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ABSTRACT 

The purpose of this study was to determine the differences in DNA damage responses 

(DDRs) between immortalized normal prostate epithelial cells (PrEC) and prostate cancer cells 

(DU145). To study the DDRs, two protein markers were used. The first, phosphorylated KRAB 

Associated Protein 1 (pKAP-1) activates target genes involved in the DDR. The second, 

phosphorylated H2AX (pH2AX) is required for the assembly of damaged chromatin as well as 

for activation of checkpoints proteins. Ionizing Radiation (IR) was used to induce DNA damage. 

Flow Cytometry and Western Blot analyses were used to measure the levels of the proteins when 

exposed to various doses of IR (0, 2, 4, 8 Gy). In both cell lines, there was a clear dose 

dependent increase in pH2AX and pKAP-1, however error bars showed that with the pH2AX 

protein, only the later doses showed significant differences. Fluorescence staining was used to 

examine the localization of the proteins. Both cell lines showed punctate staining of pH2AX in 

the nuclei at 8Gy and no staining in unirradiated cells. With pKAP-1, the PrEC cells had 

punctate staining in the nuclei with 8Gy of radiation whereas the DU145 cells had a diffuse 

pattern in the nuclei.  



 

INTRODUCTION 

Prostate cancer is one of the leading causes of cancer related death in men. Over 200,000 

new cases will be reported in the next year [1].  With a one in six chance for a male to develop 

this disease over his lifetime it is important to understand how it develops and potential targets to 

treat it. It is widely understood that prostate cancer progresses from normal prostate epithelium 

to prostatic intraepithelial neoplasia (PIN) lesions to metastatic disease [2].  Normal prostate 

epithelium consists of a two-cell layer ring surrounding a lumen; it is symmetrical and orderly. 

Formation of the benign tumors (PIN lesions) is considered stage 0 for prostate cancer; these pre-

cancerous tumors are disordered and have other characteristics of cancer, but have not invaded 

outside of the basal lamina. As these tumors begin to grow in the lumen and eventually spread 

outside of the basal lamina, they are considered progressive disease. The metastatic stage 1 

cancer can now invade areas outside of the prostate. 

Every day, DNA single stranded and double stranded breaks occur naturally in cell 

nuclei. If the damage is not repaired, or is repaired incorrectly, cells can be stuck in cell cycle 

arrest or replicate the abnormalities which may lead to the disease progression described above 

[3]. It is important to understand how DNA damage can accumulate in a cell and why repair 

mechanisms may break down. Ionizing radiation (IR), caused from exposure to radioactive 

materials or x-rays and gamma-rays, causes DNA breaks, primarily double stranded breaks 

(DSB). IR causes double-stranded breaks by altering oxygen so that it becomes a reactive form 

that attacks DNA and induces the breakage [4]. Because IR induces the most toxic damage, and 

is more consistent than UV, it is often used as the primary genotoxic stress for research purposes.  

Cells have a DNA damage repair response (DDR) to combat DNA abnormalities that 

arise. The DDR is activated when a DNA break is detected. Once a break is detected, ATM/ATR 

signals one of three pathways: cell cycle arrest, chromatin modification or DSB repair (figure 1). 

The three work in conjunction to prevent DNA damage from being passed onto daughter cells. In 

this study, the chromatin modification phase is of the most interest.  

There are two essential proteins involved in chromatin modification, KRAB-associated 

protein-1 (KAP-1) and H2A histone family, member X (H2AX). Figure 2 below demonstrates 

where the two are located in relation to the double-stranded break site, their kinase (ATM) and 

each other. KAP-1 is a heterochromatin-binding protein that is involved with chromatin 

condensation and DNA repair when in its phosphorylated form [5]. During cell cycle arrest, 



 

ATM phosphorylates KAP-1 causing a conformational change from its normally sumoylated 

form. The protein then activates repair proteins to repair the damage site. The protein returns to a 

sumoylated form when damage is repaired. Therefore, phosphorylated KAP-1 (pKAP-1) is a 

good marker for DNA damage and repair [6]. H2AX is a histone protein that gets phosphorylated 

by ATM at the sites of DNA damage, and is important for modulating the assembly of damaged 

chromatin [7].  It keeps the damaged DNA unwound so repair proteins can be recruited to the 

damage site. The phosphorylated proteins has other roles in the cell cycle as well, but at 

decreased  levels than when used in the DDR. When damage subsides, the protein loses its 

phosphorylation. Thus, phosphorylated H2AX (pH2AX) is also a good marker for DNA damage.  

Prostate cancer is associated with greater genome instability than normal epithelium [8]. 

Inadequate repair of radiation is a likely byproduct of progressive disease. This study determined 

if differences in chromatin modification processes involved with the DDR exist when comparing 

normal and cancer epithelium. Three experimental methods used were flow cytometry, 

immunofluorescence microscopy and western blot. Flow cytometry is a method that utilizes 

lasers to detect fluorescent proteins on cells. The cells are in a single cell suspension and the 

fluorescence is by an electronic detection apparatus [9]. It was therefore quantifiable and data 

across an entire population was recorded, rather than relying on a few cells. Immunofluorescence 

microscopy is a method that uses fixed cells with fluorescently labeled antibodies to bind to a 

protein of interest and directly detect it using a microscope [10]. It allows visualization of 

proteins localization within a cell. Western blot uses gel electrophoresis to separate proteins from 

cell lysates by molecular weight and a membrane that can be probed with antibodies for specific 

proteins [11]. With this method, specific protein levels can be seen when comparing various cell 

lines, treatments or conditions. 



 

MATERIALS AND METHODS 

Cell Culture 

Human prostate DU-145 and PrEC cells were obtained from American Type Tissue Collection 

and maintained in Isocove’s modified Dulbecco’s medium (IMDM; Invitrogen) supplemented 

with 10% fetal bovine serum (FBS; Hyclone Laboratories). The cells were grown at 37
o
C in a 

5% CO2/95% air atmosphere with constant humidity. One day before IR treatment, cells were 

given low-serum media (IMDM with 0.5% FBS). Cells were irradiated after growing for 1-2 

days, at 70% confluency. 

 

Western Blot  

Cell lysates were prepared by scraping cells into ice-cold phosphate buffered saline (PBS) and 

centrifuging at 1400 rpm at 4°C. The pellet was resuspended using the NE-PER Nuclear and 

Cytoplasmic Extraction Reagents (Thermo Scientific) first with CER I plus a protease inhibitor 

(Roche) and phosphatase inhibitors 2 and 3 (Sigma) and incubated on ice for 10 minutes. CER II 

was added and the samples were centrifuged at 14,000 rpm for 5 min at 4°C (this cytoplasmic 

fraction was not used in the western blot analysis). The remaining pellet was resuspended in the 

NER reagent plus a protease inhibitor and the two phosphatase inhibitors again and sonicated for 

10 sec and incubated on ice for 40 mins, vortexing every 10 minutes. After 40 mins, the samples 

were centrifuged at 14,000 rpm for 10 min at 4°C. Protein quantification was performed on 

lysate supernatant using the Bio-Rad protein assay (Bio-Rad Laboratories). 40ug of protein per 

sample was run on NuPAGE 4-12% Bis-Tris Gel (NuPAGE) at 170V for 45 mins. Protein was 

transferred from the gel to a Millipore Immobilon-P polyvinylidene fluoride (PVDF) membrane 

(Millipore) at 35V for 1.5 hrs. The membrane was blocked with 5% milk in TBST for 1 hour at 

RT. The membrane was cut at the 52KD mark. The top halves were incubated with a 1:1000 

dilution of Lamin-B antibody (R&D) in 5% milk in TBST overnight in the cold room; The 

bottom halves were incubated with a 1:1000 H2AX or pH2AX (Cell Signalling) antibodies in 

5% BSA in TBST overnight in the cold room. Detection of horseradish peroxidase (HRP) 

secondary antibody was performed using Enhanced Chemiluminescense (ECL) Substrate 

(PerkinElmer, Inc.) The Lamin-B blots were stripped and reprobed with pKAP-1 (Bethyl) or 

TIF1β (cell signaling) antibodies.  

 



 

Flow Cytometry 

All cells were harvested using 5 mmol/L EDTA/PBS, washed in 0.2% bovine serum albumin 

(BSA)/PBS and centrifuged at 1,000 rpm at 4
 o
C for 2 minutes. For testing the pKAP-1 levels, 

the cells were suspended in 500μL of 0.2% BSA/PBS with a pKAP-1 (Ser824)-specific antibody 

(Bethyl Laboratories) diluted 1:50. This antibody binding was detected using donkey anti-rabbit 

IgG PE conjugated antibody diluted 1:500 (Invitrogen). For testing the pH2AX levels, the cells 

were suspended in 500μL of 0.2% BSA/PBS with a pH2AX (Ser139)-specific antibody that was 

conjugated with Alexa Fluor 488. All antibody reactions were incubated on ice for 30 minutes. 

The data was analyzed using the Accuri Flow Cytometry machine.  

 

Immunofluorescence microscopy 

Cells were plated in dishes with glass coverslips two days prior to irradiation. The cells on the 

coverslips were fixed in 2% formaldehyde for ten minutes and 5mM NH4Cl for five minutes, 

permeabilized in 0.5% Triton-X, and blocked in 2% BSA/PBS. IHC was performed using a 

primary pKAP-1-specific antibody (Bethyl Laboratories) diluted 1:200 and Alexa Fluor 488 

Phalloidin (Life Technologies) diluted 1:10 for one hour in RT. Secondary donkey anti-rabbit 

IgG PE conjugated antibody diluted 1:500 (Invitrogen) was added for 30 minutes. DAPI diluted 

4 drops per ml of PBS was added for 10 minutes. Coverslips were mounted on positively 

charged glass slides using ProLong Gold antifade reagent (Life Technologies). Fluorescent 

images were taken using the Leica SP5 confocal microscope. 

 

Data Analysis 

Flow Cytometry data analysis performed using FlowJo Analysis Software. All statistical data 

analysis performed using Microsoft Excel. Fold changes were calculated by using the 0 Gy 

treatment as 1.00. The mean peaks were graphed as a function of treatments. The standard error 

was used to add error bars to the points. Best fit lines were placed on the graphs, and an equation 

of the line was generated by the program from these lines.  
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Figure 1. DSB repair pathways [image courtesy of Dr. Wetterings]. When a double-stranded 

DNA break occurs, this is a schematic demonstrating what steps a cell may take to repair the 

breaks. This study is most concerned with the chromatin modification aspect of DNA repair.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic demonstrating the proteins involved with DSB repair [7]. The two red 

zig zag lines represents a double stranded break. The gray striped cylinders represent histones. 

The two proteins of interest in this study, pH2AX and pKAP-1 are highlighted by the red arrows. 

ATM, the kinase that phosphorylates the proteins, is shown phosphorylating one of the histone 

proteins, H2AX, in the complex. 
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Figure 3. pKAP-1 dose response. A. Histogram of flow cytometry analysis of PrEC cells one 

hour post radiation treatment (RT)- 0, 2, 4, 8 Gy. B. Histogram of flow cytometry analysis of 

DU145 cells one hour post RT- 0, 2, 4, 8 Gy, C. Average Mean peak fluorescence values taken 

from three independent flow cytometry experiments. The fold changes of the mean peak 

fluorescence values added. D. Mean peak fluorescence values from C graphed PrEC (blue) and 

DU145 (red). Lines of best fit, and equations of the lines added. 

 

 

  

Sample 
Mean Peak 

Fluorescence 

Fold 

Change 

PrEC 0 Gy 37,295 1.0000 

PrEC 2 Gy 114,151 3.0607 

PrEC 4 Gy 208,136 5.5807 

PrEC 8 Gy 282,943 7.5864 

DU145 0 Gy 26,396 1.0000 

DU145 2 Gy 61,709 2.3378 

DU145 4 Gy 102,530 3.8843 

DU145 8 Gy 164,489 6.2316 
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Figure 4. pKAP-1 dose response. A. Western blot images of PrEC and DU145 nuclear protein, 

probed for pKAP-1 and KAP1 one hour after exposure to 0, 2, 4, 8 Gy of radiation. Lamin B was 

used as loading control. B. Immunofluorescence microscopy images of PrEC and DU145 cells 

stained with phalloidin (actin) and pKAP-1 one hour after exposure to either 0 or 8 Gy or 

radiation. 
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Figure 5. pH2AX dose response. A. Histogram of flow cytometry analysis of PrEC cells one 

hour post radiation treatment (RT)- 0, 2, 4, 8 Gy. B. Histogram of flow cytometry analysis of 

DU145 cells one hour post RT- 0, 2, 4, 8 Gy. C. Average Mean peak fluorescence values taken 

from three flow cytometry replicates. The fold changes of the mean peak fluorescence values 

added. D. Mean peak fluorescence values graphed, PrEC (blue) and DU145 (red). Lines of best 

fit, and equations of the lines added. 

  

Sample 
Mean Peak 

Fluorescence 
Fold 

Change 

PrEC 0 Gy 46,806 1.0000 

PrEC 2 Gy 123,254 2.6333 

PrEC 4 Gy 229,412 4.9013 

PrEC 8 Gy 307,764 6.5749 

DU145 0 Gy 43,254 1.0000 

DU145 2 Gy 100,795 2.3303 

DU145 4 Gy 178,272 4.1215 

DU145 8 Gy 244,179 5.6452 

y = 32882x + 61718 

y = 25296x + 53089 

0

50000

100000

150000

200000

250000

300000

350000

0 2 4 6 8 10

0Gy 
2Gy 
4Gy 
8Gy 

0Gy 
2Gy 
4Gy 
8Gy 



 

A.            0    2     4      8        0      2     4      8                     0      2      4      8       0     2      4     8   Gy 

   

 

 

 

 

 

 

          PrEC              DU145              PrEC         DU145 

   

B.                   0                8        0       8             Gy 

 

 

 

 

 

 

 

   PrEC           DU145 

 

 

Figure 6. pH2AX dose response. A. Western blot images of PrEC and DU145 nuclear protein, 

probed for pH2AX and H2AX one hour after exposure to 0, 2, 4, 8 Gy of radiation. Lamin B was 

used as loading control. B. Immunofluorescence microscopy images of PrEC and DU145 cells 

stained with phalloidin (actin) and pH2AX one hour after exposure to either 0 or 8 Gy or 

radiation.  
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RESULTS  

pKAP-1levels and rate are decreased in cancer cells when compared to normal cells.  

Figure 3 shows the flow cytometry data on the protein pKAP-1. The flow cytometry 

histogram of the normal cells demonstrated there is a clear increase of the pKAP-1 protein 

fluorescent levels with increasing radiation dose for the population (30,000 events). Similarly, 

the histogram of the cancer cells resulted in a clear increase of the pKAP-1 fluorescent levels 

with increasing radiation dose for the population (30,000 events). When three independent 

experiments were completed, the three were averaged together and statistical analyses were 

performed (lines of best fit, error bars). The DU145 cells did not reach the same level of mean 

peak fluorescence values as compared to the PrEC cells, with the 8 Gy cancer cells having levels 

110,000 lower than the normal cells. The PrEC cells have a fold change of 7.5 from 0 to 8 Gy, 

while the DU145 cells have a fold change of 6.2 from 0 to 8 Gy. The graph of the mean peak 

fluorescence values showed that normal cells have an approximate two fold increase in slope as 

compared to the cancer cells (30,730 vs. 17,329). All doses of radiation have significantly 

distinct pKAP-1 levels when comparing the two cells lines based on no overlap of error bars.  

Figure 4a shows the western blots of the DU145 and PrEC cells one hour at 37
o
C after 

exposure to radiation treatment. At approximately 110 kDa, the bands for pKAP-1 are present. 

For both the normal and cancer cells, there is a radiation dose dependent increase of protein 

levels, with no detectable amount at 0 Gy. At approximately 110 kDa on a separate blot, the 

bands for unphosphorylated KAP1 are present. For both the normal and cancer cells, there are 

constant levels of the KAP1 protein regardless of exposure to radiation. For the loading control 

of both antibodies, Lamin B was used.  

pKAP-1foci fail to form in the cancer cells.  

Figure 4b shows the immunofluorescence microscopy results; it is clear again that the 

protein becomes activated with exposure to radiation. At 0 Gy, for both the normal and cancer 

cells, there is no visible amount of protein. At 8 Gy, for the PrEC cells, there are detectable 

amounts of the protein present in the nucleus both diffusely and forming punctate foci exclusive 

of the nucleoli. The DU145 cells when exposed to 8 Gy of IR, contain a signal exclusive of the 

nucleolar region, but no punctate pattern is presence; the protein is diffusely spread in the 

nucleus.  

 



 

pH2AX levels and rate are decreased in cancer cells when compared to normal cells.  

Figure 5 shows the flow cytometry data for the pH2AX protein. The flow cytometry 

histogram of the normal cells demonstrated an increase of pH2AX fluorescent levels with 

increasing radiation doses for the population (30,000 events). For simplicity, the G1 cells were 

excluded from the analysis and only the G2 population was counted. Similar to the PrEC cells, 

the histogram of the cancer cells expresses there is a clear increase of the pH2AX protein 

fluorescent levels with increasing radiation doses for the population (30,000 events). After three 

independent experiments were completed, the experimental values were averaged together and 

statistical analyses were performed. The PrEC cells have a fold change of 6.5 from 0 to 8 Gy, 

while the DU145 cells have a fold change of 5.6 from 0 to 8 Gy. The graph of the mean peak 

fluorescence values showed that normal cells have an approximate 1.2 fold increase in slope as 

compared to the cancer cells (32,882 vs. 25,296). Although the normal cells were consistently 

higher in mean peak fluorescence than the cancer cells, the error bars revealed that there is only a 

significant difference within the higher doses (4 and 8 Gy) and not the lower doses (0 and 2 Gy).  

 Figure 6a shows the western blots of the normal and cancer cells one hour at 37
o
C post 

exposure to radiation (0, 2, 4 and 8 Gy). The membranes were probed for pH2AX protein which 

appears at approximately 20 kDa. Since the lysate contains protein from the G1 population, there 

is protein present when exposed to 0 Gy of radiation for both the normal and the cancer cells. At 

4 Gy and 8 Gy, there is a dose dependent increase in pH2AX protein level for the normal cells. 

The cancer cells only have a clear increase at the 8 Gy dose. A separate membrane, with the 

same nuclear cell lysates, was probed for unphosphorylated H2AX. Again, the bands appear at 

approximately 20 kDa. A non-specific band appears at approximately 31 kDa of unknown 

identity. It is faint, but matches the protein pattern of the H2AX bands. For both the normal and 

the cancer cells, there is no increase in pH2AX protein level with increased radiation doses. The 

normal cells appear to have more total protein present, despite similar loadings. Lamin B was 

used as loading control because only the nuclear fraction of the cell lysates was used for western 

blot analysis.  

pH2AX foci form with exposure to radiation 

Figure 6b shows the immunofluorescence staining; it is clear again that the protein 

becomes activated with exposure to radiation. At 0 Gy, for both the normal and cancer cells, 

there is no visible amount of protein. At 8 Gy, for both the PrEC and DU145 cells, there is a 



 

clear induction of the protein into the nucleus. The protein appears diffusely in the nucleus, with 

distinct punctate foci; it is exclusive of the nucleolar region.  

 

DISCUSSION 

Overall, the cancer cells did not reach the level or rate that the normal cells did for either 

the pKAP-1 or pH2AX proteins. Both proteins had an increase in mean peak fluorescence with 

increasing doses of ionizing radiation. The pKAP-1 protein had higher mean peak fluorescence 

numbers than the pH2AX protein.  The fold changes for the PrEC cells were 7.5 with pKAP-1 

and 6.5 with pH2AX from 0 Gy to 8 Gy. The fold changes for the DU145 cells were 6.2 with 

pKAP-1 and 5.6 with pH2AX, from 0 Gy to 8 Gy. The slopes for the pKAP-1 protein were also 

more distinct than the pH2AX, with a slope difference of 1.7 vs 1.2. The pKAP-1 protein showed 

that with all radiation doses, the cancer and normal cells were different while the pH2AX protein 

only had significant differences between the normal and cancer cells at high radiation doses. 

Both of the proteins were present in the nucleus, exclusive of the nucleoli. pKAP-1 formed foci 

in the PrEC cells only, not the DU145 cells. pH2AX formed foci in both. Western blot analysis 

of both proteins showed an increase in the phosphorylated proteins with exposure to increasing 

radiation doses and no increase in the full protein. The pH2AX protein again only shows a clear 

dose dependent increase with the higher doses.  

Based on the data, pKAP-1 is a better indicator of the DNA damage response (DDR). 

With flow cytometry and western blot analysis, the normal and cancer cells are significantly 

different from each other at all radiation doses, including the lower 2 Gy. In contrast, the pH2AX 

was only significantly different at doses above 4Gy, as evidenced by the error bars. pKAP-1 was 

also a better indicator od DDR because you can directly observe an altered protein staining 

pattern by immunofluorescence microscopy. In contrast, the pH2AX staining looks similar for 

both the normal and cancer cells. Western blot analysis was more reliable using the pKAP-1 

protein as a marker of DDR. The analysis of pKAP-1 had no non-specific proteins or smearing 

bands as compared to the pH2AX western blots.  

Considering the three methods used in this study, the flow cytometry analysis was the 

superior method. It was the only method that provided quantitative data. The western blot and 

immunofluorescence microscopy techniques were both qualitative studies. With the quantitative 

flow cytometry data, statistical tests were able to be run and significance could be calculated 



 

with error bars added to the data points. Western blots are important tools to determine if the 

protein is all of similar size and not degraded or changed; however, there is no way to tell if the 

difference in protein amount between 0 Gy and 2 Gy is significant without being able to use 

statistical analysis methods. Immunofluorescence microscopy is important for determining 

protein localization and changes in foci, however, it is subjective because only a few cells can be 

viewed at a time. With flow cytometry, data based upon an entire population of cells can be 

analyzed. 

Future work will utilize the flow cytometry protocol to determine new methods to alter 

DDR in cancer to improve therapeutic responses.   
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