
                              
 

  
AD_________________ 

 
 
AWARD NUMBER:   W81XWH-07-1-0464 
 
 
  
TITLE:   Regulation of PKCδ Apoptotic Activity in Prostate Cancer Cells by Tyrosine      
              Phosphorylation 
 
 
 
PRINCIPAL INVESTIGATOR:    Liqing Xiao, Ph.D. 
 
 
 
CONTRACTING ORGANIZATION:    University of Pennsylvania 
      Philadelphia, PA  19104 

 
  

 
REPORT DATE:    July 2009 
 
 
 
 
TYPE OF REPORT:    Annual Summary 
 
 
 
PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
                                Fort Detrick, Maryland  21702-5012 
             
  
 
DISTRIBUTION STATEMENT: Approved for Public Release;  
                                                  Distribution Unlimited 
 
 
The views, opinions and/or findings contained in this report are those of the author(s) and 
should not be construed as an official Department of the Army position, policy or decision 
unless so designated by other documentation. 



 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE  
1 July 2009 

2. REPORT TYPE 
Annual Summary 

3. DATES COVERED  
1 Jul 2007 – 30 Jun 2009 

4. TITLE AND SUBTITLE 
 

5a. CONTRACT NUMBER 
 

Regulation of PKCδ Apoptotic Activity in Prostate Cancer Cells by Tyrosine 
Phosphorylation 

5b. GRANT NUMBER 
W81XWH-07-1-0464 

 5c. PROGRAM ELEMENT NUMBER 
 

6. AUTHOR(S) 
 

5d. PROJECT NUMBER 
 

Liqing Xiao, Ph.D. 5e. TASK NUMBER 
 

 
E-Mail:  liqing@mail.med.upenn.edu 

5f. WORK UNIT NUMBER 
 
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
 
 

  

8. PERFORMING ORGANIZATION REPORT   
    NUMBER 

University of Pennsylvania 
Philadelphia, PA 19104 

 
 
 
 
 

 
 
 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 
U.S. Army Medical Research and Materiel Command 
 

  
Fort Detrick, Maryland  21702-5012   
  11. SPONSOR/MONITOR’S REPORT  
        NUMBER(S) 
   12. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for Public Release; Distribution Unlimited  
 
 
 
 
13. SUPPLEMENTARY NOTES 
  
14. ABSTRACT  
The androgen-dependent prostate cancer cell LNCaP undergoes apoptosis in response to PMA treatment, a process primarily mediated by 
one of the PKC isoforms PKCδ. Tyrosine phosphorylation, as a unique property and regulatory mechanism of PKCδ, has been studied over 
years but never in prostate cancer cells. In this report we identified PKCδ became Tyr phsophorylated at site Ty311 in response to PMA 
stimulation. But mutation of Tyr 311 affect neither PKCδ translocation, nor the apoptotic effect of PMA. By using adenovirus infection 
approach, we found that the other five sites, Tyr52, Tyr64, Tyr155, Tyr187 and Tyr565 are not relevant to the apoptosis of LNCaP cells. We 
eventually developed methods to analyze the signaling events controlled by Tyr phosphorylation. Etoposide, an anti-cancer agent whose 
effect is dependent on PKCδ, does not induce Tyr phosphorylation of PKCδ in LNCaP cells, indicating different drug effects might rely on 
different mechanisms. In summary, in this study we found the Tyr sites we examined so far are irrelevant to the apoptotic effect of PMA in 
LNCaP cells. However, more study will be needed to make a final conclusion on the role of PKCδ Tyr phosphorylation in the apoptosis 
induced by PMA. 

15. SUBJECT TERMS 
PKC, prostate cancer, tyrosine phosphorylation, apoptosis 

16. SECURITY CLASSIFICATION OF: 
 

17. LIMITATION  
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE PERSON 
USAMRMC  

a. REPORT 
U 

b. ABSTRACT 
U 

c. THIS PAGE 
U 

 
UU 

  18
㄀

19b. TELEPHONE NUMBER (include area 
code) 
 

 Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18 

 



 

Table of Contents 
 

 
                                                                                                                                Page 
 
 
Introduction…………………………………………………………….………..…..5 
 
Body…………………………………………………………………………………..5-8 
 
Key Research Accomplishments………………………………………….……..8-9   
 
Reportable Outcomes………………………………………………………………9      
 
Conclusion……………………………………………………………………………9-10  
 
References…………………………………………………………………………….11 
 
Appendices……………………………………………………………………………12-19  
          
 

 

 

 

 

 

 

 

 

 

 

 



 5 

Introduction 
 

      The protein kinase C  (PKC) family comprises a  number of  r elated serine-threonine 

kinases that regulate numerous intracellular pathways involved in the control of cell cycle 

progression, di fferentiation, s urvival, t ransformation a nd a poptosis ( 1). T he a ndrogen-

dependent p rostate cancer cell l ine LNCaP unde rgoes apoptosis i n r esponse t o phorbol 

12-myristate 13- acetate (PMA) treatment, a process in which one of the PKC isoforms, 

PKCδ plays a central role (2). There is emerging evidence that PKCδ also mediates the 

apoptotic effect of many anticancer drugs, such as TNFα, Ginsenoside Rh2, and 

etoposide ( 3-5). Early studies have shown that PKCδ becomes phosphorylated on 

tyrosine (Tyr) residues upon acute stimulation with H2O2, PMA, EGF, or PDGF, a unique 

property of PKCδ (6). So far nine Tyr phosphorylation sites have been identified across 

its r egulatory dom ain, catalytic dom ain, and h inge r egion. Tyrosine p hosphorylation 

regulates PKCδ activity and impacts its c ellular f unctions (6-7). F or i nstance, i n C 6 

glioma c ells, phos phorylation i n T yr64 a nd T yr187 i s e ssential f or e toposide-induced 

apoptosis ( 5). In c ardiomyocytes, P MA s timulates phos phorylation of  T yr311 a nd 

increases PKCδ kinase activity (8). No study has been done in prostate can cer c ells 

regarding PKCδ Tyr phosphorylation. Our studies set to address how Tyr 

phosphorylation r egulates t he e ffect of  P MA a nd e toposide i n a ndrogen-dependent 

LNCaP p rostate c ancer cells, t o de termine t he s pecific T yr phos phorylation s ites upon  

treatment w ith P MA and e toposide, t he c ontribution of  phos phorylated T yr t o t he 

apoptotic e ffect o f t hose a gents, a nd t he dow nstream s ignaling e vents c ontrolled b y 

tyrosine phosphorylation. W e expect t hat our  s tudies will provide deep insight i nto t he 

mechanisms that regulate the effect of anticancer drugs, and will eventually contribute to 

the understanding on how anti-cancer agents exert their effects.  

 

Body 
 

1. To analyze in LNCaP cells the Tyr phosphorylation of PKCδ in IPs after PMA 

and etoposide treatment. To determine if PKCδ becomes Tyr phosphorylated in 

response to PKC activation, we treated LNCaP cells with the phorbol ester PMA (PKC 
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activator, 100 nM, 1 h), performed immunoprecipitation (IP) with an anti-PKCδ specific 

antibody a nd t hen a nalyzed b y W estern bl ot w ith a n a nti-phospho-Tyr antibody. W e 

found that PMA induced strong Tyr phosphorylation of PKCδ (Fig. 1). We also treated 

cells with etoposide (300 µM), and took samples at different time points to analyze Tyr 

phosphorylation in IPs followed by Western blot. Interestingly, etoposide did not induce 

Tyr phosphorylation. These results suggest that there are different regulatory mechanisms 

for PKCδ depending on the distinct apoptotic agents used.  

 

2. To analyze by Western blot Tyr phosphorylation of PKCδ after PMA treatment 

using site-specific antibodies. We t reated c ells w ith P MA ( 100 nM , 1 h)  and us ed 

different s ite-specific a ntibodies t o m ap phos phorylation sites. The f ollowing T yr s ite-

specific ant ibodies w ere us ed: ant i-Tyr52, a nti-Tyr155 a nti-Tyr311 ( kind g ifts f rom 

Chaya Brodie, Henry Ford Hospital, Detroit). For all of the site-specific antibodies tested, 

we only detected a strong band with the Tyr311 antibody (Fig. 2). Since the pre-existing 

commercially available phospho-Tyr PKCδ antibodies do not cover all of the Tyr sites of 

PKCδ, mass spectrometry might be needed in order to identify other potential 

phosphorylation s ites. In c onclusion, w e i dentified T yr311 a s a r elevant T yr s ite i n 

response to PMA.  

 

3. To analyze the apoptotic effect of PMA on cells infected with AdVs of various 

PKCδ Tyr mutants. LNCaP is  a  cell line  that shows very low t ransfection efficiency. 

Therefore, w e de cided t o us e adenoviral i nfection a s a de livery approach. T here are 9  

potential T yr s ites on  P KCδ. First, we used two different adenoviruses ( AdVs): W T-

PKCδ (wild type) and PKCδ5 (PKCδ with the five Tyr sites Tyr52, Tyr64, Tyr155, 

Tyr187 and T yr565 r eplaced b y P he, a  ki nd gift f rom C haya Brodie). To achieve an 

optimal overexpression with minimum detachment of the cells that we normally observe 

at high MOIs, we performed multiplicities of infection (MOI) test by infecting cells with 

each AdV at  di fferent MOI, a nd f ound t hat at a n M OI of  3 pf u/cell, bot h A dVs c ause 

significant overexpression (Fig. 3).  

 We infected LNCaP cells with AdVs for either WT-PKCδ or PKCδ5, and we used LacZ 

AdV a s a  c ontrol. W e carried out  a  dos e-response c urve for  P MA (0 -30 nM , 1 h)  a nd 
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determined apoptosis by DAPI s taining 24 h l ater. In agreement with a  previous report 

from our  laboratory ( 2), W T-PKCδ AdV significantly potentiated PMA-induced 

apoptosis at 3 nM and 10 nM PMA when compared to control LacZ AdV, but they both 

showed the same apoptotic ratio at 30 nM of PMA (~25%) which is the saturation point 

(Fig. 4) . H owever, t he PKCδ5 AdV-infected cells s howed the s ame apopt otic r atio as 

WT-PKCδ AdV-infected cells, which argues that none of the 5 T yr sites (Tyr52, Tyr64, 

Tyr155, T yr187 and T yr565) are r elevant for t he P MA ef fect. Since we f ound t hat 

etoposide does not cause Tyr phosphorylation in LNCaP cells, we decided to focus only 

on the PMA effect.  

 

4. To analyze PKCδ translocation with GFP-tagged PKCδ Tyr mutants. As an 

alternative appr oach to adenoviral i nfection, we us ed Amaxa N ucleofector s ystem t o 

transfect LNCaP cel ls. The f ollowing PKCδ constructs w ere us ed: WT-PKCδ-GFP, 

PKCδ5-GFP, a nd T yr311-GFP. Forty-eight h f ollowing t ransfection, t he c ells w ere 

treated with 1µ M P MA a nd c ollected a t 0,  10, a nd 20 m in a fter t reatment. C ells w ere 

fixed and subjected to confocal microscopy. We found that both the PKCδ5 and Tyr 311 

mutant tr anslocated to plasma m emberane after P MA tr eatment ( Fig. 5), and t he 

translocation pattern was completely t he s ame as  w ild type. Therefore, tyrosine 

phosphorylation does not affect PKCδ translocation.  

 

5. To analyze the apoptotic effect of PMA on cells transfected with various GFP-

tagged PKCδ Tyr mutants by flow cytometry. We transfected LNCaP cells with either 

a c ontrol G FP, or  G FP tagged PKCδ Tyr m utants b y us ing Amaxa N ucleofector. The 

following PKCδ constructs were used: WT-PKCδ-GFP, PKCδ5-GFP, and Tyr311-GFP. 

Forty-eight h following transfection, cells were treated with either 3 or  30 nM PMA for 

1h. T wenty-four h later, cel ls w ere col lected and subjected to flow c ytometry analysis 

following PI staining to access their apoptotic ratio both in green (transfected) cells and 

dark (non-transfected) cells.  In agreement with a previous report from our laboratory (2), 

WT-PKCδ-GFP significantly pot entiated PMA-induced a poptosis a t 3 n M P MA w hen 

compared t o control GFP, but  t hey both s howed t he s ame a poptotic ratio a t 30 nM  of  

PMA (~25%) which is the saturation point (Fig. 6). However, both PKCδ5-GFP and Tyr 
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311-GFP h ad a  pot entiation e ffect on  PMA i nduced apoptosis. In t he mean w hile, the 

untransfected (dark) cells f rom a ll s amples s howed identical a poptotic r atio as G FP 

control transfected cells. The result indicated that none of the Tyr sites that we examined 

(Tyr52, T yr64, T yr155, T yr187, T y311 and T yr565) a re r elevant to the P MA ef fect, 

although we proved that Tyr311 is Tyr phoshorylated in response to PMA stimulation.   

 

6. To determine how Tyr phosphorylation influences the apoptotic effect of CM. In a 

recent paper we identified that PKCδ-mediated apoptosis involves the autocrine secretion 

of death factors (9), in which TNFα and Trail are two major components. The secretion 

of the death factors to t he conditioned medium (CM) i s indispensable to the apoptosis, 

since constant removal of the CM from PMA treated cells resulted in impaired apoptosis 

(9). T o de termine w hether T yr phos phorylation i nfluences t he apoptotic effect of  C M,   

we first proposed to use WT-PKCδ and PKCδ5 AdV to infect the cells, collect the CMs 

from t hose cells, and t hen e xamine t he a bilities of  t hose C Ms t o i nduce apoptosis. 

However, we found the PKCδ5 AdV overexpression had the same effect on PMA 

induced apoptosis as WT- PKCδ5 AdV and ruled out the contribution of the 5 Tyr sites 

(Tyr52, Tyr64, Tyr155, Tyr187 and Tyr565) to apoptosis. To examine whether there are 

other Tyr sites involved, we decided to test whether the Tyr kinase inhibitor genistein has 

any effect on PMA-induced apoptosis. We treated cells with genistein (100 μM) for 

different t imes and  t hen t reated w ith e ither 100  nM P MA or  v ehicle for 1 h. C M was 

collected from those cells 24 h later and applied to fresh LNCaP cells. As shown in Fig. 

7, CM from  P MA-treated c ells, but  not  f rom vehicle-treated cells, caused a m arked 

apoptotic r esponse. W e found t hat pr etreatment w ith genistein for > 6 h s ignificantly 

reduced t he ability o f C M f rom P MA-treated c ells t o i nduce apoptosis. T hese r esults 

indicate that Tyr phosphorylation might be important for the apoptotic activity of the CM. 

 

FUTURE DIRECTIONS 

MS spe ctrum w ill be  employed to examine the  T yr s ites tha t w e h ave not  s tudied to 

access whether they contribute to apoptosis.  

 

KEY RESEARCH ACCOMPLISHEMENTS 
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1. We found that PMA stimulation induces the Tyr phosphorylation of PKCδ in 

LNCaP cells, while etoposide treatment does not cause this effect.  

2. We found that PMA causes Tyr phosphorylation in Tyr311 in LNCaP cells. 

3. We established the methodology to overexpress PKCδ Tyr mutants in LNCaP 

cells by adenoviral infection. 

4. We found that Tyr52, Tyr64, Tyr155, Tyr187, and Tyr565 are irrelevant to PMA-

induced apoptosis in LNCaP cells. 

5. We de veloped t he m ethodology t o measure apo ptosis i n G FP-transfected green 

cells vs. untransfected cells by flow cytometry.  

6. We f ound T yr311 m utant a ffect neither PKCδ translocation nor a poptosis i n 

response to PMA in LNCaP cells.  

7. We provided preliminary results with a pharmacological inhibitor of Tyr kinases 

(genistein) that indi cate that Tyr phos phorylation c ontribute to t he a poptotic 

activity of the CM from PMA-treated LNCaP cells. 

 

Reportable outcomes 
Xiao L, C aino M C, von  B urstin VA, Oliva J L, Kazanietz M G. P horbol e ster-induced 

apoptosis and senescence in cancer cell models. Methods Enzymol. 446:123-39 (2008). 

 

Conclusions 
            In the la st two years we com pleted experiments t o address w hether P MA a nd 

etoposide treatment induce Tyr phosphorylation of PKCδ in prostate cancer cells and 

how T yr phos phorylation i nfluences apoptosis. W e f ound t hat P MA i nduces T yr 

phosphorylation of PKCδ at Tyr311. This is the first report showing Tyr phosphorylation 

of PKCδ in prostate cancer cells in response to PKC activation. Regarding the identity of 

the Tyr phosphorylation studies, we ruled out the relevance of the 5 s ites (Tyr52, Tyr64, 

Tyr155, T yr187 a nd T yr565) i n t he a poptotic r esponse of  P MA. However, w e f ound 

mutation of Tyr311 to Ala affect neither PKCδ translocation nor the apoptotic effect of 

PMA in LNCaP c ells, which means T yr311 i s not r elevant t o apoptosis, t hough i t i s a  

PMA responsive site. Since there are 9 potential Tyr phosphorylation sites on PKCδ, and 

the c urrently available c ommercial a ntibodies do not  c over a ll of  t he p hosphorylation 



 10 

sites, w e c annot r ule o ut t he pos sibility t hat t here are ot her T yr s ites i nvolved. M S 

spectrum analysis, and possibly, generation of new Tyr mutants will be need to address 

these questions and make a final conclusion about whether Tyr phosphorylation of PKCδ 

is r elevant t o apoptosis. Meanwhile, we d eveloped a  s eries o f methodologies i ncluding 

IP, adenoviral infection, flow cytometry, and cytokine measurement, which paved ways 

for further research on t he apoptotic effect and s ignaling events controlled by PKCδ in 

prostate cancer cells. 

 

            We also found that etoposide does not induce Tyr phosphorylation of PKCδ, 

though there is evidence showing its effect is dependent on PKCδ activity in other cell 

types. For example, in glioma cells, etoposide-induced apoptosis is dependent on PKCδ 

(5), which suggests marked cell t ype di fferences. Therefore, we conclude that di fferent 

anti-cancer agents rely on different regulatory mechanisms via PKCδ to cause cell death, 

and that distinct mechanisms probably operate in different cell types. 

 

            In the future our research will focus on the following directions: to identify other 

possible Tyr phosphorylation s ties in response to PMA s timulation by MS spectrum; if 

there is any, then to generate new GFP-tagged Tyr mutants, to identify the contribution of 

those sites to a poptosis; t o de velop t he m ethodologies a nd analyze how  T yr 

phosphorylation controls CM secretion and downstream signaling events. These s tudies 

will pr ovide i mportant i nformation on our  und erstanding of  t he effects of  a poptotic 

agents in prostate cancer cells.   
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AdV: Adenovirus 
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Fig. 1: PMA stimulation, but not etoposide, induces Tyr 
phosphorylation of PKCδ in LNCaP cells. Cells were treated 
with 100 nM PMA for 1 h or 300 µM etoposide for the indicated 
times. Cells were subject to IP with an anti-PKCδ antibody and 
Tyr phosphorylation was determined in IPs using an anti-
phosphoTyr antibody (Tyr-100) or an anti-PKCδ antibody as a 
loading control. In the case of etoposide stimulation, PMA 
stimulation was used as a positive control. Similar results were 
found in 3 independent experiments.  
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Fig. 2: PMA stimulation induces Tyr phosphorylation of PKCδ 
at Tyr311 in LNCaP cells. Cells were treated with PMA for the 
indicated times and subject to Western blot with different site-
specific anti-PKCδ phospho-Tyr antibodies and total PKCδ as a 
loading control. Similar results were founded in 3 independent 
experiments.  
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Fig. 3: Adenoviral delivery of PKCδ AdVs into LNCaP cells. 
Cells were infected with WT-PKCδ or PKCδ5 AdV for 16 h. Forty-
eight hours later, cells were collected and PKCδ expression was 
analyzed by Western blot. Actin was used as a loading control. 
Both WT-PKCδ and PKCδ5 AdVs induce over expression at MOI 
3 pfu/cell and larger. Similar results were observed in 3 
independent experiments.  

AdV 



 16 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 

20 

30 

40 

PMA (nM) 

%
  A

po
pt

ot
ic

 c
el

ls
 LacZ AdV 

PKCδ5 AdV 

0 

WT-PKCδ 
 

Fig. 4: Both WT-PKCδ and PKCδ5 AdVs potentiate PMA-
induced apoptosis to the same extent. Cells were infected with 
LacZ, WT-PKCδ or PKCδ5 AdV for 16 h. Forty eight h later cells 
were treated with PMA at the indicated concentrations for 1 h. Cells 
were collected 24 h later to determine apoptosis. Date was 
expressed as mean ± S.D. (n=3). Similar results were observed in 
3 independent experiments.    
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Fig. 5: PKCδ 5 and  PKCδ Tyr311 do not affect PKCδ translocation in 
response to PMA.  Cells were transfected with either a GFP control plasmid 
or WT-PKCδ -GFP, PKCδ5-GFP, and Tyr311-GFP. Forty-eight hours after 
transfection, cells were stimulated with 1µM PMA and collected at indicated 
times. Cells were fixed and subjected to confocal fluorescent microscopy.   
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Fig. 6: WT-PKCδ-GFP, PKCδ5-GFP and PKCδ311-GFP 
potentiate PMA-induced apoptosis to the same extent. Cells 
were transfected with GFP, WT-PKCδ-GFP or PKCδ5-GFP. Forty-
eight h later, cells were treated with either 3 or 30 nM PMA for 1h. 
Twenty-four h later, cells were collected and subjected to flow 
cytometry analysis following PI staining to determine apoptosis. 
Similar results were observed in 3 independent experiments.    
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Fig. 7: Genistein blocks the apoptotic effect of CM from PMA-
treated LNCaP cells. Cells were pretreated with 100 μM genistein 
for the indicated times and then were treated with either vehicle or 
PMA (100 nM) for 1 h. CMs were collected 24 h later and applied to 
fresh LNCaP cells. Apoptosis was determined 24 h later.  
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