNA methylation changes in creating a more aggressive disease milieu in 

African American men in comparison with their Caucasian counterparts and to identify 

candidate DNA methylation genes that could serve as useful biomarker (“ethnic 

sensitive”) for the detection of PCa. 

BODY 

As outlined in my Statement of work, I sort to accomplish 3 main tasks during the 

3 years of funding. I have accomplished all these tasks within the proposed research 

period. Details of the accomplished proposed tasks as outlined in my statement of work 

are given below as well as in the attached publications. 

Task 1: Acquisition and modification of prostate tissues from Caucasian and 

African-American Men (months 1-6): 

The table 1 below shows the prostate tissue samples obtained from African American and 

Caucasian men as either organ donors, cystoprostatectomy patients for bladder cancer or 

radical prostatectomy samples. High molecular weight DNA and RNA were extracted 
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from prostate tissues. Genomic DNA samples were modified using sodium bisulfite 

treatment and used for quantitative DNA methylation analysis whereas RNA was 

converted to cDNA and used for quantitative RT-PCR analysis. 

A.  
 AA Cau 

T2 17 (44) 28 (43) 
T3a 18 (46) 31 (58) 
T3b 4 (10) 6 (9) 
N1 0 (0) 2 (3) 

Gleason 6.4 6.8 
  

 
B. 

 African-American (AA) Caucasian (Cau) 
# Core PCa 

GS 
PSA 

(ng/ml) 
Age 

(years) 
Core PCa 

GS 
PSA 

(ng/ml) 
Age 

(years) 
1 RM NEG 

(GS=0) 
0.5 54 LM NEG 

(GS=0) 
1.5 65 

2 LM NEG 
(GS=0) 

0.2 63 LA NEG 
(GS=0) 

 58 

3 LA NEG 
(GS=0) 

6.3 60 LM NEG 
(GS=0) 

4.1 65 

4 LM NEG 
(GS=0) 

4.9 65 LM NEG 
(GS=0) 

6.2 59 

5 LA NEG 
(GS=0) 

3.6 68 LM NEG 
(GS=0) 

3.8 60 

6 LM NEG 
(GS=0) 

1.5 71 LM NEG 
(GS=0) 

4.1 59 

7 LM NEG 
(GS=0) 

5.7 61 LM NEG 
(GS=0) 

5.1 76 

8 LM NEG 
(GS=0) 

4.8 47 LM NEG 
(GS=0) 

4.9 64 

9 LM NEG 
(GS=0) 

0.5 67 LM NEG 
(GS=0) 

8.7 85 

10 LM NEG 
(GS=0) 

6.2 65 LM NEG 
(GS=0) 

9.0 56 

11 LM NEG 
(GS=0) 

1.4 65 LM NEG 
(GS=0) 

4.9 72 

12 LM NEG 
(GS=0) 

4.9 70 LM NEG 
(GS=0) 

2.1 59 

13 LM NEG 
(GS=0) 

4.7 59 LM NEG 
(GS=0) 

1.7 55 

14 LM NEG 
(GS=0) 

7.7 54     

15 LM NEG 
(GS=0) 

9.3 61     

16 LM NEG 
(GS=0) 

14.1 55     

17 LM NEG 
(GS=0) 

5.0 76     

18 LM NEG 
(GS=00 

5.0 68     

  
 
C. 

 Caucasian African-American Age-Range 

(years) 

HGPIN 6 2 45-70 
PZCancer 4 3 61- 67 

 
 
D.  
40 pairs of matched normal and prostate cancer tissue samples from Caucasian men who 
had undergone radical prostatectomy.  
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Table 1:  Clinical patient samples characterized by race/age/pathological features. A Matched pairs of 
normal and prostate cancer (PCa) tissue samples obtained from both African American (AA) and 
Caucasian (Cau) male patients with PCa at the time of radical prostatectomy. The Staging (T) and Gleason 
score are shown. Number of cases with percentage ( ). N1 is positive pelvic lymph nodes (age range 52-75 
years). B Needle biopsies normal prostate tissue samples from AA and Cau male patients (age range 47-85 
years) with elevated serum PSA level in the presence of an abnormal digital rectal exam. The mean age was 
62.7 + 7.2 and 62.4 + 8.8 (p= 0.89) for AA and Cau groups, respectively. Fifteen of 18 and 12 of 13 
biopsies (p= 0.53) were from the left mid-zone (LM) of the prostate of AA and Cau samples respectively. 
The remaining samples were either from the left apex (LA) or right mid-zone (RM). Gleason score (GS) 
indicate noncancerous. C. Radical prostatectomy samples with high grade prostatic intraepithelial neoplasia 
(HGPIN) and prostate carcinoma (PZCancer).  
 

Task 2: Screening and validation of 200 differentially methylated genes (months 3-

24): 

Several genes have been shown to be hypermethylated in prostate cancer [13]. However, 

hypermethylation of genes in normal prostate tissues may be an early event predisposing 

cells to neoplastic transformation. I have recently shown that some genes which are 

hypermethylated in prostate cancer tissue may undergo methylation in normal prostate 

tissues in an age-dependent manner. To my knowledge, this was the first study to directly 

examine the relationship between methylation and age in human prostate tissues. This 

study clearly demonstrated that methylation starts in normal prostate tissues as a function 

of age and markedly increases in cancer [6].  

A global profile of genes that are methylated in normal prostate tissues as a function of 

age would serve to identify candidate genes that are hypermethylated as an early event in 

the transition from normal prostate cells to prostate cancer and ultimately provide insight 

into understanding the molecular mechanisms underlying DNA methylation, aging and 

neoplastic transformation. In this aim, I proposed to carry out a comprehensive analysis 

of novel methylated genes that I have identified using a combination of methylated CpG 
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island amplification coupled with CpG promoter microarray to ascertain if methylation 

status can provide reliable information for the detection of prostate cancer.  

 

Detection of Methylated CpG Island Using MCA-CpG promoter microarray 

From my preliminary studies, I have used methylated CpG island amplification (MCA) 

technique [14] coupled with CpG promoter microarray to identify several novel 

methylated genes in the human prostate cancer line LNCaP. I identified more than 300 

differentially hypermethylated loci of which approximately 50 were unique promoter 

associated CpG islands. Similarly, I identified about 374 differentially hypomethylated 

loci in the LNCaP cells. Interestingly, 349 of these hypomethylated probes mapped to 

repetitive elements and only 25 loci were unique promoter associated CpG islands as 

revealed by BLAST (www.ncbi.nlm.nih.gov) and BLAT (genome.ucsc.edu) searches. 

Several of these genes have previously been reported [13]. Novel methylated genes of 

particular interest in the current study included PAX9, RPRM, CDH11, SPARC, FOXN4, 

TIMP3, and TCF3. These genes were chosen for initial studies based on either their 

chromosomal localization, their regulatory function or whether they may be important in 

prostate cancer etiology as shown in Table 2. 

 

Table 2 shows a list of genes 
identified as differentially 
methylated in prostate cancer 
cell line; LNCaP.  

 

 

  
DNA methylation analysis in cell lines.  

No1596918-
1598213

19p13.3NoTCF37.

Yes31527381
-
31528267

22q12.3NoTIMP36.

Yes108231010-
108232761

12q24.1
1

NoFOXN45.

Yes151046061-
151047060

5q31.3NoSPARC4.

No63711958-
63715365

16q22.1NoCDH113.

Yes154042696-
154044004

2q23.3NoRPRM2.

Yes36202075
-
36202382

14q13.3NoPAX91.

Previously 
reported

LocationLocusBidirectiona
l

Gene 
name

No.

No1596918-
1598213

19p13.3NoTCF37.

Yes31527381
-
31528267

22q12.3NoTIMP36.

Yes108231010-
108232761

12q24.1
1

NoFOXN45.

Yes151046061-
151047060

5q31.3NoSPARC4.

No63711958-
63715365

16q22.1NoCDH113.

Yes154042696-
154044004

2q23.3NoRPRM2.

Yes36202075
-
36202382

14q13.3NoPAX91.

Previously 
reported

LocationLocusBidirectiona
l

Gene 
name

No.
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In order to validate the MCA-microarray results, I investigated the methylation status of 

10 genes differentially methylated (8 predicted hypermethylated and 2 predicted 

unmethylated) in a panel of 21 cell lines. To accomplish this, high molecular weight 

DNA was extracted from the cell lines and modified using sodium bisulfite treatment. 

Bisulfite PCR primers were designed based on bisulfite/converted sequence from the 

CpG ensuring that the bisulfite-PCR primers avoid CpG sites and that they are designed 

as close to the transcription start site as possible. The bisulfite primers were then used in 

a PCR reaction with the bisulfite treated genomic DNA from the cell lines. A two-step 

nested PCR reaction was carried out using 2 sets of different PCR primers. This helps 

improve the specificity and purity of the PCR products used in the pyrosequencing 

reaction. One of the primers (reverse primer) in the 2nd step PCR reaction was 

biotinylated in order to create a single-stranded DNA template for the pyrosequencing 

reaction. The PCR products were immobilized on streptavidin-sepharose beads 

(Amersham), washed, denatured, and the biotinylated strands released into an annealing 

buffer containing the sequencing primer. Pyrosequencing was performed using the PSQ 

HS96 Gold SNP Reagents on a PSQ 96 HS machine (Biotage).  

I have carried out the methylation analysis in a 21-cell line panel (Fig 1). All of the genes 

investigated showed methylation in at least a set of cell lines from one cancer site. Eight 

of the 10 analyzed genes showed hypermethylation in at least one of the three prostate 

cancer cell lines. The PAX9 and CYP27B1 genes were unmethylated in prostate cancer 

cell lines. Individual cell lines showed a range of methylation frequency. The RPRM, 

SPARC, NKX2-5, RASSF1A genes showed hypermethylation in the prostate cancer cell 
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lines (I have previously characterized the methylation status of NKX2-5 and RASSF1A 

in prostate cancer cells and tissues; [15]). The TIMP3, RPRM and RASSF1A also 

showed hypermethylation in the immortalized prostatic primary epithelial cells (pNT1A 

cells). It is likely that the methylation observed in pNT1A cells could be derived from 

repeated passages and selection during cell culture. The CDH11, FOXN4 and CYP27B1 

genes did not display hypermethylation in the prostate cell lines. However, individual 

prostate cancer cell lines showed varied methylation frequency as was observed in the 

cancer cell lines from different tissue sites. 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
Fig 1. The methylation status of 10 genes was investigated in a 21-cell line panel by pyrosequencing. Cell 
lines include a tumorigenic urothelial epithelium SVHUC cell line and the primary prostatic epithelial cell 
line, pNT1a, both immortalized by SV40 transfection. The scale refers to the degree of methylation as 
measured by pyrosequencing.  
 
 

DNA methylation analysis in prostate tissues 

Having established differential methylation of these genes in the panel of 21-cell lines, I 

next wanted to compare the level of methylation in normal and prostate cancer tissues. To 

accomplish this, I obtained matched pairs of benign and prostate cancer tissue samples 

Prostate Ca
Breast Ca

Colorectal Ca
Leukemia Ca

Liver Ca

% Methylation
1-15

16-50

51-100

Non-informative
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from patients who have undergone radical prostatectomy (25 samples). High molecular 

weight genomic DNA was extracted from the tissue samples. Genomic DNA samples 

were modified using sodium bisulfite treatment and modified DNA used in 

pyrosequencing analysis as described above. Results presented in Fig 2 demonstrate that 

compared with the methylation data from normal prostate tissues, there is significantly 

higher methylation in prostate cancer tissues for FOXN4, TIMP3, RPRM, SPARC and 

CYP27B1. On the other hand, CHD11 and PAX9 genes do not show a significant 

difference in DNA methylation between the normal and matched prostate cancer tissues. 

 

Fig 2. The % methylation level of 
novel genes in matched normal (Nl) 
versus prostate cancer (Ca) tissue 
samples from individual patients that 
had undergone radical prostatectomy. 
* shows statistically significant data 
as determined by Mann Whitney t-
test, with significance set at the level 
of p< 0.05.  

 
 
 
 
 

 

Methylation and gene expression 

To investigate if methylation leads to gene silencing, I performed expression analysis 

using total RNA extracted from matched normal and prostate cancer tissue samples by 

quantitative RT-PCR for 6 genes, CDH11, PAX9, TIMP3, SPARC, FOXN4 and RPRM 

based on their potential function in prostate carcinogenesis as well as their frequency of 

methylation in cell lines and prostate tissues (Fig 3). I observed a good correlation 
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between methylation frequency and expression to indicate that methylation leads to gene 

silencing. 

 

 
 

Fig 3. Relative expression of genes 
in matched normal (Nl) versus 
prostate cancer (Ca) tissue samples 
as determined by RT-PCR. * 
indicates statistically significant 
data. 

 

 
 
 
 
 
 
 
 

 
 

Task 3 and 4: The expression profile of differentially methylated genes and 
evaluation of biological effect in cell culture (Months 25-30): 

 
I have identified NKX2-5, a member of the homeodomain family of transcription 

factors as a novel DNA methylated gene that shows increase in DNA methylation level as 

a function of age in normal prostate tissues and also higher DNA methylation prevalence 

in prostate tissues from AA in comparison to Cau men. Furthermore, NKX2-5 

demonstrates a significantly higher DNA methylation level in prostate cancer tissues in 

comparison with matched benign prostate tissue samples suggesting that DNA 

methylation of NKX2-5 can be exploited as a potential biomarker for detecting prostate 

cancer [15].  
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Expression of NKX2-5 in Normal and Neoplastic Human Prostate Tissue 

To gain insight into the cellular localization of NKX2-5 in human prostate tissues, I 

assessed NKX2-5 expression in 25 pairs of matched benign and prostate cancer tissues 

using immunohistochemistry. For both normal and prostate cancer tissues, I observed 

variable NKX2-5 staining in the cytoplasm as well as the nucleus (Fig 4a). The 

cytoplasmic staining was higher than the nuclear staining. Overall, I observed the 

cytoplasmic staining to be statistically less in cancers than the normal control (p=0.034) 

but not for nuclear staining (p=0.886). Because NKX2-5 appears to be localized in both 

the nucleus and cytoplasm, I wanted to know whether it is regulated by hormones. I 

therefore treated LNCaP cells with various ligands for 24 hr, isolated total RNA and 

analyzed NKX2-5 expression by RT-PCR (Fig 4b). Results showed approximately 5 fold, 

8 fold, 3 fold, and 3 fold increase in NKX2-5 expression in response to testosterone, 17-

estradiol, progesterone and dexamethasome respectively, suggesting that NKX2-5 

expression can be regulated by multiple hormonal signals in prostate cancer cells. 
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         A                      B 
Fig 4. A- Localization of NKX2-5 expression in human prostate tissues using immunohistochemical tissue 
microarrays. Expression of NKX2-5 in normal prostate (I & III) and prostate cancer (II & IV) was 
determined using immunohistochemical tissue microarrays as described in “Materials and Methods”. 
Staining of cytoplasm and nucleus is detected in all tissues (original magnification, 100x). B- NKX2-5 
expression is regulated by multiple hormones in LNCaP cells. LNCaP cells were either left untreated or 
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treated with the indicated ligand for 24h. Cells were harvested, total RNA was prepared and NKX2-5 
expression was determined by quantitative RT-PCR analysis using iCycler and expressed relative to 
GAPDH to correct for variation in the amount of reverse-transcribed RNA. The data is a representative of 
duplicate experiments. C= control (EtOH); DHT= 5a-dihydrotestosterone; T= testosterone; Prog= 
progesterone; E2= 17-estradiol; Dex= dexamethasone.   
 
 
To determine whether NKX2-5 is decreased in human prostate cancer, I measured the 

expression of NKX2-5 in normal and neoplastic prostatic epithelium using quantitative 

RT-PCR analysis with mRNA from a total of 40 pairs of matched normal and tumor 

prostate tissue samples. I used -actin as an endogenous mRNA control. The real-time 

data is presented as the ratio of NKX2-5 X 103/-actin transcript for the samples analyzed 

(Fig. 5). The expression of NKX2-5 in both normal and cancer tissues were variable, 

presumably reflecting both random variability in tissue composition (i.e., epithelial 

content) and variable expression per cell. However, NKX2-5 expression was 

approximately 2 fold higher in the normal prostate tissues (5.778 + 1.005, SEM) 

compared to prostate cancer (3.402 + 0.6293, SEM, p < 0.001). Examination of paired 

normal versus cancer tissues revealed decreased NKX2-5 expression in 23 out of 38 

cancer cases (60%) relative to matched normal tissues.  

 
Fig 5- NKX2-5 expression in normal prostate 
and prostate cancer as determined by quantitative 
RT-PCR. NKX2-5 expression in normal 
prostatic peripheral zone (PZ) and cancer tissues 
was assessed by quantitative RT-PCR using a 
real-time thermal cycler (iCycler; Bio-Rad). 
NKX2-5 expression levels are displayed as a 
ratio of NKX2-5 X 103 to -actin transcripts. The 
NKX2-5 and -actin values were calculated from 
standard curves. The data are a representative of 
duplicate experiments. The mean expression 
level is indicated. The NKX2-5 expression value 
from cancer tissues is significantly different from 
the PZ tissues; P< 0.05 (t test) for -actin 
normalization.  
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Effect of gain-or-loss of NKX2-5 Expression in Human Prostate Cancer Cells  

To determine the biological effect of NKX2-5 expression in human prostate cancer cells, 

I adopted a gain-and-loss of functional approach. When prostate cancer cells were 

transiently transfected with pCMV6- NKX2-5 (encoding the full length of NKX2-5 

sequence) I observed approximately 37%, 36% and 38% inhibition of LNCaP, DU145 

and PC-3 cell proliferation respectively, over a 3 day period when compared to cells 

transfected with the vector only (Fig. 6a). Analysis of NKX2-5 expression in the same 

cells by Western blotting showed increase in NKX2-5 expression in cells transfected with 

the NKX2-5 expressing plasmid compared to the vector only transfection (Fig 6b). In 

contrast, when I endogenously knock-down NKX2-5 expression by transfecting prostate 

cancer cells with shRNA plasmids for human NKX2-5, I observed 89%, 50% and 60% 

increase in LNCaP, DU145 and PC-3 cell proliferation after 24 hours of transfection  in 

comparison with cells transfected with scrambled oligonucleotide only (Fig. 6c). To 

demonstrate a consecutive down-regulation of NKX2-5, Western blot analysis was 

performed (Fig 6d). The results demonstrates that forced expression of NKX2-5 can 

significantly inhibit prostate cancer cell proliferation whereas a modest decrease in 

NKX2-5 protein can significantly increase prostate cancer cell proliferation clearly 

suggesting that NKX2-5 plays a role in prostate cancer cell proliferation. 

 

 

 
 
 
 
 
 

A 
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C

 

Figure 6- Function of NKX2-5 in prostate cancer cell lines. A- LNCaP, DU145, and PC3 prostate cancer 
cells were each transfected with NKX2-5 cDNA cloned into the mammalian expression vector pCMV6 
(test) or the vector only (control). At the indicated times after transfection, cells were trypsinized and 
counted using a Coulter counter. All determinations were performed in triplicate, and the SD is shown. B-   
Protein extracts were collected from LNCaP, DU145, and PC3 cells 2 days post-transfection with vector 
control transfection (C) or NKX2-5 transfections (T) and analyzed by Western blot with either anti-NKX2-
5 antibody or control anti--actin antibody.  C- LNCaP, DU145, and PC3 prostate cancer cells were each 
transfected with shRNA plasmid to NKX2-5 (test) or scrambled shRNA (control). After 48 hr post-
transfection, cells were trypsinized and counted using a Coulter counter and percentage cell proliferation in 
test experiments expressed relative to control (set at 100%). D- Protein extracts were collected from 
LNCaP, DU145, and PC3 cells 2 days post-transfection with scrambled shRNA control (C) or the NKX2-5 
shRNA transfections (T) and analyzed by Western blot with either anti-NKX2-5 antibody or control anti--
actin antibody.   
 
 
NKX2-5 induces G0/G1 cell cycle arrest and promotes apoptosis.  

I further examined how NKX2-5 might affect cell cycle progression and cell 

proliferation. Using transient transfection of prostate cancer cell lines with either the 

NKX2-5 expression plasmid or an empty vector plasmid, I compared their cell cycle 

distributions. The percentage of G0/G1 phase cells in NKX2-5 transfected cells was 

approximately 30% more than that in the empty vector only transfected cells, whereas 

NKX2-5 transfections showed less S or G2/M phase cells than the control transfections 

(Fig 7a; because I observed similar responses in all 3 prostate cancer cell lines, I am only 

showing the response in DU145 cells). Next I determined whether NKX2-5 could affect 

apoptosis in prostate cancer cell lines. Using Annexin V/PI apoptotic assay, I observed 

about 3-fold increase apoptosis in prostate cancer cells transfected with the NKX2-5 
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plasmid when comparison with the vector only transfection (Fig 7b). Collectively, these 

findings indicate that NKX2-5 can cause cell cycle arrest and is a pro-apoptotic factor for 

prostate cancer cell proliferation. 

Ctrl- 24 hr Test -24 hr Ctrl- 48 hr

Ce
ll c

ou
nts

Test- 48 hr

DNA content

G0/G1:37%

S:55%

G2/M:5%

G0/G1:63%

S:25%

G2/M:9%

G0/G1:45%

S:46%

G2/M:8%

G0/G1:40%

S:53%

G2/M:6%

7a

 

0

20

40

60

80

100

120

24 hr 48 hr 72 hr

Ap
op

to
si

s 
(%

)

Post Transfection 

Vector

PNT1A

DU145

PC3

LNCaP

7b

 

 
Figure 7: Nkx2-5 induces G0/G1 cell cycle arrest and apoptosis. A. Histogram of FACS cell cycle 
analysis of DU145 cells transfected with either scrambled shRNA (Ctrl) or shRNA to NKX2-5 (Test). Cells 
were harvested at 24 and 48 hr post-transfection and stained with propidium iodide. Percentage of cells in 
G0/G1, S and G2/M phases are shown. B. Prostate cell lines PNT1A, DU145, PC3, and LNCaP transfected 
with either vector only plasmid or NKX2-5 plasmid were harvested at the indicated time points and stained 
with propidium iodide and apoptosis measured by Annexin-PE assay.   
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NKX2-5 Regulates the Expression of p53, PTEN, Histone H1, and AR in Human 

Prostate Cancer Cell Lines.  

To investigate the involvement of NKX2-5 expression in prostate carcinogenesis, I 

investigated the expression levels of several target genes that are important in prostate 

cancer, in response to either gain-or-loss of NKX2-5 expression. Western blot analysis 

demonstrates the increase expression of AR, p53, PTEN, and SOD1 proteins in all 

prostate cell lines transfected with NKX2-5 plasmid in comparison with empty vector 

(Fig 8a). I did not see any significant effect of increased NKX2-5 expression on GSTP1 

protein level. However, I observed an increased expression of GSTPI mRNA transcript in 

PNT1a and DU145 cells and somewhat reduced expression in PC3 cells by RT-PCR 

analysis (data not shown). In contrast, I observed reduced expression of AR, p53, PTEN, 

SOD1 and a modest reduction of GSTPI expression in the prostate cells transfected with 

NKX2-5 shRNA plasmid in comparison with scrambled oligonucleotide transfections 

(Fig 8b). Taken together, the data indicate an important regulatory role for NKX2-5 

expression in prostate cancer cells by targeting several regulatory proteins.   
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Figure 8- The effect of NKX2-5 on downstream signals. A. The prostate cell lines PNT1A, LNCaP, PC3, 
and DU145 were with either vector only plasmid (C) or NKX2-5 plasmid (T). B. The prostate cell lines 
were either transfected with scrambled shRNA plasmid (C) or shRNA to NKX2-5 (T). Cells were 
harvested 24 hr post-transfection and analyzed by Western blot with anti-NKX2-5, anti-GSTP1, anti-
SOD1, anti-AR, anti-p53, anti-PTEN antibodies or control anti--actin antibody. 
 
 

Task 5: Correlate methylation and mutation (Months 27-30) 
 

DNA methyltransferase 3b (DNMT3b) gene variants and African American versus 

Caucasian prostate tissue samples. 

The CpG dinucleotide marks are established and maintained by DNA methyltransferases 

(DNMTs) which catalyze the transfer of methyl group from S-adenosyl-methionine to 

cytocise bases in CpG dinucleotides. There are 4 active DNA methyltransfarases namely; 

DNMT1, 2, 3A and 3B. DNMT 3A and 3B carry out de novo DNA methylation changes 

whereas DNMT1 is considered to maintain the fidelity of DNA methylation. There are 

reports to suggest that polymorphism in DNMT3b may be associated with an increase in 

promoter methylation [16]. I therefore investigated several polymorphisms in DNMT3b 

genes in prostate tissue samples from AA versus Cau men. Results are shown in Table 3. 

Results indicate statistically significant polymorphic variants in DNMT3b in AA samples 

in comparison to Cau samples; however this did not correlate with the higher prevalence 

of DNA methylation changes observed in the AA samples. Therefore other mechanism 

may underlie the differences in methylation prevalence observed for the 2 ethnic groups.  
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Table 3: Single nucleotide polymorphisms (SNPs) detection in the promoter region of DNMT3b as 
determined by pyrosequencing using DNA samples derived from AA and Cau prostate tissues.  
 
 
Task 6: Correlation of methylation profiles between different races and prostate 
tissue pathological features (Months 30-36). 
 
 
A) Comprehensive Age-related DNA methylated gene profiles in AA (----) and 

Caucasian (-) men: 

I investigated the DNA methylation status for a panel of genes in normal prostate 

tissue samples collected from both African American (AA) and Caucasian (Cau) men in 

order to determine if DNA methylation increases as a function of age for different ethnic 

groups. I analyzed a total of 6 genes including GSTP1, AR and RAR2 that I and others 

have previously shown to be hypermethylated in prostate cancer tissue samples from Cau 

males [6, 17, 18]. In addition, I also analyzed SPARC, TIMP3 and NKX2-5 that I and 

others have identified as being hypermethylated in the gene promoter using methylated 

CpG island amplification (MCA) coupled with representational difference analysis 

(RDA) in prostate cancer cell lines [19].  

I analyzed the methylation pattern in tissue punches of normal prostate collected 

from AA (18 samples; mean age 62.7 + 7.2) and Cau (13 samples; mean age 62.4 + 8.8). 

For each gene studied, the percentage DNA methylation at the specific promoter region 

Marker Allele Allele 
frequency 
(AA) 

Allele 
frequency 
(Cau) 

AA 
Samples 

Cau 
Samples 

p-value 

rs6058869       
 C/T   64 72 0.988 
 T/T 0.5 0.46 31 30 0.498 
 C/C 0.5 0.54 31 40 0.509 
       
rs6119954       
 A/G   57 36 0.0008 
 G/G 0.71 0.84 62 101 0.001 
 A/A 0.29 0.16 8 4 0.171 
       
rs242908       
 C/T   6 20 0.009 
 T/T 0.92 0.47 114 56 <0.00000001 
 C/C 0.08 0.53 7 65 <0.00000001 
       
rs6087990       
 C/T   32 68 0.0003 
 T/T 0.36 0.53 23 34 0.361 
 C/C 0.64 0.47 54 28 0.000005 
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was expressed as a function of age for both the AA and Cau male samples (Fig. 9). I 

observed methylation of the GSTP1, RAR2 and TIMP3 genes but this did not 

significantly correlate with age in both AA and Cau. The SPARC and AR genes were 

entirely unmethylated in the Caucasian male samples although we observed some 

methylation in the AA samples. Regression analysis demonstrated significantly higher 

methylation for TIMP3 gene (p = 0.04) and NKX2-5 gene (p = 0.008) in the AA samples 

when compared to the Cau samples. Furthermore, we observed a significant association 

between age and methylation level for NKX2-5 gene (p = 0.03) in the AA samples when 

compared to the Cau samples. The results demonstrate higher methylation of several 

genes in normal prostate tissue samples obtained from AA in comparison with Cau. In 

addition, the data indicates that for some genes the higher methylation differences may be 

associated with aging. 
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Figure 9: Age-related DNA methylated gene profiles in AA (----) and Caucasian (-) men. CpG islands for 
GSTP1, AR, RAR2, SPARC, TIMP3 and NKX2-5 were analyzed in bisulfite modified genomic DNA 
extracted from fresh frozen tissue punches of normal prostate obtained from both AA and Cau. Eighteen 
samples from AA and 14 samples from Cau (age range 47-85 years) were used. Statistical analysis for the 
association of DNA methylation changes was determined by Race and Age. Y-axis represents the 
percentage of methylated cytosines in the samples as obtained from pyrosequencing. Each CpG island has a 
different scale range. X-axis represents age in years.  
 
 
B) Quantitative DNA methylation analysis in matched benign and prostate cancer 

tissues from AA versus Cau men:  

Next I investigated DNA methylation levels using bisulfite modified genomic 

DNA that were derived from radical prostatectomy specimens, obtained from both AA 

and Cau males with PCa in order to determine the prevalence of methylation changes in 

prostate cancer samples from the two groups. I analyzed the methylation status of these 

genes in 40 DNA samples from matched normal and prostate cancer tissue samples 

obtained from both AA and between 12 - 40 DNA samples from matched normal and 

prostate cancer tissue samples obtained from Cau males who underwent radical 

prostatectomy for prostate cancer (age range 52-75 years). For each gene studied, the 

percentage of methylation at a specific promoter was compared between the matched 

normal and PCa tissue samples. There was considerable variation in the percentage of 

CpG island methylation in the individual patient samples studied, presumably reflecting 

both random variability in tissue composition and variable methylation level per cell. The 

variable range of methylation could also reflect differences in genetic susceptibility to 

methylation, lifestyle or other environmental exposures (including diet), and the random 

nature of the methylation event. Results are shown in Figure 10.  
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Figure 10: Quantitative DNA methylation analysis in human prostate tissues. The % DNA methylation 
level of promoter CpG islands were analyzed with bisulfite modified genomic DNA extracted from 
matched pairs of normal (Nl) and PCa (Ca) tissue samples obtained from AA and Cau cancer patients who 
had undergone radical prostatectomy. Y-axis represents the percentage of methylated cytosines in the 
samples as obtained from pyrosequencing. X-axis represents Nl and Ca tissues obtained from AA and Cau. 
* shows statistically significant data as determined by Mann Whitney t-test, with significance set at the 
level of p< 0.05. A. Quantitative methylation analysis for GSTP1, AR and RAR2. B. Quantitative 
methylation analysis for SPARC, TIMP3 and NKX2-5. 
 
 

The results showed significant hypermethylation for GSTP1 (p = 0.0001 for AA; 

p = 0.0008 for Cau), RAR2 (p < 0.001 for AA and Cau), SPARC (p < 0.0001 for AA 

and Cau), TIMP3 (p < 0.0001 for AA and Cau) and NKX2-5 (p < 0.0001 for AA; p = 

0.003 for Cau) in the prostate cancer tissue samples when compared with the matched 

normal tissue samples. The AR gene showed low prevalence of methylation in the 

prostate tissue samples from both AA and Cau males. Regression analysis to examine 

whether methylation frequency in both the normal and PCa tissue samples differ by race 
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showed significantly higher methylation prevalence for AR (p = 0.006); RAR2 (p < 

0.0001); SPARC (p = 0.02); TIMP3 (p < 0.0001) and NKX2-5 (p = 0.002) for AA in 

comparison with Cau samples, whereas prostate cancer and race interaction showed 

significance for GSTP1 (p = 0.0069). The data supports the observations made above that 

for some genes; there are higher DNA methylation levels in AA samples in comparison 

to Cau samples. 

In addition, ROC analysis (Fig 11) was done to compare the adjacent normal 

prostate and matched cancer tissues in AA, Cau and both (Cau + AA) samples. The areas 

under the ROC curves in the Cau samples are 0.969 for GSTP1; 0.59 for AR; 0.969 for 

RAR2; 0.75 for SPARC; 0.875 for TIMP3 and 0.984 for NKX2-5. The areas under the 

ROC curves in the AA samples are 0.811 for GSTP1; 0.531 for AR; 0.922 for RAR2; 

0.921 for SPARC; 0.668 for TIMP3 and 0.857 for NKX2-5. For the analysis in both the 

CAU + AA samples, the areas under the ROC curves was 0.844 for GSTP1; 0.536 for 

AR; 0.925 for RAR2; 0.878 for SPARC; 0.705 for TIMP3 and 0.884 for NKX2-5. The 

strength of the ROC curves indicates that DNA methylation of GSTP1, RAR2 and 

NKX2-5 show potential as predictive genes for prostate cancer detection in both AA and 

Cau male samples. On the other hand, the SPARC gene showed higher sensitivity and 

specificity for the AA samples in comparison with the Cau samples. Thus a large 

population study is needed to confirm our preliminary observations as to whether DNA 

methylated genes can be explored as “ethnic sensitive” biomarkers that can be used in 

conjunction with PSA testing for prostate cancer detection. 
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Figure 11: ROC curves for methylation analysis in prostate cancer tissue samples from AA, Cau and both 
(AA + Cau). The areas under the ROC curves in Cau samples are 0.969 for GSTP1; 0.59 for AR; 0.969 for 
RAR2; 0.75 for SPARC; 0.875 for TIMP3 and 0.984 for NKX2-5. The areas under the ROC curves in AA 
samples are 0.811 for GSTP1; 0.531 for AR; 0.922 for RAR2; 0.921 for SPARC; 0.668 for TIMP3 and 
0.857 for NKX2-5. The areas under the ROC curves in both Cau + AA samples are 0.844 for GSTP1; 0.536 
for AR; 0.925 for RAR2; 0.878 for SPARC; 0.705 for TIMP3 and 0.884 for NKX2-5. 
 
 
C. Study DNA methylation profiles and mutational analysis in the prostate tissues from 
men with high grade prostatic intraepithelial neoplasia (HGPIN) versus men invasive 
prostate cancer (PCa) 
 
Some men with prostatic intraepithelial neoplasia (PIN) may never develop invasive 

prostate cancer, whereas other men may develop invasive prostate cancer. While DNA 

methylation appears to have a role in PIN as well as invasive prostate cancers, it is 

possible that methylation in some key regulatory genes may accompany the 

transformation from PIN to invasive adenocarcinoma. By comparing gene methylation 

profile of prostate tissues from men with PIN versus men with prostate cancer, it may be 

possible to identify key regulatory gene(s) that are associated with the transition from 

PIN to prostate cancer. To achieve this, I have used genome-wide methylation analysis 



 27 

based on the Infinium Human Methylation 450 BeadChip to interrogate more than 

450,000 methylation sites per sample at single nucleotide resolution. 

 
In principle, the Methylation 450 array utilizes Illumina's proven SNP typing chemistry - 

Infinium®- following bisulphite conversion to interrogate in excess of 450,000 

methylated sites at single base resolution.  In brief, 1 μl of bisulfite-converted DNA was 

used for hybridization on Infinium Human Methylation 450 BeadChip, following the 

Illumina Infinium HD Methylation protocol. This involved a whole genome amplification 

step followed by enzymatic end-point fragmentation, precipitation and resuspension. The 

resuspended samples were hybridized on Human Methylation 450 BeadChips. Then 

unhybridized and non-specifically hybridized DNA was washed away, followed by a 

single nucleotide extension using the hybridized bisulfite-treated DNA as a template. The 

nucleotides incorporated were labeled with biotin (ddCTP and ddGTP) and 2, 4-

dinitrophenol (DNP) (ddATP and ddTTP). After the single base extension, repeated 

rounds of staining were performed with a combination of antibodies that differentiated 

DNP and biotin by fixing them different fluorophores. Finally the BeadChip was washed 

and  scanned. 

Scanning beadchips The Illumina HiScan SQ scanner is a two-color laser (532 nm/660 

nm) fluorescent scanner with 0.375 μm spatial resolution capable of exciting the 

fluorophores generated during the staining step of the protocol. The intensities of the 

images were extracted using Genome Studio (2010.3) Methylation module (1.8.5) 

software. The methylation score for each CpG was represented as a Beta value according 

to the fluorescent intensity ratio. Beta values may take any value between 0 

(nonmethylated) and 1 (completely methylated) as continuous variable. 
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Primary Data analyses Quality control checked as briefly, samples were monitored for 

coverage (fraction of CpGs with detectable intensity values above background) and 

bisulphite conversion efficiency (BSCE) using the controls provided on the Illumina 

Beadchip.  GenomeStudio normalizes data using different internal controls that are 

present on the Human Methylation 450 BeadChip. It also normalizes data depending on 

internal background proves.  We did apply transformation to raw data.  

Statistical Analysis. Initial array results were visualised using Illumina® BeadStudio 3.2. 

All other computations and statistical analyses were performed using Partek Genome 

Studio. CpG methylation differences were considered significant above a cut-off of a 0.6- 

fold change in the β value, unless specifically indicated otherwise.  We used p value < 10-

3 as cut off to consider significant change. Results of methylation pattern is presented as 

heatmap in Fig 12. 

 

Figure 12- Heatmap analysis of methylation patterns among HGPIN and PCa samples. 
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Overall, I have identified more than 600 unique CpG loci that show significant 

differences between HGPIN and prostate cancer based on beta value (% methylation of 

CpG island). An on-going study is to use bioinformatics tools in order to identify 

important epigenetic pathways that may contribute to transformation from pre-invasive to 

invasive prostate cancer.  

 

KEY RESEARCH ACCOMPLISHMENTS 

 I have identified several novel methylated genes using methylated CpG island 

amplification (MCA) technique coupled with CpG promoter microarray in the 

human prostate cancer line LNCaP. 

 I have shown differential methylation of these genes in a panel of 21-cell lines 

derived from prostate, breast, colorectal, leukemia and liver tissues using 

pyrosequencing as a quantitative approach to measure methylation status. In 

addition, I have demonstrated in prostate tissue samples that compared with the 

methylation data from normal prostate tissues, there is significantly higher 

methylation in prostate cancer tissues for FOXN4, TIMP3, RPRM, SPARC and 

CYP27B1. On the other hand, CHD11 and PAX9 genes do not show a significant 

difference in DNA methylation between the normal and matched prostate cancer 

tissues. 

 I have demonstrated higher methylation of several genes in prostate tissues 

samples from African American (AA) in comparison with Caucasian (Cau) men. 

Statistical analysis showed significantly higher methylation in the prostate cancer 

tissue samples in comparison with matched normal samples for GSTP1 (p = 

0.0001 for AA; p = 0.0008 for Cau), RAR2 (p < 0.001 for AA and Cau), SPARC 
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(p < 0.0001 for AA and Cau), TIMP3 (p < 0.0001 for AA and Cau) and NKX2-5 

(p < 0.0001 for AA; p = 0.003 for Cau). Overall, I observed significant 

differences (p < 0.05) in the methylation level for all genes (except GSTP1) in the 

AA samples in comparison to the Cau samples. Furthermore, regression analysis 

revealed significantly higher methylation for NKX2-5 (p = 0.008) and TIMP3 (p 

= 0.039) in normal prostate tissue samples from AA in comparison with Cau, and 

a statistically significant association of methylation with age for NKX2-5 (p = 

0.03) in AA in comparison with Cau. Results suggests that the higher DNA 

methylation changes identified in AA samples may potentially contribute to the 

racial differences that are observed in prostate cancer pathogenesis. 

 I have investigated several genetic variants in DNA methyltransferase 3b 

(DNMT3b) gene as a potential mechanism for the association of increase 

promoter methylation in prostate tissue samples from AA in comparison to Cau 

men. I did not see any significant association polymorphisms in DNMT3b with 

higher DNA methylation changes in AA samples. 

 I have carried out studies investigating the biological activity of NKX2-5 in 

prostate cell lines. I have carried out gain-and-loss functional studies of NKX2-5 

in prostate cancer cell lines and validated expression at the RNA transcript level 

using quantitative RT-PCR. Over-expression of NKX2-5 was detrimental to 

prostate cancer cell proliferation as evidenced by significant inhibition of prostate 

cancer cell proliferation in comparison to vector only control and this is due to 

cell arrest in Go/G1 phase and increase apoptosis. In contract, successful 

knockdown of NKX2-5 by shRNA transfection increased prostate cancer cell 
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proliferation. Western blot analysis of NKX2-5 signaling demonstrates that 

NKX2-5 plays a key regulatory role in the expression of several important genes 

including p53, PTEN, and the androgen receptor. My observations indicate that 

NKX2-5 is a potential tumor suppressor gene that is frequently inactivated in 

prostate cancer.  

 I have used genome-wide methylation analysis to reveal novel methylated 

patterns among pre-invasive and cancerous lesions of the prostate using HGPIN 

and prostate cancer tissue samples from individual prostate cancer patients. To 

accomplish this, I have used Infinium Human Methylation 450 BeadChip to 

interrogate more than 450,000 methylation sites per sample at single nucleotide 

resolution. Overall, there are more than 600 unique CpG loci that shows 

significant differences between HGPIN and prostate cancer based on beta value 

(% methylation of CpG island). An on-going study is to use bioinformatics tools 

in order to identify important epigenetic pathways that may contribute to 

transformation from pre-invasive to invasive prostate cancer.  

 
REPORTABLE OUTCOMES 

Abstract presentation 

 AACR Annual Meeting- Differential DNA methylation profiles reveals novel 

pathways in prostate carcinogenesis (2009). Denver, CO. 

 AACR Annual Meeting- Identification of differentially Methylated Genes in 

Normal Prostate Tissues from African-American and Caucasian Men (2010). 

Washington D.C 
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 AACR Annual Meeting-NKX2-5, a potential tumor suppressor gene is down-

regulated in prostate cancer (2011). Orlando, FL. 

 DoD IMPaCT Meeting- The role of epigenetic DNA methylation changes in 

Aging and prostate cancer disparity (2011). Orlando, FL. 

Invited Speaker 

 2011  Speaker, Clark Atlanta University, Symposium on Prostate Cancer 

 2011  Speaker, Department of Defense IMPaCT Meeting 

 2010  Speaker, Johns Hopkins School of Public Health LunchLearnLink. 

 2010  Speaker, Howard University Department of Biochemistry  Seminar 

 2009  Speaker, Howard University Department of Pharmacy Seminar  

 2008  Speaker, NCI Cancer Health Disparities Summit 
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Funding applied for based on work supported by this award 

Some of my preliminary results from studies described in this proposal have 

demonstrated that there exist differential methylation changes of several key regulatory 

genes in prostate tissues from African American in comparison with their Caucasian male 

counterpart, to suggest that epigenetic changes could potentially be the link between 

environmental and genetic predisposition to prostate cancer. Based on these results I have 

applied for the following: 

 

 In order to explore this possibility, Dr. Srinivasan Yegnasubramanian (Johns 

Hopkins University, Baltimore MD) and I have been awarded a new DoD grant: 

Health Disparity Research Award- Qualified Collaborator Option from 

8/15/2011-8/14/2014 to carry out the proposed study entitled “Global Epigenetic 

Changes may Underlie Ethnic Differences and Susceptibility to Prostate Cancer”.  
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 I have also applied for NIH funding (R21) on a proposal entitled “Analysis of the 

Metabolome, Transcriptome, and DNA methylation pattern of Prostate Tumors in 

African-American (AA) and European-American (EA) Patients for Biomarker 

Discovery” (Not funded). 

 

Research opportunity based on experience/training supported by this award 

 Through the continuous research grant support from DoD, I have been promoted 

to an Associate Professor position on tenure track level in the Department of 

Biochemistry and Molecular Biology at Howard University. This means 

additional responsibility as a lecturer but Howard University is committed to my 

70% effort towards laboratory research.  

 I have also had the opportunity to visit Children‟s Hospital, Washington D.C. to 

learn and use illumina microarray platform for genome-wide methylation studies 

and bioinformatics tools to study gene pathways.  

 

List of personnel support from grant: 

Mr. Songping Wang- Full time Research Associate (100% salary supported from grants) 

Summer Students (Summer „09-11)- 1 Part time summer student/per year supported from 

grant.  

 
CONCLUSION 
 

I have made substantial contribution from studies carried out here in 

understanding the role of DNA methylation changes in prostate cancer: My manuscript in 

Clinical Cancer Research (Clin. Cancer Res. 16:3539-47) is the first to analyze the 
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methylation status of several regulatory genes in normal as well as matched pairs of 

normal and PCa tissue samples from both AA and Cau males. Overall, I observed 

significant methylation prevalence in the PCa tissue samples from AA in comparison 

with Cau. The Cau cancer samples used in this study showed slightly higher Gleason 

score and similar pathological staging when compared to the AA samples. Thus the 

higher prevalence of methylation seen in the AA cancer samples is not simply a reflective 

of differences in disease aggressiveness or stage between the two groups. In addition, 

regression analysis revealed significantly higher methylation for some genes in the 

normal prostate tissue samples from AA in comparison with Cau. Of the 6 genes that I 

analyzed in the normal prostate tissue samples, methylation of NKX2-5 also showed a 

significant association with age in AA in comparison with Cau. My data suggests that not 

only is the methylation of NKX2-5 suitable as a marker for PCa detection, but it may also 

have increased sensitivity for detecting PCa in AA.  

Furthermore, ROC analysis shows differential predictive potential of DNA methylation 

of GSTP1, RAR2, SPARC, TIMP3 and NKX2-5 genes for PCa detection in African 

American and Caucasian samples. Thus, a larger PCa population size can confirm our 

observations and determine if the methylation status of these genes can provide a reliable 

and/or perhaps “ethnic sensitive” index for the detection of PCa. 

 Genome wide methylation studies have also revealed novel methylated patterns 

among pre-invasive and cancerous lesions of the prostate. I am in the process of 

identifying key pathways where epigenetic alterations may be affected to contribute to 

the transformation from pre-invasive to invasive prostate cancer. This would potentially 

help in understanding the important steps involved in neoplastic transformation. 
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‘So what section”  
 

For human prostate cancer, there is abundant evidence to suggest that somatic 

epigenetic alterations such as DNA methylation may appear earlier during cancer 

development than genetic changes, as well as more commonly and consistently. Although 

it is not entirely clear why epigenetic patterns are corrupted in human cancers there are 

possible explanations and findings from many investigations to suggest various factors 

that may contribute to abnormal epigenetic changes in prostate pathogenesis. There is 

growing evidence to suggest that epigenetic DNA methylation changes affects gene 

expression in an age-dependent and tissue specific manner.  I have recently demonstrated 

that indeed CpG hypermethylation increases with age in the normal human prostate 

tissues [20]. Such age-dependent DNA methylation changes can alter cell physiology and 

possibly, predispose prostate cells to neoplastic transformation. Also in many cases, 

aberrant methylation precedes full-blown malignancy and can often be found in non-

cancerous tissues; in the prostate, hypermethylation of the GSTP1 CpG has been detected 

in PIA lesions [21]. Work carried out by De Marzo et al., suggests that exposure to 

environmental factors such as infectious agents and dietary carcinogens, and hormonal 

imbalances lead to injury of the prostate and subsequently the development of chronic or 

recurrent inflammation [22]. Other studies have shown that known forms of endogenous 

DNA damage can cause either hypermethylation or hypomethylation. Inflammation 

induced 5-halogenated cytosine damage products, including 5-chlorocytosine, mimic 5-

methylcytocine and induce inappropriate DNA methylation within the CpG sites, 

suggesting that genome-damaging stresses due to both endogenous and exogenous 
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carcinogens can cause heritable changes in cytosine methylation patterns resulting in 

tumor formation [23].  

The current literature suggests a complex mechanism of epigenetic regulation in prostate 

cancer including DNA methylaytion changes that can lead to either gene silencing or the 

activation of key regulatory genes in the disease pathway. Underlying this aberrant DNA 

methylation is the accumulating body of data hinting that normal prostate cells may be 

subjected to a relentless barrage of genome-damaging stresses due to both exogenous and 

endogenous carcinogens, with damage accumulating over time and age. Thus aberrant 

epigenetic DNA methylation changes may represent the integration of environmental or 

lifestyle exposures and genetic predisposition to prostate cancer. Such events may differ 

between individuals belonging the same ethnic group or individuals belonging to 

different ethnic groups.  

Continuing studies to elucidate genome-wide DNA methylation changes in 

prostate tissues from different ethnic groups would contribute to our understanding of the 

molecular mechanisms underlying prostate cancer disparity and potentially lead to the 

identification of “ethnic sensitive” biomarkers for early disease detection and for 

distinguishing indolent from aggressive prostate cancer as well as identification of 

potential novel epigenetic therapies for prostate cancer treatment.  
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Abstract 

 Sprouty1 (Spry1) is a negative regulator of fibroblast growth factor signaling with a 

potential tumor suppressor function in prostate cancer (PCa). Spry1 is down-regulated in 

human PCa and Spry1 expression can markedly inhibit PCa proliferation in vitro. We 

have reported DNA methylation as a mechanism for controlling Spry1 expression. 

However, promoter methylation does not seem to explain gene silencing in all prostate 

cancer cases studied to suggest other mechanisms of gene inactivation such as alterations 

in trans-acting factors and/or post-transcriptional activity may be responsible for the 

decreased expression in those cases. Binding sites for Wilm’s tumor (WT1) transcription 

factors: EGR1, EGR3 and WTE are highly conserved between the mouse and human 

Spry1 promoter regions, suggesting an evolutionary conserved mechanism(s) involving 

WT1 and EGR in Spry1 regulation.  Spry1 mRNA contains multiple microRNA 

(miRNA) binding sites in its 3’UTR region suggesting post-transcriptional control. We 

demonstrate that Spry1 is a target for miR-21 mediated gene silencing.  miRNA-based 

therapeutic approaches to treat cancer are emerging. Spry1 is highly regulated by 

miRNAs and could potentially be an excellent candidate for such approaches.  



 3 

 

INTRODUCTION 

Prostate cancer (PCa) is the second most common malignancy and the second leading 

cause of cancer deaths in men in the United States. There is abundant evidence to indicate 

that inappropriate activation of fibroblast growth factor receptor (FGFR) signaling plays a 

critical role in the initiation and progression of prostate cancer (for review see (1)). Spry 

was originally identified in Drosophila as a negative regulator of fibroblast growth factor 

(FGF) signaling during tracheal development (2). Subsequent studies have shown Spry to 

be a general inhibitor of growth factor-induced receptor tyrosine kinase (RTK) signaling 

pathways involved in Drosophila development and organogenesis (3-5). While 

Drosophila has only one Spry gene, at least four Spry homologues (Spry1-4) have been 

found in humans and mice (2;6-10). Mammalian Spry inhibit growth factor-induced cell 

responses, by inhibiting the RTK-dependent Ras/mitogen-activated protein (MAP) kinase 

signaling pathway (11-13). Several mechanisms for Spry inhibition of the RTK/Ras/MAP 

kinase pathway have been proposed, including blocking the interaction of the Grb2/SOS 

complex with the docking protein, FRS2 (3;11) or the inhibition of Raf  (14-17). Another 

characteristic of the Spry inhibitors is their regulation by growth factors in a negative 

feedback loop, i.e. their expression is dependent on the signaling pathway that they 

regulate (18). Specifically, growth factors regulate both the level of Spry transcript (6) 

and in some systems, the recruitment of Spry proteins to the plasma membrane (19). 

However, unlike Spry1, Spry2 and Spry4 whose expression can be inhibited in response 

to downregulation of FGF signaling with the FGFR inhibitor SU5402, Spry3 is not 

inhibited by SU5402 treatment, suggesting that Spry3 might be involved in the regulation 
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of another signaling pathway (18;20).  Indeed, recent reports indicate that Spry3 plays a 

role in axonal branching in a brain-derived neurotrophin factor dependent-manner 

(18;20); however there is very little information about the role of Spry3 in prostate 

cancer. Given that Spry 1, 2 and 4 proteins can inhibit FGF signaling, they can potentially 

decrease the biological activities of FGFs in prostate cancer cells and inhibit their ability 

to promote cancer progression.  

We have previously shown by immunohistochemical and quantitative real-time PCR 

analysis that Spry1 and Spry4 are down-regulated in a subset of prostate cancers tissues 

when compared with normal prostate tissues (21;22). We have also demonstrated that 

transient and sustained increased expression of Spry1 markedly inhibits prostate cancer 

cell proliferation (21) whereas the sustained increased expression of Spry4 inhibited 

prostate cancer cell migration (22). McKie et al., (23) have observed that Spry2 

expression is reduced in clinical prostate cancer tissues when compared with benign 

prostatic hyperplasia (BPH). The accumulating data indicates distinct differences in the 

functional roles for Spry1 and Spry4 in prostate cancer cell lines.  

The decrease in Spry expression in the human prostate cancer, despite elevated levels of 

FGF ligands and FGF receptors, implies a loss of an important growth regulatory 

mechanism in prostate cancers that may potentiate the effects of increased FGF and 

FGFR expression in prostate cancer tissues and may represent a novel mechanism that 

facilitates aberrant RTK signaling in prostate carcinogenesis. 

We have previously demonstrated that DNA methylation in the Spry1 promoter region is 

responsible for down-regulating Spry1 expression in prostate cancer (24). However, 

promoter methylation does not seem to explain gene silencing in all prostate cancer cases 
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studied. For instance, in some prostate cancer cases, where we detected low DNA 

methylation in the cancer tissues compared to the normal tissues, we also observed low 

Spry1 expression to suggest that other mechanisms of gene inactivation such as 

alterations in trans-acting factors and/or post-transcriptional activity may be responsible 

for the decreased expression in those cases.  

The purpose of the present study is to investigate the relative contribution of 

trans-acting factors and post-transcriptional regulation of Spry1 in prostate cancer. Our 

data support a potential role of mir-21 in post-transcriptional regulation of Spry1 in 

prostate cancer cells. 
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MATERIALS AND METHODS 

Cell Culture and treatment 

The human prostate cancer cell lines, PC3, DU145 and LNCaP, and the immortalized 

normal prostate epithelial cell line pNT1A were obtained from the American Type 

Culture Collection (Manassas, VA). All cell lines were maintained in RPMI-1640 

supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA) unless 

otherwise stated.  

LNCaP cells were treated with 10ng/ml of lipopolysaccharide (LPS; Sigma-Aldrich, St. 

Louis, MO) for 24 hr in complete medium without antibiotics. Treated and untreated cells 

were harvested and extracted RNA used in quantitative RT-PCR with Cancer miRNA 

Array (SA BioSciences, Frederick, MD) and according to manufacturer’s protocol.  

 

Transfections and antibodies 

LnCaP, PNT1A, DU145, and PC3 cells were transiently transfected with Spry1 construct 

(pcDNA-Spry1 (21)) or vector only (pcDNA3.1), shRNA-GATA-2, shRNA -GATA-4 , 

shRNA -EGR-1, shRNA -EGR-2 or vector only (PLKO), GATA 4 (pCMV6-GATA4; 

Origene) of EGR2 (pCMV6-EGR2; Origene) of the  vector only (pCMV6; Origene). 

Cells were also transfected with anti-miR-21, or anti-miRNA negative control. All 

transfections were done using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) 

and according to manufacturer’s protocol.  After 24, 48, or 72 h, cells were harvested and 

either miRNA was extracted using miRNA isolation kit (Ambion Inc., Austin, TX) or 

total RNA was extracted using TRIzol Reagent (Invitrogen). In addition, total protein 
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were extracted and used in Western blot analysis as previously described (21). All 

shRNAs and anti-miRs were purchased from Origene (Rockville, MD) and Applied 

Biosystems (Foster City, CA) respectively unless otherwise stated. 

 
 

Antibodies used for western blotting, electrophoretic mobility shift assays and chromatin 

immunoprecipitation were the following: rabbit anti-Spry1,  mouse anti-actin, rabbit anti–

Egr-1, goat anti-Egr-2, goat anti–rabbit GATA-2, rabbit anti-GATA-4, rabbit anti-p-ERK 

½ (Thr 202/Tyr 204), anti-PBX1 rabbit polyclonal IgG; anti-SP1 mouse monoclonal IgG; 

anti-HNF4a goat polyclonal IgG. Anti-acetyl-Histone H4 rabbit antiserum was purchased 

from Upstate Biotech (Lake Placid, NY). All antibodies were purchased from Santa Cruz 

Biotech (Santa Cruz, CA) unless otherwise stated. 

 

cDNA Synthesis and Quantitative Real-Time PCR (RT-PCR) 

Total RNA was used in first-strand DNA (cDNA) synthesis using Invitrogen SuperScript 

first-strand synthesis for reverse transcription-PCR and according to the manufacturer’s 

protocol. Small species-enriched RNA (miRNA) was extracted and converted to cDNA 

using Taqman microRNA kit (Applied Biosystems) and according to manufacturer’s 

instruction. Taqman primer sequences designed as corresponding to mir-21 were used 

and U6 was used as a normalizing control. Real-time PCR was carried out in a Bio-Rad 

iCycler real-time thermal cycler (Hercules, CA) as described previously (21) using 

LightCycler fast start DNA master cyber green I (Roche Applied Science). Expression of 

Spry1 and β-actin were evaluated according to manufacturer’s protocol. Alternatively 

RT-PCR analysis of miRNA was carried out using the cDNA product along with 
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TaqMan primers and other PCR reagents in the PCR Universal Master Mix Kit (Applied 

Biosystems, Foster City, USA). The PCR conditions included initial incubation at 50oC 

for 2 min and denaturing at 95oC for 5 s and 60oC for 1 min. Each sample was measured 

in duplicate.  

 

Nuclear extracts and oligonucleotide probe preparation and Electrophoretic 

mobility shift assays (EMSA) 

Nuclear extracts were prepared from PC3, DU145, LNCaP and PNT1A using RIPA lysis 

buffer (Thermo Scientific, Rockford IL). Oligonucleotide sequences were synthesized by 

Sigma Genosys. Oligonucleotide sequences encompassing binding sites for wild-type or 

mutant (mut) transcription factors were synthesized as sense (F) or antisense (R) strands: 

EGRF 5’-GGATCCAGCGGGGGCGAGCGGGGGCCA-3’; EGRR 5’-

TGGCCCCCGCTCGCC-CCCGCTGGATCC-3’; mut- EGRF 5’-

GGATCCATTTTTTTCGATTTTTTTCCA-3’; mutEGRR 5’-

TGGAAAAAAATCGAAAAAAATGGATCC-3’; PBX1F 5’-CGAATTG-

ATTGATGCACTAATTGGAG-3’; PBX1R 5’-CTCCAATTAGTGCATCAATCAATT- 

CG-3’; HNF4F 5’-ACAGGGTCAAAGGTCACGA-3’; HNF4R 5’-TCGTGACCTTGA- 

CCCTGT-3’; SP1F 5’-ATTCGATCGATCGGGGCGGGGCGAG-3’; SP1R 5’-CTCG- 

CCCCGCCCCGATCGAAT-3’. Each oligonucleotide sense strand was end-labeled with 

[-32P] dATP (Amersham Biochemicals; 3000 Ci/mmol) and 1X polynucleotide kinase 

reaction buffer (Invitrogen). The labeled oligonucleotide was annealed to 50 fold molar 

excess of the complementary anti-sense strand by heating at 85oC for 5 min and slowly 

cooling to room temperature. Unincorporated [-32P] dATP were removed by purifying 
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the probes using a G-25 (Fine) Sephadex Quick spin columns (Roche). The EMSAs were 

carried out as described previously (25). Briefly, the 32P-labeled oligonucleotide probes 

were incubated with or without nuclear extract in a total reaction volume of 25 l 

containing the binding assay buffer (50 mM Tris-HCl, pH 7.4; 50 mM NaCl; 1 mg/ml 

BSA; 5 g/ml poly dI-dC; 20% glycerol). The reactions were started by the addition of 

nuclear extract (5 l per reaction) and incubated at room temperature for 30 minutes. 

Competition reactions were pre-incubated in the binding buffer for 30 min at room 

temperature with 100 fold molar excess of the corresponding unlabelled oligonucleotides 

followed by 30 min incubation at room temperature with the labeled oligonucleotide. For 

supershift analysis 1 l of antibody was preincubated with the binding buffer for 45 

minutes at room temperature prior to the addition of the 32P-labeled probe. The bound 

and free DNA were resolved by electrophoresis through a 5% polyacrylamide gel at 175 

V in 0.5 X TBE at room temperature for 2.5 h. Dried gels were exposed to Kodak Bio-

Max film at -80oC with intensifying screens. 

 

Chromatin immunoprecipitation (ChIP) 

ChIP assays were performed as described previously (26). For PCR reaction, DNA 

solution (50 ng) was used as a template with Spry1 Fwd 5 (forward) and Rev (reverse) 

primers as previously described (24).  
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RESULTS 

Comparative sequence analysis of the Spry1 promoter locus 

To characterize the Spry1 promoter region, we searched for transcription factor (TF) 

binding sites using the MatInspector program (27). We analyzed 2 kb of the genomic 

sequence upstream of the Spry1 transcription start site (24), using computer-based 

analysis (MatInspector software from Genomatix; www.Genomatix.de). We found 

potential binding sites for several TFs including GATA1 (28), EGR (29), SPI (30), PBX1 

(31), and HNF4 (32) in the proximal promoter region. The human and murine Spry1 5’-

flanking region upstream of their transcription start sites were aligned for sequence 

comparison. Over the entire 5’-flanking region of the human Spry1 promoter, only a very 

short region in the promoter (between -112 and +1 relative to the transcription) showed 

approximately 94% degree of homology with the mouse Spry1 promoter. As illustrated in 

Fig 1, Wilm’s tumor (WT1) transcription factor binding sites: EGR1 and 3 (33), and 

WTE (34) are conserved between the two species. Interestingly, the nucleotide sequences 

immediately upstream from the EGR motif diverge in these species. Furthermore, we did 

not see any sequence homology between the human Spry1 promoter region and that of 

the published Spry2 (35) or Spry4 (36;37)  promoters. The high sequence homology in 

the Spry1 promoter of the mouse and human indicates an evolutionary conserved 

mechanism(s) involving WT1 and EGR transcription factors in Spry1 gene regulation. 

 

 

Electrophoretic mobility shift assay 



 11 

To verify the binding interaction of the Spry1 consensus sequence in vivo, we performed 

electrophoretic mobility shift assay (EMSA) using designed consensus radiolabelled 

oligonucleotide probes to recognize EGR1, PBX1, HNF-4 and SP1 and nuclear extracts 

prepared from either LNCaP, PC-3 or pNT1A. Since all three cell lines demonstrated a 

similar band-shift pattern with each probe, only results using nuclear extracts from 

LNCaP cells are shown in Fig 2A. Three protein-DNA complexes (C1, C2 and C3) were 

formed with each of the oligonucleotide probes. These complexes represented sequence-

specific interactions of proteins within this region, since the addition of 100-fold molar 

excess of the corresponding unlabelled oligonucleotide probe was able to compete away 

these complexes. To characterize these complexes further, supershift EMSA was 

conducted using specific antibodies. The addition of anti-SP1 antibody clearly abrogated 

the formation of C2, whereas the addition of anti-PBX1 and anti-HNF4 antibodies 

reduced the signal intensity of the respective C2 complex suggesting that the C2 complex 

is formed with SP1, PBX1 and HNF4 respectively. We did not see any significant effect 

of the addition of anti-EGR antibody on the protein-DNA complexes. However, when the 

EGR1 consensus binding sequence was mutated (Mut EGR1), we observed a new 

complex migrating very close with complex C2. Cold competition assay with wild-type 

EGR1 oligonucleotide competed out complex C2 totally but only partially competed the 

new complex. Furthermore, supershift assay successfully competed C2. This indicates 

that EGR1 protein preferentially recognize and interact with the wild-type EGR1 

consensus binding sequence.  

 

Chromatin immunoprecipitation (ChIP) 
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We next studied whether these TFs bound to the Spry1 promoter in vivo using ChIP 

assay. Figure 2B showed that indeed these TFs bound to Spry1 promoter in vivo as 

demonstrated by the same PCR product in the assay precipitation with different 

antibodies compared to the Anti-acetyl-Histone H4 antibody control (positive control). 

Conversely precipitation with normal goat IgG (negative control) did not show any 

binding. These studies clearly demonstrate that Spry1 proximal promoter region contain 

several sequence motifs (i.e., EGR, GATA, SP1, PBX1 and HNF4) which are specifically 

recognized by known as well as uncharacterized transcription factors and are functionally 

important and likely to be responsible for driving the basal transcription of the Spry1 

gene. 

 

Impact of EGR and GATA activity on Spry1 expression 

To verify the involvement of transcription factor binding activity in regulating Spry1 

expression, we investigated 2 transcription factors; EGR and GATA. We studied EGR 

because the EGR binding site appears to be highly conserved between human and mouse, 

and GATA because of its consensus binding site in Spry1 proximal promoter region. We 

carried out transient transfections in prostate cell lines with shRNA duplexes 

corresponding to EGR1, EGR2, GATA2 and GATA4. Western blot analysis were 

performed using Spry1 antibody and total cell lysates in order to examine the silencing 

effect of the EGR1, EGR2, GATA2 and GATA4 shRNA transfections on Spry1 protein 

expression. Since all shRNA transfections demonstrated a similar knockdown effect in 

the prostate cancer cells, only results from EGR2 and GATA4 shRNA transfections are 

shown (Fig 3a). On the other hand, when we over-expressed EGR2 and GATA4 in 



 13 

prostate cell lines, this was accompanied by increase in Spry1 protein level as detected by 

Western blot analysis (Fig 3b). The results clearly showed that EGR2 and GATA4 

expression co-relate with Spry1 expression as the blockade of EGR2 and GATA4 by 

small inhibitory RNA also inhibits Spry1 protein expression whereas the increased 

expression EGR2 and GATA4 resulted in increased expression of Spry1.  

 

The role of miR21 expression and Spry1 

Next, we assessed whether Spry1 expression is inhibited by microRNA because Spry1 

mRNA contains several predicted micro-RNA binding sites (38). We focused on mir-21 

because when LNCaP cells which expressed very low amounts of mir-21 (Fig 4a), were 

treated with bacterial lipopolysaccharide to induce inflammation, mir-21 was one miRNA 

that was significantly up-regulated (Fig 4b). When prostate cell lines were transiently 

transfected with anti-miR-21, we observed a significant increase in Spry1 protein 

expression when compared to scrambled control transfection (Fig. 4c). Because miRNAs 

have been shown to regulate mRNAs by binding to their 3’-UTRs and enhancing 

degradation or preventing translation (39), we reason that miR-

21 affects Spry1 expression by degrading mRNA transcript and thereby repressing 

translation. Spry1 expression is dependent on the ERK signaling pathway (40), we 

therefore used phosphor-ERK1/2 as a marker for monitoring changes in Spry1 function 

that would be regulated by changes in its levels. As shown in figure 4c, increased 

expression of Spry1 in prostate cells in response to anti-miR-21 treatment led to a marked 

decrease in basal phosphor-ERK1/2 normalized to the total ERK. In other words, the 

increased expression of miR-21 in prostate cancer cells induces the down-regulation of 
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important inhibitory signals including Spry1 and this may potentially facilitate tumor 

progression.  

 

DISCUSSION 

In the present study, we have identified a highly conserved nucleotide binding site for the 

early growth response (EGR1) in the human and mouse Spry1 promoter region which 

underscore the importance of this motif in the regulation of the Spry1 gene expression. 

We have used EMSA and ChIP assays to demonstrate interaction of several cis-elements 

within the human Spry1 promoter region (including GATA2 & 4, EGR1 & 2, SP1, PBX1 

and HNF4) that confers responsiveness to growth factor signaling.  In the human 

prostate, there is strong evidence to suggest that EGR1 overexpression is involved in 

prostate cancer progression (41). For example, EGR1 expression levels are elevated in 

human prostate carcinomas in proportion to grade and stage. Whereas antisense 

oligonucleotides that block EGR1 function revert transformation of prostate cancer cells 

in vitro and delay prostate cancer progression in vivo (42). We have observed a direct 

correlation between Spry1 and EGR2 expression; a decrease in Spry1 expression in 

response to EGR2 knockdown whereas Spry1expression increased in response to EGR2 

overexpression. Similarly, we observed a direct correlation of Spry1 expression with 

GATA4; knockdown of GATA4 decrease Spry1 expression, whereas the overexpression 

of GATA4 increased Spry1 expression in prostate cancer cell lines. One study has 

reported that GATA2 is expressed in substantial proportion of prostate cancers and that 

high level of GATA2 expression is associated with biochemical recurrence and distant 

metastatic progression (43).  It appears that both EGR and GATA transcriptions are up-
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regulated in prostate cancer even though Spry1 expression is down-regulated in a 

significant number of prostate cancer samples. Indeed several transcription factors with 

potential binding sites in the proximal regions of Spry1 promoter act as transcriptional 

activator (30-32) in prostate cancer. Thus, additional studies are needed in order to clarify 

the role of these transcription factors in Spry1 regulation in prostate cancer. However, the 

observation that Spry1 is a direct target for miR-21 regulation in addition to DNA 

methylation control (24) clearly demonstrate a strong epigenetic control for Spry1 

expression in prostate cancer. One of the emerging fields in cancer research is miRNAs. 

Several miRNA expression studies and functional experiments in cancer have shown an 

important role for miRNAs in the disease initiation and progression and their potential as 

diagnostic, prognostic, and predictive biomarkers (37). In prostate cancer, higher levels 

of miR-21 have been reported in blood plasma of patients in comparison to healthy 

controls (38). This finding is in line with published data describing an oncogenic role of 

miR-21 in various cancers (39). One of the factors that could lead to increase expression 

of miR-21 in prostate cancer might be in response to chronic inflammation. The increased 

mir-21 expression in turn may exacerbate disease progression by repressing the 

translation of important regulatory genes including Spry1as described in this manuscript.    

 

CONCLUSION 

 In the current studies, we have investigated the transcriptional and post-

transcriptional regulation of Spry1 in human prostate cells. While Spry1 shows a highly 

conserved binding site for EGR and GATA, the role of these transcription factors in 

regulating Spry1 expression is not clear. On the other hand, we observe down-regulation 



 16 

of Spry1 by miR-21 expression. Taken together with our previous observation that DNA 

methylation plays a role in Spry1 expression, our observation strongly indicate epigenetic 

mechanism plays an important role in Spry1 regulation in human prostate cancer.  
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FIGURE LEGENDS 
 

 

Fig. 1. Alignment of sequence in the 5’-flanking region of human and murine Spry1 

gene. The nucleotide sequences surrounding the transcription start site and the 5’-

flanking region were compared for human and mouse Spry1 gene. The putative binding 

sites for indicated transcription factors, which are conserved in both species, are boxed. 

An asterics (*) indicate core similarity of 1.000 with human sequence. 

 

Fig. 2. Identification of transcription factors binding to the Spry1 promoter. A. The 

analysis includes EGR1, SP1, PBX1 and HNF4. Radiolabelled double-stranded DNA 
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oligonucleotides (probes) were incubated with or without nuclear extracts from LNCaP 

cells. Protein-DNA complex is indicated (C1, C2, C3), free or unbound probe is indicated 

at the bottom. Specificity of DNA-protein complex was investigated using 100 fold molar 

excess of corresponding unlabelled probe shown as competitor or the corresponding 

antibody shown as supershift. B. Chromatin immunoprecipitation assays shows in vivo 

binding of different antibodies to the proximal Spry1 promoter. Anti-acetyl-Histone H4 

antibody binding to DNA is used as a positive control (lane 3). Lanes 2 and 4 shows no 

amplification in the water and the normal IgG negative controls respectively. 

 

Fig. 3. The effect of EGR2 and GATA4 expression on Spry1 protein level. A. shRNA 

knock-down of EGR2 and GATA4 and Spry1 expression in prostate cell lines.  Prostate 

cell lines were transiently transfected with 250 pmol of shEGR2 (+) or vector only (-) 

transfection (top panel). In the lower panel prostate cell lines were transiently transfected 

with GATA4 (+) or vector only (-) transfection. After the transfection for 48 h, protein 

extracts were collected from cells and subjected to Western blotting with anti-Spry1 

antibody, anti-EGR2 antibody, anti-GATA4 antibody or control -actin antibody. Each 

transfection was done in duplicate. B. Over-expression of EGR2 and GATA4 and Spry1 

expression in prostate cell lines. Prostate cell lines were transiently transfected with 

EGR2 expression vector (+) or vector only (-; top panel). In the lower panel prostate cell 

lines were transiently transfected with GATA4 expression (+) or vector only (-). After the 

transfection for 48 h, protein extracts were collected from cells and subjected to Western 

blotting with anti-Spry1 antibody, anti-EGR2 antibody, anti-GATA4 antibody or control 

-actin antibody. Each transfection was done in duplicate. 
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Fig. 4. The effect of miR-21 on Spry1 and pERK1/2 expression. A. Comparison of 

miR-21 levels in DU145, PC3, LNCaP, PNT1A and RWPE1 cells. miRNAs was 

extracted from each cell line and subjected to RT-PCR analysis using Taqman primer 

sequences designed to correspond to miR-21 as described in materials and methods. B. 

Expression levels of miRNAs after LNCaP cells were treated with 10ng/ml of LPS for 24 

h. The miRNA Array expression was examined using quantitative RT-PCR as described 

in materials and methods. C. Prostate cell lines were transiently transfected with anti-

miR-21 (+) or anti-miR negative control (-) at 250 pmol. After the transfection for 48 h, 

protein extracts were collected from cells and subjected to Western blotting with anti-

Spry1 antibody, anti-pERK1/2 antibody or control -actin antibody. Each transfection 

was done in duplicate. 
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Purpose: Aberrant DNA methylation changes are common somatic alterations in prostate carcinogen-
esis. We examined the methylation status of six genes in prostate tissue specimens from African American
(AA) and Caucasian (Cau) males.
Experimental Design: We used pyrosequencing to quantitatively measure the methylation status of

GSTP1, AR, RARβ2, SPARC, TIMP3, and NKX2-5. Real-time PCR was used to determine gene expression,
and gene reactivation was analyzed by 5-aza-2′-deoxycytidine and/or trichostatin A treatment.
Results: Statistical analysis showed significantly higher methylation in the prostate cancer tissue sam-

ples in comparison with matched normal samples for GSTP1 (P = 0.0001 for AA; P = 0.0008 for Cau),
RARβ2 (P < 0.001 for AA and Cau), SPARC (P < 0.0001 for AA and Cau), TIMP3 (P < 0.0001 for AA and
Cau), and NKX2-5 (P < 0.0001 for AA; P = 0.003 for Cau). Overall, we observed significant differences
(P < 0.05) in the methylation level for all genes, except GSTP1, in the AA samples in comparison with
the Cau samples. Furthermore, regression analysis revealed significantly higher methylation for NKX2-5
(P = 0.008) and TIMP3 (P = 0.039) in normal prostate tissue samples from AA in comparison with Cau,
and a statistically significant association of methylation with age for NKX2-5 (P = 0.03) after adjusting
for race.
Conclusion: Our findings show higher methylation of several genes in prostate tissue samples from AA

in comparison with Cau and may potentially contribute to the racial differences that are observed in
prostate cancer pathogenesis. Clin Cancer Res; 16(14); 3539–47. ©2010 AACR.
Prostate cancer (PCa) is a common malignancy and a
leading cause of cancer death among men in the United
States. PCa cells are known to carry a variety of genetic de-
fects, including gene mutations, deletions, translocations,
and amplifications, which endow the cells with new capa-
bilities for dysregulated proliferation, inappropriate sur-
vival, tissue invasion and destruction, immune system
evasion, and metastasis (1). More recently, it has become
apparent that PCa cells also carry epigenetic defects, in-
cluding changes in cytosine methylation patterns and
chromatin structure and/organization, which are equiva-
lent to genetic changes effecting and maintaining neoplas-
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tic and malignant phenotypes (2). For human PCa,
abundant evidence has accumulated to suggest that somat-
ic epigenetic alterations may appear earlier during cancer
development, as well as more commonly and consistently,
than genetic changes (3). Furthermore, epigenetic changes
tend to arise in association with age (4) and/or in response
to chronic or recurrent inflammation leading to cell and
tissue damage (5).
Epigenetic inactivation of genes in cancer cells is largely

based on transcriptional silencing by aberrant CpG meth-
ylation of CpG-rich promoter regions (6, 7). Aberrant
promoter methylation of GSTP1, encoding the π-class glu-
tathione S-transferase (GST), an enzyme capable of detoxi-
fying electrophilic and oxidant carcinogens, remains the
most common somatic genome abnormality (>90% of
cases) reported thus far for PCa, appearing earlier andmore
frequently than other gene defects that arise during PCa de-
velopment (8). Since the recognition that the GSTP1 CpG
was frequently hypermethylated in PCa, more than 40
genes have been reported to be targets of DNA hypermethy-
lation–associated epigenetic gene silencing in PCa cells (9).
Despite the increasing number of aberrantly methylated
genes in PCa, only a few genes show promise as PCa bio-
markers for early diagnosis and disease risk assessment.
In this study, we sought to investigate DNA methylation

changes in prostate tissue samples from African American
3539
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Translational Relevance

Prostate cancer (PCa) cells carry a myriad of ge-
nomic defects including genetic and epigenetic altera-
tions. Epigenetic changes such as DNA methylation
appear early and are more common and consistent
than genetic defects. This makes DNA methylation
changes very attractive as biomarkers for PCa detec-
tion. Furthermore, because epigenetic DNA methyla-
tion changes are reversible, epigenetic drugs are being
explored for reversing somatic epigenetic defects. Iden-
tification of novel DNA methylation genes that serve as
biomarkers would improve future clinical practice in
PCa disease detection. In addition, the prevalence of
DNA methylation changes in different ethnic groups
could potentially lead to designing “ethnic-sensitive”
biomarkers and epigenetic drugs for PCa. Our study
describes the methylation status of regulatory genes
in prostate tissues from African Americans and Cauca-
sians and discusses how the prevalence of methylation
changes can help us to understand PCa disparity and
lead to the design of ethnic-sensitive biomarkers for
PCa detection.
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(AA) men in comparison with Caucasian (Cau) men to
identify methylated genes that could be potentially useful
as “ethnic-sensitive” biomarkers for the detection of PCa.
Materials and Methods

Cell lines and tissue samples
The human PCa cell lines PC3, DU145, and LNCaP

were obtained from the American Type Culture Collection.
The immortalized normal prostate epithelial cell line
pNT1A was obtained from the European Collection of
Cell Culture. All cell lines were cultured in the recom-
mended medium in the presence of 10% fetal bovine se-
rum (Invitrogen) unless otherwise stated. We collected
matched pairs of normal and PCa tissue samples from
both AA and Cau male patients with PCa (Table 1A; age
range, 52-75 years) at the time of radical prostatectomy.
The prostate tissue samples were obtained with informed
consent and maintained by the Baylor Specialized Pro-
gram of Research Excellence in the PCa tissue bank. The
pathologic status was confirmed before processing, and
we chose tumor samples that had >70% cancer, and in
some cases we needed to microdissect to get that level of
enrichment. Matched normal samples were confirmed
free of tumor by histologic examination. In addition, nor-
mal prostate tissue samples were obtained from the
George Washington University Hospital pathology tissue
bank. The samples were collected by transrectal ultrasound
needle biopsy from men with an elevated serum PSA level
of ≥4 ng/mL and an abnormality detected by digital rectal
examination. Needle biopsies from AA and Cau males
Clin Cancer Res; 16(14) July 15, 2010
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(age range, 47-85 years) were determined to be noncan-
cerous. The mean age was 62.7 ± 7.2 and 62.4 ± 8.8 years
(P = 0.89) for AA and Cau, respectively. Fifteen of 18 and
12 of 13 biopsies (P = 0.53) were from the left mid-zone
of the prostate of AA and Cau, respectively. The remaining
samples were either from the left apex or the right mid-
zone (Table 1B).

Bisulfite modification, PCR, and
pyrosequencing analysis
High molecular weight genomic DNA extracted from

prostate tissues and WBC was modified using sodium bi-
sulfite treatment (10). Briefly, genomic DNA (2 μg) was
denatured in 0.3 mol/L NaOH at 37°C for 15 minutes;
sodium bisulfite and hydroquinone were added to final
concentrations of 3.1 mol/L and 0.5 mmol/L, respectively.
The reaction was incubated at 50°C for 16 hours and de-
salted using Wizard DNA purification resin (Promega) ac-
cording to the instruction of the manufacturer. Bisulfite
modification was completed by DNA desulfonation in
0.3 mol/L NaOH at 37°C for 15 minutes. Modified
DNA was precipitated with ethanol, washed in 70%
ethanol, dried, and dissolved in 50 μL of TE buffer. The
PCR primers were designed to assay the methylation status
of CpGs within 0.5 kb from the transcription start site
(primer sequences are shown in Table 2). The CpG islands
interrogated are shown in Supplementary Data. Either
one-step or two-step PCR reactions were carried out using
2 μL of bisulfite-converted genomic DNA and either one
or two sets of different bisulfite PCR primers in a standard
PCR reaction mix. One of the primers (reverse primer) in
the final PCR reaction was biotinylated to create a ssDNA
template for the pyrosequencing reaction. Where indi-
cated, we used a previously described amplification proto-
col (11) based on the universal primer approach. Briefly,
the biotinylated reverse primer was substituted with a 5′
tailed unlabeled reverse primer and a biotinylated univer-
sal primer at a ratio of 1:9 in the PCR reaction. The integ-
rity of the PCR product was verified on 1.5% agarose gels
with ethidium bromide staining. The PCR product was im-
mobilized on streptavidin-Sepharose beads (Amersham),
washed, and denatured, and the biotinylated strands were
released into annealing buffer containing the sequencing
primer. Pyrosequencing was done using the PSQ HS96
Gold SNP Reagents on a PSQ 96HS machine (Qiagen).
PCR primer sequences and sequencing primer sequences
are listed in Table 2. Bisulfite-converted DNA from blood
of normal volunteers and blank reactions, with water sub-
stituted for DNA, served as negative control and bisulfite-
converted SssI methylase–treated blood DNA served as a
positive control. Each bisulfite PCR and pyrosequencing
reaction was done at least twice.

RNA extraction, cDNA preparation, and reverse
transcription-PCR
Total RNA extracted from cells and prostate tissues using

TRIzoL reagent (Invitrogen) was used in cDNA synthesis
using the Invitrogen SuperScript first-strand synthesis
Clinical Cancer Research
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Table 1. Patient clinical and demographic characteristics by race

A

AA Cau

T2 17 (44) 28 (43)
T3a 18 (46) 31 (58)
T3b 4 (10) 6 (9)
N1 0 (0) 2 (3)
Gleason 6.4 6.8

B

No. AA Cau

Core PCa GS PSA (ng/mL) Age (y) Core PCa GS PSA (ng/mL) Age (y)

1 RM NEG (GS = 0) 0.5 54 LM NEG (GS = 0) 1.5 65
2 LM NEG (GS = 0) 0.2 63 LA NEG (GS = 0) 58
3 LA NEG (GS = 0) 6.3 60 LM NEG (GS = 0) 4.1 65
4 LM NEG (GS = 0) 4.9 65 LM NEG (GS = 0) 6.2 59
5 LA NEG (GS = 0) 3.6 68 LM NEG (GS = 0) 3.8 60
6 LM NEG (GS = 0) 1.5 71 LM NEG (GS = 0) 4.1 59
7 LM NEG (GS = 0) 5.7 61 LM NEG (GS = 0) 5.1 76
8 LM NEG (GS = 0) 4.8 47 LM NEG (GS = 0) 4.9 64
9 LM NEG (GS = 0) 0.5 67 LM NEG (GS = 0) 8.7 85
10 LM NEG (GS = 0) 6.2 65 LM NEG (GS = 0) 9.0 56
11 LM NEG (GS = 0) 1.4 65 LM NEG (GS = 0) 4.9 72
12 LM NEG (GS = 0) 4.9 70 LM NEG (GS = 0) 2.1 59
13 LM NEG (GS = 0) 4.7 59 LM NEG (GS = 0) 1.7 55
14 LM NEG (GS = 0) 7.7 54
15 LM NEG (GS = 0) 9.3 61
16 LM NEG (GS = 0) 14.1 55
17 LM NEG (GS = 0) 5.0 76
18 LM NEG (GS = 0) 5.0 68

NOTE: A, matched pairs of normal and PCa tissue samples obtained from AA and Cau male patients with PCa at the time of radical
prostatectomy. The staging (T) and Gleason score are shown. Data are number of cases with percentage in parentheses. N1 is
positive pelvic lymph nodes (age range, 52-75 y). B, needle biopsies of normal prostate tissue samples from AA and Cau male
patients (age range, 47-85 y) with elevated serum PSA level and an abnormality detected by digital rectal examination. The mean
age was 62.7 ± 7.2 and 62.4 ± 8.8 y (P = 0.89) for the AA and Cau groups, respectively. Fifteen of 18 and 12 of 13 biopsies (P = 0.53)
were from the left mid-zone of the prostate of AA and Cau samples, respectively. The remaining samples were either from the left
apex or the right mid-zone. Gleason score of 0 indicates noncancerous.
Abbreviations: GS, Gleason score; LA, left apex; LM, left mid-zone; RM, right mid-zone; NEG, Negative.
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system for reverse transcription-PCR (RT-PCR) and accord-
ing to the manufacturer's protocol (primers used are listed
in Table 2). Either SYBR Green or TaqMan assay (designed
for NKX2-5) was used to quantitatively measure mRNA ex-
pression. Real-time PCR was carried out in a Bio-Rad iCy-
cler real-time thermal cycler as described previously (12)
and incorporating optimized PCR reaction conditions for
each gene. First, a DNA standard was generated for each
gene using PCR amplification of the coding sequence.
The PCR product concentration was determined to calcu-
late the copy number. A dilution series of each gene (108-
102 copies) was used as a cDNA standard for the real-time
www.aacrjournals.org

American Asso Copyright © 2010 
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PCR. The threshold cycle (Ct) in the PCR cycle at which
fluorescence exceeds background was then converted to
copy number based on a cDNA standard curve generated.
Each experiment was carried out in duplicate.

Treatment with 5-aza-2′-deoxycytidine and/or
trichostatin A
pNT1A, DU145, PC3, and LNCaP cells were seeded at

5 × 105/100-mm tissue culture dish. After 24 hours of in-
cubation, the culture medium was changed to medium
containing 5-aza-2′-deoxycytidine (5′-aza-dC; 5 μmol/L)
for 96 hours and/or trichostatin A (TSA; 250 nmol/L)
Clin Cancer Res; 16(14) July 15, 2010 3541
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for an additional 24 hours. Total RNA extracted from cells
and tissues using TRIzol reagent (Invitrogen) was first used
in first-strand DNA (cDNA) synthesis using the Invitrogen
SuperScript first-strand synthesis system and then used in
real-time quantitative PCR as previously described (13).
Mock-treated cells were cultured similarly.

Data analysis
The methylation index at each gene promoter and for

each sample was calculated as the average value of mC/
Clin Cancer Res; 16(14) July 15, 2010

American Asso Copyright © 2010 
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(mC + C) for all examined CpG sites in the gene and ex-
pressed as the percentage of methylation. Statistical signif-
icance was judged by the appropriate Mann-Whitney t test,
Student t test, Pearson correlation, and simple and multi-
ple regression methods used to compare the categorical
variables of methylation changes in cancer by race and
cancer × race interactions, or methylation changes in nor-
mal prostate tissues by race, age, and race × age inter-
action (summary in Supplementary Table). We used a
cutoff corresponding to average methylation in normal
Table 2. Primer sequences used in the pyrosequencing analysis
Pyrosequencing
Sense
 Antisense
C
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Sequencing primer
GSTP1 (1st step)
 AAGGAGGTTAGGG
GTAAAAGTTATA
CCAAAACCTCCCCAATAC
 GGGGGAGGATGTTAAG
GSTP1 (2nd step)
 GAGTTAGGGGGAGGATGT
 5′-Biotin-CCAAAACCTCCCCAATAC

AR (1st step)
 TAGGAAGTAGGGG

TTTTTTAGGGTTAG

ACCCAACCCACCTCCTTACCT and
U-ACCTCCCCTTTCCTTTTCTCC
TTGTTTTTTTAAA
GTTATTAGGTA
AR (2nd step)
 GTAGGGGTTTTTTA
GGGTTAGAGTTAG
5′-Biotin-U
RARβ2 (1st step)
 AGTTGGGTTATT
TGAAGGTTA
TACCCAAACAAACCCTACTC and
U-CCCAAACAAACCCTACTC
GGGACACCGC
TGATCGTTTA
RARβ2 (2nd step)
 AAGTAGTAGGAAGT
GAGTTGTTTAGA
5′-Biotin-U
SPARC (1st step)
 GGTGTAATTATAGAAG
GGAAAGGTTGGG
U-CCTATTACCTATCTCTAAAC
CCCTCCACATT
SPARC (2nd step)
 AAGGTTGGGAGGGGGTTA
TATATATTTTAG
5′-Biotin-U
 TTAGGGTAGTT
TGAAGGAT
TIMP3 (1st step)
 GGTGGGTGGGTG
TTAGTTGG
U-CAAACCCTCCTACCCCTTCTC
TIMP3 (2nd step)
 GGTTTTGGTTTGGGT
TAGAGATA
5′-Biotin-U
 GGTTAGAGATATT
TAGTGGTTTA
NKX2-5 (1st step)
 GAGAGTAGGGTTG
GGGAATATG
AACCCCTAACCCAATAACAAACT
and U-CAATAACAAACTAAATCC

CCCTCCTCTA
GGTAGTTTTTT
TGTATGGTG
NKX2-5 (2nd step)
 TAAGGTTTTTGGTAGTT
TTTTTGTATGG
5′-Biotin-U
RT-PCR
Forward
 Reverse
 PCR size (bp)
SPARC (STD)
 TGTGCGAGCTGGATGAGAAC
 GATGTACTTGTCATTGTCCAGGTC
 599

SPARC
 TGTGCGAGCTGGATGAGAAC
 GTGGCAGGAAGAGTCGAAGG
 128

TIMP3 (STD)
 CCAAGGTGGTGGGGAAGAAG
 AGCGGGAAGGGAGGGAAG
 547

TIMP3
 GGGGAAGAAGCTGGTAAAGGAG
 AGCAGGTACTGGTACTTGTTGAC
 171

NKX2-5 (STD)
 GCCGCCTTCAAGCCAGAG
 GCCCCACCAGCTCCAGAG
 474

NKX2-5
 CACGTCCACGCAGGTCAAG

(TaqMan probe: CTGGTCCTG
CCGCTGCCGCTTG)
GCCCCACCAGCTCCAGAG
 88
NOTE: Primers used in the RT-PCR analysis are also shown, where STD represents the primers used to generate cDNA standards.
U represents universal primer sequence—GGGACACCGCTGATCGTTTA.
linical Cancer Research
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tissues + 2 SD to call a cancer as methylation positive
(above the cutoff). The sensitivity, specificity, and accuracy
of each individual or two combined candidate biomarkers
were calculated. Sensitivity was defined as the number
of true-positive (methylated in cancer) cases divided by
the number of true-positive plus false-negative (not meth-
ylated in cancer) cases, and specificity was defined as the
number of true-negative (not methylated in normal tissue)
cases divided by the number of true-negative plus false-
positive (methylated in normal tissue) cases. The accuracy
of the test is measured by the area under the receiver op-
erating characteristic (ROC) curve. Data analysis was done
using either Prism 4 software (GraphPad Software, Inc.) or
SPSS for Windows (version 13.0, SPSS). Significance was
set at P < 0.05.
www.aacrjournals.org
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Results

We investigated the DNA methylation status for a panel
of genes in matched normal and PCa tissue samples from
radical prostatectomy specimens obtained from AA and
Cau males with PCa to determine the prevalence of meth-
ylation changes in the two groups. We analyzed a total of
six genes, including GSTP1, AR, and RARβ2, which we and
others have previously shown to be hypermethylated in
PCa tissue samples from Cau males (4, 14, 15); in addi-
tion, we also analyzed SPARC, TIMP3, and NKX2-5, which
we have identified as being hypermethylated in the gene
promoter using methylated CpG island amplification
coupled with representational difference analysis in PCa
cell lines (16). We analyzed the methylation status of
Fig. 1. Quantitative DNA methylation
analysis in human prostate tissues.
The percent DNA methylation levels of
promoter CpG islands were analyzed in
bisulfite-modified genomic DNA extracted
from matched pairs of normal (Nl) and PCa
(Ca) tissue samples obtained from AA and
Cau cancer patients who had undergone
radical prostatectomy. Y axis, percentage
of methylated cytosines in the samples as
obtained from pyrosequencing. X axis,
normal and PCa tissues obtained from AA
and Cau. *, P < 0.05 (Mann-Whitney t test).
A, quantitative methylation analysis for
GSTP1, AR, and RARβ2. B, quantitative
methylation analysis for SPARC, TIMP3,
and NKX2-5.
Clin Cancer Res; 16(14) July 15, 2010 3543
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these genes in 40 DNA samples from matched normal and
PCa tissue samples obtained from AA males and be-
tween 12 and 40 DNA samples from matched normal
and PCa tissue samples obtained from Cau males who un-
derwent radical prostatectomy for PCa (age range, 52-
75 years). Table 1 shows a summary of patient clinical
data for the two groups, with Cau samples showing a
nonsignificant slightly higher Gleason score. For each gene
studied, the percentage of methylation at a specific pro-
moter was compared between the matched normal and
PCa tissue samples (Fig. 1). There was considerable varia-
tion in the percentage of CpG island methylation in the
individual patient samples studied, presumably reflecting
both random variability in tissue composition and vari-
able methylation level per cell. The variable range of
methylation could also reflect differences in genetic sus-
ceptibility to methylation, lifestyle, or other environmen-
tal exposures (including diet) and the random nature of
the methylation event. The results showed significant hy-
permethylation for GSTP1 (P = 0.0001 for AA; P = 0.0008
for Cau), RARβ2 (P < 0.001 for AA and Cau), SPARC (P <
0.0001 for AA and Cau), TIMP3 (P < 0.0001 for AA and
Cau), and NKX2-5 (P < 0.0001 for AA; P = 0.003 for
Cau) in the PCa tissue samples when compared with the
matched normal tissue samples. The AR gene showed low
prevalence of methylation in the prostate tissue samples
from both AA and Cau males. Regression analysis to exam-
ine whether methylation frequency in the normal and PCa
tissue samples differed by race showed significantly higher
methylation prevalence for AR (P = 0.006), RARβ2 (P <
0.0001), SPARC (P = 0.02), TIMP3 (P < 0.0001), and
NKX2-5 (P = 0.002) for AA in comparison with Cau sam-
ples, whereas PCa × race interaction showed significance
Clin Cancer Res; 16(14) July 15, 2010
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for GSTP1 (P = 0.0069; Supplementary Table). In addi-
tion, ROC analysis (Fig. 2) was done to compare the adja-
cent normal prostate and matched cancer tissues in AA,
Cau, and both (Cau + AA) samples. The areas under the
ROC curves were as follows: for GSTP1, 0.969 (Cau) and
0.811 (AA); for AR, 0.59 (Cau) and 0.531 (AA); for
RARβ2, 0.969 (Cau) and 0.922 (AA); for SPARC, 0.75
(Cau) and 0.921 (AA); for TIMP3, 0.875 (Cau) and
0.668 (AA); and for NKX2-5, 0.984 (Cau) and 0.857
(AA). For the analysis in the CAU + AA samples, the areas
under the ROC curves were 0.844 for GSTP1, 0.536 for AR,
0.925 for RARβ2, 0.878 for SPARC, 0.705 for TIMP3, and
0.884 for NKX2-5. The strength of the ROC curves indi-
cates differences in the sensitivity of DNA methylated
genes in the AA and Cau samples. Overall, the DNA meth-
ylation of GSTP1, RARβ2, SPARC, and NKX2-5 genes indi-
cates their potential as predictive genes for PCa detection
in both AA and Cau male samples.
We next analyzed the methylation pattern in tissue

punches of normal prostate collected from AA (18 sam-
ples; mean age, 62.7 ± 7.2 years) and Cau males (13 sam-
ples; mean age, 62.4 ± 8.8 years; P = 0.89; Table 1B). For
each gene studied, the percentage DNA methylation at a
specific promoter region was expressed as a function of
age for both the AA and Cau male samples (Fig. 3). We
observed methylation of the GSTP1, RARβ2, and TIMP3
genes but this did not significantly correlate with age in
both AA and Cau. The SPARC and AR genes were entirely
unmethylated in the Cau male samples, although we ob-
served some methylation in the AA samples. Regression
analysis showed significantly higher methylation for
TIMP3 gene (P = 0.039) and NKX2-5 gene (P = 0.008)
in the AA samples when compared with the Cau samples.
ciation for Cancer Researc
 on June 27, 2journals.org
Fig. 2. ROC curves for methylation
analysis in PCa tissue samples
from AA, Cau, and both (AA + Cau).
The areas under the ROC curves
in Cau samples are 0.969 for
GSTP1, 0.59 for AR, 0.969 for
RARβ2, 0.75 for SPARC, 0.875 for
TIMP3, and 0.984 for NKX2-5.
The areas under the ROC curves in
AA samples are 0.811 for GSTP1,
0.531 for AR, 0.922 for RARβ2,
0.921 for SPARC, 0.668 for TIMP3,
and 0.857 for NKX2-5. The areas
under the ROC curves in both Cau +
AA samples are 0.844 for GSTP1,
0.536 for AR, 0.925 for RARβ2,
0.878 for SPARC, 0.705 for TIMP3,
and 0.884 for NKX2-5.
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In addition, we observed a significant association between
age and methylation level for NKX2-5 gene (P = 0.03) in
the AA samples when compared with the Cau samples.
Furthermore, we observed a modest association of
NKX2-5 methylation (P = 0.09; Supplementary Table)
for a race by age interaction. These results support the ob-
servation we made above of higher methylation of several
genes in prostate tissue samples from AA in comparison
with Cau. In addition, our data suggest that, for some
genes, higher methylation differences maybe associated
with aging.
www.aacrjournals.org
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To investigate if methylation is associated with the si-
lencing of SPARC, TIMP3, and NKX2-5 genes in PCa tis-
sues, we performed expression analysis by quantitative
RT-PCR. The results presented in Fig. 4 showed a signi-
ficantly higher level of gene expression for SPARC (P =
0.0213) and TIMP3 (P < 0.0001), but not NKX2-5 (P =
0.12), in the matched normal prostate tissues when
compared with the PCa tissues. Our data suggest an in-
verse association between DNA methylation and gene ex-
pression for SPARC, TIMP3, and NKX2-5. We observed
that in cancer samples that showed higher methylation,
Fig. 3. Age-related DNA methylated gene profiles for AA (- - -) or Cau (—) men. CpG islands for GSTP1, AR, RARβ2, SPARC, TIMP3, and NKX2-5
were analyzed in bisulfite-modified genomic DNA extracted from fresh-frozen tissue punches of normal prostate obtained from both AA and Cau.
Eighteen samples from AA and 14 samples from Cau (age range, 47-85 y) were used. Regression analysis of the association of DNA methylation changes
by race and age. Y axis, percentage of methylated cytosines in the samples as obtained from pyrosequencing. Each CpG island has a different scale range.
X axis, age in years.
Fig. 4. Gene expression in prostate
tissue samples. The relative mRNA
transcript expression levels of
SPARC, TIMP3, and NKX2-5 were
analyzed in 32 matched pairs of
normal and PCa tissue samples by
RT-PCR and expressed relative to
β-actin to correct for variation in
the amount of reverse-transcribed
RNA. Relative expression (shown
as log expression on the Y axis)
was determined using gene copy
number calculated from a standard
curve.
Clin Cancer Res; 16(14) July 15, 2010 3545
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this was associated with low levels of gene expression,
whereas the normal prostate samples had lower methyla-
tion and higher gene expression level to indicate that
methylation leads to some loss of gene expression.
To verify that the expression of the hypermethylated

genes can be restored, prostate cell lines were treated with
the demethylating agent 5′-aza-dC, the histone deacetylase
inhibitor TSA, or the combination of the two drugs, and
gene expression was analyzed by quantitative RT-PCR
(Fig. 5). The cell lines chosen for the analysis had high
methylation levels for the genes tested and all had very
low levels of expression at baseline. Results indicate at least
a 2-fold increase in expression in response to 5′-aza-dC
treatment for all genes analyzed in at least one cancer cell
line, except for TIMP3 gene, for which we did not detect
any significant effect on expression level. The data support
the observation we made above that silencing is related to
DNA methylation. Treatment with the histone deacetylase
inhibitor TSA alone did not restore gene expression for
SPARC. On the other hand, TIMP3 andNKX2-5 showed in-
creased expression after treatment with either TSA alone or
the combination of 5′-aza-dC and TSA in at least one PCa
cell line. The data show that both methylation and histone
deacetylation seem to play a role in silencing the expres-
sion of TIMP3 and NKX2-5, although methylation seems
to play a dominant role in NKX2-5 gene silencing.

Discussion

Ethnic differences in PCa incidence and mortality are
well documented. The incidence and mortality for PCa is
about 2-fold higher in AA than in Cau, with AA men ex-
periencing among the highest rates worldwide (17). This
disparity in PCa is believed to be a complex combination
of environment and socioeconomic factors and genetics
(for a recent review, see ref. 18). Several genetic variations
in the human genome, particularly allelic variation in
genes involved in pathways relevant to PCa biology, have
been proposed as a genetic cause or contributor for the in-
creased PCa risk in AA (19).
Clin Cancer Res; 16(14) July 15, 2010
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We have previously shown aberrant hypermethylation
as a function of age in normal prostate tissues, which
may precede and predispose to full-blown malignancy
(4). Therefore, it may be possible to establish a quantita-
tive cutoff point for the amount of methylation of some
genes that would indicate the presence of cancer. In addi-
tion, the methylation prevalence may differ between eth-
nic groups such that methylated genes could also serve as
ethnic-sensitive biomarkers for PCa detection. In the
present study, we were interested in comparing the DNA
methylation patterns in prostate tissue samples from AA
and Cau. Previous work carried out by Enokida et al.
(20) showed that GSTP1 hypermethylation was signifi-
cantly higher in PCa samples from AA in comparison with
Cau and Asians. Other studies did not find significant
difference in GSTP1 methylation frequencies in PCa
among AA and Cau (21, 22) but found higher frequency
of CD44 hypermethylation in AA than in Cau (21). These
studies had strictly focused on PCa tissues and benign
prostatic hyperplasia (BPH) samples. However, our recent
observations show that DNA methylation starts in normal
prostate tissues as a function of age (4), and therefore, it is
also important to analyze gene methylation in normal
prostate samples from both AA and Cau. We therefore
evaluated differences in DNA methylation of six genes,
namely, GSTP1, AR, RARβ2, SPARC, TIMP3, and NKX2-
5, which may play important regulatory roles in prostate
disease etiology and/or progression. To our knowledge,
our study is the first to analyze the methylation status of
these genes in normal as well as matched pairs of normal
and PCa tissue samples from AA and Cau males. Overall,
we observed significant methylation prevalence in the PCa
tissue samples from AA in comparison with Cau. The Cau
cancer samples used in this study showed slightly higher
Gleason score and similar pathologic staging when com-
pared with the AA samples. Thus, the higher prevalence
of methylation seen in the AA cancer samples is not sim-
ply reflective of differences in disease aggressiveness or
stage between the two groups. In addition, regression anal-
ysis revealed significantly higher methylation for NKX2-5
Fig. 5. Demethylation and gene expression. PCa cell lines and primary immortalized prostate epithelial cells, pNT1a, were treated with 5′-aza-dC (5 μmol/L),
TSA (250 nmol/L), or a combination of the two drugs. The cell lines chosen for the analysis had high methylation levels for the genes tested and all had
very low levels of expression at baseline. The fold change in gene expression relative to mock-treated cells was determined by quantitative RT-PCR
and expressed relative to β-actin to correct for variation in the amounts of reverse-transcribed RNA. Points, average values of duplicate experiments.
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and TIMP3 genes in the normal prostate tissue samples
from AA in comparison with Cau. Of the six genes that
we analyzed in the normal prostate tissue samples, meth-
ylation of NKX2-5 also showed a significant association
with age in AA in comparison with Cau. Our data suggest
that not only is the methylation of NKX2-5 suitable as a
marker for PCa detection, but it may also have increased
sensitivity for detecting PCa in AA. We have analyzed the
relationship between DNA methylation changes and PCa
risk but did not detect any significant association between
DNA methylation changes and PCa risk by race. Although
the sample size used in our studies is not large, the ROC
analysis shows the differential predictive potential of
DNA methylation of GSTP1, RARβ2, SPARC, TIMP3, and
NKX2-5 genes for PCa detection in AA and Cau samples.
Thus, a larger PCa population size can confirm our obser-
vations and determine if the methylation status of these
genes can provide a reliable and/or perhaps ethnic-sensi-
tive index for the detection of PCa.
In summary, our panel of genes show significant differ-

ences in the prevalence of methylation in prostate tissue
samples from AA and Cau. These genes play key regulatory
roles in the pathways of prostate. Therefore, ethnic differ-
www.aacrjournals.org
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ences in the methylation pattern of these genes may con-
tribute to the disparity associated with PCa. The genetic
mechanism(s) underlying the differing prevalence of
methylation in these two groups is an area of active inves-
tigation in our laboratory.
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Sprouty1 is a negative regulator of fibroblast growth factor 
signaling with a potential tumor suppressor function in prostate 
cancer (PCa). Sprouty1 is downregulated in human PCa and 
Sprouty1 expression can markedly inhibit PCa proliferation in 
vitro. The aim of this study was to investigate the role of DNA 
methylation in Sprouty1 expression in human prostate tumors. 
We used pyrosequencing to quantitatively measure the methyla-
tion status of the Sprouty1 promoter region in prostate tissues and 
cell lines and assessed Sprouty1 mRNA expression by quantitative 
RT-PCR. Our data demonstrates significantly higher % methyla-
tion of Sprouty1 promoter in the PCa tissues when compared to 
matched normal tissues. Hypermethylation of Sprouty1 promoter 
was detected in PCa cell lines compared to the normal prostate 
epithelial cells. The increased % methylation was associated with 
reduced Sprouty1 mRNA expression in the PCa tissues and cell 
lines. Methylation modification of the Sprouty1 promoter using 
Sss1 methylase abolished promoter activity whereas global demeth-
ylation with 5'-Aza-2'-Deoxycytidine treatment induced Sprouty1 
expression. Our data demonstrates that DNA methylation in 
the Sprouty1 promoter region is responsible for downregulating 
Sprouty1 expression in prostate cancer.

Introduction

Prostate cancer (PCa) is the second most common malignancy 
and the second leading cause of cancer deaths among men in the 
United States. There is abundant evidence to indicate that inap-
propriate activation of fibroblast growth factor receptor (FGFR) 
signaling plays a critical role in the initiation and progression of 
prostate cancer (reviewed in ref. 1).1 Sprouty was originally identi-
fied in Drosophila as a negative regulator of fibroblast growth factor 
(FGF) signaling during tracheal development.2 Subsequent studies 
have shown Sprouty to be a general inhibitor of growth factor-
induced receptor tyrosine kinase (RTK) signaling pathways involved 
in Drosophila development and organogenesis.3-5 While Drosophila 

has only one Sprouty gene, at least four Sprouty homologues 
(Sprouty1-4) have been found in humans and mice.6,7 Mammalian 
Sprouty inhibit growth factor-induced cell responses by inhibiting 
the RTK-dependent Ras/mitogen-activated protein (MAP) kinase 
signaling pathway.8-14 Several mechanisms for Sprouty inhibition of 
the RTK/Ras/MAP kinase pathway have been proposed, including 
blocking the interaction of the Grb2/SOS complex with the docking 
protein FRS23,15 or the inhibition of Raf.11,12 Another characteristic 
of the Sprouty inhibitors is their regulation by growth factors in a 
negative feedback loop. Specifically, growth factors regulate both the 
level of Sprouty transcript7 and in some systems, the recruitment 
of Sprouty proteins to the plasma membrane.16 Given that Sprouty 
proteins can inhibit FGF signaling, they can potentially decrease the 
biological activities of FGFs in prostate cancer cells and inhibit their 
ability to promote cancer progression.

We have previously shown by immunohistochemical and quan-
titative real-time PCR analysis that Sprouty1 and Sprouty4 are 
downregulated in a subset of prostate cancers tissues when compared 
with normal prostate tissues.17,18 McKie et al.19 have observed that 
Sprouty2 expression is reduced in clinical prostate cancer tissues when 
compared with benign prostatic hyperplasia (BPH). These results 
were confirmed by Fritzsche et al.20 In addition, downregulation 
of Sprouty transcripts was associated with biochemical recurrence 
following radical prostatectomy, indicative of more aggressive disease. 
The decrease in Sprouty expression in the human prostate cancer, 
despite elevated levels of FGF ligands and FGF receptors, implies a 
loss of an important growth regulatory mechanism in prostate cancers 
that may potentiate the effects of increased FGF and FGFR expres-
sion in prostate cancer tissues and may represent a novel mechanism 
that facilitates aberrant RTK signaling in prostate carcinogenesis.

We and others have also shown epigenetic inactivation to be a 
key mechanism for silencing Sprouty proteins in the prostate. For 
instance, we have observed promoter methylation at Sprouty4 CpG 
islands in prostate cancer. More than half of all prostate cancer tissue 
DNAs were methylated in this region and methylation significantly 
correlated with decreased Sprouty4 expression. Furthermore the 
treatment of prostate cancer cells with 5-aza-dC reactivated Sprouty4 
expression demonstrating that aberrant methylation represents a 
key mechanism of Sprouty4 downregulation.18 Similarly, extensive 
methylation of Sprouty2 has been observed in high grade invasive 
prostate cancers while control BPH tissues were predominantly 
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Sprouty1a and Sprouty1b splice variants, we performed 
5'-RACE using poly (A)+ RNA from fetal human lung and 
a Sprouty1 specific primer. We observed multiple bands 
after amplification, the largest of about 275 bp (data not 
shown). Sequence analysis identified multiple transcription 
initiation sites within the region -315 to -305 nucleotides 
from the first ATG codon in a Kozak consensus sequence. 
The 5'-most start site found is located at nucleotide 
position 160026 of the published sequence (GenBank 
accession no. AC026402). Because this region corresponds 
to the 5'-UTR of Splice variant 1b, this may represent the 
corresponding promoter region. Using similar approach we 
identified the transcription start site for Splice variant 1a 
to be at nucleotide position 162754 in the same published 
sequence (GenBank accession no. AC026402).

Functional characterization of Sprouty1 promoter 
region. To localize the DNA elements that are important 
for promoter activity, we carried out a series of unidirec-
tional deletion analyses of up to 2 kb and approximately 
1 kb of the 5'-flanking region of Sprouty1a of Sprouty1b 
splice gene variants, respectively. Deletion fragments were 
generated by PCR and cloned into the promoterless 
pGL3-Basic, a luciferase reporter vector. Each resulting 
recombinant construct was then transiently transfected 

along with the internal control pSV β-galactosidase plasmid into 
prostate cancer cell lines; LNCaP, PC3 and DU145 and the immor-
talized normal prostate cell line pNT1A. After 48 h, cell extracts 
were prepared and luciferase activity was measured and normalized to 
β-galactosidase activity. As shown in Figure 2, the promoter activities 
demonstrated significant difference between Splice 1a (Fig. 2A) and 
1b (Fig. 2B) variants. Sprouty1a promoter strength was between 2- to 
5-fold above the basal level. Whereas Sprouty1b promoter activity was 
between 40- and 900-fold above basal level depending on the cell line. 
Furthermore, the reporter gene expression levels showed significant 
differences among the different prostate cell lines suggesting that cell-
specific element(s) may be present in these sequences. Interestingly, 
the androgen-dependent cell line, LNCaP which expressed the least 
Sprouty1 protein level as determined by western blot analysis17 
showed the strongest promoter activity; expressing over 7-fold 
higher promoter activity than any of the other cell lines. Overall, we 
observed maximum promoter activity for Splice 1a and 1b variants 
in the promoter fragments pSprouty1aFwd5 and pSprouty1bFwd3 
respectively, in all the cell lines investigated. Because the activity of 
the Sprouty1b promoter region was over 100-fold higher than that of 
Sprouty1a, we believe that Sprouty1b region has the transcriptional 
elements and or enhancer sequence(s) necessary for Sprouty1 gene 
regulation. Whereas Sprouty1a promoter activity maybe regulated by 
other phenomenon such as epigenetic events.

Global DNA methylation analysis using the Sss I methylase 
assay. Using the MethPrimer software package for CpG islands iden-
tification (www.urogene.org/methprimer/), we have identified two 
separate CpG islands: 1 spanning about 1.7 kbp of the Sprouty1a 
promoter region and the other spanning about 100 bp of Sprouty1b 
promoter region (as shown in Fig. 1). Using a series of unidirec-
tional PCR based deletion analysis followed by luciferase reporter 
assay, we have identified optimal promoter activity for Sproutyla 
Fwd5 and Sproutylb Fwd3 (shown in Fig. 2) and these are here 

 unmethylated.19 The suppressed Sprouty2 expression correlated with 
methylation of the CpG region in clinical samples indicating that 
methylation of the Sprouty2 promoter was the likely cause of its tran-
scriptional inactivation in the prostate. However, Fritzsche et al.20 
have reported low frequency of methylation of Sprouty2 promoter 
in prostate cancer cell lines and prostate cancer tissues. Furthermore, 
promoter methylation does not seem to explain Sprouty2 inactiva-
tion in breast cancer. Cultured breast cancer cell lines in the presence 
of 5'Aza-2-deoxycytidine (5-aza-dC) a demethylation agent, did 
not reactivate the expression of Sprouty2 and only minimal and 
patient specific methylation of the Sprouty2 CpG islands was found 
indicating other cancer-specific mechanisms independent of DNA 
methylation for Sprouty2 downregulation.21

The Sprouty1 promoter contains a CpG island, and DNA methy-
lation events that affect promoter activity offers a likely mechanism 
for epigenetic alteration in prostate cancer. Thus, in the present 
study, we sought to investigate the epigenetic mechanisms regulating 
Sprouty1 expression in prostate cancer.

Results

Genomic organization of the Sprouty1 gene. The human 
Sprouty1 transcript consists of two splice variants, 1a22 and 1b2 arising 
from two alternative promoters that map to human chromosome  
4q27-28 and 4q25-28 respectively. Each splice variant has two exons 
and one intron. Exon 1 encodes the 5'-untranslated region of the 
cDNA, whereas exon 2 encodes the remainder of the 5'-untranslated 
region, the entire open-reading frame and the entire 3'-untranslated 
region. While the splice variants share the same second exon, they 
have different first exons, located very close to each other on the 
same chromosome (Fig. 1). The use of alternative promoters does 
not result in protein isoforms because the variant 5' initial exons 
are joined to a common second exon that contains the translation  
initiation site. In order to identify the transcription start sites of 

Figure 1. Genomic organization of the human Sprouty1 gene. (A) Exons are shown as 
open-boxes and translational start site, ATG is shown as a thick black bar. Promoter 
region is shown as blackened arrows. The use of alternative promoters does not result 
in protein isoforms because the variant 5' initial exons are joined to a common sec-
ond exon that contains the translation initiation site. CpG dinucleotides are shown as 
short vertical lines with black circles on top. (B) Map represent CpG island upstream 
of Exon1a. Short vertical bars indicate CpG dinucleotides. Inverted arrows indicate 
PCR primers used in pyrosequencing assay. Horizontal black box indicate CpG region 
analyzed by pyrosequencing.
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Figure 2. Progressive deletion analysis of the 5'-flanking region of splice variant 1a and 1b of the human Sprouty1 gene. The schematic diagrams rep-
resent a series of Sprouty1a (A) and 1b (B) gene constructs with variable 5'-ends as indicated. The luciferase activity was measured and normalized for 
transfection efficiency by dividing the measurement of the firefly luciferase activity by that of the β-galactosidase activity. The relative luciferase activities 
are represented as fold induction with respect to that obtained in cells transfected with the empty control vector (pGL3-Basic). Data represents the mean of 
triplicate experiments.

after referred to as Sprouty1a and Sprouty1b promoter respec-
tively. To investigate whether constitutively active Sprouty1a and/or 
Sprouty1b promoter activity was inhibited by the methylation of the 
promoter CpG island, we modified the promoter constructs with 

SssI methylase treatment and examined the activity of the methylated 
promoter. When the SssI methylated or non-methylated Sprouty1a 
and Sprouty1b promoter constructs were each transiently transfected 
into LNCaP cells the activity of the methylated Sprouty1a promoter 
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of the DNA  methyltransferase inhibitor 5-aza-2'deoxycytidine  
(5-aza-dC). As shown in Figure 5, treatment of the prostate cancer 
cell lines, DU145, PC3 and LNCaP with 5-aza-dC (2 μM) led to a 
significant increase in Spry1 mRNA expression in the prostate cancer 
cell lines. Taken together, these data suggests that promoter methyla-
tion may play a role in downregulating Sprouty1 expression in these 
cell lines and human prostate tumors.

Discussion

In the present study, we have investigated DNA methylation 
and Sprouty1 expression in human prostate cancer. DNA methy-
lation is a common event in cancer and several genes promoter 
methylation has been reported. For example, aberrant methylation 
of GSTP1 gene is perhaps the most common genomic alteration in 
human prostate cancer and occurs in the earliest stages of prostate 
carcinogenesis.24 Because of the presence of a large CpG island (1.7 
kbp) of the Sprouty1 promoter region, we speculated that DNA 
methylation may contribute to the silencing of Sprouty1 expres-
sion. We used pyrosequencing to quantify the methylation status 
of three CpG sites in the Sprouty1 promoter. Pyrosequencing offers 
a semi-quantitative high-throughput and reliable method with 
an in built internal control for adequacy of bisulfite treatment.25 
Using this approach, we have observed methylation in normal as 
well as prostate cancer tissues analyzed. It is not unusual to detect 
DNA methylation in normal prostate tissues as we have recently  

was only 5% of that of the unmethylated construct  
(Fig. 3). On the other hand, CpG methylation of 
Sprouty1b construct did not show significant effect on 
its activity when compared to the control unmethy-
lated construct (Fig. 3). This observation indicates that 
methylation of the Sprouty1a promoter may be involved 
in the control of Sprouty1 expression.

In vitro methylation analysis of the sprouty1 
promoter region. To investigate whether Sprouty1a 
promoter is methylated in human prostate tumors, 
we used pyrosequencing to quantitatively measure 
DNA methylation of bisulfite modified genomic DNA. 
Typical examples of bisulfite methylation profiles at 
thee CpG sites of the Sprouty1 promoter is presented as 
pyrogram for the immortalized normal prostate epithe-
lial cell line; pNT1A and the prostate cancer cell lines; 
LNCaP, PC3 and DU145 (Fig. 4A). As shown in the 
pyrogram, the pNT1A cells demonstrated on average 
5% methylation at each CpG site. On the other hand, 
LNCaP, PC3 and DU145 cells demonstrated an average 
of 30%, 15% and 20% methylation respectively, at each 
CpG site indicating increased methylation of Sprouty1 in 
LNCaP, PC3 and DU145 cells but low methylation in 
pNT1A cells. Interestingly, pNT1A cells expressed the 
highest levels of Sprouty1 mRNA expression whereas 
LNCaP, PC3 and DU145 cells showed much lower 
levels of the Sprouty1 mRNA expression as determined 
by quantitative RT-PCR analysis (Fig. 4B). The inverse 
association between Sprouty1 mRNA expression and 
% DNA methylation level suggests that DNA methyla-
tion maybe a mechanism for downregulating Sprouty1 
expression in the prostate cancer cell line.

Next, we used pyrosequencing to quantitatively measure DNA 
methylation of bisulfite modified genomic DNA in matched normal 
and prostate cancer tissue samples from 15 prostate cancer patients. 
The average percentage of methylation at the three CpG sites of the 
Sprouy1 promoter was compared between the matched normal and 
prostate cancer tissue for each patient (Table 1). Our data showed 
approximately 1.6-fold higher % methylation level in the prostate 
cancer tissues (7.0 ± 0.619, SEM) when compared with the matched 
normal prostate tissues (4.33 ± 0.398, SEM). We next used quanti-
tative RT-PCR to measure Sprouty1 mRNA in these same prostate 
tissue samples. We found that Sprouty1 expression was approxi-
mately 1.8-fold higher in the normal prostate tissues (9.78 ± 1.99, 
SEM) compared to prostate cancer tissues (5.31 ± 1.294, SEM). The 
reduced Sprouty1 mRNA expression in the prostate cancer tissues 
was associated with increased % DNA methylation in the prostate 
cancer tissues compared to the normal prostate tissues. This data 
indicates that the reduced Sprouty1 expression in prostate cancer 
tissues may reflect an increased in promoter methylation in this same 
tissue samples.

Treatment of prostate cancer cell lines with 5'-Aza 
-2'deoxycytidine can restore Spry1 expression. To further investi-
gate whether DNA methylation plays a role in Sprouty1 expression, 
we tested the hypothesis that pharmacological modulation of 
methylation can reactivate gene expression.23 To achieve this we 
treated pNT1A, DU145, PC3 and LNCaP cells in various doses 

Figure 3. Effect of in vitro methylation and Sprouty1 promoter activity. Sprouty1a 
(pSprouty1a Fwd5) and 1b (pSprouty1b Fwd3) promoters were methylated in vitro by SssI 
methylase. Methylated and unmethylated Sprouty1a and 1b promoters were transfected 
into LNCaP cells and assayed for luciferase activity. The luciferase activity was measured 
and normalized for transfection efficiency by dividing the measurement of the firefly 
luciferase activity by that of the β-galactosidase activity. The relative luciferase activities 
are represented as fold induction with respect to that obtained in cells transfected with 
the empty control vector (pGL3-Basic). Results are shown as percentages, with luciferase 
activity due to unmethylated promoter designated as 100%. Data represents the mean of 
triplicate experiments.
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Figure 4. Methylation and expression analysis of 
the Sprouty1. (A) Representative program traces for 
Sprouty1. Gray colums represents regions of C to T 
polymorphic sites. Genomic DNA sample extracted from 
immortalized normal prostate epithelial cell line, pNT1A 
cells, and genomic DNA sample extracted from prostate 
cancer cell lines LNCaP, PC3 and DU145 are shown. 
Top, percentage of methylation at each CpG site. Y-axis; 
signal peaks proportional to the number of nucleotides 
incorporated. X-axis; the nucleotide sequence incorpo-
rated. (B) The Sprouty1 mRNA expression in normal 
prostate and prostate cancer cell lines as determined 
by quantitative reverse transcription-PCR. The Sprouty1 
expression was assessed by quantitative RT-PCR using 
a real-time thermal cycler (iCycler; Bio-Rad). Sprouty1 
expression levels are displayed as a ratio of Sprouty1 
transcripts x 103 to β-actin transcripts. The data is a 
representative of duplicate experiments.

demonstrated that DNA methylation changes 
starts in the normal prostate tissue as a function 
of age and this dramatically increases in prostate 
cancer.26 The samples we used in our analysis are 
derived from patients 50 years of age and older so 
we would expect some degree of methylation in the 
normal prostate tissues. On average, we observed 
a significantly higher methylation in the 15 pros-
tate cancer cases when compared to the matched 
normal prostate tissues. However, because of the 
limited sample size that was analyzed, we were 
unable to observe direct statistical correlation 
between methylation and mRNA expression in 
our studies. Nonetheless, our observation of higher 
methylation in the prostate cancer cell lines pros-
tate cancer tissues which showed reduced Sprouty1 
expression compared to normal prostate cells and 
prostate tissues clearly indicate that methylation 
is responsible for reduced expression of Sprouty1 
in prostate cancer. This observation is supported 
by our published data showing that methylation 
of Sprouty4 significantly correlated with decrease 
in Sprouty4 expression in prostate cancer.18 This 
data clearly demonstrate methylation as a key 
mechanism for the inactivation of Sprouty genes 
in human prostate cancer.

However, in three cases where we detected low 
methylation in the cancer tissues compared to the 
normal tissues, we also observed low Sprouty1 
expression. Other mechanisms of gene inactiva-
tion, such as alterations in trans-acting factors, 
and heterozygous or homozygous deletion could 
also affect Sprouty1 expression and this remains to 
be explored. The expression of Sprouty1 is driven 
by two promoters which are responsible for the 
synthesis of one transcript. The internal promoter 
has a very large CpG island and our studies 
demonstrate that methylation of this promoter site 
is responsible for decreased expression of Sprouty1 
protein. The upstream promoter does not seem to 
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be affected by methylation, however, this region demonstrates strong 
promoter activity and may contain key regulatory binding sites for 
basal transcription. Whether additional mechanism(s) of gene inac-
tivation, such as alteration in trans-acting factors is being actively 
investigated by our laboratory.

Materials and Methods

Cell culture. The human prostate cancer cell lines, PC3, 
DU145 and LNCaP were obtained from the American Type 
Culture Collection (Manassas, VA). The immortalized normal pros-
tate epithelial cell line pNT1A was obtained from the European 
Collection of Cell Cultures (Salisbury, U.K). All cell lines were main-
tained in RPMI-1640 supplemented with 10% fetal bovine serum 
(FBS; Invitrogen, Carlsbad, CA) unless otherwise stated.

Human prostate tissue samples. All samples of human prostate 
tissues were obtained with informed consent and maintained by the 
Baylor Specialized Program of Research Excellence (SPORE) in the 
prostate cancer tissue bank.27 Fresh frozen tissue punches of normal 
and tumor tissues were obtained at the time of radical prostatectomy. 
The pathological status was confirmed before processing, and the 
tumor samples had a tumor cell percentage of 70%–100% with 
Gleason scores of 6–8.

Bisulfite modification, PCR and pyrosequencing analysis of 
the Sprouty1 promoter. DNA samples prepared from prostate 
tissues and cell lines were modified by sodium bisulfite treatment 
using MethylEasy kit (Human Genetic Signatures, Sydney, AUS) 
according to the manufacturer’s protocol.

Bisulfite PCR primers were designed based on bisulfite/converted 
sequence from the Sprouty1 CpG island ensuring that the bisulfite-
PCR primers avoid CpG sites and that they are designed as close 
to the transcription start site as possible. A two step PCR reaction 
was carried out using 2 μl of bisulfite converted genomic DNA 
and two sets of different bisulfite PCR primers in a standard PCR 
reaction. One of the primers (reverse primer) in the 2nd step PCR 
reaction was biotinylated in order to create a single-stranded DNA 
template for the pyrosequencing reaction. Primers used in the 1st 
step PCR reaction were forward 5'-AGG GTT TTT AGA GAG 
GAT AAT TTG GGT TAT-3' and reverse 5'-CCC CCA CTT CTA 
AAA ACT CAA AAT TAA ATA and a reverse primer tailed with a 
universal sequence (shown as underlined sequence) 5'-GGG ACA 
CCG CTG ATC GTT TAC CCC CAC TTC TAA AAA CTC 
AAA ATT AAA TA-3'. The reverse primer and the reverse primer 
tailed with the universal primer were mixed at a1:9 in the PCR 
reaction respectively. The primers used in the 2nd step PCR reaction 
were forward 5'-TTT AGG GTA ATA GGG GAT GGA GGA-3' 
and biotinylated universal primer 5'-GGG ACA CCG CTG ATC 
GTT TA-3'. Integrity of the PCR product was verified on 1.5% 
agarose gels with ethidium bromide staining. The product from the 
2nd step PCR reaction was immobilized on streptavidin-sepharose 
beads (Amersham), washed, denatured and the biotinylated strands 
released into an annealing buffer containing the sequencing primer. 
Pyrosequencing was performed using the PSQ HS96 Gold SNP 
Reagents on a PSQ 96HS machine (Biotage). Each pyrosequencing 
reaction was done at least twice.

The PCR amplification step was as follows: 95°C for 3 min, 
then denature at 95°C for 30 sec, anneal at 54°C (1st step) or 58°C  

Figure 5. Demethylation and Sprouty1 expression. Prostate cancer cell lines; 
LNCaP, PC3 and DU145, and immortalized primary prostatic epithelial 
cells; pNT1A were each treated with 5'-aza-2'-deoxycytidine (5'-aza-dC) at 
the indicated concentrations for 96 hours. Sprouty1 mRNA expression was 
determined by quantitative RT-PCR using iCycler and expressed relative to 
β-actin to correct for variation in the amounts of reverse-transcribed RNA. The 
data is a representative of duplicate experiments.

Table 1  Relationship between Sprouty1 mRNA  
expression (relative to β-actin expression)  
determined by quantitative RT-PCR and Sprouty1 
methylation in matched pairs of normal and 
prostate cancer tissues samples from 15 prostate 
cancer patients

       Relative sprouty1        % Methylation 
      expression 
Patient # Normal Cancer Normal Cancer
1 13.8 9.84 3 6
2 26.7 3.66 4 10
3 8.10 2.97 3 9
4 1.06 0.783 8 5
5 5.30 0.697 4 7
6 10.0 5.25 5 10
7 10.8 9.48 3 4
8 5.44 2.65 3 7
9 24.4 6.63 3 3
10 2.23 0.194 6 12
11 9.33 5.29 4 8
12 12.8 15.1 4 4
13 1.06 1.75 6 7
14 12.8 15.1 6 5
15 3.0 0.343 3 8
Average 9.78 5.31 4.33 7.0

(2nd step) for 30 sec, extension at 72°C for 30 sec for 50 cycles, and 
a final 10 min extension at 72°C.

Construction of plasmids for promoter analysis. Progressive dele-
tion constructs of Sprouty1a and Sprouty1b 5'-flanking regions were 
accomplished by unidirectional cloning of PCR fragments from the 
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(CpG) methylase (New England Biolabs, Beverly, MA) as recom-
mended by the manufacturer. The SssI methylation, which methylates 
all cytosine residues within the double-stranded dinucleotide recog-
nition sequence (5'-CG-3'), was performed at 10 mM Tris, pH 
7.9, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, and 160 μM 
S-adenosylmethionine at 37°C for 1 h. After the methylation reaction 
the promoter fragments were purified by phenol chloroform extrac-
tion and ethanol precipitation. The methylated DNA fragments were 
then digested with Nhe1 and Kpn1 and then sub-cloned into the 
pGL3-Basic vector. The methylated promoter constructs were used 
for transient transfection assays. Individual reactions were monitored 
by digestion with SssI or HpaII or HhaI restriction enzymes.

Induction of sprouty1 expression by 5'-aza-2'-deoxycytidine 
(5'-aza-dC). The pNT1A, DU145, PC3 and LNCaP cells were seeded 
at 5 x 105 cells/100-mm tissue culture dish. After 24 hours of incuba-
tion, the culture media was changed to media containing 5'-aza-dC 
for 96 hours. Total RNA extracted from cells and tissues using TRIzol 
Reagent (Invitrogen) was first used in first strand DNA (cDNA) 
synthesis using Invitrogen Super-ScriptTM first strand synthesis and 
then used in real-time quantitative PCR as previously described.17

Conclusion

We have identified a 1.7 kbp CpG island of the human Sprouty1 
gene promoter and DNA methylation of this promoter region 
appears to play a role in downregulating Sprouty1 expression in 
human prostate cancer.
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Abstract 

Prostate cancer (PCa) is a common malignancy and a leading cause of cancer deaths among men 
in the United States. Abundant evidence has accumulated to suggest that epigenetic DNA 
methylation changes may appear earlier during PCa development than genetic changes, as well 
as more commonly and consistently. Recently, we have identified NKX2-5 as a novel gene that 
is hypermethylated in PCa. To identify the biological role of NKX2-5 in human prostate cancer, 
we carried out gain-and-loss functional studies of NKX2-5 in prostate cancer cell lines and 
validated expression at the RNA transcript level using quantitative RT-PCR. Over-expression of 
NKX2-5 was detrimental to prostate cancer cell proliferation as evidenced by significant 
inhibition of prostate cancer cell proliferation in comparison to vector only control and this is 
due to cell arrest in Go/G1 phase and increase apoptosis. In contract, successful knockdown of 
NKX2-5 by shRNA transfection increased prostate cancer cell proliferation. Western blot 
analysis of NKX2-5 signaling demonstrates that NKX2-5 plays a key regulatory role in the 
expression of several important genes including p53, PTEN, and the androgen receptor. Our 
observations indicate that NKX2-5 is a potential tumor suppressor gene that is frequently 
inactivated in prostate cancer. Because this gene plays important role in several signal 
transduction pathways, it can be exploited as potential biomarker for the early detection of 
prostate cancer and could be an attractive target to explore for drug investigation or gene 
therapies of prostate cancer. 

  

 

 



 

Introduction: 

Prostate cancer (PCa) is the second most common malignancy and the second leading cause of 

cancer deaths in men in the United States [1,2]. Despite improvements in diagnosis and 

treatment, it remains the second leading cause of cancer deaths in US men [2]. This is in part 

because the molecular mechanisms of prostate cancer development and progression remains 

poorly understood. For prostate cancer, no consistent cancer pathway is known as for other 

malignancies such as colorectal cancer. Instead, recent evidence suggests that prostate cancer 

cells carry a variety of genetic defects, including gene mutations, deletions, chromosomal 

rearrangements and epigenetic changes in DNA methylation [3]. Epigenetic inactivation of genes 

in cancer cells is largely based on transcriptional silencing by aberrant CpG methylation of CpG-

rich promoter regions [4,5]. For human PCa, abundant evidence has accumulated to suggest that 

somatic epigenetic alterations such as DNA methylation may appear earlier during cancer 

development than other genetic alterations, and they also are more common and occur more 

consistently [6]. The aberrant promoter methylation of GSTP1, encoding the -class glutathione 

S-transferase (GSTP1), an enzyme capable of detoxifying electrophilic and oxidant carcinogens 

remains the most common somatic genome abnormality of any kind (>90% of cases) reported 

thus far for PCa, appearing earlier and more frequently than other gene defects that arise during 

PCa development [7] suggesting that CpG hypermethylation may be particularly important in 

prostate carcinogenesis [8,9]. We have recently reported the hypermethylation of NKX2-5 gene 

in human prostate cancer [10,11]. NKX2-5 is methylated in prostate and colon cancer, but rarely 

in breast cancer, suggesting tissue specific differences in the methylation of NKX2-5 [10].  

NKX2-5 belongs to a family of homeobox genes that encodes a class of transcription factors 



regulating the expression of target genes in a time- and spatial-dependent manner. The NKX2-5 

gene was initially identified as a mammalian homologue of the Drosophila tinman gene [12,13]. 

The NKX2-5 gene is an evolutionarily conserved transcription factor that is required for the 

organogenesis of the heart [14] and several mutations in NKX2-5 have been reported in patients 

with a variety of cardiac anomalies, including atrioventricular (AV) conduction delays, atrial 

septal defects, TOF, and DORV [15–17], further underscoring the importance of NKX2-5 in 

cardiac development. However, very little is known about the role of NKX2-5 in cancer 

development. One paper described a role for NKX2-5 in ovarian cancer suggesting a potential 

molecular target for NKX2-5 in the treatment of ovarian cancer [18]. The human NKX2-5 gene 

maps to chromosome 5q34 [19] and different groups have reported several chromosomal 

rearrangement involving the NKX2-5 locus on 5q34 in T-cell acute lymphoblastic leukemia [20–

22] support an important role for NKX2-5 in malignant transformation. One target of this 

chromosomal loss could be NKX2-5 gene.  

We have found NKX2-5 to be specifically hypermethylated in the prostate tumors when 

compared with the normal prostate tissues. NKX2-5 seems to be a novel frequent cancer-

associated hypermethylated CpG island in prostate cancer, the hypermethylation of which is 

associated with neoplastic transformation unlike RARβ2, RASSF1A, and GSTP1 which are 

hypermethylated in premalignant prostate tissues in an age-dependent manner. Therefore, the 

inclusion of NKX2-5 as a new marker in a panel of hypermethylated genes in prostate cancer can 

potentially increase the sensitivity and specificity of prostate cancer detection. Our data suggest 

that not only is the methylation of NKX2-5 suitable as a marker for PCa detection, but it may also 

have increased sensitivity for detecting PCa in AA [23]. However, there is very little information 

about the biological role of NKX2-5 in prostate cancer. In the present study we sought to 



investigate the biological role of gain or loss of NKX2-5 expression in human prostate cancer 

cell lines.  

 

Materials and Methods:  

Cell Culture and Human Prostate Tissue Samples  

The human prostate cancer cell lines PC3, DU145 and LNCaP cells were obtained from the 

American Type Culture Collection (Manassas, VA). The immortalized normal prostate epithelial 

cell line PNT1a was obtained from the European Collection of Cell Cultures (Salisbury, U.K). 

All cell lines were maintained in complete medium consisting of RPMI 1640 supplemented with 

10% fetal bovine serum (FBS, Invitrogen). All human prostate tissue samples were obtained with 

informed consent and maintained by the Baylor Specialized Program of Research Excellence 

(SPORE) in the prostate tissue bank [24]. Fresh frozen tissue punches of normal and tumor tissue 

were obtained at the time of radical prostatectomy. The pathological statuses were confirmed 

before processing, and the tumor samples had a tumor cell percentage of 70%-100% with 

Gleason scores of 6-8. 

 

Tissue Microarrays and Immunohistochemistry 

Cores (0.6-mm in size) of cancer and uninvolved prostate tissue were obtained from radical 

prostatectomy specimens and used in immunohistochemistry analysis as previously described 

[25]. Briefly, antigen retrieval was performed for 30 min in a rice cooker in 10 mM citrate buffer 

(pH 6.0). Endogenous biotin and peroxidase were blocked using appropriate kits from Vector 

Laboratories (Burlingame, CA) according to the manufacturer’s protocol. Goat polyclonal anti-



NKX2-5 antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) was incubated with each tissue 

array section at 5 ng/ml at 4°C overnight followed by the avidin-biotin peroxidase complex 

procedure (Vector Laboratories) and counterstaining with hematoxylin as described previously. 

Slides were then scanned using a Bliss automated slide scanner system to produce high-

resolution digital images. Staining was evaluated in the normal and prostate cancer epithelial 

cells as described previously. Staining intensity was graded as absent (0), weak (1+), 

intermediate (2+), or strong (3+). The extent of staining was estimated and scored as follows: no 

staining (0); 1–33% of cell stained (1+); 34–66% of cell stained (2+); or 67–100% of cells 

stained (3+). The staining index for each case was then calculated by multiplying the average 

intensity score for the three cores by the average percentage score for the three cores, yielding a 

10-point staining index ranging from 0 (no staining) to 9 (extensive, strong staining) for each 

case.  

 

Cell transfections  

Prostatic normal and cancer cell lines were seeded at 5 X 10 4 cells/well in a 24-well plate in 

complete medium for 24 hours. Next, cells were transiently transfected with a mammalian 

expression vector containing the full-length wild-type NKX2-5 or empty control vector 

(pCMV6). For down-regulation of NKX2-5 by RNA interference experiments, shRNA plasmids 

for human NKX2-5 (pRFP-C-RS, Origene) were used or a plasmid expressing shRNA that does 

not much any human, mouse or rat gene was included as control. Cells were transfected over 

night with 0.8 g DNA and 2 l Lipofectamine 2000 or LTX (Invitrogen, Carlsbad, CA) in 

complete medium without antibiotics. After 24, 48, or 72 hr cell were trypsinized and counted 



using a Coulter counter (Beckman Coulter Z Series Coulter Counter). A second transfected plate 

was used to collect RNA and protein extracted for expression analysis at the same time.   

 

Primer Design and Synthesis for Real-Time PCR 

Oligonucleotide primers for NKX-2.5 were forward, 5`- CACGTCCACGCAGGTCAAG-3`, and 

reverse, 5`- GCCCCACCAGCTCCAGAG-3`; for  β-actin were forward, 5`-

AGCACGGCATCGTCACCAACT-3`, and reverse 5`-TGGCTGGGGTGTTGAAGGTCT-3` 

and probe 5`-CTGGTCCTGCCGCTGCCGCTTG-3`; for p53 were forward, 5`- 

CTCCTCAGCATCTTATCCGAGTG-3`, and reverse, 5`- GGTGGTACAGTCAGAGCCAAC -

3` and probe 5`- AGGCGGCTCATAGGGCACCACCA -3`; for PTEN were forward, `5- 

ACCCACCACAGCTAGAACTTATC-3`, and reverse , 5`- 

ATTTGCCCCGATGTAATAAATATGC -3`and probe 5`- 

TTACACCAGTTCGTCCCTTTCCAGC -3`; and for Histone H1 were forward, 5`- 

TGCCACGCCCAAGAAAGC -3`, and reverse, 5`- CTTCTTGCCGGCCCTCTTG-3` an probe 

3`- ACCCAAGACTGTCAAAGCCAAGCCG -5`; and for androgen receptor (AR) were forward 

5`- CCTCCCGGCGCCAGTTTG -3` and reverse 5`- GAAGGTTGCTGTTCCTCATCCAG -3` 

and probe, 5`- AGCAGCAGCAGCAGCAGCAGCA-3` and for GSTPI were forward, 5`--3` and 

revere, and probe 5`--3`. Primers were carefully designed to cross exon/intron regions and to 

avoid the formation of primer-dimers, hairpins, and self-complementarity. The nucleotide 

positions for the amplification products as given per the GenBank accession nos. are 707-795, 

1312-1464, 256–435, 451-575, 1260-1465, 891-1338, and 594-725 for NKX2-5 (XM_036349), 

PTEN (NM_000314), β-actin (BC004251), p53 (NM_001126117),  AR (NM_000044), and 

GSTPI (NM_000852) respectively. 



 

cDNA Synthesis and Quantitative Real-Time PCR  

Total RNA extracted from cells using TRIzoL Reagent (Invitrogen) was used in first strand DNA 

(cDNA) synthesis using iScriptTM cDNA synthesis kit (Bio-RAD) and according to the 

manufacturer’s protocol. Real-time PCR was carried out in a Bio-RAD iCycler real-time PCR 

thermal cycler (Bio-Rad, Hercules, CA) as described previously [26] and incorporating the 

following optimized PCR reaction conditions: The amplification of NKX-2.5 was carried out as 

follows: a 3 min hot start at 95°C; followed by 40 cycles of denaturation at 95°C for 15 s; and 

annealing at 61°C for 30 s. The amplification protocol for PTEN was the same as for NKX-2.5 

except that annealing was done at 60°C. The amplification protocol for p53, β-actin, AR, Histone 

H1, and GST-pi was carried out as follows: a 3 min hot start at 95°C; followed by 40 cycles of 

denaturation at 95°C for 30 s; annealing at 56°C for 20 s; and a 72°C extension for 30 s. Each 

experiment was done in duplicate. The threshold cycle (Ct) values in log linear range 

representing the detection threshold values were used for quantitation and expressed as copy 

numbers based on a standard curve generated using plasmid DNA. 

 

Hormonal induction 

For hormonal induction, LNCaP cells were grown for 48 h in RPMI containing 2% FBS that was 

charcoal-treated (CT, Invitrogen) to remove steroids, followed by an additional 24 h in RPMI 

containing 0.5% CT-FBS. The synthetic ligands; testosterone (10-8M), 17-estradiol (10-8M), 

progesterone (10-8M) and dexamethasone (10-7M) and vehicle  (EtOH) were each added to cells 

maintained as above and treated for 24 h. All compounds were purchased from Sigma Aldrich. 

Total RNA was then prepared and used in RT-PCR as described above. 



 

Western Blot Analysis 

Total protein was extracted from cells using RIPA Buffer (Thermo Scientific) and nuclear and 

cytoplasmic extracts were extracted with NE-PER Nuclear and Cytoplasmic Extraction 

Reagents (Thermo Scientific) according to the manufacturer’s instructions. For Western blots, 40 

µg of total protein extract or 15 g of nuclear protein was used in standard Western blot analysis. 

The primary antibodies were as follows: anti-NKX-2.5 goat polyclonal antibody (1:100), anti-

p53 (1:100) mouse monoclonal antibody, anti-PTEN (1:100) mouse monoclonal antibody, anti-

AR (androgen receptor, 1:50), rabbit polyclonal antibody, anti-Histone H1 (1:50) mouse 

monoclonal antibody and anti--actin (1:5000; Sigma). The corresponding horseradish 

peroxidase-labeled secondary antibodies were as follows: mouse anti-goat IgG (1:5000), bovine 

anti-mouse IgG (1:5000) or mouse anti-rabbit IgG (1:1000) secondary antibodies.  The antigen-

antibody reaction was detected with SuperSignal West Femto chemoluminecence (ECL) assay 

(Thermo Scientific) and a Gel Doc™ XR+ System (Biorad). All antibodies were purchased from 

Santa Cruz Biotechnologies unless otherwise stated.  

 

Cell Cycle and Apoptosis Analysis 

Prostate cancer cells transfected with NKX2-5 expression vector or the empty vector were 

harvested and stained with propidium iodide (Invitrogen; according to the manusfacturer’s 

instruction) and analyzed using a counting chamber (Nexelom Bioscience). To discriminate 

between viable and nonviable (dead/apoptotic) cells, Annexin-PE assay was performed, and 

percentage apoptosis estimated with Cellometer Vision (Nexelom Bioscience). To determine the 

cell cycle distribution, prostate cancer cells were transfected with NKX2-5 expression vector or 



the empty vector only. Cells were harvested and stained with propidium iodide as described 

above and analyzed by Flow Cytometry using BD FACS Calibur flow cytometer according to 

manufacturer’s instruction.  

 

Results 

Expression of NKX2-5 in Normal and Neoplastic Human Prostate Tissue 

To gain insight into the cellular localization of NKX2-5 in human prostate tissues, we assessed 

NKX2-5 expression in 25 pairs of matched benign and prostate cancer tissues using 

immunohistochemistry. For both normal and prostate cancer tissues, we observed variable 

NKX2-5 staining in the cytoplasm as well as the nucleus (Fig 1a). The cytoplasmic staining was 

higher than the nuclear staining (Table 1). Overall, we observed the cytoplasmic staining to be 

statistically less in cancers than the normal control (p=0.034) but not for nuclear staining 

(p=0.886). Because NKX2-5 appears to be localized in both the nucleus and cytoplasm, we 

wanted to know whether it is regulated by hormones. We therefore treated LNCaP cells with 

various ligands for 24 hr, isolated total RNA and analyzed NKX2-5 expression by RT-PCR (Fig 

1b). Results showed approximately 5 fold, 8 fold, 3 fold, and 3 fold increase in NKX2-5 

expression in response to testosterone, 17-estradiol, progesterone and dexamethasome 

respectively, suggesting that NKX2-5 expression can be regulated by multiple hormonal signals 

in prostate cancer cells.     

To determine whether NKX2-5 is decreased in human prostate cancer, we measured the 

expression of NKX2-5 in normal and neoplastic prostatic epithelium using quantitative RT-PCR 

analysis with mRNA from a total of 40 pairs of matched normal and tumor prostate tissue 

samples. We used -actin as an endogenous mRNA control. The real-time data is presented as 



the ratio of NKX2-5 X 103/-actin transcript for the samples analyzed (Fig. 1c). The expression 

of NKX2-5 in both normal and cancer tissues were variable, presumably reflecting both random 

variability in tissue composition (i.e., epithelial content) and variable expression per cell. 

However, NKX2-5 expression was approximately 2 fold higher in the normal prostate tissues 

(5.778 + 1.005, SEM) compared to prostate cancer (3.402 + 0.6293, SEM, p < 0.001). 

Examination of paired normal versus cancer tissues revealed decreased NKX2-5 expression in 23 

out of 38 cancer cases (60%) relative to matched normal tissues.  

 

Effect of gain-or-loss of NKX2-5 Expression in Human Prostate Cancer Cells  

To determine the biological effect of NKX2-5 expression in human prostate cancer cells, we 

adopted a gain-and-loss of functional approach. When prostate cancer cells were transiently 

transfected with pCMV6- NKX2-5 (encoding the full length of NKX2-5 sequence) we observed 

approximately 37%, 36% and 38% inhibition of LNCaP, DU145 and PC-3 cell proliferation 

respectively, over a 3 day period when compared to cells transfected with the vector only (Fig. 

2a). Analysis of NKX2-5 expression in the same cells by Western blotting showed increase in 

NKX2-5 expression in cells transfected with the NKX2-5 expressing plasmid compared to the 

vector only transfection (Fig 2b). In contrast, when we endogenously knock-down NKX2-5 

expression by transfecting prostate cancer cells with shRNA plasmids for human NKX2-5, we 

observed 89%, 50% and 60% increase in LNCaP, DU145 and PC-3 cell proliferation after 24 

hours of transfection  in comparison with cells transfected with scrambled oligonucleotide only 

(Fig. 2c). To demonstrate a consecutive down-regulation of NKX2-5, Western blot analysis was 

performed (Fig 2d). The results demonstrates that forced expression of NKX2-5 can significantly 

inhibit prostate cancer cell proliferation whereas a modest decrease in NKX2-5 protein can 



significantly increase prostate cancer cell proliferation clearly suggesting that NKX2-5 plays a 

role in prostate cancer cell proliferation.  

 

NKX2-5 induces G0/G1 cell cycle arrest and promotes apoptosis.  

We further examined how NKX2-5 might affect cell cycle progression and cell proliferation. 

Using transient transfection of prostate cancer cell lines with either the NKX2-5 expression 

plasmid or an empty vector plasmid, we compared their cell cycle distributions. The percentage 

of G0/G1 phase cells in NKX2-5 transfected cells was approximately 30% more than that in the 

empty vector only transfected cells, whereas NKX2-5 transfections showed less S or G2/M phase 

cells than the control transfections (Fig 3a; because we observed similar responses in all 3 

prostate cancer cell lines, we are only showing the response in DU145 cells). Next we 

determined whether NKX2-5 could affect apoptosis in prostate cancer cell lines. Using Annexin 

V/PI apoptotic assay, we observed about 3-fold increase apoptosis in prostate cancer cells 

transfected with the NKX2-5 plasmid when comparison with the vector only transfection (Fig 

3b). Collectively, these findings indicate that NKX2-5 can cause cell cycle arrest and is a pro-

apoptotic factor for prostate cancer cell proliferation.  

 

NKX2-5 Regulates the Expression of p53, PTEN, Histone H1, and AR in Human Prostate 

Cancer Cell Lines.  

To investigate the involvement of NKX2-5 expression in prostate carcinogenesis, we 

investigated the expression levels of several target genes that are important in prostate cancer, in 

response to either gain-or-loss of NKX2-5 expression. Western blot analysis demonstrates the 

increase expression of AR, p53, PTEN, and SOD1 proteins in all prostate cell lines transfected 



with NKX2-5 plasmid in comparison with empty vector (Fig 4a). We did not see any significant 

effect of increased NKX2-5 expression on GSTP1 protein level. However, we observed 

increased expression of GSTPI mRNA transcript in PNT1a and DU145 cells and somewhat 

reduced expression in PC3 cells by RT-PCR analysis (data not shown). In contrast, we observed 

reduced expression of AR, p53, PTEN, SOD1 and a modest reduction of GSTPI expression in 

the prostate cells transfected with NKX2-5 shRNA plasmid in comparison with scrambled 

oligonucleotide transfections (Fig 4b). Taken together, our data indicate an important regulatory 

role for NKX2-5 expression in prostate cancer cells by targeting several regulatory proteins.   

 

Discussion 

Very little is known about the involvement of NKX2-5 in human prostate cancer. We have 

recently identified NKX2-5 to be hypermethylated in prostate cancer tissues [10,11,23]. The 

inactivation of gene expression by DNA methylation constitutes an important mechanism by 

which cancer can grow in an uncontrolled way [27]. In the present study, we have found that 

NKX2-5 an important transcription factor that is required for the organogenesis of the heart [14] 

and is down-regulated in about 60% of human prostate cancer tissues when compared with 

normal prostate tissue in the same patient samples. It is not surprising that only a fraction of 

prostate cancers show decreased NKX2-5. All epithelial malignancies have a variety of genetic 

and epigenetic alterations and in general, only a fraction of cases of a given tumor type have a 

specific alteration. For example, only a subset of prostate cancer tissues has alterations of the 

NKX3.1 gene, another member of the NK class of homeodomain proteins [28]. Much work has 

been done on NKX3.1 whose expression in human was primarily detected in the testis, in rare 

mucous glands of the lung and ureteral epithelial cells, but the strongest expression was found in 



prostate epithelia [29]. A potential tumor suppressor role has been proposed for NKX3.1 in 

human prostate cancer, due to frequent allelic loss of the gene that accompanies initiation of 

prostate cancer [30,31]. However, no mutations occur in the coding region which might 

inactivate its presumed tumor suppressor function [32] and some particularly aggressive cancers 

over-express the protein [33]. Recent findings suggest a function of NKX3.1 in protection against 

oxidative damage involved in prostate carcinogenesis [29,34], thus NKX3.1 may act differently 

at various stages of prostate cancer. Nevertheless, NKX3.1 is often referred to as candidate 

tumor suppressor gene.  

Our current observation suggests a potential tumor suppressor role for NKX2-5 in human 

prostate cancer cells. First of all, NKX2-5 appears to be down-regulated in human prostate 

cancer tissues in comparison with normal prostate tissues. Secondly, over-expression of NKX2-5 

leads to growth arrest and increased apoptosis. Furthermore, NKX2-5 appears to modulate the 

expression of p53, PTEN, AR, and GSTP1, genes found to be altered in a significant proportion 

of prostate cancer [35]. In addition, NKX2-5 also modulate the expression of superoxide 

dismutase 1 (SOD1) in prostate cancer cells, to indicate that NKX2-5 may play a role in prostate 

cells response to oxidative stress [29,34,36]. We have found that NKX2-5 protein is localized in 

the cytoplasm and nucleus in both normal and prostate cancer tissues, although in the cancer 

tissues. It is not clear why a putative transcription factor with nuclear activity would be localized 

in the cytoplasm.  We reason that the protein may potentially be held in an inactive state in the 

cytoplasm and get shuffled into the nucleus in response to some yet unidentified stimulus. 

Activation of NKX2-5 expression by various hormones suggests that this could potentially be 

involved in the shuffling of NKX2-5 from the cytoplasm into the nucleus. Ongoing studies in the 



laboratory are to elucidate the molecular mechanisms regulating NKX2-5 subcellular localization 

and identify the factors that control its shuffling from the cytoplasm into the nucleus. 

  

In conclusion, the finding that NKX2-5 control cell growth and differentiation and that it also 

regulate the expression of several signaling intermediates important in prostate carcinogenesis 

suggests that the alterations of NKX2-5 expression affect human prostate carcinogenesis. Thus, 

manipulating NKX2-5 expression may serve as a therapeutic strategy for prostate cancer.   
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Figure Legends 

Figure 1- Characterization of NKX2-5 expression in normal and prostate cancer tissues. 

A- Localization of NKX2-5 expression in human prostate tissues using immunohistochemical 

tissue microarrays. Expression of NKX2-5 in normal prostate (I & III) and prostate cancer (II & 

IV) was determined using immunohistochemical tissue microarrays as described in “Materials 

and Methods”. Staining of cytoplasm and nucleus is detected in all tissues (original 

magnification, 100x). B- NKX2-5 expression is regulated by multiple hormones in LNCaP cells. 

LNCaP cells were either left untreated or treated with the indicated ligand for 24h. Cells were 



harvested, total RNA was prepared and NKX2-5 expression was determined by quantitative RT-

PCR analysis using iCycler and expressed relative to GAPDH to correct for variation in the 

amount of reverse-transcribed RNA. The data is a representative of duplicate experiments. C= 

control (EtOH); DHT= 5a-dihydrotestosterone; T= testosterone; Prog= progesterone; E2= 17-

estradiol; Dex= dexamethasone.  C- NKX2-5 expression in normal prostate and prostate cancer 

as determined by quantitative RT-PCR. NKX2-5 expression in normal prostatic peripheral zone 

(PZ) and cancer tissues was assessed by quantitiative RT-PCR using a real-time thermal cycler 

(iCycler; Bio-Rad). NKX2-5 expression levels are displayed as a ratio of NKX2-5 X 103 to -

actin transcripts. The NKX2-5 and -actin values were calculated from standard curves. The data 

are a representative of duplicate experiments. The mean expression level is indicated. The 

NKX2-5 expression value from cancer tissues is significantly different from the PZ tissues; P< 

0.05 (t test) for -actin normalization. 

Figure 2- Function of NKX2-5 in prostate cancer cell lines. A- LNCaP, DU145, and PC3 

prostate cancer cells were each transfected with NKX2-5 cDNA cloned into the mammalian 

expression vector pCMV6 (test) or the vector only (control). At the indicated times after 

transfection, cells were trypsinized and counted using a Coulter counter. All determinations were 

performed in triplicate, and the SD is shown. B-   Protein extracts were collected from LNCaP, 

DU145, and PC3 cells 2 days post-transfection with vector control transfection (C) or NKX2-5 

transfections (T) and analyzed by Western blot with either anti-NKX2-5 antibody or control anti-

-actin antibody.  C- LNCaP, DU145, and PC3 prostate cancer cells were each transfected with 

shRNA plasmid to NKX2-5 (test) or scrambled shRNA (control). After 48 hr post-transfection, 

cells were trypsinized and counted using a Coulter counter and percentage cell proliferation in 

test experiments expressed relative to control (set at 100%). D- Protein extracts were collected 



from LNCaP, DU145, and PC3 cells 2 days post-transfection with scrambled shRNA control (C) 

or the NKX2-5 shRNA transfections (T) and analyzed by Western blot with either anti-NKX2-5 

antibody or control anti--actin antibody.   

Figure 3: Nkx2-5 induces G0/G1 cell cycle arrest and apoptosis. A. Histogram of FACS cell 

cycle analysis of DU145 cells transfected with either scrambled shRNA (Ctrl) or shRNA to 

NKX2-5 (Test). Cells were harvested at 24 and 48 hr post-transfection and stained with 

propidium iodide. Percentage of cells in G0/G1, S and G2/M phases are shown. B. Prostate cell 

lines PNT1A, DU145, PC3, and LNCaP transfected with either vector only plasmid or NKX2-5 

plasmid were harvested at the indicated time points and stained with propidium iodide and 

apoptosis measured by Annexin-PE assay.   

Figure 4- The effect of NKX2-5 on downstream signals. A. The prostate cell lines PNT1A, 

LNCaP, PC3, and DU145 were with either vector only plasmid (C) or NKX2-5 plasmid (T). B. 

The prostate cell lines were either transfected with scrambled shRNA plasmid (C) or shRNA to 

NKX2-5 (T). Cells were harvested 24 hr post-transfection and analyzed by Western blot with 

anti-NKX2-5, anti-GSTP1, anti-SOD1, anti-AR, anti-p53, anti-PTEN antibodies or control anti-

-actin antibody. 

Table - Quantitative immunohistochemical analysis of NKX2-5 expression in normal and 

prostate cancer tissues. Staining intensity ranged from 0 (no staining) to 9 (extensive, strong 

staining) for each sample. BN-benign prostate tissues; CA- prostate cancer tissues; Cyto- 

cytoplasmic staining.   
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